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A two-phase Eulerian-Eulerian volume-averaged model was used to predict the outcome of the twin-roll casting
process for inoculated Al-4 wt.% Cu alloys. The model is able to address the deformation of the mush during hot
rolling by treating the solid/liquid mixture as a viscoplastic skeleton saturated with liquid. A parameter measuring the mean absolute deviation around the nominal composition was applied to the normalized macrosegregation distribution and the results were then used to determine an optimal process window where minimal
compositional variation is achieved in the ﬁnal strip. In the case of casting an 8 mm thick Al-4%Cu strip with
rolls of 800 mm diameter, casting speeds between 40 and 42 mm/s and heat transfer rates given by HTCs between 5000 and 5250 W/m2/K minimize the macrosegregation deviations in the strip and thus predict an optimal strip quality.
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1. Introduction
The emergence of twin-roll casting has introduced a valid alternative for the production of light-weight metal strips at competitive
costs for commercial applications. However, in order to increase the
range of applicability of aluminum alloys and to become fully competitive with materials manufactured by conventional techniques in critical applications, further research needs to be undertaken so both
physical and mechanical properties of the sheet maintain a certain level
of quality while productivity is increased. In this respect, the role of
modeling and simulation is critical to facilitate the interpretation of
ﬁndings and to reduce costs normally associated with successive experimental trials.
Twin-roll casting is a complex technique that combines both metal
casting and hot rolling in one single step. It is characterized by having a
short solidiﬁcation time and signiﬁcant heat ﬂuxes, which makes the
procedure diﬃcult to control and promotes the appearance of various
defects. According to Yun et al. (2000), these include surface defects,
internal defects and macroscopic buckling. Jin et al. (1982) and, later,
Monaghan et al. (1993) observed in various experiments that the origin
and severity of these defects can be directly connected to the operating
conditions. Therefore, a proper understanding of the process, with a
clear perception of the intricate dependencies between various operating parameters and the outcome, is decisive in controlling product
quality.

⁎

Numerous mathematical models have been proposed in the literature to predict the ﬂuid ﬂow, heat transfer and solidiﬁcation observed
in twin-roll casters. For instance, Saxena and Sahai (2002) presented
the results of a two-dimensional ﬁnite element based mathematical
model of twin-roll casting. Lee et al. (2017) extended their approach to
include mechanical analysis to the simulation, whereas Mortensen et al.
(2015) introduced a Coulomb friction law to their model. Most of the
models are based on single-phase ﬁnite element models with variable
viscosity in the mushy zone. This approach has its merits but it fails to
capture the interaction between the two phases present during the
process, which is a signiﬁcant aspect of the twin-roll casting process.
According to Nguyen et al. (1994), aluminum alloys in the semisolid state have been found to behave like a solid skeleton saturated
with interstitial liquid. Under this framework, solid and liquid become
inherently coupled, which means that any motion of the skeleton aﬀects
directly the hydrodynamic response of the liquid ﬂow. In a companion
paper (Rodrigues et al., 2018), the relative motion between the two
phases caused by the deformation of the mush in a twin-roll casting
scenario was found to have a critical impact on the macrosegregation
proﬁle observed in the ﬁnal metal strip. Under typical industrial operating conditions – where no liquid core prevails after passing the roll
nip – the viscoplastic character of the semi-solid slurry must be taken
into account when simulating such ﬂows.
Since the early experimental observations of the inﬂuence of casting
speed and heat transfer between the roll and the mush on the strip
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increases exponentially (which, for globular equiaxed crystals, is
usually very close to the rigidity point).
The consideration of the viscoplastic material dynamics for higher
solid fractions represents a distinctive feature of the model presented in
this paper. Under this framework, the solid phase behaves as a continuous coherent structure with an apparent viscosity which depends on
the equivalent strain rate tensor. In this regime, the solid skeleton is
able to sustain signiﬁcant tensile loads and the deformation and motion
of the skeleton becomes then strictly connected to the hydrodynamic
properties of the liquid ﬂow. One can identify two main ﬂuid ﬂow regimes in this implementation: below the rigidity point the liquid is the
dominating phase, which means that the solid motion is highly aﬀected
by the liquid, whereas, in the viscoplastic regime, the solid is the
dominating phase and so the liquid motion is mainly governed by the
dynamics of the solid phase. As it will be seen later, this comprehensive
treatment of the ﬂow behavior has been found very important in capturing the underlying physics of the process.
Equation 19 exhibits the distinctive characterization of the shear
stress depending on the solid fraction. One can recognize immediately
the presence of a second term in the viscoplastic regime. This can be
referred to as a compression term and is critical in twin-roll casting
simulations due to the hot rolling mechanism imposed during solidiﬁcation. As for the viscosity, in the present work, the liquid viscosity is
taken to be constant, whereas the solid viscosity depends on the solid
fraction, as presented in Eq. 21.
The conservation equations presented in Table 1 are numerically
implemented within the OpenFOAM software framework (version 5.0).
The model here described can address solidiﬁcation and transport of
equiaxed crystals, as well as deformation and compression of the mush
by considering a viscoplastic sub-model, whenever the solid fraction is
above the rigidity point. Under this context, the twin-roll casting scenario is a great example where the applicability and robustness of the
proposed algorithm can be tested.

quality reported by Lockyer et al. (1996), the interest on parameter
studies that include these particular operating conditions has grown
among the research community. In particular, numerical studies have
been preferred as they have the advantage of reducing the experimental
trial-and-error eﬀort.
Saxena and Sahai (2002) presented the eﬀect of the inlet velocity
and strip/roll heat transfer coeﬃcient (HTC) on the sump depth and
strip exit temperature. They concluded that the strip exit temperature
increases by increasing the inlet temperatures and the HTC, whereas
the sump depth increases by increasing the inlet velocity and by decreasing the HTC. Interestingly, this study has the particularity of imposing a Dirichlet type boundary condition for the melt velocity at the
inlet, as opposed to the more common approach of assuming a casting
speed at the outlet (in combination with a velocity Neumann boundary
condition at the inlet). Lee et al. (2017) also analyzed the eﬀect of the
HTC and the casting speed on the mechanical response between the
solid strip and the moving rolls (referred as roll separation force). The
authors found that casting speed has a greater eﬀect on the roll separation forces than the HTC, and that both parameters have an inverse
eﬀect on the amount of solid fraction found under the roll (i.e., larger
solid fractions are found with larger casting speeds but with smaller
HTCs). Similar conclusions were also reported by Kim et al. (2010) and
Sahoo et al. (2012) in computational studies carried out on high speed
twin-roll casting.
The purpose of the work presented in this manuscript is to develop a
comprehensive analysis of the eﬀect of the casting speed and the roll
surface to mush HTC on the strip properties in a two-phase model that
takes into account the viscoplastic behavior of the mush. An optimal
process window is also suggested for the present test case based on the
conditions that produce minimal macrosegregation deviations.
2. Model description and simulation settings
2.1. Model in brief

2.2. Initial and boundary conditions

The present model relies on a two-phase Euler-Euler volume-averaged model. It consists of the conservation equation of mass, momentum, species, and enthalpy, which are solved for each of the two
phases (i.e., melt and equiaxed crystals) constituting the system. An
additional transport equation for the grain number density is also taken
into account. The conservation equations, source terms and auxiliary
equations (as well as details on the discretization schemes) considered
in the development of the model have been described in detail elsewhere (Rodrigues et al., 2019). For completeness, the equations used in
the model are presented in Table 1 and are brieﬂy described in the
following.
A linearized binary Al-Cu phase diagram is considered, where the
solute redistribution coeﬃcient, k, and liquidus slope, m, are assumed
to be constant. The liquid to solid mass transfer rate is estimated as
function of the growth velocity of the equiaxed crystals, which in turn is
governed by the concentration diﬀerence cl* − cl . Liquid and solid interface concentrations cl* and cs* , respectively, can be obtained under
the thermodynamic equilibrium concept assumed at the liquid-solid
interface.
The present formulation regards the semi-solid slurry as a viscoplastic continuous solid skeleton saturated with interstitial liquid
(Nguyen et al., 1994). The onset of the viscoplastic behavior corresponds to the volume fraction at which the crystals become able to
sustain tensile loads. Drezet et al. (2014) referred to this threshold as
the “rigidity point” and it is taken to occur at a critical solid fraction of
gst = 0.57 . On the other hand, it is worth highlighting that the volume
fraction at which the bridges between equiaxed crystals start to form
but still no tensile loads can be sustained – generally identiﬁed as the
coherency point – is not explicitly taken into account in the present
formulation. However, it can still be recognized as the volume fraction
at which the viscosity in the non-viscoplastic regime (given by Eq. 21)

Fig. 1 shows the schematic diagram of the twin-roll casting process,
as well as the regions where initial and boundary conditions were
speciﬁed. The geometry replicates a typical twin-roll casting setup for
the production of aluminum sheets, with the dimensions being shown
in the diagram. Besides the inlet and outlet boundary conditions, the
computational domain consists of three distinct sections (depicted in
Fig. 1): the nozzle, the outer roll, and the strip. The boundary conditions used in the simulations are listed in Table 2.
Melt is injected at the inlet of the domain where a ﬁxed pressure
ﬁeld is speciﬁed (p =105 Pa). Dirichlet boundary conditions are imposed at the inlet to solid fraction ( gs = 10−3, i.e., a practically zero
amount), initial crystal diameter (d =5 μm), and liquid and solid species mass fractions (cℓ = 2.5 wt.% and cs = 0.36 wt.%, according to the
phase diagram). Heat ﬂux boundary conditions are imposed to the roll
and strip surfaces based on the reference sink temperature T∞ =300 K
and the heat transfer coeﬃcients (HTC) of 5500 W/m2/K for the roll
section and 2 W/m2/K for the strip section. The remaining ﬁelds not
given in Table 2 are set with homogeneous Neumann boundary conditions. The angular velocity of the rolls corresponds to the linear velocity speciﬁed at the outlet divided by the radius of the rolls.
The results have been obtained for an inoculated Al-4 wt.%Cu alloy
(≅ 2.5 wt.%). The densities of the solid and liquid phases have been set
as 2743 kg/m3 and 2606 kg/m3, respectively. In addition, the solid and
liquid heat capacities have been deﬁned as cP, s = 766 J/K Cps = 766 J/K
and cP,ℓ =1179 J/K, and the solid and liquid diﬀusion coeﬃcients have
been deﬁned as DsCu = 8 × 10−13 m2/s and DlCu = 5 × 10−9 m2/s.
Note that the density values for both solid and liquid phases as well
as the HTC between the roll surfaces and the solid/liquid mixture have
been assumed to be constant. The buoyancy eﬀects have been found to
2
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Table 1
Conservation equations, exchange terms, and auxiliary equations.
Conservations equations:
Mass conservation:
Momentum conservation:

∂gi ρi
+
∂t
∂gi ρi vi

Species conservation:

∂t
∂gi ρi ci

Enthalpy conservation:

∂t
∂gi ρi hi
∂t

Grain transport:
Exchange terms:
Mass transfer:

∂n
∂t

(1)

∇⋅(gi ρi vi) = ∓Mls

(2)

+ ∇⋅(gi ρi vi vi) = −gi ∇p + ∇⋅gi τ ieff ∓ Uls

(3)

+ ∇⋅(gi ρi vi ci ) = ∓Cls

(4)

+ ∇⋅(gi ρi vi hi ) = −∇⋅qi ∓ Hls

+ ∇⋅(vs n) = 0

(5)

Mℓ s = vr Sℓ s ρs Φimp

(6)

Momentum transfer:

Uℓ s = U dℓ s + Uℓps = K ℓ s (vℓ − vs) + u*Mℓ s

(7)

Species transfer:

Cℓ s = k cl*Mℓ s , where k = 0.145

(8)

Enthalpy transfer:

Hls = hc (Tℓ − Ts ), where hc = 109W m−2K−1

(9)

Auxiliary equations:
Crystal growth velocity
Crystal diameter

vr =

df

d=2×

cl* − cl
Dl
,
2(1 − d df ) cl* (1 − k )
gs
3 4
3 πn

(10)

where Dl = 5 × 10−9m2 s

(11)

Speciﬁc surface area

Sℓ s = n⋅πd 2

(12)

Impingement factor

Φimp = min [gl /(1 − π 3 /8), 1]

(13)

Interfacial liq. mass fraction

cl* = (T − Tf )/ mls , with Tf = 933.5 K and mls = −344 K

(14)

Drag coeﬃcient

K ls =

2 μl gs Cε
⎧
⎪18gl d2 for

⎨
⎪
⎩

gl2

μl
K

(15)

with Cε = 10gs gl3

gs < gst

for gs ≥ gst with K =

d2 3
g
180 l

gs2

where gst = 0.57
Average velocity
Heat ﬂux:
Shear stress treatment:
Liquid shear stress

vl during solidification
u* = ⎧
⎨
⎩ vs during melting
qi = αi ∇hi , where αl = 0.065 kg m s and αs = 0.2 kg m s

(16)

τ leff = τ ℓ = 2μℓ dev(ε̇ ℓ) where ε̇l = 1 2(∇vl + (∇vl)T )

(18)

Solid shear stress

τ eff
s =

2μs dev(ε̇s )
app
⎨ 2 μs dev(ε̇s) + μ app
s
⎩ A

where ε̇s = 1 2(∇vs +
Liquid viscosity
Solid viscosity

forgs ≤

⎧

(∇vs)T ),

A=3

gs6.47

(19)

gst

( ) tr(ε̇ ) I forg
1
9B

(17)

s

s

>

gst

and B = 0.009(1 gs6.94 − 1)
(20)
(21)

μℓ = 0.013 Pa⋅s
μseff =

⎧ μℓ ⎛
⎪ g ⎜ ⎛1 −
s ⎝
⎨ ⎝

−2.5gsp

gs
⎞
p
gs ⎠

⎞
− (1 − gs ) ⎟ forgs ≤ gst
⎠
forgs > gst

⎪ 3Kv ( 3 ε˙ eq )m − 1
s
⎩
where gsp = 0.585 , Kv = 6.31 × 106Pa. s, m = 0.213
and ε˙seq =

2
(ε̇s : ε̇s)
A

−

(

2
3A

−

1
9B

) tr(ε̇ )
s

2

Note that the ﬂow is assumed to be laminar in the present model. Considering that the characteristic size L (casting size) in the domain is assumed to
be 0.008 m, and the corresponding reference liquid velocity is around 0.04 m/s, the system Reynolds number ( Re=L vl ρl / μl ) becomes equal to about
64.2, which is less than the critical number 2100 for the onset of turbulence ﬂow.

have no signiﬁcant inﬂuence on the observed simulation results, as the
process is mainly driven by the rolling mechanisms. Therefore, the effect of gravity is neglected in the present work.
Since the width of the sheet is in concept much larger than its
thickness, the test case is considered to be 2D. A structured mesh
composed of 5700 quadrilateral cells was used, which corresponds to an
average cell size of approximately 0.85 mm per 0.47 mm. The same
number of cells along vertical axis was used at inlet and outlet, and so
inherently a more reﬁned mesh ensues as the domain becomes

Table 2
Boundary conditions for velocity and temperature ﬁelds.

Inlet
Nozzle
Roll
Strip
Outlet

solid velocity

liquid velocity

enthalpy/temperature

pressure inlet
free-slip
free-slip
free-slip
0.040 m/s

pressure inlet
no slip
no slip (0.1 rad/s)
no slip (0.040 m/s)
0.040 m/s

925 K
925 K
heat ﬂux (HTC = 5500W/m2/K)
heat ﬂux (HTC = 2 W/m2/K)
zero gradient

Fig. 1. Schematic representation of the twinroll continuous casting process (retrieved from
Rodrigues et al., 2019).
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speed of 28 mm/s. In this case, the velocity is such that it gives rise to
thicker semi-solid shells developing on the roll surfaces, and consequently, there is a large quantity of mush that has to be compressed in
the region where the two rigid shells merge together. As a result, material is squeezed out of the mush against casting direction, giving rise
to a backward ﬂow along the central plane of the domain. This causes
both segregated melt and solid crystals to be transported from a cold to
a hot region, eventually changing their composition and inducing
melting to occur in this particular area. Such description can be easily
recognized in Fig. 3, with the melting region being identiﬁable by the
dark blue color along the centerline of the domain upstream of the
kissing point. The term “kissing point” has been adopted in the present
manuscript to identify the upstream-most location along the centerline
of the domain where merging between the two rigid shells initiates.
Liquid being squeezed back against casting directions (towards the
sump) was already reported in the experimental studies of Lockyer et al.
(1996) due to the deformation of the semi-solid. Such an occurrence
was associated with the appearance of defects in the central plane of the
sheet. To our knowledge, this channel formation has never been reported in other numerical works. This highlights the capabilities of the
current model in handling complex situations, such as the one reported
here where the relative velocity between the phases must be accurately
predicted for a physically sound description of the twin-roll casting
process.
The distance between the nozzle and the kissing point is deﬁned as
the sump depth. It is very often used as an indicator of the severity of
potential defects. It is commonly accepted that the minimization of the
sump depth is key in improving the quality of the cast strips. Both the
depth and shape of the sump are greatly sensitive to the process variables like casting speed and heat transfer coeﬃcient. In the present
section, the simulation results for diﬀerent casting speeds and heat
transfer coeﬃcients are presented. Table 3 summarizes the series of
simulations performed in this work.

narrower. The time step was variable to maintain the convergence and
stability of the numerical procedure, but remained in the order of 10−4
s a few moments after the start of the simulation. A typical run of the
simulation takes around 5 h to reach steady-state on an Intel ® Core ™
i7−6700 local workstation using a single core.
The twin-roll casting operating conditions are critical to avoid internal defects and improve the quality of the cast strips.
Macrosegregation is caused by a relative motion between the solutedepleted solid and solute-enriched melt and so relevant compositional
variations can be detrimental to mechanical performance due to the
variation in the mechanical properties throughout the cast product. In
the present work, the prediction results are presented in terms of normalized macrosegregation (cmix / c0 − 1), with the initial alloy composition being given by the value 0, whereas positive or negative macrosegregation are illustrated with positive or negative values,
respectively.
Although the computational model employed in the present work is
the same as the one used in a companion paper (Rodrigues et al., 2019),
the boundary conditions are slightly diﬀerent (i.e., the HTC enforced in
the strip section is much lower) and, more importantly, the objectives
set in each work are diﬀerent. In Rodrigues et al. (2019), the analysis of
the macrosegregation distribution in a twin roll casting scenario along
with the corresponding description of the relative ﬂow between the
phases (that leads to the macrosegregation formations) has been reported. Here, the analysis is limited to the quantitative understanding
of how operating conditions such as casting speed and heat transfer
coeﬃcient between roll surface and mush aﬀect the ﬁnal outcome.

3. Results
3.1. Operation range of interest
The rigid shell is deﬁned as the material with a solid fraction above
57 %. Fig. 2 shows the direct dependence between casting speed and
rigid shell thickness. It demonstrates that an increase in casting speed
leads to a decrease in the expected viscoplastic shell thickness at the roll
nip. This can be explained by the fact that with a faster rotation of the
cooling rolls, there is less time for heat extraction which makes the
solidiﬁcation process less eﬀective.
Above 42 mm/s of casting speed (and for HTC = 5500 W/m2/s), the
size of each of the viscoplastic shells at the roll nip becomes smaller
than half the thickness of the ﬁnal strip (identiﬁed in the plot with the
dashed line). As the heat transfer after having passed the roll nip decreases by three orders of magnitude, solidiﬁcation slows down drastically and in consequence the solid fraction in the strip center might
never reach the rigidity limit and the strip might thus split into two
parts. To obtain a fully viscoplastic and thus a stable strip at the toll nip
even for casting speeds at and above 42 mm/s, the heat transfer between strip and rolls must be enlarged and thus the casting pressure
must be increased. This will be discussed later in details.
At the other end of the spectrum established in Fig. 2 lies the casting

3.2. Eﬀect of casting speed
Fig. 4 illustrates the steady-state results of solid fraction (top half)
and temperature (bottom half) for an HTC between the rolls and the
solid/liquid mixture of 5500 W/m2/K and casting speeds between
36 mm/s and 48 mm/s. The solid fraction distribution at the outlet
(approximately similar as at the roll nip) depicts the solidiﬁcation level
reached at the end of the casting process. After the melt reaches the
region between the two water-cooled counter-rotating rolls, it starts to
solidify. As a result, a viscoplastic shell develops on each of the moving
roll surfaces, which grows towards the centerline of the domain and
eventually merge into one continuous single strip.
How much hot rolling is enforced during the twin-roll casting process depends on how far from the roll nip is the sump depth. As described above, as the sump depth gets farther away from the roll nip,
the mush becomes subjected to more hot rolling, and correspondingly,
to more compression forces. This is illustrated in Fig. 5, where the
steady-state results of the equivalent stress (top half) and the solid effective viscosity (bottom half) for casting speeds of 36 mm/s, 40 mm/s,
44 mm/s, and 48 mm/s are presented.
The need for consistent production of high-quality strips makes it
imperative to develop a quantitative understanding of the operating
conditions that lead to that outcome. As referred before, the macrosegregation results have been used here as an indication of the quality
of the strip. Large compositional variations indicate that the relative
motion between the two phases is particularly signiﬁcant, and this can
have a detrimental impact on the processing behavior of the alloy. In
the present work, the mean absolute deviation of the macrosegregation
formations has been employed to measure such statistical dispersion
and is plotted in Fig.6.

Fig. 2. Rigid shell thickness prediction as a function of casting speed.
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Fig. 3. Steady-state solid fraction distribution
in case with low casting speed (28 mm/s).

not considered in the following analysis.
Contrary to the trend observed with the increase in the casting
speed, the increase in HTC values results in an increase in heat loss from
the mush to the rolls, which leads to an increase in the thickness of the
rigid shell and a decrease in the sump depth. Also, the kissing point
between the two rigid shells takes place more and more upstream, and
thus increasingly stronger rolling eﬀects are to be expected as the HTC
values increase. These ﬁndings are corroborated by the quantitative
results shown in Fig. 8, where the equivalent stresses predicted are
plotted along two longitudinal axes for the diﬀerent HTCs evaluated.
Fig. 9 illustrates the mean absolute deviation around the nominal
composition of the normalized macrosegregation results as a function of
the diﬀerent HTCs studied. The data has been considered along the
cross-section of the strip near the outlet plane.

Table 3
Series of simulations performed.
Simulation series 1

Simulation series 2

Fixed parameter

Heat transfer coeﬃcient
HTC = 5500 W/m2/K

Casting speed

Studied parameter

v icast =36 mm/s

v icast =40 mm/s
HTC = 4500 W/m2/K

v icast =40 mm/s

HTC = 5000 W/m2/K

v icast =44 mm/s
v icast =48 mm/s

HTC = 5500 W/m2/K
HTC = 6000 W/m2/K

3.3. Eﬀect of heat transfer coeﬃcient
The second parameter that has been analyzed in this study is the
HTC between the roll surfaces and the solid/liquid mixture.
Steady-state results of solid fraction (top half) and liquid temperature (bottom half) for HTCs between 4500 W/m2/K and 6000 W/m2/K
at a casting speed of 40 mm/s are presented in Fig. 7. Note that below
4500 W/m2/K, the cooling rate was not high enough for the two rigid
shells to meet at the kissing point, whereas above 6000 W/m2/K, the
compression forces were such that it would give rise to a backward ﬂow
similar to the outcome reported in Fig. 3. As a result, these cases were

4. Discussion
4.1. Eﬀect of casting speed
In Fig. 4, it can be seen that as the casting speed increases, the depth
of the sump region increases. Such ﬁnding is in line with observations
reported by Lockyer et al. (1996). This is because the heat loss through
the cooling rolls decreases as demonstrated in the bottom half of Fig. 4,

Fig. 4. Steady-state results of solid fraction (top half) and liquid temperature (bottom half) for casting speeds of a) 36 mm/s, b) 40 mm/s, c) 44 mm/s, and d) 48 mm/
s.
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Fig. 5. Steady-state results of the equivalent stress (top half) and solid eﬀective viscosity (bottom half) for casting speeds of a) 36 mm/s, b) 40 mm/s, c) 44 mm/s, and
d) 48 mm/s. Solid eﬀective viscosity (bottom half) is shown with logarithmic scale. Rolling pressure at the roll nip is speciﬁed in each case.

liquid ﬂow induced by the solid skeleton deformation. The equivalent
stress equation can be written as follows:

where the temperature distribution is shown. As a result, increasingly
thinner rigid shells form on the roll surfaces, which take longer to meet
each other at the centerline of the domain. Such conditions are known
to be related to lower stress forces near the kissing point, as shown in
Fig. 5. Similarly, notice the decrease in the rolling pressure at the roll
nip (speciﬁed at the second marker) as the casting speed increases.
It is worth mentioning that the equivalent stress illustrated in Fig. 5
corresponds to an expression used speciﬁcally in the viscoplastic regime
(and thus it is shown to be zero for solid fractions below the rigidity
point). It has been proposed by Nguyen et al. (1994) as a measure of the
stress ﬁeld in a semi-solid system when subjected to compression forces.
This obviously accounts for both the solid phase deformation and the

σseq =

3 Kv ( 3 ε˙seq )

(22)

where the viscoplastic consistency, Kv , and the strain-rate sensitivity, m,
are deﬁned in Table 1.
Besides the region near the roll surfaces where the deformation of
the mush leads to an increase in the stress tensor, very high stresses can
also be found around the kissing point in the cases with lower casting
speeds (i.e., Fig.5 a and b). This is due to the compression forces that
develop when solidiﬁcation is mostly completed before reaching the
roll nip. This is typically referred to as hot rolling. On the other hand, as

Fig. 6. Mean absolute deviation around nominal composition of normalized macrosegregation as a function of casting velocity. Normalized macrosegregation along
vertical axis for simulation with casting velocities of 38 and 42 mm/s are presented.
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Fig. 7. Steady-state results of solid fraction (top half) and liquid temperature (bottom half) for HTCs of a) 4500 W/m2/K, b) 5000 W/m2/K, c) 5500 W/m2/K, and d)
6000 W/m2/K.

Fig. 8. Quantitative results of the equivalent stress along longitudinal axis at a) y = 0.000 m and b) y = 0.001 m. Vertical axis has a logarithmic scale.

move as a whole with casting speed. Furthermore, one can notice that
there is an inverse trend between the viscosity distributions presented
in the bottom half of Fig. 5 and the equivalent stress depicted on the top
part. This relation can be identiﬁed by combining Eq. 21 and Eq. 22.
This also explains why the apparent solid viscosity jumps again several
orders of magnitude at the roll nip (i.e., when the equivalent strain rate
and the equivalent stress in the solid phase reach very low values).
The mean absolute deviation of the macrosegregation formations is
introduced in Fig. 6 as a measure of statistical dispersion around a reference value. The parameter is obtained by identifying the maximum
and minimum values of the normalized macrosegregation results along
the cross-section of the strip near the outlet, and then calculating the
mean absolute deviation around the nominal composition based on the
data gathered. The idea is to determine how far the values are spread
around the nominal composition of the normalized macrosegregation
results and use it as an indication of the product quality. Accordingly, a

the velocity increases, the two rigid shells only fully merge after the roll
nip is reached. As there is still a layer of liquid present between the rigid
shells while they are subjected to compression, no signiﬁcant stresses
are observed in these cases.
Another interesting ﬁnding detectable in Fig. 5 is the sudden decrease in the equivalent stress in the last section of the domain. As reported above, the roll nip identiﬁes the point in the domain where the
boundary surfaces become horizontal. This means that no relative ﬂow
is expected purely from the physical constraints of the domain under
consideration. As a result, the macroscopic velocity gradients in the
solid in this region become very small which means that, according to
Eq. 22, the equivalent stress in the strip section also decreases by several orders of magnitude, as observed in Fig. 5.
As for the eﬀective solid viscosity, it jumps several orders of magnitude once the solid/liquid mixture is treated as a viscoplastic skeleton
saturated with liquid. This results in a stiﬀ structure that is expected to
7
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Fig. 9. Mean absolute deviation around nominal composition of normalized macrosegregation as a function of HTC. Normalized macrosegregation along vertical axis
for simulation with HTCs of 5250 and 5750 W/m2/K are presented.

considerably, whereas in the cases with lower HTC values the diﬀerence
is more substantial. However, if the analysis is performed slightly oﬀ
centerline values (i.e., along the longitudinal axis located at
y = 0.001 m), the diﬀerence between each case is more uniform, as
illustrated in Fig. 8 b). Since the transition towards the viscoplastic
regime is smoother, the equivalent stress proﬁle appears to be more
homogeneous across the diﬀerent cases. This illustrates the importance
of proper evaluation of the data considered.
It can be seen in Fig. 9 that HTC has a strong inﬂuence on the
macrosegregation distribution, particularly for higher values. The results show that as the HTC values increase, the solidiﬁcation rate also
increases, which then leads to higher levels of hot rolling between the
kissing point and the roll nip, and thus larger deviations from nominal
composition of the alloy.
On the other hand, even though the mean absolute deviation in the
case with HTC = 4500 W/m2/K is the lowest, the sump depth exceeds
the roll nip and this exposes the procedure to potentially incomplete
solidiﬁcation. According to Lee et al. (2015), incomplete solidiﬁcation
increases the possibility of failure of the process, although the measured
compression force in their experiments was found to be low.
This leaves the range between 4750 W/m2/K and 5250 W/m2/K
where the slope of the mean absolute deviation is almost negligible.
However, it is important to remember that the present results have been
obtained for a casting speed of 40 mm/s. One might be tempted to increase the production rate – while still performing within the optimal
window range deﬁned previously – and thus increase the casting speed
to 42 mm/s. Under these conditions, the HTC would have to increase
accordingly to a minimum value of 5000 W/m2/K in order to avoid
incomplete solidiﬁcation at the end of the process. Therefore, for the
scenario under analysis, the optimal window for best cast products
would be deﬁned by HTCs between 5000 W/m2/K and 5250 W/m2/K.

test case with a large mean absolute deviation value implies that the
quality of the ﬁnal strip is lower than a corresponding test case with a
lower mean absolute deviation because the larger spread between the
positive and negative macrosegregation predictions indicates a more
signiﬁcant relative ﬂow.
From Fig. 6, one can observe that as the velocity of the rolls increases, the mean absolute deviation parameter decreases abruptly ﬁrst,
reaches a local minimum at a casting speed between 40 mm/s and
42 mm/s, and then starts to increase very slightly again from that point
on. According to the data presented, the optimal process window for the
twin-roll casting scenario discussed in this paper should be deﬁned with
a casting speed between 40 mm/s and 42 mm/s for minimal deviations
in the macrosegregation results.
Roll velocities above 42 mm/s produce only a slight increase in the
mean absolute deviation values, as shown in Fig. 6. However, it is
important to keep in mind that, as the velocity increases, Lee et al.
(2015) found that the chance for insuﬃcient solidiﬁcation also increases, which has an impact on the strip quality.

4.2. Eﬀect of heat transfer coeﬃcient
The heat transfer achieved during the twin-roll casting process is a
complex mechanism that changes throughout the roll bite. Several
studies have reported that the heat transfer coeﬃcient is inﬂuenced by
a number of operating conditions, such as superheat (Coates and
Argyropoulos, 2007), casting size, surface roughness (Wang and
Matthys, 2002) and surface coating (Muojekwu et al., 1995).
Due to the diﬃculty in obtaining accurate heat ﬂux measurements,
the data are usually employed as a guide in solidiﬁcation modeling.
Here, constant HTCs have been considered in the simulations. The
diﬀerent outcomes obtained by varying the HTC values should provide
some insight into the optimal range within which cast products with
lower macrosegregation deviations can be obtained.
Fig. 8 plots the quantitative results of the equivalent stress along
two longitudinal axes. Along the centerline, the increase in the HTC
values leads to an increase in the maximum equivalent stresses, which
in turn corresponds to the location where the two rigid shells merge in
each case. Downstream of this point, the stresses tend to decrease until
a roughly constant value is achieved. Interestingly, in the cases with
higher compression forces, because of the ﬂow dynamics that are still
present after the hot rolling is ﬁnished (due to the propagation of the
relative ﬂow towards the strip section that was mentioned before), the
coherent structure ends up by achieving a more balanced arrangement,
with lower equivalent stresses.
The comparison of the two higher HTC cases shows that along the
centerline the maximum equivalent stress obtained does not diﬀer

5. Conclusion
The successful production of defect-free strips during twin-roll
casting requires strict control of the operating conditions involved in
the process, as well as a good understanding of how the interaction
between them aﬀects the results. Proper optimization of these parameters can lead to signiﬁcant improvements in the pursuit of defect free
products. Therefore, the inﬂuence of casting speed and heat transfer
coeﬃcient on the results has been studied. A quantitative parameter has
been employed to measure the macrosegregation dispersion and assess
the quality of the cast products in terms of compositional variations.
The following conclusions can be drawn:

• There is a very speciﬁc range of casting speeds where acceptable
8
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