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Nomenclature

a coefficient in Table IV

A phase fraction

C concentration of Cu (wWt%)

Cuy generalized drag coefficient

dy grain diameter (um)

D diffusion coefficient (m?ls)

E coefficient in Table 1V

g gravitational acceleration : (m/s)

H enthal py (Jkg)

k thermal conductivity (W/mK)

k unit vector in z direction

Jy nominal concentration (Wt%)

/ diffusion length (m)

L length of total test line (m)

M Magnification

M interfacial drag (N/m®)

n grain density (Umd)

n lineal density of the grains (intercepts/mm)

n; the number of intercepts counted per field (intercepts)

P pressure (N/m?)

R, grain radius (Um?)

Re multiphase Reynolds number

Sc Schmidt number

Sv interfacial area concentration (Um)

t time (9

T temperature (°C)
velocity vector (m/s)

X,z Cartesian coordinate
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Greek Symbols

0 impingement function in Equation (T-4-2)

AH latent heat of fusion (Jko)
r interfacial mass-transfer rate due to phase change  (kg/m*s)
K partition coefficient

Y7 dynamic viscosity (kg/sm)
v kinematic viscosity (mP/s)
0 density (kg/m?®)
Subscripts

e eutectic

i interfacial

k phase

l liquid

m pure solvent

0 initial

p primary

s solid

Superscripts

- Interfacia

t transpose

Abstract

An investigation has been performed to study the effects of convection streams and the movement of dendritic
solid on the macrosegregation in equiaxed structure of aluminium cast ingots. The investigation combined
laboratory work, metallographic examination and mathematical modelling. The laboratory work involved
different superheats for Al-10%Si aloy cast ingots. The measurements of grain size of equiaxed crystals and
macro-segregation distributions have been conducted to verify the solidification model by using the
metallographic study combined macro/micro-structural evolution of cast ingot samples. Two-dimensional
mathematical model of fluid flow and heat transfer has been developed to characterise the natural convection
streams, thermal fields and macro-segregation distributions taken into account the effect of dendritic solid
movements. The model predictions were compared to measurements of cooling curves and macro-segregation
distributions where the reasonabl e agreements were found. The formation of macro-segregation phenomenon has
been studied and discussed based on convection streams, the movements of dendritic solid and mushy
permeability. Also, some typical cases in conventional casting processes related to increase the occurrence of
dendritic solidification defects have been discussed.

K eywords; macrosegregation, heat flow, mushy permeability, convection streams, dendritic equiaxed structure
1. Introduction

Casting of precision product, such as those used in modern defence systems is a complex process. The casting
engineer is faced with the daunting task of selecting an optimum combination of multitude of process and design
parameters to ensure a defect free cast part with desired microstructure. Dendritic solidification defects like high
segregation, interdendritic cracks and others often result in high scrap rate or other costs. However, computer
simulation of the casting processes in the recent years has begun to help the casting engineers in the cost and
quality effective selection of design and process parameters. Most casting simulations codes up to date contain
modules for heat transfer (Sully, 1976; Ho & Pehlke, 1985; Bamberger et al., 1987; Shah & Moore, 1989), fluid
flow (Muller et al., 1984; Nielsen et al., 1999; Griffiths, 1996) solidification (Poirier et al., 1991; De Groh I,
1994; El-Bealy & Fredriksson, 1996; El-Bealy, 2000) and interdendritic strain analyses (Weiner & Boley, 1963;
Kristiansson, 1982; El-Bealy, 2011). These codes use individually in predicting and minimising of different
solidification defects and also in predicting of cast microstructure. The mathematical models for these codes
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focus on the effect of cooling conditions and convection patterns on the solidification process. Subsequently, the
couple effect of different types of convection streams and mushy permeability on the movement of solid,
segregation level and hence on the interdendritic defects formation during dendritic solidification especialy in
dendritic equiaxed structure was ignored.

Therefore, the simulation of coupled liquid and solid flows is an important matter in dendritic equiaxed
solidification processes but unfortunately it is little understood phenomenon. Convection in the liquid melt and
in the interdendritic liquid is caused by both thermal and solutal buoyancy forces. The movement of free solid
crystals is due to the influence of gravity and the superheat in liquid zone. However, in the mushy zone, the
resulting solid-liquid multiphase flow pattern strongly depends on the micro-structure of the equiaxed crystals
which, in turn, is governed by grain nucleation and growth mechanisms (Wang & Beckermann, 1996). In the
recent past, the thermo-solutal convection streams in the liquid melt or in interdendritic liquid in the columnar
dendritic solidification which results in macro-segregation have been extensively studied. Unfortunately, the
modelling of the convection streams in equiaxed structure has not been widely attempted. This is because of the
complications associated with the transport of free solid crystals in the melt liquid zone or the movement and
growth of equiaxed crystals in interdendritic liquid in the mushy zone. In the liquid zone, the gravity induced
settling or flotation of free crystals based on the densities of aloying elements whereas the type of aloy system
is fundamental to the nucleation and growth processes of equiaxed crystals in the mushy zone. Also, the initial
nucleation of the equiaxed zone greatly affects the starting of columnar to equiaxed transition (Wang et al.,
1995). Moreover, crystals transportation in the mushy zone may cause a severe macro-segregation and structural
inhomogeneities (DeHoff & Rhines, 1968; ASTM, 1987; El-Bealy, 1990, 2013; El-Beay & El-Emairy, 2007;
El-Beay & Hammouda, 2007).

Therefore, this study describes an attempt towards predicting the effects of different melt superheats on the
natural convection streams. Thus, the effect of these convection streams on the movement of silicon crystals and
therefore on the macrosegregation of silicon. In section 2, it devoted an explanation of experimental work and its
details whereas section 3 describes a 2-D model developed based on Ni and Beckermann approach (Ni &
Beckermann, 1991, 1993) where the segregation solute governing equation was derived based on multiphase
approach. In the section 4, comparisons and exiting natural convection streams and segregation of silicon in the
dendritic equiaxed structure were explained and analysed on the light of predictions and experimental results.
Finally, the importance of the effect of grain structure type and the solid movement on the fluid flow in the liquid
and mushy zones and therefore, on the homogeneity distribution of aloying elements was discussed in the
section 5. This discussion will help to develop accurate models of macro-segregation and to explain the
formation mechanisms of dendritic solidification defects.

2. Exprimental M ethodology and M etallogr aphic Study

The industrial Al-10%Si aluminium alloy was selected for the experimental work where this alloy is Al-10%Si
aloy system and its nominal composition can be found in Table 1. The selection of this aloy close to eutectic
dloy (Al-12.6%S) is to clarify the effect of convection streams on the movement of silicon crystals or solid
phase during dendritic solidification.

Table 1. Chemical analysis of specimens

Alloy S Fe Mn Cu Ti

Al-Si 10.2 0.23 0.006 0.07 0.012

The experimental work has been done in the metallurgical laboratory in Design and Production Engineering
Department in Ain Shams University in Cairo in Egypt. Subsequently, the experiments were conducted in
horizontal induction furnace build in order to achieve a complete control of temperature distributions in the
furnace. This maintains a high homogeneity of these distributions in the melt inside the mould. Also, it is to
alow the crystals to grow parallel to steel mould chill and to solidify 80 mm-lengthx40 mm-heightx20
mm-thickness parallel epiped ingots. The basic setup of the experimenta apparatusisillustrated in Figure 1. This
mould is horizontal rectangular parallelepiped cavity cooled by water-chill. This mould is instrumented with
thermocouples into the melt of aluminium alloys as shown in Figures 2(a, b). Six thermocouples (Ni-NiCr) were
inserted into alloy melt. Three of these thermocouples in the upper side whereas the others were in the lower side
as shown in Figures 2(a, b). Another thermocouple was inserted at steel chill at 2 mm from the chill surface as
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seen in Figures 2(a, b). Temperatures data from the thermocouples sent automatically into multi-channels digital
thermometer.

Several experimental steps should be taken to prepare the master aloy before the experiments could be
performed. The steps of preparation stage were explained in References (El-Bealy & El-Emairy, 2007; El-Bealy
& Hammouda, 2007; El-Bedly, 2013) and the readers are referred to the origina references for details of
preparation stage of master alloy and the steps made in this stage. Then, the experiments were performed under
the conditions summarised in Table 2 and the following experimental sequences were followed for each
experiment;

1) putting the melting furnace at horizontal position and then fixing the steel mould inside it,

2) inserting the six thermocouples inside the ingot (thermocouples from number 1 to 6) and one thermocouple in
the end chill wall (thermocouple number 7) as shown in Figure 2(a),

3) turn the furnace on and when the temperatures reach the predetermined desired superheat of the melt, the
furnace was turned off and cooling system turned on,

4) while the thermocouples measured the temperatures at various locations in the chill and molten alloy. Then,
the thermocouples sent these temperatures into the digital thermometer to record the temperature profiles,

5) when all thermocouples display a solidus temperature, the thermocouples were removed from the mould, then
the steel mould removes from the furnace,

6) after several hours, the ingot was removed from the mould when its temperature reaches room temperature.

Then, the cast ingots were sectioned to two equal halves according to Figure 3(a). The specimens were prepared
metallurgically for macro-microscopic examinations according to standard procedures in References (El-Beay
& El-Emairy, 2007; El-Bedy & Hammouda, 2007; El-Bealy, 2013). The macrographs exhibit a dendritic
equiaxed structure as shown in Figure 3(b) with no difference in the morphology between the different
experimental conditionsillustrated in Table 2. The specimens then were micro-etched and were examined under
a microscope. The micrographs were taken at magnifications of 200 at surface and subsurface ingot areas. The
details of measured techniques of grain size by using the intercept method and macrosegregation analysis by
measuring the volume fraction of second phase “Silicon” for Al-10%S aloy are illustrated in details in
References (DeHoff & Rhines, 1968; ASTM, 1987). The series of experimental work, examinations and
measurements involved in this investigation are shown in Figure 4 as aflow chart.

Table 2. Summary of experiments for Macro/Micro-Examinations

Exp. No. Cooling condition Alloy composition Superheat  Chill material  Specimen HeightxWidth

(°C) (mm)
El Steady State Al-10%Si 20 stee 40 x 80
E2 Steady State Al-10%Si 50 steel 40 x 80
E3 Steady State Al-10%Si 75 steel 40 x 80
o i eel sheet
sbestos sheets

H Electric windings

Thermocouples

Steel Cooling chill

Steel mould ! Thermocouple
(b)

Figure 1. Schematic illustration of experimental apparatus
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Figure 3. Schematic illustration of (&) longitudinal cross section and (b) macrographs
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Alloy selection:
Al-4.5%Cu

Alloy preparation

Experimental set up

}

AT=20°C AT=50 °C AT=75°C

A 4

Temperature measurements

Specimens preparation

Metallographic study

] ' ]

Metallographic techniqug Measurements

Figure 4. Flow chart of experimental work plane, examinations and measurements

3. Model Description
3.1 Two-Phase Model

A two-phase model used in the present simulations is a simplified version of the model developed in References
(Ni & Beckermann, 1991, 1993), and then extended in Reference (Wang & Beckermann, 1996), to simulate the
movement of equiaxed crystals. Tables 3 and 4 summarise the model governing equations and its supplementary
relations, respectively. In the present study, only a few explanations are provided, and the readers are referred to
the origina references for the details of the model governing equations and the assumptions made in their
derivations. Also, the symbols used in these equations are summarised in nomenclature in the beginning of this
article.

The extension of two-phase model of the equaixed dendritic structure which has recently been presented in
References (Ni & Beckermann, 1991, 1993; Wang & Beckermann, 1996) was used in the present paper. This
multiphase approach considers a small control volume element. This element contains several equiaxed dendritic
crystals, as schematically illustrated in Figure 2(a) in which two different interfacial length scales can be
distinguished. Also, the element consists of the solid phase and two liquid phases. The two liquid phases
separated by dendrite envelope are distinguished by their different interfacial length scales. Therefore, separate
macroscopic conservation equations can then be formulated for each phase. In writing the energy in Equation
(T-3-7), thermal equilibrium between the phases in an averaging volume has assumed, i.e. 7, = T7;= T,= T, where
T;isinterfacial temperature. This appropriates due to the high value of Lewis number (¢7/D) for metal alloys. It is
noted that species conservation equations illustrated in Equations (T-3-9) and (T-3-10), are solved for both the
liquid and solid phases. The balance of interfacial species in Table 3 constitutes the microscopic grain growth
model in the present set of equations. This states that the solute rejected upon solidification is either
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back-diffused in the solid or advected into under-cooled liquid. The two transport terms on the right-hand side of
the interfacial species balance contain the interfacial area concentration shown in Table 4 Equation (T-4-2) and
so-called diffusion lengths expressions for which are provided in Table 4 (Rowe et al., 1972; Agarwal, 1988). It
has been shown elsewhere that the present back-diffusion model gives accurate predictions of solid
micro-segregation and the final eutectic fraction. Keeping track of eutectic fraction is important for the
prediction of contracting-driven flow as shown subsequently. The Kozeny-Carman relation for permeability of
packed beds of spheres and the drag coefficient for a single sphere (stocks law) can be recovered from the
interfacial drag correlation given in Eqsuation (T-4-1) and (T-4-4a), respectively, upon making the appropriate
simplifications for the limiting cases (Geiger & Pairier, 1973).

The number of grains per unit arean is needed in the expression for interfacial area concentration and the grain
radius is needed in the calculation of interfacial drag, (Agarwal, 1988) and spices diffusion length, (Rowe et a.,
1972) see Equations (T-4-4a), (T-4-4a) and (T-4-5b), respectively. Although, a variable grain density was found
to have a relatively small effect on the predicted macro-segregation (Reddy & Beckermann, 1997) but in this
study, the grain density is taken to be uniform for each control element and is equal to values as determined from
the present experiments. The measured grain size isillustrated in Figures 5(a-c).

Table 4 provides the relation adopted for the liquid and solid densities as a function of temperature and
concentration in Equations (T-4-6a) and (T-4-6b), respectively (Mangnusson & Arnberg, 2001). Using liquid
density relation in the buoyancy term in the momentum equation in Equations (T-3-5) and (T-3-6) implies that
both thermal and solutal natural convection are taken into account. In the continuity equations, a fully variable
liquid density, together with the primary and eutectic solid densities listed in Table 5, alow for the calculation of
contraction-driven flow before and during solidification. The contraction behaviour of the present Al-10%Si
aloy during solidification isillustrated in References (Stangeland et a. 2004; Korojy, 2009). For simplicity, the
Scheil equation is used to relate the liquid temperature/concentration to the solid fraction (Scheil, 1947). It can
be seen that before the eutectic reaction, there is a range of solid fractions where the volume increases during
solidification. Due to this expansion, the total contraction during primary solidification is only dightly positive.
Therefore, much of the contraction-driven flow is caused by the drastic density change during the eutectic
reaction.

711 546 | 500 | 402 |473 |a67
680 537 | 498|480 |461 | 442
668 508 | 485|471 |4s52 | 421 @

AT=20K
500 475 451 | 438 | 417 I Chill

xxX Grain size, um

659

491 472 465] 453 | 423 | 366

476 441|455 | 410|378 | 365
(b)

451 426 381 | 365 | 338 | 360 AT=50K

439 380|378 347|325 |302

451 308|435 401 | 398 |376

415 379 |ass | 374 %" 350 ©

380 374|370 359 | 346 | 336 AT=75K

372 354 | 345336 | 318 | 309

Figure 5. Variation of grain sizein all control elements of longitudinal cross section with superheats (a) 20 °C,
(b) 50 °C and (c) 75 °C
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3.2 System and Boundary Conditions

A schematic of 2-D ingot casting shown in Figure 6(a) is very similar to the one employed in Reference
(El-Bedly, 2013), for Al-4.5%Cu alloy and simulated in the present study of Al-10%Si aloy. The initial
conditions when ¢ = 0, the pouring temperature 7, is assumed uniform throughout the ingot 7, = 7,,,,- and the
chemical species are aso assumed to be consistently distributed and set to their initial values. Heat transfer
between the ingot surface and mould wall was assumed to follow a generalised Newtonian law. Thus, it was
assumed that heat flux across the ingot surface is proportional to the difference between ingot surface and water
cooling constant temperatures as defined in References (El-Bealy, 1990, 2013; El-Bedy & EI-Emairy, 2007,
El-Beay & Hammouda, 2007) and illustrated in Table 5. Therefore, the surface ingot heat flux at x = 0 can be
computed as represented in References (El-Bealy, 1990, 2013; El-Bedy & El-Emairy, 2007; El-Bedy &
Hammouda, 2007). For boundary conditions at x = 80, z = 0, z = 40 mm, the heat fluxes can be calculated from
the same equations in Reference (El-Bealy, 2013).

All system data and thermo-physical properties used in these simulations are summarised in Table 5. As first
approximation, all properties for each phase (expect the liquid density) are assumed constant and independent of
temperature and concentration.

16%
dT/on=0 z
‘ ’ T
— |
i M N=0 chill
!E 1h=0
'S T3 T1-
B = N R
i
E dTioh=0 | T7 @®——— Thermocouple
T |
T i ° Boundary point
i T6 T4 T2
i
i i Surfacegrid
i N/ch=0
< - |
‘ $ITIN=0
< L=100 >
@ Ax
w(ij+1),
D ow(i+1/2) }
_____________ w2 ) |
u(i+1 u(HI»1/2,j) !(lj) i

Figure 6. Schematic illustration of &) grid of computations and b) 2-D control volume of Simpler method
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Table 3. Summary of multiphase model

- Continuity Equations:
Solid phase (s)

0

E(Asps) +V. (4spsvs) =T (T-3-1)
Total liquid phase (1)

0

5 AP+ () =Ty (T-3-2)
Interfacial mass balance

I+I; =0 (T-3-3)

- Interfacial Species Balance

- - S¢De , S,Dy , ~ JaC - x
(Ce—csd)rs=”I—;S(Csd—cs)+%(ce—q)+ A44Pd 5%+ Aapava N Ce=V(4qpg DGV Ce) | (T-3-4)
S

- Momentum Equations

Solid phase (s)

%(Aspsvx) + v'(Aypsvxvs) = _A.va + V(/Llj Asvvx) + Mzi + A\pxg (T-3-5)

Total liquid phase (1)

d .
E(A[p,v,) +V.(4,0v) =4 p+ V(4 AVV)+ M + 40,8 +V.[v4.0,0,—v,)(v,-v,)] (T-3-6)

- Mixture Energy Equation
kA k1A
— Ao Hg+A410 + V.4 05V +Ajp1v =V, —— +— -o-
aat (AspsHs+AjprH )+ VI{AspsveHg + A1 ppviH )=V Z ~VH f:;l VH | (T-3-7)
s
where
Hg=cpsT, Hp=cpT+(cps —cp:)Te +AH (T-3-8)
- Species Equations
Solid phase (s)
0 * - PsSsDs .
E(Aspscs) +V. (4spsvsCs) = V.(45psDsVCs) + Cs T +T(Csd -G) (T-3-9)
s

Total liquid phase (1)

0 * - S¢D¢ ,~
E(Alplcl) +V. (40vCp) = V(401D VC) +| Cgq T + ’OSZ ; S (Cyq —Cs) +V.{Al,01 (v —ve)IC) — K, Cg —(1— KV)CI]}(T"?":LO)
S

Auxiliary Relations for Secondary Variables
Interdendpritic liquid fraction

a —
E(Amz) +V. (4101v]) = Sepr whe =Ty (T-3-11)
Extradendritic liquid fraction
Ap = A — Ag (T-3-12)
Inter- and extradendritic liquid velocities
410,

vd =VS+KVA pl (v —vs)
drl (T-3-13)
LT/

err’e

Ve =g + 1+ Ky,) —vy)
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Table 4. Interfacia and property relations

Mushy permeability;

Kk=A4"18% (1- 4%

Interfacial area concentration

=(367n)"° 47°5(4,)
where
14,
/3 y P
O0(4)=1for A <A, ; 5(4) = [i] [l__AvJ T for A4 - A,
’ A 1-4
sp sp

"y n=0422xn,
LIM

n=

Radius of the solid grains

34 /3
Rs = ds/2 = |:47Z';l:|

Drag coefficient
d

s

{24><2CM(1 A)+CM}; Re= A v, —v,
’ V.

i

C,=25/6; C,=7/3; 4,<05

18 {1+ 4.7(1- 4) } c - 24(10° -1 ;4 +05
K 21— Ai 1- 183(1— A/) : Re[l_ 09(14‘ _ 025)1/3 (1_ A/ )2/3:|3
where
E =0.261Re**° - 0.105Re™** LA'Z
1+ (log,, Re)
Diffusion Lengths
L ;4o 2RE®+465
= 1 1 R, 3(Re**®+ 4.65)
— =+ =S¢ Re’
1-4; 34,
I = R,
5
Liquid density relation;
p, = 2559.1-0.28207T +3.371C;,
Solid density relation;

p, = 2688.6 - 0.19907T — 2.295C,,

Equilibrium phase diagram relations

Primary solidification

c_Cm-N; ¢ e,

m e

FEutectic solidification

T-T, C,=C, ; Cu=C

e

(T-4-1)

(T-4-2)

(T-4-3)

(T-4-43)
(T-4-4b)

(T-4-4c)

(T-4-5a)

(T-4-5b)

(T-4-6a)

(T-4-6b)

(T-4-7)

(T-4-8)
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Table 5. Thermo-physical properties and system data

Properties

Density of primary solid phase, o, (kg/m°) 2390.1
Density of eutectic solid phase, p., (kg/m?) 2397.5
Dynamic viscosity of liquid phase, 4, (N §/m?) 0.0356
Maximum solid packing fraction A4,,, 0.700
Thermal conductivity of the liquid phase, &;, (W/m K) 57.76
Thermal conductivity of the solid phase, &, (W/m K) 209.4
Specific heat of liquid phase, C,,;, (Jkg K) 1305.6
Specific heat of solid phase, C,,, (Jkg K) 1019
Latent heat of phase change, Ak, (Jkg) 2.1x10°
Mass diffusivity of liquid phase, D;, (m?/s) 4.75x10°
Mass diffusivity of solid phase, D,, (m?/s) 7.61x10"3
Partition Coefficient, x, 0.129
Eutectic temperature, T, (°C) 577
Eutectic species concentration, C,, (Wt%) 30.6
Méelting temperature T, (°C) 501
System data

Ingot dimensions, (mm) 80x40x20
Mould material, Fe-1.5%C
Thermal conductivity of mould material, (W/ m K) 36.3
Thermal conductivity of copper cooling tubes, (W/m K) 401
Cooling temperature of water flow, (°C) 25
Cooling water flow rate per unit ingot circumference, (m%h) 0.015

3.3 Numerical Procedures

The present model was implemented in the fully implicit solution procedure using simpler method developed in
Reference (Patanker & Suhas, 1980) a fixed grid and a single 2-D domain shown in Figure 6(a). Figure 6(b)
illustrates the control volume used in the present numerical simulation. Detailed explanations of simpler method
described in the same reference. A non-uniform grid system with 80x40 mm was adopted and the domain comes
into 28 nodes. The dimension of control element in the direction of z is 4z = 10 mm for al grid mash of
computations as shown in Figure 6(a) whereas the dimension in direction of x is4x =5 mm for first 20 mm from
the ingot surface. Then, the dimension in direction of x changes and becomes Ax = 20 mm for rest of ingot
length.

Only steady-state solution is of interest in this study and was approached using time steps of 1 second At = I s.
The simulations took about 500 seconds on the average to reach steady state.

4. Experimental and Simaulation Results, Comparisonsand Analysis

To check the validity of the model, the comparisons between simulated and measured results of the temperature
distributions and silicon the segregation ratios are compared by different ways. The direct comparison of
absolute values of simulated and measured temperature distributions is used as shown in Figures 7(a-d) whereas
the relative average errors for macro-segregation of silicon is used as illustrated in Figures 8(a-c) and the given
Equation (1) was used in these computations;

Error =

S /,,,S_ S I 100 (1)

Jm

1
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Figurers 7(a-d) show a comparison between the measured and predicted temperatures for E1 and E2, see Table 2,
at positions 3 and 4, see Figure 6. The measurements and predictions are in good qualitative agreement. The
difference between the calculations results and measurements are within £ 12 °C where the calculated values are
higher than measurements at positions 3 and 4 for E1 and E2 in certain region of the liquid and mushy zones.
This difference starts to decrease in the mushy zone for position 3 whereas position 4 appears to increase in this
difference in the same zone as seen in Figures 7(a-d). This is due to unstable solute gradients which are leading
to additional convection component. The additional convection caused by these instahilities transports the free
crystals into the hot liquid regions where they probably remelt or not. However, in the mushy zone, this type of
convection may change the enthalpies in the interdendritic melt (Poirier & Nandapurkar, 1988).

As a deep mushy zone develops the amount of free crystals transport and crystal destruction decreases. Since
less nucleated free crystals are now present and in competition with each other in the liquid zone the resulting
that this difference decreases. It is obvious that the measurements show the clear difference compared to the
calculations in the mushy zone especialy at position 4 for E1 close to solidus isotherm as shown in Figure 7(a).
This is because of the continuous change in the enthalpy of interdendritic liquid within this control volume. This
is due to the effect of macro-segregation of Si crystals which results in floating and concentration them in the
certain locations. However, thisis probably due to the complexity of heat transfer conditions when air gap forms
between the ingot and stedl chill and its dynamics start to be significant.
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Figure 7. Comparison between experimental and simulated cooling curves at a), b) superheat 20 °C, c) and d)
superheat 50 °C at positions, 3 and 4

These simulations use different average densities with various superheats where the micro-examinations of
sectioned samples reveal dendritic equiaxed structure for al the ingots as shown in Figure 3(b). These average
grain densities within each control volume were calculated directly from the grain size measurements shown in
Figures 5(a-c). The grain densities calculated by Equation (T-4-2) and used in Equation (T-4-1) are inversely
related to grain sizes shown in Figures 5(a-c) which in turn affect primarily the permeability of flow through the
mushy zone. Figures 8(a-c) show segregation errors of silicon in cast ingots for superheats 20, 50 and 75 K,
respectively. These results point out a reasonable agreement where the errors fluctuate based on the location of
examined element. Note that this inaccuracy is severe in low superheat ingot (AT = 20 K) whereas the
inaccuracy decreases slightly with 50 and 75 K superheats. This is because the natural of convection stream
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velocities, their magnitudes and directions as well as the difference between aluminium and silicon densities is
very small (El-Bealy & El-Emairy, 2007; El-Bealy & Hammouda, 2007; El-Bealy, 2010). This helps the
convection streamsto float the silicon crystals easily by different patterns based on the melt superheat and power
chilling which control the surface heat flux and therefore the temperature gradients in the solid shell and mushy
zone (El-Bealy, 1990). Also, this fluctuation is probably due to the lag in mushy permeability relations for
different element locations and in the thermo-physical properties of aluminium alloys. This draws us to the needs
of accurate mushy relations and properties functions based on temperature and concentration. In the next
sections, it can be seen that the effects of different superheats, convection stream patterns, isotherms, movement
of silicon crystals on the macro-segregation distributions will be analysed and discussed in the following
sections.
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Figure 8. Variation of segregation errors of examined elements with superheats @) 20 °C, b) 50 °C and c¢) 75 °C

4.1 Case 1

The fluid velocity patterns and relative velocity vectors (V-Vs) for melt superheat 20 °C is represented in Figures
9(a, b) at different times 115 s and 165 s, respectively where the magnitude of average grain density is 3.3x10°
m3in this case.

At an early stage of solidification at /=115 s, the liquid and interdendritic liquid flows consist of a single counter
clockwise rotating convection cell as shown in Figure 9(a). This thermal-solutal convection flow does not only
control the movements of liquid and solid but these movements control aso by the sedimentation or floating of
the free silicon crystals as shown in Figures 9(c, d) (column-1/Bottom-1) and (column-1/bottom-3) examined
control elements, respectively, see Figure 8(a). The flow pattern shown in Figure 9(a) adjacent to the hot wall
draws the free silicon crystals to solidify at the ingot surface by different distributed levels as shown in Figure
9(c, d). This is due to the element position and flow direction where the higher density of solid silicon crystals
than the liquid which exerts alarge interfacial drag on the interdendritic liquid and pulls this liquid carrying the
silicon crystals to ingot surface. This sedimentation or floating driven liquid flow further augments the thermal
and solutal buoyancy forces in the interdendritic liquid. Also, the permeability is different based on the position
of examined element and affects the distribution of silicon crystals as shown in Firgures 9(c, d).
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The pattern of relative velocities shown in Figure 9(a) is mostly similar to the pattern of liquid and interdendritic
liquid flow. The figure also shows that the magnitudes of relative velocities are smaller than the one of the liquid.
Thisisadirect evidence of crystal sedimentation in Figure 9(c) and crysta floating in Figure 9(d).

At ¢ = 165 s, simulations results of an intermediate stage of solidification are shown in Figure 9(b) This figure
shows that both the direction of convection stream and the relative velocities are generally similar as the pattern
of early stage of solidification discussed above in this section but there is a small difference in their magnitudes.
Figure 9(e) shows aso the effect of direction and magnitude of different convection flows on the silicon crystal
sedimentation of examined element (column-3/bottom-1), illustrated in Figure 8(a). Also, the model predictions
illustrate that the width of mushy zone extends. Therefore, the convection associated with low superheat is
weakened and the liquidus isotherm remains somewhat not straight partiality where the slop of this isotherm
increases dightly in ingot bottom as shown in Figure 9(b). This is due to the fact that heat transfers from the
upper part of the ingot into its bottom. In general, the comparisons between the measured values of isotherms
from cooling curves and their predictions are in a good agreement as shown in Figures 9(a, b) at different
locations from chill.

Therefore, the segregation morphologies shown in Figures 9(c-€) reveal considerable fluctuation of segregation
distributions. The surface and subsurface areas of the ingot is more positively segregation. This is due to the
advection of solute-rich liquid into these areas. Another striking pattern of positive segregation is at the ingot
bottom. This is caused by deposition of solute—rich liquid at the ingot bottom. This is due to a bending towards
the liquid isotherm of ingot bottom where the solidification is faster at the bottom than the upper part of the ingot.
Another interesting observation arises from the examination of micrographs 9(c, €), where these figures show
that the silicon crystals in micrograph 9(e) is coarser than those in micrograph 9(c). This is due to the growth
mechanism associated with significant difference in the cooling rates.
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Figure 9. Showing a), b) the convection stream patterns and the relative velocities, micrographs of c)
column-1/Bottom-1, d) column-1/bottom-3 and €) column-3/bottom-1 examined elements x magnification 100
with superheat 20 °C

14



WWWw.ccsenet.org/jmsr Journal of Materials Science Research Vol. 2, No. 3; 2013

4.2 Case 2

In the case of ingot solidifies with 50 °C superheat shown in Figures 10(a-€), the average magnitude of grain
density in this case is 4.4x10° m™ and this magnitude is higher than in case 1. Consequently, the mushy zone is
relatively less permeable in this case and thermo-solutal convection can be expected to be weaker. Also, this
convection stream may be higher in liquid zone than in case 1 due to the high superheat (El-Bealy & Hammouda,
2007; El-Bealy, 2013).

The liquid velocity and relative velocity fields shown in Figure 10(a, b) at 330 and 340 s, respectively are quite
similar to those in case | where the same velocity scale asin figures 10(a, b) is used. Due to high velocitiesin the
liquid zone associated with higher superheat, the liquid velocity helps the silicon crystals to float with strong
convection streams into the hotter regions in the liquid zone. Subsequently, there is no sedimentation of silicon
crystals at ingot surface as shown in Figure 10(c) of examined element (column-1/bottom-3) which resultsin a
negative surface segregation. This phenomenon decreases gradually with distance from chill as shown in Figures
10(d, €) of examined elements (column-3/bottom-2) and (column-4/bottom-4), respectively. The reason behind
this phenomenon is that the mushy permeability may decrease with increasing the grain size which resultsin a
continuous changing in the negative segregation into positive segregation in interior control elements. Another
phenomenon arises from these predictions and micrographs where divergent columnar dendrites appear at the
ingot surface as shown in Figure 10(c). This is due to the high surface cooling rate due to perfect contact
between the ingot surface and chill. Also, this may be due to a high superheat (AT = 50 °C). However, the model
predictions reveal aso that the solidus isotherm is completely flat whereas the liquidus isotherm is irregular and
bend toward in bottom part. This is phenomenon with the convection stream and relative velocity patterns give a
clear explanation for random distributions of silicon crystals. Also, the model predictions and measured positions
of isotherms show good agreements.
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Figure 10. Showing (a), (b) the convection stream patterns and the relative vel ocities, micrographs of
(c) column-1/Bottom-3, (d) column-3/bottom-2 and (e) column-4/bottom-4 examined el ements x magnification

100 with superheat 50 °C

15



WWWw.ccsenet.org/jmsr Journal of Materials Science Research Vol. 2, No. 3; 2013

4.3 Case 3

This simulation plotted in Figure 11(a, b) was carried out to study the effect of convection streams and
movement of solid on the macro-segregation, isotherms flatness and the movements of silicon crystals at times
315 and 375 s, respectively with 75 °C superheat. The average grain density of this case is 4.31x10° m”,

Not surprisingly, the liquid, interdendritic liquid and relative velocities are very similar to cases 1 and 2. The
micrograph (column-1/bottom-2) examined element and demonstrated in Figure 11(c) exhibits positive surface
segregation. This is due the direction and small magnitude of convection stream velocities as shown in Figure
11(a). This mechanism continues to affect the segregation as illustrated in micrograph 11(d) of
(column-4/bottom-1) examined element where the convection streams are weak in the mushy zone, see Figure
11(b) and cannot carry or help to float the silicon crystals again into the liquid zone. However, morphology
appeared in Figure 11(e) points out that there is a negative segregation of examined eement
(column-5/bottom-4). Another interesting observation arises from the examinations of morphologies illustrated
in Figures 11(c-€) where the size of silicon crystals decreases with distance from chill. This phenomenon agrees
well with mechanism of separation theory developed in Reference (Ohno, 1987) and observations in Reference
(ElI-Bedly & Hammouda, 2007) where the high rate of separated crystals from chill associated with sufficient
initial convection streams in the liquid zone increases the number of separated free crystals and decreases their
sizes (Ohno, 1987; El-Bealy & Hammouda, 2007). Consequently, the crystals size in later stages of separation
mechanism is coarser than those in the early stages in this mechanism which results in this phenomenon.
However, the comparisons between the measured and predicted i sotherms appeared in Figures 11(a, b) at various
times seem good. Also, these results reveal that there is no any flatness of liquidus or solidus isotherms during
different stages of ingot solidification. This depends on the heat transfer through the ingot which is based on the
magnitude and direction of convection streams.
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Figure 11. Showing (a), (b) the convection stream patterns and the relative velocities, micrographs of (c)
column-1/Bottom-2, (d) column-4/bottom-1 and (€) column-5/bottom-4 examined elements x magnification 100
with superheat 75 °C
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In general, these results give an important attention for including the effect of solid movement during the mushy
zone on the predicting macro-segregation especially with alloy which has similar densities of both of aluminium
and its alloying elements.

5. General Discussion

Over the wide range of previous investigations (El-Bealy, 1990; Griffiths et a., 1996; Wang & Beckermann,
1996; El-Bedy & Hammouda, 2007) and here in detail, it is shown that the natural convection streams generated
in dendritic equaixed structure and resulting from the coupled effect of thermo-solute convections significantly
affect the distribution of aloying elements and then the segregation distributions of these alloying elements. This
is because of the complicated mechanism of convection streams which influences the mechanisms of free
crystals separation, cast structure formation and its type. Also, these convection patterns affect the solid
movement in liquid and mushy zones which results in the random distribution of alloying elements especially on
the ingot surface areas as shown in Figures 9(c-e), 10(c-e) and 11(c-€). Also, the non-uniform heat extraction
during mould cooling process associated with different mould cooling regions and air gap formation affects the
convection streams and its magnitude considerably (Jackson & Hunt, 1966; Hansen et a., 1996; El-Bedy, 2013).

As the initia cooling starts on the mould wall with low heat transfer coefficients for different superheats, it is
considered that the crystal separation theory is a controlled the solidification process (Ohno, 1987). The growth
of the root of crystals nucleated on the mould wall is being restrained by the liquid with low melting point
composition. They grow into a top heavy shape and when such necked-shape crystals are formed on the mould
wall, their roots are instable and convection easily causes them to separate. Even without significant convection
streams, the difference between the specific gravity of the crystallized crystals and that of the molten metal is
large. Therefore, the small neck cannot support the big heat and even a slight movement of the molten metal
causes the crystals to separate from the mould wall. The separated crystals then induce nearly crystalsto separate.
When the crystals that have separated from the mould wall are extremely light in the comparison to the molten
metal, they float up against the downwards convection along the mould wall. If they are heavier than the molten
metal they precipitate along the mould wall. Based on the convergence in the magnitudes of temperature
gradientsin x and z directions, the possibility of equiaxed structure formation increases. When the temperature of
chill wall crystals reaches the coherence temperature, the fine equiaxed chill zone starts to form. The equiaxed
crystals start to grow divergently and form a thin coherent shell at the ingot surface. This thin shell shrinks and
the air gap begins to form. The width of the air gap and its growth rate are based on the surface cooling rate and
solidificaton behaviour of alloy. Then, the air gap width increases and therefore heat transfer coefficient begins
to decrease steeply within very small period time. The free crystals float up against the downwards convection
streams and the mushy zone starts to shape forming the isotherms, see Figures 9 (a, b), 10(a, b) 11(a, b). The
grain size of equaixed crystals is controlled by the number of separated free crystals (El-Bealy & Hammouda,
2007). Consequently, the number of grains and its size begin to affect the mushy permeability (Beckermann &
Viskanta, 1993; Reddy & Beckermann, 1997; El-Bealy, 2013). This affects the interdendritic fluid flow between
the equiaxed crystals and therefore influences the surface macro-segregation levels. In addition to the grain size
and its mushy permeability, the movement of silicon crystals adds another factor to distribute these silicon
crystals randomly as shown in Figures 9(c, d), 10(c) and 11(c).

As the solidification continuous and the mushy zone become deep, heat transfer coefficient begins to decease
slowly and gradually. The grain multiplication is an important nucleation mechanism and genera source of
crystals in castings and ingots without changing in the thermal fields or temperature gradients. Apparently, the
grain multiplication is caused by different ways when crystals separate from the mould and move into a high
temperature region in the liquid zone. They melt from outside and when they enter into alow temperature region
they grow again. If the crystals have necked-shape branches, new crystals are born through the partial remelting
and separation of the branches. This crystals multiplication does not occur only as aresult of heterogeneity in the
temperature of the molten metal in the mould but also occurs through heterogeneity in the concentration of the
solute. For these reasons, it is expected that thermal field and its convection pattern are play an important role to
form the cast structure and control its type in the ingot interior. Also, the separation of the branches affects the
mushy permeability and increases the possibility to resist the interdendritic flow randomly. Due to wide mushy
zone, the silicon crystals float with convection streams and distribute randomly as shown in Figures 9(b), 10(b)
and 11(b). These crystals participate randomly in the control volumes of ingot interior and take the same patterns
and directions of convection streams. Evidence of these conclusions, it can be seen in the micrographs 9(e), 10(d,
€) and 11(d, e).
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In the light of these facts, these results and their conclusions may be explained the complicated mechanisms of
formation of dendritic solidification defects such as extruded surface segregation layer and interdendritic
longitudinal mid-face crack.

In the case of extruded surface segregation layer, micrographs 12(a, b) reveal the extruded surface segregation
layer of AA-6061 and AA-1050 aloys, respectively (El-Bedy, 2010, 2012). These micrographs show that
surface segregation of AA-6061 aloy is higher than in the case of AA-1050 alloy where the alloy composition
playsamgor role in this defect. It iswell known that the movement of interdendritic rich solute liquid controlled
mainly by thermo-metallurgical strains and mushy permeability. Also, this movement controls the
macro-segregation formation and its levels (EI-Bealy & Fredriksson, 1996; El-Bealy, 2010, 2012). In the case of
AA-6061 aloy, the segregation of magnesium and increases its concentration continuously during solidification
(Mg = 0.8% Mg) decreases the density of interdendritic liquid which increases the effect of any dight
thermo-metallurgical strain on the movement of interdendritic liquid. This forces easily the interdedritic solute
rich liquid into ingot surface and fills the space of air gap as shown in Figure 12(a). However, the segregations of
silicon (Sig=0.25% Si) and iron (Fey= 0.4% Fe) in the case of 1050 alloy affect the mushy permeability by two
different ways. The segregation of silicon forces the silicon crystals to float in the interdendritic liquid and from
an additional resistance for this flow whereas in the case of iron, iron segregation increases the density of
interdendritic liquid and makes the movement of the interdendritic fluid to the ingot surface more difficult.
Therefore, it cannot fill completely the space of air gap formed between between the mould wall and ingot
surface as shown in Figure 12(b) (El-Bedly, 2010, 2012).

However, graphs 12(c, d) illustrate the interdendritic longitudinal mid-side face cracks of low carbon and
peritectic steels, respectively (Ali, 2012). These graphs exhibit that the crack changes its natural location on the
dlab broad face from mid-face (Sip = 0.34% Si) into the side-face close the narrow face of the slab (Sip = 0.40%
Si) as seen in Figures 12(c, d), respectively, (Ali, 2012). This may be due to an inhomogeneity distribution of
silicon crystals on the dab surface associated with the movements of these crystals due to different turbulent
flow patterns. This may distribute the silicon crystals randomly and may form different silicon segregations on
the different slab surface areas. This increases or decreases the partition coefficient of carbon which affects the
carbon segregation level (El-Bealy, 1995). This increases or decreases the occurrence of this type of cracks and
defines its location based on the surface cooling rate and partition of coefficient of carbon in multi-component
systems (El-Bealy, 2001).
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©)

Figure 12. a) Photomicrographs of Extruded surface segregation layer of AA-6061 aluminum alloy with 400
times magnification and photographs of interdendritic longitudinal b) mid-face and c) side-face surface cracks

6. Concluding Remarks

The aim of this paper is to describe experimentally and theoretically the effects of different melt superheats of
end chill ingots on the natural convection streams, the movements of interdendritic liquid, silicon crystals and
therefore on the macro-segregation distributions. The primary purpose of mathematical model is to compute a
2-D therma and natural convection fields, as well as the movements of interdendritic liquid and solid phases
within the mushy zone. Also, the model employs to simulate the isotherms shapes and macro-segregation of
silicon where the computed results are in the reasonable agreements with measurements and experimental
observations.

Computed results have revealed that the natural convection streams have noteworthy effect on the thermal fields
within especial partsin the liquid and mushy zones. The direction of convection stream patterns is clockwise at
one cell in liquid zone at different superheats where the liquid transports from the hot region to the cold one due
to the heat transfer. The magnitude of convection velocity stream is higher in case of higher superheat in
different phases whereas its magnitude in the bottom of mould cavity is higher than its magnitude in the top part.
The convection streams influence the isotherms. Also, the superheat of melt plays a major role to control the
flatness and shape of isotherms. This flatness is higher with low superheat and visa versa. Also, the convection
streams result in a high fluctuation in macro-segregation distributions due to a separation and movement of
silicon crystals randomly. Subseguently, in the case of positive or negative small difference between the
aluminium and aloying element densities such as silicon, the movement of solid phase affects significantly the
macro-segregation and it should be taken into the considerations of macro-segregation simulation.
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Although the model predictions are generally supported by the present and previous published experimental
results, it is necessary to create more investigations by both experimental and numerical modelling to refine the
model and solve the remaining problems. Another important aspect of the future work is to explain accurately
some of complicated mechanisms of dendritic solidification defects during initial stages of solidification
processes and therefore design a suitable mould system to control and avoid the surface defects such as high
extruded surface segregation layer and interdendritic longitudinal mid-side face surface cracks. In this future
work, we may study deeply the parameters affected the formation stages of cast structure and casting defects.
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