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Abstract 
 
Production of near net shape thin strips using vertical twin roll casting method has been studied. In a typical VTRC process, the 
simultaneous action of solidification and rolling makes the process quite attractive as well as complicated. An industrially popular alloy 
A356 has been chosen for the VTRC processing. It is challenging to identify VTRC processing parameters for the alloy to produce thin 
strips because of its freezing range and complex composition.  In the present work processing parameters of VTRC like roll speed, roll 
gap, melt superheat and the interface convective heat transfer coefficient have been investigated through modelling of the process. The 
mathematical model was developed which simultaneously solves the heat transfer, fluid flow and solidification, using commercial 
software COMSOL Multiphysics 5.4. VTRC sheets of alloy A356 were produced in an experimental set up and attempts were made to 
correlate the microstructures of VTRC A356 alloy to that predicted from the numerical studies to validate the model. 
 
Keywords: Aluminium alloy A356, Structural materials, Numerical modelling, Vertical twin-roll casting 
 
 
 

1. Introduction 
 

A356  is a cast Aluminium alloy with the major alloying 
elements as 7% Si and 0.3% Mg along with minor alloying 
elements as 0.2% Fe (max) and 0.10% Zn (max) [1, 2]. Addition 
of Si enhances the fluidity of the material in the molten stage 
which helps in preventing the premature solidification and thereby 
enhances the castability of material and reducing the chances of 
hot-tearing/hot-cracking. Excellent castability makes it a logical 
choice for intricate and complex castings where lightweight and 
excellent mechanical properties are the important factor. Due to 
their high specific strength, stiffness, low density, and excellent 

casting properties this alloy is globally applicable in automobiles 
and aerospace industries. Despite having all these favourable 
conditions, the morphology of eutectic-Si limits the application of 
this alloy. The microstructure of A356 is characterized by soft 
primary α-Al phase growing as dendrite with hard and brittle 
eutectic (α-Al+Si) phase formed in the interdendritic region along 
with the other intermetallic phases such as Mg2Si, α-
Al15(FeMn)3Si2 and ꞵ-Al5FeSi. The acicular morphology of 
eutectic-Si tends to act as stress raiser and leads to the crack 
propagation. This reduces the ductility and toughness of the cast 
products. A suitable processing route is required to change the 
morphology of eutectic-Si particles and to refine the grain size of 
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primary α-Al dendrites. One of the thermo-mechanical processes 
used for microstructural modification is vertical twin-roll casting 
process (VTRC).  VTRC is primarily used for production of thin 
sheets (1-6 mm). This process is an advance continuous casting 
process which combines both casting and marginal hot rolling 
simultaneously to produce near-net shape castings in a single step 
[3].   
Conventional DC casting is used for production of cylindrical 
billets or rectangular ingots/blooms of 200-300 mm thickness [4-
5]. These slabs/ingots/blooms are further processed to obtain 
sheets of desired thickness. The production cost for sheets 
manufactured using this process is comparatively higher than the 
VTRC process as it involves many intermediate heating and 
rolling steps to obtain the minimum thickness of a sheet. This 
process is not economical for small-batch production, while 
VTRC can be used for both small and mass production. VTRC is 
energy efficient process requires less space and it helps in 
reducing up to 80% greenhouse gas emission as compared to the 
DC casting [6]. In addition VTRC provides very high cooling rate 
(102 -103 K/sec) with large rolling force which helps in providing 
a significant change in the morphology of eutectic-Si.  
The concept of continuous casting in a single stage was first 
developed by Bessemer, in 1857, who envisioned a twin-roll 
casting (TRC) technique to cast steel strips. TRC is a sustainable 
manufacturing technology to produce sheets directly from liquid 
molten metal in less time with refined microstructure [7], but 
some defects such as shrinkage porosity, centreline-segregation 
and surface bleed are observed during sheet production by TRC 
process. Surface bleeds caused because of incomplete 
solidification before reaching to the nip point (minimum distance 
between two rolls) was mostly observed during casting of 
hypereutectic Al-Si alloys, which possess high flow-ability in 
semisolid condition. Experiments were performed by increasing 
the roll diameter but no significant reduction in surface bleed 
defect has been obtained. Many studies suggest that these defects 
can be reduced by controlling the processing parameters involved 
during VTRC process. The roll speed, roll gap, melt superheat 
and convective heat transfer coefficient between roll surface and 
solidifying material are the four main parameters that directly 
affect the sheet quality. N.S Barekar et al. [8], studied the 
literature on process aspect, modelling and quality issues for 
various aluminium alloys. The role of process parameters on 
solidification during casting was also reviewed. It is found that 
optimization of these parameters was necessary to minimize these 
defects and to increase the sheet production to meet increasing 
demand. TRC involves complex fluid flow, solidification and heat 
transfer. Hence, computational analysis is a suitable tool for 
understanding of this process. Computational analysis is a cost-
effective way to optimize the process parameters as it reduces the 
experimental trials to obtain a better quality sheet.   
Miyazawa and Szekely et al. [9], developed a 2D model to study 
the velocity and temperature profile in solid and liquid regions for 
uncoupled fluid flow and heat transfer.  In the liquid pool region, 
flow is assumed to be laminar while in solid region the flow is 
assumed to be plastic. The mushy zone was not taken into 
consideration because of pure aluminium. Sahoo et al. [10-13] 
developed a 2D model and studied the effect of process 
parameters such as different inlet temperature (831 K – 941 K) 
and roll gap (0.8 - 3 mm) for high speed TRC process. The model 

was fully coupled with the turbulent form of the Navier Stokes 
equation with an energy balance equation using ANSYS 
FLUENT 6.3.16 software. Bondarenko et al. [14] performed 
simulation on 2D model of TRC at different strip thickness with 
different lengths of solidification deformation zone (25, 35 and 60 
mm) using Finite Element Software ANSYS. Patil et al. [15]  
studied the effect of turbulence and a rise in viscosity due to phase 
change. Pressure based solver was used in ANSYS FLUENT 14.0 
to solve governing equations by finite volume approach. 
Rodrigues et al. [16] reported theoretical work on modeling of 
macro-segregation during twin-roll casting of Al-4wt pct. Cu 
alloys. They have considered a strip thickness of 8mm where the 
segregation patterns are more pronounced. Yong Li et al. [17] in a 
recently published work studied the temperature field distribution 
in 20 mm thick slab of AA6022 melt, twin roll cast at different 
rolling speeds, using the commercial software ANSYS 16.0. They 
predicted that surface quality improves at lower rolling speeds.  
Various studies on modelling and simulation of TRC process for 
different aluminium alloys have been performed till date. But, no 
significant work has been reported on simulation of vertically 
twin-roll cast A356 commercial aluminium alloy. In this study, 
the full geometry of the wedge-shaped region has been taken into 
consideration for better understanding of the fluid flow, heat 
transfer and solidification involved during VTRC of A356 
aluminium alloy. The simulation was performed using COMSOL 
Multiphysics 5.4 software. The objective of this study was to 
optimize the process parameters such as roll gap, roll speed, melt-
superheat and convective heat transfer coefficient (h in W/m2K) at 
which VTRC can provide a better quality sheet with good quality 
microstructure having finer grains and near rounded Si 
morphology. A356 alloy is used in sheet form in the construction 
of chassis of transportation vehicles.  
 
 

2. Mathematical Modelling and 
Numerical Simulation 

 
Computational analysis is a powerful tool to determine the 

optimal process parameters at which VTRC can provide better 
quality strips. To simulate fluid flow, RANS equation (Reynolds 
Average Navier- Stokes) is applied; energy equation with latent 
heat of solidification model is used for studying the heat transfer 
and solidification involved during the VTRC process of A356 
alloy. 
 
Following assumptions have been taken to simplify the model 
[10-13]. 
1. Steady-state flow. 
2. A 3D problem is simplified to a 2D problem as the effect of 

heat transfer, and fluid flow is neglected along the width of 
rollers. 

3. The top surface of the melt pool is considered to be fully 
developed. 

4. Forced convection is dominated over the natural convection, 
as molten metal is flowing over the moving roll surface.  

5. The flow of molten metal is turbulent and incompressible. 
6. Molten metal is a Newtonian fluid. 
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7. A no-slip condition exists between liquid molten metal and 
the roll/solidified strip surface. 

8. Heat transfer is dominated by both conduction and 
convection mode; heat transfer due to radiation is 
considered to be negligible. 

9. The value of the average heat transfer coefficient is 
considered to be constant throughout the roll surfaces. Heat 
transfer coefficient out of the nip point is deemed to be 
affected by air. 

10. The heat caused by plastic deformation and friction is 
neglected.  

Considering steady state condition modified continuity and 
momentum equations are presented below.  
 
2.1. Continuity equation: 

 
∇. (ρu) = 0                                                                                    (1) 
 
Where ρ is the density of molten metal, and u is the velocity 
vector. It is based on conservation of mass.  
 
 
2.2. Momentum equation: 
  

RANS equation which is a turbulent form of Navier-Stokes 
equation is used to model the fluid flow. 
 
ρ(u.∇)u = - ∇. [−PI + K] + ρg + F                                                   (2) 
 
Where,  
K = (μ+ μT) (∇u +(∇u)T) -  2

3
(μ + μT) (∇. u)I- 2

3
ρkI 

P is pressure, μ is dynamic viscosity, μT is turbulent viscosity, 
ρg is body force term, F is source term. 
 
F= (1−α)2

α3+ϵ
A_mush (u - v_cast)                                                                  (3) 

 
The source term (F) is incorporated to study the flow within the 
mushy zone. Flow in the mushy region is assumed to be governed 
by Darcy’s law for porous media [18]. It is defined by Enthalpy – 
Porosity technique to treat the mushy zone as porous media. In the 
mushy zone, liquid and solid both phases are present in cell 
volume. The fraction of liquid present in the cell is taken as 
porosity. Therefore when liquid fraction in a cell is 1, porosity 
will be 1 and once the complete solidification takes place 
porosity, and liquid fraction both will become equal to zero. ϵ is a 
small constant number equal to 0.001, to avoid division by zero. 
A_mush is mushy zone constant whose value varies in between 104 
-107, in this model its value is taken as 60,000, A_mush signifies 
for the amplitude of damping of viscosity. V_cast is casting 
velocity.  
From equation (3) it is clear when the liquid fraction (α) is equal 
to 1, Darcy’s porosity term (F) will be equal to zero and melt can 
be treated as complete liquid.   
The liquid fraction is calculated as a linear function of 
temperature. 

α = T− Tsolidus

Tliquidus  
− Tsolidus

 

T = Local temperature 
TL = Liquidus temperature  
TS = Solidus temperature 

μT = fμCμ ρ 𝑘2

𝜖  

 μT (Turbulent viscosity) depends on the value of k and ϵ which 
are unknown terms [19]. To calculate these unknowns, two 
equations are used to calculate the value of each term. k is 
turbulent kinetic energy; ϵ is turbulent kinetic energy dissipation. 
 
 
2.3. Turbulent k- ϵ model: 
 

It is a complex problem as two phases (liquid and solid) are 
present in the same domain. In the molten metal region the 
viscosity is lower and flow is turbulent, while in the semisolid 
region (mushy zone) viscosity is relatively higher, and flow is 
laminar. In this study, low Reynolds k- ϵ turbulence model [19] is 
used to account for this effect. Low Reynolds k- ϵ turbulence 
model has an advantage of treating laminar and turbulent flow in 
the same region without applying additional wall function.  
 
Turbulent kinetic energy equation (k):  
 
ρ(u.∇)k = ∇. [(μ +μT 

σk
) ∇k]+Pk - ρϵ +Sk                                           (4) 

 
Where, 
           Pk = μT [∇ u.( ∇ u + (∇ u)T) - 2

3
(∇.u)2] - 2

3
ρk∇.u 

 
Turbulent kinetic energy dissipation equation 
(ϵ):  
 
ρ(u.∇)ϵ = ∇. [(μ+μT

σϵ
) ∇ϵ]+ Cϵ1 

𝜖
𝑘

Pk - Cϵ2f2 ρϵ2/k + Sϵ                       (5) 
 
σk is kinetic energy turbulent Prandtl number, σϵ is dissipation 
turbulent Prandtl number. Empirical damping functions (f2, fμ) are 
used for low Reynolds k- ϵ turbulence model, to reduce the 
dissipation rate close to the wall. 
  

ReT = 𝜌𝑘2

𝜇𝜖
 

(ReT = Turbulence Reynolds number) 
 

f2 = 1-0.3 exp (- ReT2) 
fμ = exp [-3.4/ (1+(ReT /50)2)] 

(fμ = Damping function) 
 
Different low Reynolds number model has been proposed in the 
literature. In this study, the recently developed model by Launder 
and Sharma [20] is applied to account for the coupled fluid flow 
and solidification. 
Table 1 presents the model constants chosen for the present 
simulation. 
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Table1.  
Model constant of Launder and Sharma [20] 

Cϵ1 Cϵ2 Cμ σ𝑘 σ𝜖 
          
        1.44 

           
           
1.92 

  
         0.09 

 
             1 

 
           
1.3 

 
 
2.4. Energy equation: 
  

A356 is a hypo-eutectic Al alloy; it solidifies over a range of 
temperature from 886 K (613ᴼC) to 830 K (557ᴼC). Therefore 
during solidification (Phase transition from liquid to solid), a 
significant amount of latent heat is released as melt temperature 
drops below liquidus temperature. The amount of latent heat is 
function of temperature and liquid fraction [21-22]. 

 
dz.ρCpu.∇T + ∇. q = qo + dzQp + dz Qvd                                                                  (6) 
 
Where, 

q = - dzKeff  ∇T              (Conductive term) 
qo =  h ∇T                       (Convective term) 

                     Keff = Ko + Kt                    
                     σk or  (Prt) = μt Cp/ Kt 
Where Keff is an effective thermal coefficient for conduction, dz is 
the thickness taken as 1; Cp is specific heat capacity. The first term 
on the LHS of the equation is used to account for latent heat; the 
second term signifies for conduction. Convection term signifies 
by qo, dz Qvd signifies for mechanical or viscous- dissipation 
coefficient, other terms of this equation are the source or sink 
terms. 
 
 
2.5. Latent heat extraction for phase 
transition: 
 
During phase transition, a significant amount of latent heat is 
released as mentioned earlier. Latent heat of liquid phase is larger 
than that of the solid phase. Apparent heat capacity method [23], 
which is nonlinear temperature-dependent specific heat capacity, 
is used to calculate local latent heat mentioned in equation 7. The 
idea of this approach is to decrease the heat capacity (Cp) in the 
solidifying region in such a way that the extracted energy 
necessary to solidify the material is equal to latent   heat (ΔH).   
Tpc is phase change temperature. From the Fig.1 (a) presented 
above, it is clear that the transformation occurs in a temperature 
interval between (Tpc - 𝚫𝚫

2
 ) and (Tpc + 𝚫𝚫)

2
. In this interval, the 

material phase is modelled by a smoothed function α [In Fig.1 (a) 
this function is represented by θ1 and θ2], which represents the 
phase fraction. If θ1 shows the liquid phase fraction (α), then θ2 
will represent solid-phase fraction (1- α). 
 
 
 
 
 

a)  

b)  
Fig.1. (a) Phase transition from liquid to solid. (b) Depicts the 

increase of latent heat content for melting [28] 
 
Final apparent heat capacity (Capp) used in energy equation is 
given by: 
 

∫ Capp(T)dT
Tpc+ ∆T

2
Tpc− ∆T

2

= ∫ C(T)dT
Tpc+ ∆T

2
Tpc− ∆T

2

+ Hm                                            (7) 

 
Hm = L1-2 ∂α

 ∂T                                                                                                                                           (8) 
 
Where, the values of α is given as 

α = 0, T<Tsolidus 

α = T− Tsolidus

Tliquidus  
− Tsolidus

 , Tsolidus< T < Tliquidus 

α = 1, T > Tliquidus 
 
 

3. VTRC Process Description 
 

Numerical simulation was performed on VTRC where rolls 
are made of stainless steel material. The liquid A356 alloy is 
supplied through tundish on to roll surface. The domain is shown 
below in Fig. 2. 
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a)  
 

b)  
Fig. 2. (a) CAD Model of VTRC, (b) VTRC Model built using 

COMSOL platform 
 

The CAD model shown in Fig.2 (a) represents the 3D view of 
VTRC process where two rollers are rotating in opposite direction 
with same roll speed. The molten metal forms the shells (maroon 
coloured) at each roll surface when it comes in direct contact with 
the rolls. Finally, these shells meet at nip point of rolls (smallest 
distance between two rolls), where the deformation takes place 
due to high pressure applied by rolls, and a thin sheet of desired 
thickness is obtained. Fig.2 (b) is the replica of wedge shaped 
geometry in 2D view which shows different boundaries of VTRC 
model developed at COMSOL Multiphysics 5.4. Processing 
parameters used for modelling are listed in Table 2.  
 
Table 2. 
Processing parameters used for numerical simulation 

Designation  Parameter value Description 

dT 28 K Temperature transition 
zone half width 

T 1-6 mm Roll gap 
T _in 891-922 K Melt inlet temperature 
v_cast  0.0477-0.1193 m/s Roller speed 

h_mold 2000-8000 
W/(m^2*K) 

Heat transfer 
coefficient between roll 
surface and strip 

3.1. Boundary conditions 
 

The boundaries of the model domain are shown in Fig.2 (b). 
The following casting speeds and thermal boundary conditions are 
applied. 
 
3.1.1. Inlet condition 
The boundary condition in this region consists of the pouring 
temperature and the inlet velocity of the melt. Different values of 
inlet temperature have been taken. Some degree of superheat is 
considered for smooth flow and to avoid sticking. 
 
Vx = 0, Vy = u                                                                                           (9) 
 
T= T_in          (Inlet temperature)                                                    (10) 
  
3.1.2. Roll / Strip interface 
A no-slip rotating wall condition is defined in this region. The 
heat transfer between roll and strip is defined using a heat transfer 
coefficient (h_mold). This value is assumed to remain constant 
throughout the roll surface from the first point of contact of 
molten metal against the roll surface to the nip point (smallest 
distance between two rolls) of the rolls.  
 
-n.q = dz. h_mold (Ts –TR)                                                            (11) 
 
Ts - Strip surface temperature 
TR - Roll surface temperature. 
 
Where, 
q = - dzK ∇T                                                                                          (12) 
 
K is thermal conductivity, T is temperature, and n denotes the 
normal direction to the strip surface. 
 
3.1.3. Strip / Free surface interface  
In this region, the heat transfer between the strip and free surface 
is defined using a heat transfer coefficient (h_air). 
 
-n.q = dz. h_air (Ts –To)                                                               (13) 
 
To denotes the ambient temperature. 
 
3.1.4. Outlet  
Outlet boundary condition can’t be exactly determined since we 
have no prior information about the variables like velocity, 
temperature and other parameters. 
 
 
3.2. Solution techniques  
 

Contrary to the pure metals, A356 which is a hypoeutectic Al 
alloy undergoes a broad temperature transition zone (~56oC). 
VTRC model contains three zones of different phases, complete 
liquid region, mushy zone (consist both the liquid and solid 
phase) and solid region, as shown in Fig.3. To account for heat 
transfer, fluid flow and phase transformation (from liquid to solid) 
extra-fine mesh is generated.  
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Fig. 3. Discretization performed on VTRC model with extra fine 

mesh 
 
The conservation equations were discretized and solved using the 
COMSOL Multiphysics 5.4 software. This software uses (FEM) 
Finite Element approach [24] to solve the above mentioned partial 
differential equations.  
To understand the convergence behavior of this problem, it is 
necessary to examine the governing equations involved in the 
finite-element method. The governing equations are applied to 
each element producing a global system of nonlinear algebraic 
equations. The highly non-linear aspects of the governing 
equations for present turbulent flow field made the solution more 
prone to instability. Use of k-ϵ turbulence model contributes to 
improve stability. This is done by increasing the effective 
viscosity, thereby increasing the importance of the linear terms 
and substantially reducing the grid Reynolds number. Maximum 
and minimum element size of the generated mesh is 0.732 mm 
and 0.00845 mm. Convergence is attained only when relative 
error is smaller. Table 3 lists the thermo-physical properties used 
for A356 alloy (Al-7.5%Si-0.3%Mg). 
 
Table 3. 
Thermo-physicalgproperties of A356 aluminium alloy [25] 

Properties  Value 
Liquidus temperature (TL) 613ᴼC (886 K) 
Eutectic temperature (TS) 557ᴼC (830 K) 
Density (liquidus point) (ρL ) 2495 kg/m3 
Density (solidus point) (ρS ) 2680 kg/m3 
Specific heat (Cps) 900 J/kg·K 
Specific heat (Cpl) 1160 J/kg·K 
Latent heat (L) 397,700 J/kg 
Viscosity (µ) 0.00113 kg/m. sec 
Thermal conductivity  160 W/m.K 

 
 
 
 

4. Experimental  
 

The as-cast sample of 3 mm thickness was prepared by 
permanent-mold casting. The ingots of commercial A356 alloy 
were melted in Kanthal muffle furnace at a temperature of 625 °C 
with an accuracy of ±5 °C. Mold was kept at room temperature 
[26]. A total of 2Kg of melt was processed. 
The VTRC samples were prepared by re-melting the A356 
aluminium alloy in a crucible in a Kanthal muffle furnace at a 
temperature of 625° C. The melt was poured directly into the 
tundish through a nozzle into the wedge-shaped region formed by 
the counter-rotating rolls of the VTRC setup. Solidification takes 
place as the superheated liquid metal comes in contact with the 
moving rolls. A thin solidified shell is formed on the surface of 
each roll. The thickness of the solidified shells increases with 
continuous heat extraction. Finally, the two solidified shells meet 
at the nip point (minimum distance between two rolls) of the rolls 
and the alloy exits from the VTRC setup in the form of solidified 
strip. A considerable amount of pressure is applied at nip point by 
the rolls and a thin sheet of 3mm thickness is formed at the end of 
this process. The schematic diagram of VTRC set-up is shown in 
Fig.4 where the rolls were made of stainless steel provided with 
water cooling system. A roll speed controller device was attached 
with the setup to maintain the roll speed. Rolls had 22.5 cm 
diameter of which 1.5 cm thick outer ring was made of stainless 
steel and were 25 cm in width. 
 

 
Fig. 4. Schematics diagram of VTRC set-up 

 
After completing the alloy preparation using both the casting 
routes the samples were sectioned from the parent parts and 
prepared for metallographic examination by the usual grinding 
and polishing route. The grain size was analysed by quantitative 
metallographic analysis using an optical microscope and ImageJ 
1.x software was used for further analysis. FESEM (Field 
Emission Scanning Electron Microscope) equipped with a back-
scattered electron (BSE) and a secondary electron (SE) detector 
[27] was used to characterize the samples to study the Si 
morphology in cast samples.  
 
 

Liquid region 

Solid region 

Mushy zone 
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5. Results and discussion 
 
 
5.1 Modelling and simulation: 
 
5.1.1 Effect of different roll speeds  
In order-to study-the effect of-different roll speeds on cast A356 
alloy sheets, simulation has been performed at 0.0477 m/s, 0.0955 
m/s and 0.1193 m/s roll speeds, keeping the other parameters 
constant, such as inlet temperature of 886 K and roll gap of 3 mm. 
Fig. 5 presents the results of the simulation. 
 

a)   b)  
 

c)  
Fig. 5. Liquid Fraction profile at different roll speeds (a) 0.0477 

m/s; (b) 0.0955 m/s; (c) 0.1193 m /s 
 

It is-observed that,-as the roll speed is increasing the temperature 
and liquid fraction at the-nip point is increasing. This is due to 
fact that the higher roll speed causes shifts in the freezing point of 
the molten alloy towards the exit point. Thus at very high roll 
speed the material will not solidify completely before reaching to 
the nip point resulting in ineffective plastic deformation. Thus 
chances of getting porosities in the processed sheets are increased. 
Therefore a lower roll speed of 0.0477 cm/s is predicted to be 
suitable for processing.  
 
5.1.2. Effect of different roll gaps  
Roll gap is another important factor that not only affects the final 
sheet thickness but also affects the sheet formation possibility. For 
a sheet to form at the end of the process, the roll gap should be 
such that a small amount of molten metal remains in the region 
just above the nip point (the shortest distance between two rolls) 
of the rolls. The simulation has been performed at different roll 
gaps (which corresponds to thickness of the sheet) of 1-mm, 3-
mm and 6-mm keeping the other parameters constant, such as 
inlet temperature of 886 K and roll speed of 4.77 cm/s to cast 
A356 sheets. The variation-of temperature profiles as function of 
different roll gaps is shown in Fig.6.  

a)  b)  
 

c)  
Fig. 6. Temperature profile at different roll gap (a) t = 1 mm  

(b) t = 3 mm (c) t = 6 mm 
 
It is clear that as the roll gap is increasing, the temperature and 
liquid fraction at the nip point is increasing. Liquid fraction is 0, 
0.5 and 0.61 at roll gap of 1mm, 3mm and 6mm respectively. This 
can be attributed togthe flow-rate which depends on the area of 
the passage as well as melts velocity. Thus, as the area is 
increasing the flow-rate ofkliquid molten-metal is increasing. The 
molten metal will flow down at a faster rate at high roll gap. This 
leads to less residence time for molten metal in contacttwith the 
roll-surface which affects the amount of heat extracted. Presence 
of less liquid in the roll gap region also reduces the turbulence or 
back flow of the liquid and thus lessens the solute segregation 
[16]. As it has already been mentioned that it is preferred to cast 
thin sheets (low roll gap) of an alloy with wide solidification 
range to avoid segregation and surface bleed or there must be 
some additional cooling techniques provided to cast thick sheets 
of an alloy with wide solidification range.  Some methods to 
provide additional cooling such as electromagnetic oscillation 
field, Magnetic stirring [2, 17] and pulse electric current field 
have been reported to control the macro-segregation. Therefore 
VTRC at low roll gap is found to be preferable for reducing the 
segregation and porosity defects.          
 
5.1.3 Effect of different melt superheats  
Melt superheat is one of the most crucial parameters for the 
VTRC process. An accurate inlet temperature needs to be 
regulated accurately to obtain well-formed sheets at the end of the 
process. For example, a high superheated molten metal will allow 
the melt to flow like fluid from the wedge-shaped region formed 
in between the rollers. To determine the appropriate melt pouring 
temperature, simulation has been performed at 5ᴼC 12ᴼC, 24ᴼC 
and 36ᴼC superheat above the liquidus temperature keeping the 
other parameters constant, such as roll gap of 3 mm and roll speed 
of 0.0477 m/s to cast A356 aluminium alloy sheet. The simulation 
results have been shown in Fig. 7. 
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Fig. 7. Liquid fraction profile at different inlet temperatures along 

the probe length (marked as straight line at the centre of 
geometry). 

 
From the obtained simulation result, it is clear that on increasing 
pouring temperature, the temperature and liquid fraction at outlet 
of the nip point is increasing. The liquid fraction is increasing 
above 0.5 at 922 K which means molten metal will flow down 
from the wedge shaped region with no sheet formation at the end 
of procedure. It is seen from Fig.7, that as the melt superheat is 
increasing, the mushy zone is shifting towards the nip point, and 
the amount of solid fraction in the wedge-shaped region is 
decreasing. This will increase the chances of getting surface 
bleeds, as this defect happens because of incomplete solidification 
before reaching to the nip point. At 891 K inlet temperature the 
liquid fraction obtained is 0.14, which means a high amount of 
solid fraction remains in the wedge-shaped region. Thus a-melt 
superheat of 5-12ᴼ C is preferable for A356 alloy for VTRC in the 
set up proposed. 
 
5.1.4. Effect of convective heat transfer coefficient  
To study the effect of convective-heat transfer coefficient, 
simulation has been performed at different values of h_mold, 
keeping the other parameters such as inlet temperature of 886 K 
and roll speed of 0.04.77 m/s and the roll gap of 3 mm constant to 
cast A356 sheets.  Fig. 8 presents the results of simulation. 
As the value of h_mold is increasing from 2000 - 8000 W/m2K, 
the temperature at the exit of roll is decreasing from 890 – 878 K. 
Also liquid fraction decreases from 0.75 to 0.06 as the heat 
extraction from the roll surface increases. Increasing convective 
heat transfer coefficient will lead to the reduction in surface 
bleeds defects, as the melt will solidify completely before 
reaching to the nip point at high value of convective heat transfer 
coefficient.  

a)  b)  
 

c)  
 

Fig. 8. Liquid fraction at different heat-transfer coefficient (a) 
h_mold = 2000W/m2K, (b) h_mold = 6000W/m2K, (c) h_mold = 

8000W/m2K 
 
It is possible to cast an alloy which possesses wide freezing range 
by using roll material of high thermal conductivity like water 
cooled stainless steel rolls.  
 
 
5. 2. Experimental  
 
5.2.1. Microstructural analysis of VTRC cast alloys 
The developed computational fluid dynamics (CFD) model for 
different processing parameters was validated by using the results 
obtained from experimental analysis.  Fig.9 presents the 
microstructures for sheets obtained by performing the 
experiments at 0.0477 m/s, 0.0955 m/s and 0.1193 m/s roll speeds 
while keeping the other parameters constant. Pouring temperature, 
roll gap and heat transfer coefficient were held at T_in = 898 K, t 
= 3 mm, h_mold = 8000 W/m2K respectively. Samples for 
metallographic analysis were selected from near the top surface of 
the cast sheets for microstructural comparison at different roll 
speeds. It is expected that in this case the structure would also 
show any defect formation tendencies.  
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Roll speed 
0.1193m/sec 

 

Fig. 9. Microstructures obtained at different roll speeds for validation of simulated results 
 
The bright-phases present in thedmicrostructure are the primary-
α-Al phase while the-dark phase shows the presence of eutectic 
phase. At 0.0477 m/s roll speed, a microstructure with very fine 
equiaxed particles and much smaller particles of the eutectic Si is 
observed. As the roll speed is increasing the residence time for 
molten metal in contact with the roll surfaces is decreasing. This 
results in low solid fraction in between the roll gap and 
consequently the amount of effective roll deformation of the 
forming sheet is decreasing with an increase in roll speed. At 
0.0955 m/s roll speed, some porosity with coarser grains of 
primary α-Al dendrites is observed. Also the finer particles of 
eutectic–Si obtained at 0.0477 m/s has changed in to plate like 
morphology at 0.0955 cm/s roll speed. At 0.1193 m/s roll speed, 
the number of porosities is increased with complete acicular 
(plate-like) morphology of eutectic-Si particles and much coarser 
particles of primary α-Al dendrites. Also because of ineffective 
plastic deformation the microstructure is not uniformly 
distributed, some bunches of eutectic-Si phase can be observed at 
0.1193 m/s roll speed. A variation in the grain size in the cast 
sheet is seen at higher roll speeds. It can be inferred from these 
experimental results that the amount of plastic deformation will 
change effectively at different roll speed during VTRC process.  
Thus, 0.0477 m/s is most preferred roll speed for VTRC of A356 
Al alloy in this study. The suitability of the lower rolling speed is 
in line with those predicted by Li et. al [17]. At this roll speed, the 
residence time of melt inside the pool is large, causing more heat 
extraction from the solidifying strip. Most of the regions of 
molten metal solidify before reaching the nip point and an 
adequate amount of plastic deformation is experienced, which 
results in fragmentation of coarse-sized eutectic-Si particles and 
provide more refined microstructure with no/minimum porosities.  
 

5.2.2. Comparison of VTRC alloy cast under optimum 
conditions with die-cast alloy 
For further studying the nature of the Si particles, FESEM 
characterization was done. For comparison the Si particles 
obtained in die cast sample of the same alloy is also presented. 
Fig.10 presents the FESEM micrographs of the sheet cast at 
optimum processing parameters and that of die cast sample of 
A356 alloy. 
 

 

 
Fig.10. FESEM microstructures of (a) die cast sample and (b) 

VTRC sample 

Porosities 
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The bright regions here show the presence of eutectic Si, while 
dark region represents the primary α-Al matrix in Fig.10. The as-
cast sample consists of acicular plate like morphology of eutectic-
Si particles, while the VTRC processed sample shows the broken 
particles of eutectic Si. This can be attributed to the high cooling 
rate and plastic deformation applied by rolls resulting in the 
modification of eutectic-Si morphology during VTRC process. 
Much smaller particles of eutectic-Si are observed. Fig.11 
presents the average eutectic Si length and secondary dendrite 
arm spacing for the die cast and VTRC samples prepared under 
optimum processing parameters. 
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Fig. 11. SDAS and Eutectic-Si length comparison for as-cast and 

VTRC sample 
 

Equation that relates cooling rate and SDAS is presented below: 
 

SDAS = C � 
Tl  − Te

Ṫ
�

1
3                                                                    (14) 

 
Where, Tl is liquidus temperature, Te is eutectic temperature, C is 
constant whose value depends upon a particular alloy, SDAS is in 
µm, Ṫ is cooling rate in ᴼC/sec. 
The average secondary dendritic arm spacing (SDAS) achieved 
from VTRC sample is around 8μm, while for as-cast sample it is 
around 22±2 μm. The line intercept method was adopted to 
measure the dendritic arm spacing at different locations. Reduced 
dendritic arm spacing leads to homogenization of VTRC 
processed sample. 
The above mentioned equation suggests that the cooling rate is 
inversely proportional to the SDAS value [28-29]. Thus the higher 
cooling rate during VTRC process is expected to lower the values 
of SDAS compared to the as-cast sample. The finer structure also 
showed higher average hardness in the VTRC sample of 81.6 
VHN as compared to an average hardness of 68.6 VHN for die 
cast samples. This points out to some additional mechanisms 
contributing to the hardness other than the Hall-Petch.  
 
 
 
 

6. Conclusions 
 

1. Modelling and numerical-simulation of VTRC process for 
A356 alloy was performed in border to optimize the 
processing parameters such as inlet temperature, roll gap, heat 
transfer coefficient, and roll speed.  

2. A 2D-mathematicalqmodel was developed to analyse the 
fluidbflow and heatbtransfer involved in the process. The 
emphasis was on optimizationgof processing-parameters in 
order to obtain a better quality sheet.  

3. The modelling results showed that all the parameters selected 
affect the fluid flow, heat transfer and solidification during 
complex VTRC process.  

4. Melt superheat of 5-12ᴼ C at 0.0477 m/s roll speed for 3 mm 
sheet thickness is found to be the preferred parameters for 
vertical twin-roll casting of A356 alloy in the set up used. 

5. At higher roll speeds the Si particles retained the acicular 
structure and also defects were seen on the surface of the cast 
strips. 

6. The microstructure of VTRC processed sample under 
optimum processing parameters revealed finer eutectic Si 
particles compared with the die cast sample. Also, the 
hardness value for VTRC sample (81.6 VHN) is greater than 
the as cast sample (68.6 VHN). The VTRC sample showed 
lower SDAS value (8.13 µm) when compared it with as cast 
sample (21.12 µm).  
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