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I Liquid
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INTRODUCTION

Solidification of metal alloys is a multi-scale/multi-phase/multi-physics process. One of
the major fundamental scientific challenges in developing a solidification model lies in the
requirement to bridge the length scales, i.e., to incorporate and account for small scale physical
phenomena in large scale models or vice versa [1,2]. In the last decades, numerous numerical
models of solidification processes have been proposed [3], but no one single model has been
able to span the entire range of the length scales from the process level of industrial interest (~
m) down to the atomic scale (~A), due to the limitation of current computational resources [4].
Using an optimistic estimate of computational advancement, a microstructure model that
accounts for the evolution of the dendritic grain morphology via phase field or level set methods
would not be feasible for simulating a simple 2D casting (~ m) until the year 2055 [5].
Therefore, a trend for the process-modelling of the solidification problem is to incorporate the
interfacial phenomena occurring locally below the micro-structural scale into the global
solidification process with a so-called volume averaging approach.

Dendrites are common solidification morphology in both pure materials and alloys.
Complex interplay between macroscopic heat and solute transport and microscopic interfacial
phenomena results in various dendritic solidification structures. The interaction between
dendritic branches and tips are responsible for the features of the grain inner structure. These
features are responsible for the macroscopic properties, such as the mush permeability, as well

as for the development of freckles and channel segregations.

In the present state of the art, only a few well documented experiments on liquid metal
alloys have been performed. This is particularly true for medium-size experiments where
natural convection is important. Various laboratory-scale solidification experiments have
already been performed. The case of a pure metal was investigated by V.R. Voller [6].
Regarding the solidification of alloys, a reference experiment was carried in this work [7]. It
consisted in solidifying a rectangular vertical Pb-Sn ingot and demonstrated the appearance of
solute macrosegregation related to natural convection. J.R. Sarazin [8], investigated the
solidification of a vertical cylindrical Pb-Sn rod. The cooling rate was a few degrees Kelvin per
minute. Channel segregates were observed both on the side and inside of the ingot. Similar
experiments with the same type of alloy and geometry have been carried out by S.N. S.N.
Tewari and R. Shah [9], and M.I. Bergman et al.,[10]. Macrosegregation in the solidified ingot
was observed as well as channel segregations for a sufficient cooling rate, typically 2-5 K/min.
Another, more detailed experiment was carried out by G. Quillet et al., [11]. It consisted of a
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preliminary benchmark solidification experiment on a Sn-10wt.%Bi alloy. However,
considering the various experiments achieved so far various data are missing from the point of
view of the modeller, such as the exact initial conditions, the dendrite arm spacing, the detailed

composition maps, the detailed thermal field, the eutectic fraction, etc.

The benchmark experiment developed in the SIMAP/EPM laboratory, named
AFRODITE, is the key tool for the validation of the models by comparison with detailed
measurements obtained with thoroughly controlled initial and thermal boundary conditions. In
its principle, the experiment is similar to the well-known Hebditch and Hunt experiment (1974),
with a special emphasis on obtaining reproducible quantitative measurements, [12]. It is
unfortunately not possible to visualize the processes that have built up the final segregation
maps. We postulate that results given by AFRODITE are the post-mortem signature of
interactions that happens at the mesoscales between fluid flow and the dendrites primary and
secondary arms. In addition to characteristic similar to other benchmark set-ups, in AFRODITE
a linear electromagnetic motor is placed at bottom of cavity, which makes it possible to stir the
alloy during solidification. In particular, it was found that for the case with the Lorentz force
acting in a direction opposite to the flow caused by the gravity, the structure of the samples
consisted mainly of the equiaxed grains. Also, AFRODITE can control cooling rate at lateral
walls of cavity and record data of real-time temperature distribution. These features make
AFRODITE a good reference for testing performance of macroscopic equiaxed solidification

model under convective flow.

Indeed, the objective of this thesis is to develop a 3D two-phase columnar solidification
model that accounts for the growth of columnar grains, their motion and the formation of
macrosegregation. Developed numerical model is used to simulate the AFRODITE
solidification experiment to test the performance of model and to study the effect of
electromagnetic stirring on the whole solidification process. Finally, numerical simulations are
applied to predict the macrosegregation mechanism with particular emphasis on the dominant
factors that have a direct effect on this phenomenon, namely the direction of electromagnetic

stirring.
The thesis consists of fourth chapters.

The first chapter is a bibliography. It summarizes the various basic notions related to the

phenomenon of solidification and establishes the basis on which the rest of the work will be
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built. It also allows making a brief state of the art on the studied topic, the equation models, and

the interest for a validation experiment in solidification.

The second chapter provides the state of the art of numerical modelling of liquid-solid phase
change of pure materials and metallic alloys. The different approaches most commonly used,
are reviewed and detailed. Elementary and theoretical notions, definitions, and reminders
necessary for the understanding of this work are also included. The last part in this chapter is
devoted to the description of some models developed in many international laboratories

specialized in this field.

The third chapter presents a three-dimensional multiscale columnar solidification model in
which some approximations regarding solute transport at microscopic scale are put together in
a new way and incorporated into macroscopic transport equations. Through simulation for
solidification case of Sn-10wt.% Pb alloy in a parallelepiped cavity that mimics the Hachani et
al.,[13], experiment. Emphasis is given to the main factors that have a direct effect on the
development and morphology of segregated channels, namely, the remelting phenomenon,
dendrite fragmentation, and the solidification front instabilities the role of remelting in the
model on the calculation results is investigated.

In the fourth chapter the proposed solidification model is extended through simulation of the
same alloy solidification (Sn-10wt.%PDb), performed with AFRODITE benchmark experiment
with presence of both natural convection and electromagnetic stirring (forced convection) in
the opposite direction. The influence of stirring direction on distribution of grain nature and
number density and macrosegregation morphology, namely segregated channels, is

investigated.
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Chapter I: Introduction to Solidification: Fundamental Aspects

1. Generalities on metal alloys solidification

This chapter is devoted to an overall study of the basic solidification concepts, in particular
the description of the different structures (columnar or equiaxed) resulting from the
solidification process. Indeed, this study will be focused on the two most important mechanisms
that govern the solidification phenomenon: the germination-growth of the microstructure as
well as the transition between the two types of structures, namely the CET (transition-columnar-
equiaxial). The appearance of specific structures is the result of interaction between different
mechanisms: heat and mass transfer, chemistry, and thermodynamics occur at different time
and space scales. Kinetic aspects play a dominant role in solidification kinetics. Since the
cooling process may be faster than the actual mass and/or heat transfer, solidification is usually
an unbalanced process. It is well known that the solute has a relatively faster diffusivity in liquid
phases compared to that in solid, which it is significantly low, it is difficult to reach equilibrium
in a short cooling time. In addition, the latent heat released due to the phase change takes more
time to transfer. The system seeks to achieve a thermodynamic equilibrium, and competition

between these factors results in significant differences in the final structure and grain size.

1.1.Cooling curve of a pure materials

First, let's look at the solidification of a pure metal subjected to a slow cooling in a crucible. If
we measure the temperature of a given point as a function of time, we obtain a cooling curve
of the metal. This curve is divided into three parts: an almost parabolic decrease, a plateau, and
a final decrease (see Fig.l.1). This plateau is all the more marked as the mass of metal is large
and the cooling is slow. It corresponds to the period of coexistence of the liquid and the solid

metal. This thermal behavior allows defining the melting temperature Tr, of the metal.

Fig.1.1 shows also the typical cooling curve of metal. It is divided into three distinct parts as
mentioned above. In the first (from the start to point A), a decrease in temperature
corresponding to the cooling of the liquid metal. It ends at the melting temperature when the
first solid crystal germs are formed. The second part is the isothermal stage (from A to B) in
which the temperature remains constant and equal to the melting temperature and where both

solid and liquid phases of the material coexist.

In the beginning, the first solid germs are barely formed; these germs then grow until the liquid
phase disappears completely around the measuring point; the metal is then completely

solidified. This isothermal stage becomes significantly larger as the cooling is slow and the
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mass to be solidified is large. As solidification is an exothermic phenomenon, heat is rejected
along with this level. The third part (beyond point B) is a decrease in the temperature
corresponding to the cooling of the solid metal. The heat extracted during the two temperature
decreases (of the liquid, then of the solid) are sensible heats, while the heat rejected during the
isothermal stage is a latent heat corresponding to the phase change (solidification). In this first
typical evolution, the undercooling of the liquid is absent. In reality, the cooled liquid remains
in the liquid state even below the melting temperature Tm. The first stable and enough large
solids germ to grow are formed only at point A’. This undercooling can be attenuated by the
presence of impurities, the roughness of the crucible walls, or even stirring. As soon as these
first stable nuclei are formed, the temperature stable nuclei, the temperature increase by the
rejection of latent heat and return to the melting temperature. This is the phenomenon of

recalescence. The solidification then follows the same path as previously.

Liquid

Latent heat rejection

N

—
3

Temperature

Phase change
Liquid-Solid

v

Time

Fig.1.1 :Typical evolution of the temperature of a pure material during its solidification (in the
absence and presence of liquid undercooling). Tm is the temperature of melting temperature.

1.2.Solidification, binary phase diagram and segregation

During the solidification process at a local scale, the concentration of the solid formed Csis
different from the liquid C;at the solid-liquid interface. The solid concentration Cy at the
interface is related to the liquid concentration C; through the distribution coefficientk = C; /C/
(Kurz and Fischer [1], Flemings [2], Lesoult [3]). If the melt is completely mixed during the

solidification process, the solid-liquid interface concentration is the equilibrium concentration
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(k = €7/C/?). In the case of thermodynamic equilibrium, the liquid concentration is given by

the phase diagram through the liquidus line, and the solid concentration is given by the solidus

line.

This is only effective when the temperature in the entire system, and the liquid and solid
concentrations are uniforms during the solidification process. In fact, under perfect mixing
conditions on a system scale, solidification will never occur. But on a local micro-scale, a
balance can be achieved. For a binary phase diagram under constant pressure, the solid and

liquid concentrations only depend on the temperature
€7 = Cy(T) (1.1)
c;? = cy(T) (1.2)

For simplicity, the liquid and solid curves are replaced by lines. Such a binary phase diagram

is shown in (Fig. 1.2), where the partition coefficient k is defined by a value less than 1.

T(°C)

Liquidus

1 »
L

C

Co Cs(T) Co Ci(T) Co/k

Fig.1.2: A schema representing of linearized phase diagram for a binary alloy with k<1

If we assumed that the solidus and liquidus curves are lines, the distribution coefficient k is

constant. The liquidus line is defined by the following formula:

T, =T, + mC, (1.3)
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Where m is the liquidus slope, which is negative here.

The solidification interval at initial concentration Co (Fig. 1 .3), is defined as:
AT =T; - T, =mCo(1-7) (1.4)

If the assumption of perfect diffusion in the liquid and the solid is kept, the initial alloy

concentration Co can be expressed as:

Co=f1C;+ (A - fpCs (1.5)

A relationship can be extracted from Equ. 5, which gives us the ratio of the two phases (liquid

and solid) in equilibrium at each temperature

le% ' fs:% (1.6)

This relationship is called the lever rule. In the case of the real solidification process,
the relations (1) to (4) only apply to the solid-liquid interface, where the balance between Cs
and C, can be achieved. The solid concentration, in reality, is not uniform (there is no perfect
diffusion), and it is very sensitive to the positions of the successive solid-liquid interface and
the growth state of the solid front (plane, cell or dendritic). The solid-liquid interface

morphology is the result of optimization of solute and heat exchange at the interface. Three

zones can be defined during the solidification of the alloy: solid zone, mushy zone and
liquid zone. The simplified scheme of the mushy zone is considered to be a closed system

between dendritic branches, where solid and liquid coexist.
A

Liquid
Phase
e change
=R TN Liquid-Solid
]
Q.
E Solid
TS | cevernnsrrnmssedensrensnnnnnnnnes
Mushy zone

v

Time

Fig.1.3: Schematic cooling curve of an alloy.
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If it is generally believed that the liquid far from the solid-liquid interface is well mixed
and has the same concentration everywhere, this is not the case in the mushy region. At the
solid-liquid interface, the equilibrium represented by the phase diagram is achieved.
Conversely, between two dendrites, the solute concentration will change (Flemings [2], Allen
[4]). The solute concentration between the dendrites will be higher than the concentration at the
solid-liquid interface (in accordance with the phase diagram shown in Fig.l.2). The
interdendritic liquid melt is supercooled (the temperature is lower than T, specified in the phase
diagram), so it is very important to calculate this undercooling. Brody and Flemings [5]
proposed the idea of adjusting the interdendritic space to minimize the undercooling. In this
way, the undercooling is negligible, the liquid will be "completely mixed", and its concentration
is given by the thermodynamic equilibrium. Under this assumption, the liquid concentration in
the mushy zone is directly controlled by temperature. Even if the undercooling is not always as
low as Flemings [2] confirmed, Allen's work [4] still confirms this hypothesis. Theoretically,
solidification starts at the liquidus temperature and ends at the solidus temperature. In fact,
solidification starts near the liquidus temperature (minus the undercooling) and usually ends at
the eutectic temperature. This defines the temperature interval and concentration,

corresponding to the presence of a mushy zone.

If we consider (contrary to the diffusion assumption) that solid is formed layer by layer, each
solid layer will have a different concentration. Considering the liquid fraction transformation

fi = fi — df; , the Gulliver-Scheil law can be written in differential form:
(€= Cdf, = (A - k)C,df, (1.7)

If k >1 k the solubility of the solute in the solid is greater than that in the liquid, so the solid
will have lower and lower solute concentrations in each layer until only the pure solvent

solidifies.

If k< The solute is rejected at the solid-liquid interface, so the redistribution of solute will occur
in the liquid before the interface. The solid is enriched in each layer until equilibrium is reached.
The solid alloy retains traces of major segregation. These segregations are arranged in the order
of the size of the space between dendrites, which means hundreds of micrometers, the so-called
micro-segregation. When diffusion is accelerated, these concentration variations can be
eliminated by heat treatment. However, in some alloys, the composition may vary greatly in the
size of the ingot, which is called macrosegregation. Gulliver-Schill's law can be used to predict

macro segregation. In the case where the distribution coefficient is less than 1, the

6



Chapter I: Introduction to Solidification: Fundamental Aspects
I —— —

macrosegregation is caused by the solute rejected during the solidification process.
Macrosegregation can take different forms (Lesoult [3]): the segregated channels (also called
freckles) are striped, with varying composition, and thermal tearing (cracks) (Fig.1.4) [6, 7].
The occurrence of these defects is directly related to the effect of convection on the mushy zone
[Prescott and Incropera 8]. These channels or freckles are visible in steel ingots containing high
carbon or other elements (S, Mg, Mo) [2], aluminum-copper alloys [2], and transparent alloys
[9] (Fig.1.5). ) And Pb-Sn alloy [Sarazin and Hellawell 10, Bergman et al. 11].

(@) (b)

Fig.1.4: a) X-ray photography showing segregated channel in a Sn-3wt.% Pb ingot (10x6x1
cm) [6]. b) in Ni supper-alloy (9 mm diameter) [7].

Fig.1.5: Freckles in ammonium chloride-water mushy zone [9].
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1.3. Microsegregation and solid fraction

It has been seen previously that during the solidification of a binary alloy with a nominal
composition of Co, solutes will be rejected at the solid-liquid interface (for k <1). In the case of
thermodynamic equilibrium, consider infinite diffusion in liquid and solid. The first solid
crystal appears at temperature Ty, and the last solidified solid will appear at temperature Ts. The

lever rule gives the liquid composition in equilibrium:

_ Co
Co=Tawn (1.8)

Where f; represents the solid fraction. The solid fraction is communally “1” when the system
is entirely solid and “0 “when is totally liquid. Using Eg. 3, for C; = C, the solid fraction can

be expressed as function of temperature:

fo= () G=5) (1.9)

Where Tn is the melting temperature of the pure solvent. However, in reality, solidification is

an unbalanced process, mainly due to chemical diffusion. Gulliver [12] and Scheil [13]
proposed a model that considers the solute rejection in a simple way: assuming there is no
diffusion in solid and infinite diffusion in liquid. The liquid concentration C; and the solid

fraction f; become:

— Co
Cl - (1_fs)(1_k) (llO)
=1- (M)(ﬁ) 1.11
fo=1- ("0 (11)
Moreover, it is well known that the solute diffusion in solid metals is not zero. Brody and
Flemings [5] in their model considered it, by introducing the Fourier number a = (ADS—t;Z
z'f

Where D; is the diffusion coefficient in the solid, t; the solidification time and A, ; the
secondary dendrite arm spacing at the end of the solidification. This model was modified by
Clyne and Kurz [14]. They used a new coefficient a’'because the Brody and Flemings models
are not effective for too large solid diffusivity. Considering this new factor, the liquid

concentration and solid fraction can be written as follows:
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a =a[l—-exp(—1)]— %exp(— %) (1.12)

C,=Col1—-fs(1— Zka’)](%) (1.13)
_ 1 T\ ()

fs=z=[1- (T—n) (1.14)

Using Eq. 12 — Eq. 14, for a’ equal to “0” the Scheil model can be retrieved and for a’equal to
“0.5” the lever rule case can be described. The exact solution of the Brody- Flemings model

was found by Kobayashi [15].

In the case of multicomponent alloys solidification, the models presented (lever rule,
Scheil and Clyne-Kurz) can be adapted by taking into account the concentration of each
element, considering C;;the liquid concentration, C,;the initial concentration and k; the

partition coefficient, for each alloy element i . Eq. 8, Eq. 10 and Eq. 13 become then:

_ Co,i
Coi = s, (1.15)
_ Co,i
Cii = g5 0w (1.16)
(i)
Ci = Coill — fs(1 — 2ka")|M-2hie! (1.17)

2. Macrosegregation

Segregation refers to non-uniformity of chemical composition. It can be classified into
macro, meso and micro- segregation. Microsegregation results from the solute enrichment in
the interdendritic liquid during solidification. While macrosegregation results from the local
microsegregation and the relative movement of liquid and, possibly, solid phases. s. It ranges
in scale from several millimeters to centimeters or even to several meters. These concentration
variations will have a negative impact on the properties of the alloy, and even lead to total
rejection of the solidified product. Macrosegregation occurs in all solidification processes:
continuous casting, iron casting, aluminum and copper alloy mold casting, single crystal
superalloys and ingot casting for semiconductor growth. Indeed, due to the low diffusion rate
of the solute in the solid state and the large to cross, once the solidification is completed, the
macrosegregation cannot be corrected by heat treatment. Both the experimental investigations

and numerical simulations show that he main cause of macrosegregation is related to the relative
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movement of the melt rich in solute and solid phase. Almost all phase diagrams, show that most
alloying elements have a lower solubility in the solid phase than in the liquid phase. During the
solidification process, solute elements are rejected from the solid into the liquid. Therefore, the
solute concentration in the liquid phase continues to increase, and the solute concentration in
the solid decreases at the same time. This segregation occurs on the microstructure scale (often
usually caused by dendrites), and inhomogeneities happen in the concentration distribution in
the arms of the dendrites, which is called microsegregation.

Ludwig et al. [16] present the four mechanisms described by J.A. Dantzig and M. Rappaz
[17], responsible for macrosegregation, considering idealised scenarios. The macrosegregation

is measured by means of mixture concentration, C,,;,., as:

f1P1C1+fcpcCetfepeCe
= 1.1
lex f1P1+fcPctfePe ( 8)
with f;, f.and f, being the volume fractions of the liquid, columnar and equiaxed
phasesp;, p. and p, the corresponding densities, and C;, C. and C, the corresponding species
concentrations averaged over the volume element. Note that the volume fractions, densities,
and average concentrations are supposed to be constant in the volume element, but may change

over time.

Shrinkage

/ cavity

Hot-top
segregation
+++
PR
# i
Faufey
A-segregates —| __}'i' o '*‘% Banding
N
%‘: ;
V-segregates™ | E
Negative base __ | -
segregation i
= Inverse
=== segregation

Fig.1.6: Schematic of the different types of macrosegregation that can be found in large ingots.
Positive segregation is denoted by + symbols (regions enriched in solute) and negative by -
(regions depleted). Similar figures can be found in other macrosegregation reports, [25].
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The first examinations of macrosegregation phenomena in steel ingots were carried out
many decades ago and although our understanding of the processes leading to segregation has
improved considerably, the same patterns can still be observed in ingots made today. [18,19].

These, shown in Fig.l.6, include A-segregation, V-segregation and negative base segregation.

Up to the mid-1960s, solute buildup at the tips of advancing solid interface was believed to be
the predominant underlying cause of macrosegregation phenomena in ingots by a number of
authors, [18,20-23]). However, this premise has since been demonstrated to be erroneous by
numerous theoretical and experimental investigations. It is now well recognised that the
majority of solute is rejected sideways from a growing dendrite, enriching the mushy zone, and
that build up in front of dendrite tips is negligible in this regard, [24].

All types of macrosegregation are derived from the same basic mechanism: that of mass
transfer during solidification. The movement of enriched liquid and depleted solid, as shown in

Fig.1.6, can occur through a number of processes:

= Convective flows due to density gradients caused by temperature and composition
variations in the liquid, Fig.l.7(a). The thermal and solutal buoyancy contributions can
either favourase or oppose each other depending on whether local temperature and
concentration fields cause liquid density to increase or decrease. The convection due to
the coupled action of temperature and solute is known as thermosolutal convection.

= Movement of equiaxed grains or solid fragments which have either nucleated
heterogeneously in the melt, become detached from dendrites due to remelting/ stress,
or have separated from the mould wall after pouring, Fig.1.7(b). Equiaxed grains in
steels are denser than the surrounding liquid and will hence tend to sink. This
mechanism, along with convective fluid flow, is a dominant macrosegregation process
in large ingots.

» Flow to account for solidification shrinkage and thermal contraction of the liquid and
solid on cooling, Fig.1.7(c).

= Deformation of the solid network due to thermal stresses, shrinkage stresses and
metallostatic head (i.e., the pressure provided by the liquid metal above), Fig.1.7(d).

= Imposed flows due to pouring, applied magnetic fields, stirring, rotation etc.

The complex interplay between these mechanisms makes accurate modelling of

macrosegregation phenomena a formidable challenge, often involving complicated
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mathematical treatments. Thus, before such models are discussed, some qualitative

explanations of how these mechanisms lead to macrosegregation defects are given below [113].

Fig.1.7: Schematic of the processes which lead to mass transport during ingot solidification.
(a) Convective flows in the interdendritic liquid (+ symbols denote enrichment in solute, whilst
— denote depletion), (b) grain sedimentation (more generally solid movement), (c) liquid flow
to feed solidification shrinkage and (d) mushy-zone deformation. Note that the columnar solid
in (a), (c) and (d) has grown from the mould wal

2.1. A-Segregation

A-segregates arise due to the flow of solute-rich interdendritic fluid via thermosolutal
convection. They are characterised in the final solidified microstructure as channels of enriched
solid, often with near-eutectic composition. Their formation mechanism can be described as
follows: for example in steels the enriched interdendritic liquid will often be less dense than the
bulk liquid, and will hence tend to rise. As the liquid moves towards the bulk liquid and the top
of the ingot, it will increase in temperature, but its composition will remain nearly constant due
to slow mass diffusion. This hotter enriched liquid then causes delayed growth or remelting of
the solid around it, creating persistent solute-enriched channels. A-segregates are also
commonly referred to as ‘channel segregates’ or ‘freckles’ when they arise in directionally-
solidified castings (when the melt is cooled from below, for instance during the casting of single

crystal nickel- based superalloy turbine blades).
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The prevalence of A-segregation has meant it is perhaps the most investigated of all
macrosegregation phenomena, not only in steels, but also many other systems. Some of the
earliest studies which identified the importance of mushy zone fluid flow on macrosegregation
were made by the Japanese steel industry in the 1950s, and focused on A-segregates. Kawai
[26], was one of the first to attribute their formation in ingots to the gravity-induced flow of
enriched mushy-zone liquid, whilst others confirmed that liquid density changes due to
composition were of critical importance (by reducing the Si content and increasing Mo levels,
it was found that A-segregation could be minimised), [27,28]. Later on, Suzuki et al. found
that A-segregates started to form in the mushy zone when the fraction solid was between 0.3

and 0.35, and persisted until the fraction solid was as high as 0.7, [29].

Similar results were found by investigations of the NHiCIl-H.O system, a favourite of
researchers because its transparent liquid allows the mushy zone to be directly observed during
solidification. Particularly noteworthy NH4CI-H20 studies were carried out by McDonald and
Hunt and Copley et al., and demonstrated that increased solidification times (and alloy freezing
ranges) increased the severity of channel segregation, [30-35]. The Pb-Sn system was also the
subject of a considerable research effort, [36-40]. Streat and Weinberg not only examined
compositional and liquid-density effects in Pb-Sn, but also the extent of fluid drags within the
mushy-zone network (i.e., the permeability, discussed below) on channel formation. The
nucleation and stability of channel segregates were like- wise investigated experimentally and

theoretically in a number of studies, [41-43].

A-segregation is of particular concern to the manufacturers of pressure vessels required for
nuclear power generation. Such vessels are created by removing the core of the ingot after
casting to create a shell, which is then forged and machined to finish. Welds may then be made
to attach nozzles or end sections, and there is a concern that A-segregates could impinge on
these welds. The enriched material within A-segregates is commonly associated with increased
hardness and decreased toughness relative to bulk, which could lead to reduced weld integrity
[44]. Fig.1.8 (a) shows the A-segregation present in material taken from a low-alloy steel ingot
(0.2C-1.3Mn-0.7Ni-0.5Mo) after forging. Fig.l.8(b) and 8(c) show the difference in
microstructure following slow cooling from austenisation at 940 °C at 0.1 °C s™; the hardness
of the positively-segregated material was ~ 80HV2 higher than the bulk material in this
untempered state [45].
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Fig.1.8: (a) Low-alloy steel plate taken from forged ingot, macroetched in 5% nitric acid. A-
segregates (in cross-section) are seen as ellipses of dark material; the remnants of primary
dendrite arms also appear as lightly-etched bands. The plate normal is aligned with the vertical
axis of the ingot. (b) and (c) show the effect on microstructure of slow cooling from
austenisation at 940°C at 0.1°C s™. The bulk material in (b) shows a Widmannstatten ferrite
structure, whilst the enriched material in (c) is a mixture of bainite, retained austenite, and
martensite. Both were etched in 2% nital and imaged with an optical microscope. [45].

2.2. Negative Base Segregation
It has been proposed that negative base segregation can arise in ingots due to two processes:

(1) the settling of solute depleted (negatively-segregated) equiaxed grains at the bottom of
the ingot under the action of gravity and

(i) the general rise of solute-enriched liquid upwards. There has been some dispute over
which of these mechanisms is predominant: early investigations by Marburg and others
suggested that the flow of enriched liquid upwards was the dominant factor, citing the
appearance of negative segregation in ingots which apparently contained no equiaxed
zone [20, 22]. But in reality, it is rarely the case that steel ingots undergo fully columnar
solidification, and more recent modelling investigations have tended to lend greater

significance to grain sedimentation [46].
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It has been found that the equiaxed zone in a low-alloy steel ingot may extend to well over half
its height [46,47], and that the equiaxed grains at the very base of the ingot are more globular
in form than those found further up the ingot (globular grains are rounder and not so branched,
equiaxed grains typically start growing in this form before becoming dendritic) [46,48,49].
Disconnected grains can form through a number of mechanisms, which include heterogeneous
nucleation in the melt and dendrite-arm detachment. The predominant mechanism is usually
detachment due to the action of convective flows or shrinkage stresses. Note that if the density
of enriched liquid is higher than the bulk, as is possible, then flow in the mushy zone will be
generally downwards, and this may reduce the severity of both negative base segregation and

any positive segregation (enrichment) at the ingot top.

2.3. V-Segregation

During the final stages of ingot solidification, the centre of the casting is usually occupied by a
network of loosely-connected equiaxed grains. It is thought that \V-segregates arise due to the
fissuring of such networks under action of metallostatic head (i.e., the weight of material above)
and solidification shrinkage, see Fig.1.9, which leads to the formation of open shear planes that
can fill with any remaining liquid [25,50,51]. This remaining liquid will have been enriched
throughout solidification by convective flows from the mushy zone, and also by solidification
in the final cavity, and it solidifies to produce positively-segregated solid. Indeed, the
solidification of enriched material at the end of solidification generally produces the often-

referred-to centreline segregation.

Despite being regularly observed, V-segregation is generally not well understood other than
through the mechanism given above. Theoretical treatments and models of V-segregate
formation in ingots have yet to be produced and are likely to prove challenging as they would
need to account for phenomena including equiaxed grain sedimentation, mushy zone
deformation and fluid flow. Nevertheless, the total lack of literature on V-segregation in ingots
is perhaps indicative of a further issue - the disinterest of manufacturers in the subject. It is often
the case that the centres of ingots are removed after casting (as highlighted above) or that the
effects of \VV-segregation are insignificant for end applications. Not only would modelling of V-

segregation be a great challenge, but it may not prove to be particularly useful.
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Fig.1.9: Schematic showing formation of V-segregates through shearing on preferred planes
during settling and compression of equiaxed grains. Adapted from Flemings, [25].

2.4. Modelling Macrosegregation

In order to modelate the phenomenon of macrosegregation, the liquid flow through the
mushy zone is considered to be the main source of the segregation at macro scale, and the
mushy zone is the area where solid is supposed to grow in a rigid arrangement. The
macrosegregation in this case can be explained by the approach of Flemings et al. [52]. They
considered the Local Solute Redistribution Equation (LSRE) based on the local solute balance
on the small volume elements inside the mushy zone, as shown in Fig (I.11). Just like in the
standard Scheil model, the local solute diffusion in the solid phase is ignored. Therefore, the
liquid composition in the mushy zone inside the volume element is considered to be uniform
and in equilibrium. The solute concentration in liquid C;is controlled by the temperature and
the liquidus slope given by the phase diagram. Consider the solute advection caused by liquid
flow, the inside and outside of the volume element, and the different densities of solids and
liquids. Eq.1.19, [52]:

s AL OD) (1 )

dCl C (1—k) vr (Ilg)
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where u,, is the liquid flow velocity in the direction normal to the isotherms, v is the isotherm
velocity and g is the solidification shrinkage, expressed as the ration between the density

difference (solid and liquid) and the solid density.

_ Ps—Pi1
p=rn (1.20)

In one dimension, the mass conservation equation indicates that the liquid velocity required to
feed the solidification shrinkage should be:

Un\shrink = VT (1 - %) = —Vr (%) (|21)

1

It must be noted that the liquid flow caused by solid shrinkage is opposite to the isotherm
velocity, that is, the same direction as the temperature decreases and the solid fraction increases.
In Eq. 21, if the alloy density decreases during the solidification (8 < 0), the liquid flow due to

solid shrinkage u,\ sprink Can have the same sign as vy

Fig.1.10: Schematic of volume element in mushy ”ﬂi(

zone considered when developing conservation ' _ J

equations, [53]. g ‘f € (
Vo 0 o

I

T 6 0

/

In Fig.1.10, more details of the liquid flow inside the mushy zone are given to make the

Un\shrink aNd vz terms clearer. The solute concentration along the isotherm is constant, so the

liquid flowing in or out of the volume element along the isotherm has the same solute

concentration, and no macrosegregation occurs.
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Fig.1.11: Schema of liquid flow inside the mushy region.

Beckerman [54] defined a flow factor ¢ considering the liquid flow inside the volume element

and the isotherms velocity, as follows:
Un
f=a-p(1-2) (1.22)

If £ and k are assumed constant, Flemings’s equation (Eq. 19) can be integrated and a modified

Scheil equation can be obtained:

c

S=-f)

Co

k=1
3

(1.23)

When ¢ =1 no macrosegregation happens and Eq. 23 gives simply the Scheil classical

equation.
In two main cases, no macro segregation phenomenon will occur(é = 1):

e If no shrinkage occurs (8 = 0) and no liquid flow perpendicular to the isotherms exists
(un, =0)
e If no liquid flow occurs, except the flow needed to feed the solidification shrinkage in

a given dimension u,, = —v, 1%), Or Uy = Up\shrink

When the flow factor ¢ is different than 1 macrosegregation phenomena always occur, since

the liquid concentration C; changes in a different way than in the Scheil classical model. Using
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the Scheil modified equation (Eq.23), three different macrosegregation mechanisms can be
described for k < 1

2.5. Remelting

During the solidification process, there is a possibility of local remelting of the solid that has
formed. There are two ways in which local remelting can occur: by increase in enthalpy of a
cell due to local reheating, and/or by local increase in liquid concentration due to flow of solute-
rich liquid into the region. This case can happen if the liquid circulates towards the low solid
fraction area at a velocity higher than the isotherm velocity (u,, > v;) in the direction of
temperature increase. This means that the flow coefficient is negative (¢ < 0).

Taking into account the Flemings equation (Eq.18), this flow will cause a decrease in solid
fraction and temperature. This means that remelting will occur and segregated channels will
form in the mushy zone. Once the solidification in this zone is completed, a positive
macrosegregation can be seen inside these channels.

The direction and magnitude of the flow inside the mushy zone depend on many factors. The
permeability of the mushy zone is the most important parameter, which can limit the flow inside
the mush, [55]. Generally, permeability decreases with increasing solid fraction, so small
interdendritic voids reduce permeability.

The following examples illustrate the macro separation mechanism described earlier in more
detail.

3.3.Inverse segregation

Near the cooled surfaces, positive macrosegregation is often observed, Ohnaka and
Matsumota [56]. This type of segregation is called reverse segregation (Fig.1.12). J. S. Kirkaldy
[57] shows that this is a direct result of the second macrosegregation mechanism previously
discussed. In fact, besides the cooling surfaces, the liquid velocity is zero (u, = 0), so

Un\shrink < 0. Therefore, the condition w,, > up snrink is always valid at the cooling surface,

SO a positive macrosegregation is produced.

In the case where there is a gap between the cooling mold and the ingot to solidify, the
solute-rich interdendritic liquid is pressed into the gap due to the metallostatic pressure. This

phenomenon usually happens when there is a positive macrosegregation at the cooled surface.
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Fig.1.12: Comparison of simulated and measured solute distribution during the unidirectional
solidification of a Al-4.1 wt.% Cu ingot alloy, [56].

3.4.Macrosegregation due to the thermosolutal convection flow

If there is convection in the mushy zone, the first two macrosegregation mechanisms can
be observed simultaneously. The work of Ohnaka et al. proved this, [56] on the Horizontal
solidification of Al-Cu alloy. Fig.l1.13 shows a schema of the flow caused by themosolutal
convection with counter-clockwise circulation roll, the flow in the bulk, and the liquid flow that
penetrates into the mushy zone.
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Fig.1.13: Numerical simulation of the liquid flow (400 s after the cooling started) during the
horizontal solidification of the Al-4.4 wt% Cu alloy, [56]
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In the upper part of the mushy zone, the flow is in the direction of temperature

decrease,u,, < 0. Considering the first macrosegregation mechanism, a negative
macrosegregation will happen under these conditions. Compared with the experimental results
shown in Fig.l1.14, the numerical simulation clearly confirmed the occurrence of negative
macrosegregation in this upper region. In contrast, in the lower part of the mushy zone, the
interdendritic liquid flows toward the bulk in the direction where the temperature increase u,, >
0. This situation will produce positive macrosegregation, as described in the second

macrosegregation mechanism, which has been firmly verified by the results in Fig.1.14.

10— /T
\ o Y
100 mm __
2 o from chill
= — Simulated S Q
5 06
g o o
5 04
£ \ \
u o o
0.2 .
50 mm \
from chill \ L:
0 . o
4.0 45 50 4.0 45 5.0

Carbon concentration, (C/mass)%

Fig.1.14: Solute distribution in the ingot Al-4.4wt% Cu, [56]: negative macrosegregation at
the top and positive at the bottom.

Interestingly, due to the flow parallel to the isotherm lines, there is no macrosegregation in the
middle-high mushy zone.

2.6. Segregated channels

The third macrosegregation mechanism brings the appearance of channels. Fig.l.15 shows
this segregation defect, commonly referred to as freckles. During the monocrystal directional
solidification of Ni alloys, segregated channels or freckles are often observed on the upper part.
In this process, a large number of elements (such as Al and Ti) are rejected in the liquid, while
heavy elements (such as Tg) are incorporated into the solid. This situation is the origin of the
strong upper flow in the mushy zone. Even if there is a stable temperature gradient, convection
rolls will be generated, and considering that the liquid velocity is higher than the isotherm

velocity, the solid fraction will decrease as the temperature decreases (as described in the third
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mechanism). This phenomenon will create conditions for the formation of channels in the
mushy zone, and the solute-enriched liquid will flow out of the mush.

Fig.1.15: Freckle of 2 mm diameter, observed in a Ni supper alloy [M. C. Schneider 58].

The numerical results given in Fig.1.15 show these flow configurations are responsible
for creating channels [58]. In this case, the size of the channel is a few millimeters thick and a
few centimeters high. During the solidification process, these channels are filled with dendrites
fragments, which can be seen as equiaxed crystals in the final solidified alloy. In this way, the
positive macrosegregation in these channels can be seen in the numerical simulation results
(Fig.1.16).
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Fig.1.16: Numerical simulation of segregated channels during the directional solidification of
a Ni superalloy, [58].

3. Solidification structure

3.1. Solid front morphology

When we fix the temperature gradient in the liquid “G ” and the initial concentration “Co”, we
notice that at the low speed of pulling the solid-liquid interface is flat. If velocity “V” is
increased beyond a critical velocity “Vc”, the front becomes unstable and the solid-liquid
interface solid-liquid interface presents a spatial structuring. These microstructures, whose
period or primary spacing “A” is typical of the order of a few tens or hundreds of micrometers,
are called cells or dendrites (Fig.1.17) [59].

solid | liquid

|mm>
e

planar front cells dendrites

Fig.1.17: a) Schema of different interface morphologies and resulting microstructures.

3.2. Solid-liquid interface and its stability

The solidification mechanism of metals implies a thermo-dynamical phase change: from a
disordered liquid to an ordered solid. This state change requires an atomic-level reorganisation,
which initiates by forming a solid nucleus in a liquid. In order to produce a solid nucleus, a
solid-liquid interface needs to be created, and its morphology depends on its stability during

solidification.

3.2.1. Nucleation
Nucleation is a phenomenon out of equilibrium and requires additional energy to establish
a solid-liquid interface. This energy barrier can be overcome by undercooling, and the

temperature of the liquid is lower than the melting temperature. This temperature difference is

called nucleation undercooling (AT,,). There are two types of nucleation:
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e Homogeneous nucleation: direct formation of nuclei in the liquid without solid particle
and solid contact (no mould contact). Even in pure liquids, impurities are always present
in a small percentage. Therefore, it is difficult to speak about homogeneous nucleation
in reality.

e Heterogeneous nucleation: solid particles already present in the liquid will reduce the
energy barrier for nucleation, thereby overcoming the nucleation and making the growth

of a nucleus easier

During solidification a nucleation rate is defined, that follows an Arrhenius type law [60]:

I1=1y(N—Ngyexp (— %) (1.24)

where lo is a constant (for metals is equal to 10%° s1), Ny is the total number of nucleation sites
per volume unit, N the number of activated sites, AG,, the activation energy, kg the Boltzmann

constant and T the temperature. Hunt, [65] in his heterogeneous model admitted that for small

undercoolings (2% o« a/(AT)?, where AT is the system-imposed undercooling and a is a
B

constant, a = (AT)?In(N,102%)), the nucleation rate depends on the cooling conditions
(number of activated sites, imposed undercooling) and on material properties (number of

nucleation sites, nucleation undercooling).

3.2.2. Interface instability

In the case of pure metal, the origin of the destabilization of the interface is only thermal.
The interface will be stable if the temperature gradient in front of the solidification front is
positive (case of directed solidification) and unstable if the gradient is negative (free growth),
[61].

Let us consider the case of a binary metal alloy of initial concentration C, of the alloy
element, advancing with a planar front at a velocity V in a stationary regime. During the alloy
solidification, the low solid solubility (k < 1) induces solute rejection in front of the interface.
This solute rejection is limited to the boundary layer (6. = D;/V), characterised by the solute
diffusion in the liquid D; and interface velocity V. The resulting concentration profile is
schematised on Fig.l.19. The solute concentration in this boundary layer decreases
exponentially with the distance x from C,/k until C,,.

C(x) = CO+(%—CO) exp (—‘;—’:) (1.25)
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Fig.1.18: Concentration profile at the solid-liquid interface. The solute release is located in
the liquid zone adjacent to the interface, [1].

According to the phase diagram, the equilibrium temperature of the liquid is described by the

relation:
T(C(x)) =T+ m(Cx — Cp) (1.26)

T; and m are respectively the liquidus temperature and the liquidus slope.
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Fig.1.19: Schema of a binary phase diagram with k < 1.
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The interface stability will then depend on the evolution on the temperature T (x)imposed by

the heat flux present during the solidification.
T(x)=T,, + m% + G(x) (1.27)
Two cases can be distinguished (Fig.1.20):

(1) if T(x) is larger than T;(C (x)) locally, the system is stable, the solidification front stays

planar.

(2) if T(x) is lower than T;(C(x)) locally, the system becomes unstable, the solid front
destabilises. This instability condition is called constitutional undercooling because it
depends only on the solute rejection in a given temperature gradient

T (2)
E T (C(x))
E
=L
0,
E
4
T
8 Liguide
0 X

distance

Fig.1.20: Temperature profile at the solid - liquid interface. The system can remain in stable
conditions (1) or be in constitutional undercooling (2) (hatched part) [1].
The criterion of constitution undercooling assumes that any disturbance arising on the plane

interface will develop provided that the relation:
G—-mG:<0 (1.28)

where Gc is the concentration gradient in the liquid at the interface that can be deduced from
equation (1.25). At a fixed gradient, a plane front will be considered as unstable for velocity

higher than a critical velocity:

kGD;,

V>Vc= (k-1)mCo

(1.29)
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Although this analysis is based on a purely thermodynamic argument and the whole dynamic
aspect of solidification is ignored, its agreement with the experiment can be considered
satisfactory in the first approach. Moreover, it highlights the stabilizing effect of the
temperature gradient and destabilizing effect of the concentration gradient. On the other hand,
it is obvious that the constitution undercooling does not give any prediction on the size, and

even less on the shape, of the microstructure that will be established at the solidification front.

3.3. Dendritic microstructure development

3.3.1. Dendritic growth models

Dendritic structures are the most commonly encountered in metallurgy. In order to control the
chemical segregations associated with these microstructures, it is essential to understand the
physical processes involved during dendritic growth. In this part, we propose to state the
theoretical basis of the growth of a dendrite tip.

The mathematical solution to the problem of the growth of a needle-shaped crystal (parabola)
in a liquid at rest and in supercooling was elaborated for a zero-surface tension by Ivantsov in

1947, [62]. The problem admits an exact solution:

Q = I,(Pe) (1.30)
With Q = @) and I,(Pe) = Pe * exp(Pe) = E;(Pe)
Cr(1-k)

Q is defined as the supersaturation, lv(x) corresponds to the Ivantsov function, Ei(x) is the
exponential integral function and Pe the Peclet number, which corresponds to the ratio of the
characteristic dimension of the system “R” (the radius of curvature of the dendrite) and the

distance of diffusion of the solute “dc”:
RV .
Pe=5W|th 6c=2Dl/V (|31)
l

The solid as well as the isoconcentrations in the liquid around the tip form a system of confocal
paraboloids of revolution. Nevertheless, for a given undercooling, there is a continuum of
solutions of pairs (R,V) and only the product RV (with R radius of curvature at the top of the
dendrite and V growth rate) is fixed. It is therefore impossible to know independently the tip

radius and the growth velocity.

Experimentally, the two parameters R and V are reproducible for a given supersaturation. The

problem of selection arises, which consists in finding the "good" solution, if it exists, among
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the continuum of possible solutions. In order to the degeneracy of the lvantsov solution, a
selection criterion has been introduced by Langer and Muller-Krumbhaar in 1978 called the
marginal stability criterion, [63]. The authors are interested in the stability of solutions in the
presence of a non-zero surface tension. It was proposed that the operating point of the dendrite
tip corresponds to the point of marginal stability, i.e. when the amplification rate of a
perturbation at the tip of the dendrite is just the dendrite is just zero. The dendrite then grows
with a radius of curvature close to the wavelength of the marginal stability, Ai, of a plane front
advancing under the same conditions as the dendrite tip either:

r

R = Ai =27 Go—G

(1.32)

Where G, is the solute gradient in the liquid at the dendrite tip:D,;G. = =V ([ (1 — k). In this
way it is possible to calculate R or T*independently of V , using Egs. 31 and 32.

These results can be generalized to the case of directed growth of binary alloys to determine
the evolution of the radius of curvature R, the temperature at the tip of the dendrite T* and the
primary spacing A1 as a function of the growth rate V. By example, Fig.l.22 and Fig.1.23
correspond to the KGT (Kurz, Giovanola, Trivedi) model, [64].

We can see (Fig.1.21) that the temperature of the dendrite tip first tends to approach the liquidus
temperature then moves away from it. This behavior can be explained simply by considering
that the capillary effects are not preponderant at low velocity and the fact that the size of the
solutal layer in front of the tip dc (which defines in first approximation the size of the
undercooled liquid zone) decreases with velocity. For the highest velocities, capillary effects
are important and the temperature of the tip of the dendrite decreases due to curvature

undercooling.
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Fig.1.21: Evolution of the dendrite tip temperature with the growth velocity for an Ag-5% Cu
alloy, [65].

The microstructures likely to be encountered can be deduced from these evolution curves
(Fig.1.22). At low growth rate, the interface remains stable. At the value corresponding to the
constitutional undercooling, the front destabilizes and leads to the development of cells and
then dendrites. Note that at high velocity, the interface stabilizes once again, and absolute

stability is reached (for more details on this phenomenon see reference, [65]).
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Fig.1.22: Microstructure types assumed from the evolution curves of the dendrite tip radius
and of the primary arm spacing A, versus the velocity growth of a Al-2% Cu alloy, [1].

The values predicted by the marginal stability assumption are generally in good agreement with
experimental studies such as those of Huang and Glicksman, [66]. However, there is no real
justification for the selection of the marginal stable state with respect to the other possible stable
states. There is therefore no rigorous solution to the problem of dendritic growth problem when

we consider the surface tension as being isotropic.

Studies have been conducted taking into account the anisotropy of the interfacial energy “y”
[67-70] and the resulting theories are called "microscopic solvability theories”. These theories
allow to predict a value of the product (VR?) when the interfacial energy is not zero and show
that there exists in this case a discrete set of couple radius of curvature, growth rate which are
solutions to the dendritic growth problem. The growth rate corresponding to the most stable
state is the highest and it is the one selected by the system. The selected rate corresponds to a
"stability constant” o* which depends only on the characteristics of the material and which
varies as £ with ¢ the anisotropy parameter of interfacial energy.

Finally, it should be noted that numerical simulations using the phase-field modelling technique
have recently progressed rapidly and, after having been able for a long time to give only a
qualitative description of the selection of the microstructure and of the morphological
instability, are now able to model quantitatively more and more phenomena taking place during
solidification. The solidification of dendrites of pure substances has been simulated for both
high and low subcooling, [71, 72]. More recently, the solidification of alloys has been treated
in the case of free solidification and directional solidification, [73, 74]. Models taking into
account the fluid movements, [75] or the simultaneous diffusion of heat and solute, [76]. Have

also been developed.

3.3.2. Primary and secondary dendrite arms spacing
Fig.1.23 represents the main features that define the dendritic microstructure: the radius of
the dendritic tip R, and the primary and secondary dendrite arms spacings A1 and 2. The

microstructure (changes in these parameters) affects the properties of the material (such as
mechanical properties).
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Fig.1.23: Main characteristics of dendrites.

The model that predicts the spacing of the main dendrite arms considers a relationship generally
expressed as a function of the mushy zone thickness, the temperature gradient, and the velocity

growth. Eq 34 shows an example of the model, [77]:

1

- 1 1
A, =43 (%”0)4 ViG 2 (1.33)

Based on the work of Kattamis and Flemings, [78], Feurer and Wunderlin, [79] developed a

model to calculate 4, , taking into account the maturation phenomenon:

1
Az = 5.5(Mt;)? (1.34)
With
G
FDllna AT AT
= Temc—co Mt = 1 T Gy (1.35)

where M is the maturation factor, t; the solidification time, C; is the final solute concentration
in the liquid and AT’ is the temperature difference between the dendrite tip and the solidus

temperature. This can be approximated with AT,.
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4. Influence of crystallographic stresses

In general, crystal growth is limited by:

e The diffusion of heat and solute in the liquid.
e Capillarity

e Attachment kinetics of atoms at the interface

The relative importance of each of these factors depends on the material considered and the
solidification parameters. For some materials, atom attachment kinetics may play an important
role. For example, for those materials that exhibit a "no-faceted" growth morphology typical of
metals, it can be assumed that the transfer of atoms from the liquid to the crystal is so fast that
the attachment kinetics is not a limiting factor of the growth. When the material presents a
faceted growth mode, typical of most no-metals or intermetallic compounds, the kinetic term

can be important.

The materials are classified as faceted or non-faceted type according to their growth
morphology (Fig.l.24). Metals as well as a certain class of molecular composites (plastic
crystals or organic alloys) do not present facets, but rather a smooth solid-liquid interface,
despite their crystalline nature. The kinetic attachment is not very dependent on the orientation
of the considered crystal planes and there are many sites for attaching new atoms: the solid-
liquid interface is rough. For dendritic structures, however, a tendency to grow anisotropically
remains because of the anisotropy of the interfacial energy. This leads to the formation of
primary trunks whose direction of growth is determined by crystallography and the directions
of the arms correspond to low indices. On the other hand, the materials which have a complex
crystalline structure and a directional character of attachment of the atoms will form crystals

having plane surfaces (facets).
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Fig.1.24: (a) Dendrites colonnaires pour un alliage transparent ayant un comportement
analogue aux alliages métalliques et (d) cristal de benzyle présentant des facettes bien
développées, [80].

By evaluating the rate of atoms attached to the interface (which depends on the diffusion of
atoms in the liquid) and the rate of detachment (which depends on the number of neighbors
bonding the atom to the interface), K.A. Jackson determined a factor a that predicts the

facetedness or non-facetedness of materials as they grow, [80-81]:

_n_L _ A5
~ ZkT,, R (1.36)
With # the number of first neighbors adjacent to an atom in the interface plane, Z the total
number of first neighbors of an atom in the crystal, L the latent heat of fusion, Tm the temperature
of fusion and k the Boltzmann constant. ASs is the entropy of fusion and R the perfect gas

constant.

A coefficient a less than = 2 indicates that the material tends to grow with a non-faceted
morphology, while for values of « > 2 faceted growth takes place. A list of different materials
with the corresponding «a coefficient value as well as their growth morphology from different
phases are given in Table 1-2. Thus, it can be seen that metals and "plastic™ crystals are indeed

in the same group.
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Table.I-1: Growth morphologies and Jackson's factors.

Jackson factor o Material Phase Morphology
~1 Metals Molten bath Non-faceted
1 Crystals (plastic) Molten bath Non-faceted
Semiconductors Solution nf/faceted
23 Semimetals Solution nf/faceted
23 Molecular crystals Solution faceted
~6 Metals Steam faceted
~10 Momplex molecules Molten bath faceted
~20 Polymers Molten bath faceted
~100

4.1.Anisotropy of the material
4.2.1. Attachment kinetics:

For materials with facets, the local equilibrium assumption cannot be applied. A larger or
smaller deviation from the equilibrium temperature called kinetic undercooling 47k is always
required to advance the facet. The kinetic undercooling depends on the crystallographic
orientation of the facet and allows for the kinetic attachment anisotropy. The total undercooling

at the interface is then written:
AT* =T, —T* = AT, + AT, + AT, (1.37)

with AT, = m(C, — C;") the chemical undercooling and AT,. = '™ the curvature undercooling.

The kinetic undercooling term AT}, can be written from the Gibbs- Thomson equation (Eq.35):
AT, =T,,+ mC; —Tk"—T" (1.38)

The kinetic attachment, characterized by the kinetic undercooling AT}, , depends on the local
orientation ¢ and the local normal velocity V, of the solid-liquid interface. The relationship

between AT}, and V, depends on the type of atomic attachment mechanism.

On a facet, growth can be controlled by two-dimensional germination (Eq.39a), [82], by screw
dislocation (Eq.39b), [83] or by ledge growth, (Eq.39c), [84]:

V, = pnexp (- A”Tz) with (u1, p2) 2 constants (1.39a)
k
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V, = uAT% with p the kinetic coefficient (1.39b)
V,, = uAT, with p the Kkinetic coefficient (1.39¢)

4.2.2. Surface tension anisotropy:

The surface tension depends on the crystallographic orientation of the interface. For a planar
geometry, the surface tension can be expressed by a function of the type y(6), where 0 is the
polar angle between the normal to the interface and a crystallographic reference plane. For a
weakly anisotropic rough cell interface, the Wulff diagram which represents y(6) has no

singularity (no angular point) and y can be written for a crystal with cubic symmetry, [85]:

y(0) =y, (1 + %costw) (1.40)

Where ¢ is the rough crystal anisotropy parameter (on the order of 10-2) and yo is the average

value of y(9).

For an anisotropic surface tension, we generalize the expression for the capillary constant 7" by

replacing the surface tension y(0) by the surface stiffness o(0) which is written:

2
a(6) =y(0) + 061;(26) = y0(1 — £cos40) (1.41)

4.2.Influence of anisotropy in directional solidification

4.3.1. Selection of the dendritic microstructure

In dendritic free growth, many theoretical works have emphasized the crucial role played by
crystal anisotropy in the microstructure selection process, [86]. It is now well established that
it is the surface tension anisotropy that selects the radius of the dendrite apex as well as the
velocity of the dendrite tip. This phenomenon of selection by anisotropy has been

experimentally demonstrated by Ben-Jacob et col. In the case of viscous digitation, [87].

4.3.2. Orientation of dendritic microstructures:

A well-known fact is the variation of the orientation of the stationary microstructures as a
function of the solidification rate “V’ for fairly anisotropic but not faceted materials. At low
velocities, the cells are oriented along the direction of the heat flow, i.e. along the direction of
pulling. For higher and higher velocities, the microstructure becomes dendritic and the dendrites
progressively tilt towards the growth direction they would have in free growth. An experimental
and numerical study on this subject was carried out by Akamatsu et al. in a "thin blade™
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configuration on the transparent binary alloy CBr4-C2CI6 [88,89] . The results definitely
establishing that the dendrite tilt angle grows with the Peclet number = AV/Dy (i.e., with the
velocity insofar as the wavelength is constant in these experiments) up to a limiting value that
depends only on the orientation of the crystal with respect to the pulling direction (Fig.1.25).
This result was also established numerically by Okada and Saito, [90] who, like Akamatsu et

al. consider only the surface tension anisotropy.

On the other hand, the inclination of the dendrites for anisotropic materials induces two
noticeable effects on the microstructure: (i) the dendrites are necessarily asymmetric since the
concentration field around the dendrite is itself asymmetric, (ii) a phenomenon of lateral drift,
at constant velocity, of the microstructure is observed, [88]. This drift due to the anisotropy (of
surface tension or of attachment kinetics) of the material cannot be interpreted only by linear
models such as that of Coriell and Sekerka, [91].

(a) | LLALLARR AL
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Fig.1.25: Microstructures obtained from the same crystal for different Solidification rates [92].
(a) Symmetrical cells (V = 3.1 um/s), (b) tilted dendrites (V = 23.9 um/s), (c) "seaweed"
structure (V = 31.1 um/s), (d) co-existence of left and right tilted dendrites (V = 31 um/s, after
some time left tilted dendrites predominate), (e) tilted dendrites for low anisotropy (V = 31.1
um/s).
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5. Columnar to equiaxed transition

In solidification, two growth modes can be distinguished: columnar growth (directed
solidification) and equiaxed growth (or free solidification). The transition between these two
growth modes is a function of the evolution of thermal and solutal conditions during
solidification. This transition, called Columnar to Equiaxed Transition (CET), has a very
pronounced impact on the intrinsic properties of the material since the resulting microstructure

is completely different (Fig.1.26).

CET (Columnar to Equiaxed
Transition)

V=20 um/s

CET

V=2um/s

Fig.1.26: Longitudinal section of a cylindrical bar of Al - 3.5 % wt Ni alloy refined for which
the transition from a columnar to an equiaxed microstructure was obtained by applying an
increase of the solidification rate. (H. Jung, L2ZMP)

The existence of equiaxed grains in directional solidification is related to the fact that there is a
zone of supercooled liquid between the peak temperature of the columnar dendrites T* and the

liquidus temperature Ty. If solid germs are present in this zone, they can grow and competition
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between the growth of free equiaxed crystals and the advancement of the columnar front is

established, which can lead to TEC. The formation of solid germs, embryos of equiaxed grains,

can have two origins:

Fragmentation: the nuclei can be represented by the dendrite’s fragments separated
from the mushy zone by local remelting and transported in the undercooled liquid
zone by convection flow (Fig.1.27). Fragmentation is not very clear, but observation
on organic alloys solidification have been made by C.J. Paradies, [93] and T. Sato,
[94]. As Jackson, [95], Paradies, [93] and Sato, [94] related fragmentation to the
local remelting of the finest dendrites' arms at their neck. Liu, [96] concluded that
the fragmentation is mainly due to the dissolution of dendrites caused by solute
variation in the mushy zone (the solute variation caused by the decrease in cooling
rate). Gu and Beckermann, [97] as Hellawell, [98] associated fragmentation to the
solutal dissolution of dendrites arms in segregated channels. It is worth mentioning
that Pilling’s work, [99] pointed out that interdendritic liquid that causes mechanical

deformation cannot cause dendrites fragmentation.

Fig.1.27: TEC mechanism described by the Maxwell and Hellawell model in horizontal
solidification

Inoculation: The introduction of seeding particles will form the preferential growth
sites (heterogeneous nucleation) for the further equiaxed crystals and consequently
favours CET even with a minimum undercooling. If the degree of undercooling
necessary for heterogeneous nucleation is lower than the maximum undercooling
present in the liquid, and if there are enough seeding particles, CET will be

promoted.
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5.1.CET blocking mechanism

5.1.1. mechanical

Considering a columnar dendritic front progress at a velocity V in a thermal gradient G (Fig.
1.28), with the growing dendrite inducing an undercooled zone AT* = T; — T* ahead of the

columnar front, two cases can be distinguished:

= The undercooling AT is lower than the nucleation undercooling AT, , the growth
stays columnar.
= The undercooling AT *is higher than the nucleation undercooling AT,,, the equiaxed

crystals will grow ahead of the columnar front, in the undercooled zone (Fig.1.28)

undercooled liguid

I uuT: Eﬁ-: :::TII' w1y

Fig.1.28: Representation of CET, whereT; is the liquidus temperature, Tn the nucleation
temperature, T* the dendrite tip temperature, T, the eutectic temperature and AT, the
nucleation undercooling, [100].

In fact, CET is a complex phenomenon involving many processes: nucleation, growth
kinetics (equiaxial and columnar), preferential growth direction, liquid convection and the
resulting solute transport. Based on a mixed model of heterogeneous nucleation and dendritic
growth, analytical and numerical qualitative methods have been developed [101] to predict
CET. Hunt [60] established an analytical criterion of the transition from columnar to equiaxed
based on the thermal gradient at the interface. He considered the number of nucleation sites per
volume No and the ratio between nucleation undercooling and tissue undercooling. Define a
growth criterion &g:

4nr3N,
3

;= (1.42)
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Where r is the radius of an equiaxed crystal equal to

A(AT3-AT3)

t
r= fo V.dt = 3ace

(1.43)

When &5 < 0.0066 only columnar growth occurs and when &, > 0.0066 only equiaxed
growth happens. In Eq.43, V, represents the growth velocity of an equiaxed crystal given by the
dendrite tips, estimated using a KGT type model V, = AAT?/C, (A is a growing constant

depending on the material and AT the local undercooling). The cooling velocity is expressed as

Z—: = -GV = % [1]. Combining Eq. 24 and 25 for a columnar growth (the undercooling for

the columnar growth is equal to AT,,; = (VC,/A)*/?), a criterion based on the thermal gradient

is obtained. A columnar structure occurs if

3
G > 0.617(100N,)1/3 (1 - )ATwl (1.44)

col

and in the case of an equiaxed growth

AT3
AT3

col

G < 0.617(100N,)'/3 (1 — )ATwl (1.45)

These entire criterions are valid under certain hypothesis:

= The solute transport is done only by diffusion (no convection);

= The heterogeneous nucleation sites are randomly distributed and are active immediately,
which makes the nucleation undercooling AT, lower than the undercooling ahead of the
solidification front;

= The equiaxed crystal growth is considered to be spherical;

= The temperature gradient is stable; therefore, it is assumed that the growth rate and

temperature gradient of the columnar front are constant.

Considering Eqg. 45 and 46, a microstructure map can be drawn for any given system. Generally,
the equiaxed growth is favoured if the solid growth velocity increases, the alloy concentration
and the nucleation sites are increasing and if the nucleation undercooling or the temperature

gradient decreases and columnar growth occurs at low velocities and high gradients (Fig. 1.29).
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Fig.1.29: Hunt diagram for Al-3wt.% Cu for a nucleation undercooling 0.75 Kand Ny, = 1

mm?3,

Later Flood, [102] used a more complex description of the heat exchange between
growth and solidification front advancement to establish a numerical model. Based on the
Hunter model, Goldman completed the study of Flood’s by paying more attention to nucleation,
[103]. Wang considered a finite difference method to solve this problem, [104]. All these
models are only valid for dendritic growth parallel to heat flux.

In order to account the solidification of super-alloys, Gdumann, [105] adapted Hunt’s
model, considering the growth orientation. In the same way, Gandin, [106] developed a cellular
automata model to simulate growth competition between columnar grains by considering the
crystallographic orientation of the grains and the temperature changes in the system. Then, the
finite element method was used to combine this model with heat flux calculations, resulting in

a very important numerical tool for 2D and 3D grain structure prediction, [107].

The CET is very important to the industry. It should be noted that the complexity of this
phenomenon is caused by the diversity of industrial casting conditions (particle seeding, cooling
rate, natural convection or forced convection, etc.). Understanding the different phenomena that

occur during CET will help to fully understand the microstructure obtained in the casting.

5.1.2. solutal

This mechanism is based on the solution interaction caused by solute rejection during

equiaxed growth. These equations are published from the Wang and Beckerman model, [104].
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Neither convection nor the movement of free equiaxed crystals are taken into account (grains
sedimentation due to gravity is also neglected). Three phases are defined within the volume
element by Martorano et al. [108]:

e A solid volume fraction &,
e Aliquid interdendritic fraction &4,

e A liquid extra dendritic fraction ¢,
and es+ g4+ =1

The grain volume fraction is expressed by €, = &5 + &4. In another way the inter- and extra

dendritic liquids are separated by an invisible envelope all around the grain (Fig. 1.30).

Equivalent snhf-rical envelope

- -

~ <«—Interdendritic
liquid

Extradendritic
liquid
Solid
2Ry

Fig.1.30: Schema of the envelope around the equiaxed grain delimitating the inter- and
extradendritic liquids, [108].

Using these symbols, Hunter's criterion for the transition from columnar to equiaxed
becomes &, = 0.49. In order to simulate equiaxed grains and their dendritic branches, a sphere

with an equivalent surface Se is defined (as shown in Fig.1.31). The distance between the two
grains is 2Ry, where Ry represents the final grain radius. The grain growth rate determined by
the kinetics of free tip growth (Lipton, [60]) is added to the energy and solute conservation

equations.

— 4a'*Dlml(k—1)Cf (Iv

1.195
- )

v ~1(02))? = 0.4567 ( (1.46)

L
1-Q
where o* =~ 1/(4m)? is the stability constant, I is the Gibbs-Thomson coefficient, Iv~1 is the

[ -C

inverse of the lvantsov function and Q is the supersaturation, defined as Q = )
F(1-
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Hunt's model considers C; to be constant and equal to Co, while Martorano's model
considers the variation of C; during equiaxed growth (but not during columnar growth).
Therefore, phenomena that play a role in solute interactions are considered, such as the solutal
blocking due to solute rejection by the equiaxed grains during their solidification. The rejected
solute enriches the inter-dendritic liquid (Fig.1.31), so the gradient concentration as the driving
force will gradually decrease. Then, the growth of the grain will slow down until it stops (the
grain is not in direct contact).

Enrichment of
interdendritic
liquid

Concentration
gradient
decreases

Fig.1.31: Concentration profile between two equiaxed grains during solutal blocking, [100].

Martorano's model proves two limited cases of CET, as shown in Fig.1.32. In the first
case, the density of the equiaxed grains is relatively large (as in the case when an inoculant is
introduced), so the grains practically remain spherical. A great number of spherical grains will
reject a major quantity of solutes in the surrounding liquid, resulting in a sharp drop in the
solutal undercooling ahead of the columnar front. The CET takes then place for volume fraction
values below 0.49 (Hunt’s criterion). In the second case, the grain density is relatively low, but
the grain size is larger (Ry increases). Equiaxed grains become strongly dendritic, so for a large
R¢ value, the liquid concentration C; stays for a period of time close to the initial concentration
Co , and then tends to C; .During this period, as predicted by Hunt’s criterion., the equiaxed

grains continue to grow and the CET takes place for volume fraction larger than 49%.
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Fig.1.32: Solutal interaction between columnar and equiaxed grains, [108]. Case I: solutal
interactions in the presence of a large density grain. Case Il: solutal interactions in the
presence of a lower density grain

The comparison between the Martorano’s model, [108] and the two models of Gandin
gives a satisfactory consistency for CET. Recently, Badillo and Beckermann, [109] developed
a CET model using the phase field method. They considered the elongation of equiaxed grains
along the temperature gradient during the growth process, the existence of a mixed growing
regime columnar—equiaxed for large velocity growth, and also the particle deactivation

potential for nucleation via solutal interactions.

A three phase Eulerian approach was developed by Ludwig and Wu, [110, 111] to model
the columnar to equiaxed transition. The three phases defined during the mixed solidification
are: the parent melt, the columnar dendrites and the equiaxed crystals. A binary “steel” (Fe—
0.34 wt.% C) ingot casting was used as benchmark for simulation, in ordered to demonstrate
the ability of the model. This model was modified and five phase regions resulted:
extradendritic melt, interdendritic melt and solid dendrites in equiaxed grains, interdendritic

melt and solid dendrites in columnar arrays of dendrites, [112].
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All classic CET models do not consider natural convection or forced convection. These
two factors have a great influence (fragment movement, equiaxed grain movement, particle
movement, solute redistribution, etc...), without the effect of gravity (particles and grains

Precipitation etc...).
PARTIAL CONCLUSION

In this first chapter, a bibliographical review of the fundamentals of solidification has
been carried out, for pure metals as well as for metallic alloys. The emphasis was put on the
segregation phenomena that interest us in this study. These fundamentals of solidification will
help to understand the problems that will arise in the future, but also enable us to understand
the solidification theme: equation models, analysis, and experimental research, which are

supported by experimental benchmarks.
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Preamble

This chapter will be essentially dedicated to identify the numerical models most used in

simulation of solidification phenomenon of pure metals and metal alloys involving segregation.

In view of this review of the literature about the physical phenomena that play a
significant role in the process of directional solidification and about the different numerical
simulation approaches that are used by the scientific community to simulate them, we can
conclude that this field of study is very rich and that it is still very current. Indeed, many
physical phenomena relevant to solidification and segregation have been studied and
highlighted. They have been studied independently or coupled way, in various configurations.
Some of these studies are between twenty and thirty years old, while others are still very recent.
Through all these monotonous efforts, it appears that complete 3D industrial simulations of
solidification processes remain a real challenge today, with very high costs and computation
times, even prohibitive, because of the multi-scale aspect of the problem and the complexity of
the phenomena that come into play depending on the studied configuration. Moreover, even
simulations performed on different configurations: 3D, 2D or 2D axisymmetric, require
significant computational potential. One can legitimately think that the physical phenomena
presented will still be studied in the future, in configurations that have not yet been treated or
considering couplings of phenomena that have not yet been studied. We can thus envisage that

many simulations of directed solidification will still be carried out in the years to come.

Moreover, it also appears from this literature review that there is still no real consensus
on the most efficient numerical approaches for modelling directed solidification. Indeed, two
approaches are mainly used, namely the deformable mesh methods and the enthalpic methods.
These approaches have both intrinsic advantages and disadvantages, without one of the two
approaches having really taken precedence over the other in practice. It is therefore relevant
and necessary to consider improving one or the other of these approaches, in order to meet the
need for performance and optimization, necessary to reduce the computational costs of future
simulations. On the other hand, although it has already been studied in several publications, the
integration of impurities segregation phenomena in directed solidification models remains
difficult and may require, in the case of enthalpic methods, to propose an implementation with

a volume source term of rejection at the interface.
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1. The numerical approaches

1.1. The enthalpic approach

Enthalpic methods are part of the uni-domain approaches in which the same unique system
of equations is solved everywhere in the domain containing both phases: solid and liquid phases
which are represented by a single fluid. In order to properly take into account, the phase change,
two major ingredients are essential. First, the rejection or absorption of the latent heat of fusion,
noted AHy , must be taken into account in the energy conservation equation. As a reminder,
AH; is the energy (in the form of heat) rejected (or absorbed) by a body during phase change at
constant temperature and pressure. This can be done in several ways. Either by reformulating
the energy equation based on the enthalpy, this is the case of the enthalpic formulation and the
h-source method; or by keeping the energy conservation equation based on temperature but
modifying the formulation of the heat capacity, this is the case of the of the apparent capacity.
Then, the velocities inside the solid phase must be forced to be zero. Here again, different
methods and formulations are available: the switch-off method, the method of variable viscosity

and the Darcy method.

1.1.1. Consideration of latent heat

This section is devoted to the different techniques used to take into account the rejection (or
absorption) of the latent heat of solid-liquid phase change. This latent heat can be included in
different ways in the energy conservation equation. In all the following formulations of the

energy equation, the heat dissipation due to viscous effects is considered negligible.

1.1.1.1. Enthalpic formulation
This formulation consists in solving the energy equation as follows, [2, 3]:
p(Z—’tl+u.Vh) = V. (AVT) (11.1)

wherep , h, t, u,A and T are, respectively, density, enthalpy, time, velocity, thermal
conductivity and temperature. The enthalpy, which is here the sum of the sensible enthalpy and

the latent heat, is entirely convected by the velocity field. It is expressed as follows, [4]:

h(T) = fTTr (Cp+ 8rpAH AT (11.2)
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Orm(T) = (1.3)

where Cy, is the heat capacity and 87, is a Dirac distribution centred on the temperature of fusion
Tm, generally considered as distributed over a temperature interval A7 around Tm. The pasty
zone containing the two phases is then included between the temperature solid, Tso, and the
liquid temperature, Tiiq, respectively defined by Ty, = Tp,, — AT /2 and Ty = Ty + AT /2.
Assuming that the liquid fraction, fi, varies linearly from 0 to 1 within the pasty zone between

T solidus and T liquidus i.e.:

f= T-Tgoy _ T—Tm+(AT/2)
L Thig—Tsor AT

(11.4)

and the latent heat is rejected/absorbed linearly in proportion to fi, the enthalpy is then expressed

as:
Cp. (T — Trep) if T < Ty

h =1 Cp.(Tm — Trer) + filHyp, if Tsor <T < Ty (11.5)
Cpo (T — Trer) + AHp + Cp (T — Ty) ifT,<T

where Cps and Cp are respectively the heat capacities of the solid and liquid phases

1.1.1.2. H-source formulation

In this formulation, the two types of enthalpy, which are the sensible enthalpy “hsen” and the
latent enthalpy of phase change “hm” and whose sum is the total enthalpy h, are expressed

separately as follows:
T
h = hgp + hyg = fTref C,dT + pf (T) AH,, (11.6)

This allows us to reformulate the energy conservation equation, so that only temperature is
involved as an unknown, in the following form:

aT a
pCyp (5 +u.VT) = V.(AVT) — pAH,, (L +1.Vf)) (11.7)

The u. Vf; term is negligible when the solid phase is assumed to be fixed or if the phase change
is considered to be isothermal, [5]. Expressions of the liquid fraction f), other than that given by
Eq.11.4, have been proposed. They are no longer expressed in parts but with error functions (er),

[6] or by polynomials, [7] or in power law, [8]. And are continuously derivable. Although they
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are most often devoid of physical considerations, they facilitate the physical considerations,

they facilitate the solution of Eq.I1.6 and improve the convergence of the numerical schemes.

1.1.1.3. Formulation of the Apparent Capacity

This allows us to reformulate the energy conservation equation, so that only temperature is

involved as a variable, in the following form:

aT
Cpopp (3¢ +1.VT) = V.(AVT) (11.8)

The phase change and the latent heat are taken into account by changing the definition of the
heat capacity Cp which is formulated as an apparent capacity noted here Cpapp. It is defined

within the mushy zone as follows [9]:

Y
Papp N Tliq_Tsol

+ Gy, (11.9)

A detailed comparison between these different methods of taking into account latent
heat in enthalpic methods, accompanied by their different implementations, has been carried
out by Franquet et al [5,10]. The influence of the spatial and temporal discretization applied
with the different approaches on the quality of the predicted results is also detailed in this work.
It is shown that the enthalpic formulation is, in general, the most accurate and robust. The h-
source formulation can give results at least as accurate as the previous one, provided that it is
well parameterized with adequate choices of time step and mesh size. The Apparent Capacity
formulation is on the other hand the least accurate, because the conservation of the total energy
is not ensured and the calculated temperature fields are approximate. Its accuracy can be slightly
improved and give hardly acceptable results when the mushy zone is spread over a wide enough
temperature range (Tiiq - Tsor), but this is even further away from the cases of quasi-isothermal

phase change.

1.1.2. Solid phase braking

With the uni-domain approach, the phase change problem is treated within the same and unique
domain where the two phases, solid and liquid, are assimilated to a single fluid. However,
during the phase change, more precisely during the transition from liquid to solid at the
interface, the velocities become zero. Different techniques have been presented and used to

force these velocities of the solid phase to be zero. The three main techniques used in enthalpic
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formulations for solidification models are presented here. Before detailing them, the system of
equations modelling the hydrodynamic part in these enthalpic models is presented. We should
recall that, since in these models the solid and liquid parts are seen as a single phase, the
modelling of the hydrodynamics must necessarily include a treatment of the solid part. The
considered phase thus describes the two solid and liquid states of the material. The system of
PDEs consists of the conservation of mass equation (Eq.11.10) and the conservation of
momentum equations (Eq.I1.11). For an incompressible Newtonian fluid, when the flow in the
melt is created by buoyancy forces and with physical properties considered as constant between
the two phases (this is not a general rule and a variation of these properties can be taken into

account), these equations are:

Vu=20 (11.10)
dpu; apP
ot + pu.Vu; = — ax; + ”Vzui + Fbuoyancy + Fbraking (11.11)

where i varies from 1 to 2 in 2D modelling and from 1 to 3 in 3D modelling; and where u, t, p,
and [ are respectively velocity, time, pressure, density and dynamic viscosity. The density is
considered as constant, the Boussinesq approximation is used to take into account its variations

in the buoyancy term. This term inducing convective flows is expressed as follows:

Fbuoyancy = pgBr(T —Ty) (1.12)

where g, T, fr and Tr are respectively the force of gravity, the temperature, the coefficient of
thermal expansion and the melting temperature. This buoyancy term occurs only along the
vertical direction y carrying gravity. The term F braking is used to induce a strong damping
when the liquid fraction fi tends to zero (in the solid phase) and must be zero when it is 1 (in

the liquid phase). Several ways to express this term exist, they are detailed below.

1.1.2.1. Darcy method

In this formulation (also known as the porosity method), the mushy zone separating the totally
liquid and totally solid regions is considered as a saturated porous medium. The permeability
in this medium must change from a total permeability in the liquid to a zero permeability in the
solid (or almost zero), in order to progressively reduce the velocities from their finite values in
the liquid to zero in the solid. The braking term, Foraking in Eq.11.11, corresponds to a Darcy term

and is expressed by:
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Fbraking = —Au (11.13)

where A is a parameterizable porosity function that must be defined to force the momentum
conservation equation to match the Carman-Kozeny law for flows in porous media. In a

medium with porosity €,, this law allows to express the pressure gradient VP, it is given by:

_ 2
VP =B, L=y, (11.14)

€0

where u,, is the apparent velocity of the liquid in the porous medium and By is a constant taking
into account the properties of the porous medium. In practice, Voller et al [11] equate the liquid

fraction f; with the porosity of the mushy zone €, and give a definition of the function A:

(1-fp?
A= B, f?+;z u, (11.15)

where B1 and B are numerical constants. B2 has a small value and is used to avoid division by
zero when the liquid fraction fi is zero. Voller et al [4] report that this definition of A corresponds
well to cases of phase change with a mushy zone, and note that this correspondence is even
more affirmed if the constant B; is based on experimental observations and takes into account
the morphology of the mushy zone. However, for cases of isothermal phase change, where this
approach is purely numerical, any function increasing from zero to a large value when the liquid
fraction f decreases from 1 to O is sufficient. This braking term takes a zero value in the liquid
region, so the momentum equations of a simple fluid are recovered. In the mushy zone, the
value of A increases so that the value of the braking term begins to dominate the transient,
convective and diffusive terms, the momentum conservation equation then approaches Darcy's
law. Finally, when the local liquid fraction tends to 0, this term dominates all the other terms of

Eq.I1.11 and forces the calculated velocities to have values close to 0.

1.1.2.2. The variable viscosity method

In this method, originally proposed by Gartling et al [12], the viscosity u is assumed to be a
function of temperature thus during the phase change and in the solid region, u takes a high
value. This has the effect of slowing down the solid phase and having negligible calculated
velocities there. The Gartling formulation (u= p(T)) is adapted to enthalpic methods in order
to have the viscosity as a function of the latent heat of a control volume AH,,. This amounts to
defining the viscosity as a function of the liquid fraction f; contained in the control volume. The
variable viscosity is therefore defined as follows [11,13]:
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p = p+ B3(AH,, — AHy) © p=py+ B4(1 — f1(T)) (11.16)

where ; is the viscosity of the liquid phase and Bz and B4 are purely numerical constants of an
order of magnitude much greater than y; (of the order of 10°). With this definition, when a
numerical element is entirely liquid, its latent heat of phase change AH,, is equal to AH,, (or the
liquid fraction of this element is 1), the viscosity W associated with it is equal to u;. When this
element undergoes a phase change, AH,, becomes lower than AH,,, (fi also becomes lower than
1), nincreases. Finally, at the end of the phase change of this considered phase, i.e., AH,, =0,
and consequently (fi = 0), the value of p takes its maximum value u; + BsAH,, (or y; + B,).
The influence of this maximum value of viscosity, also noted u as viscosity of the solid phase,
has been studied by Kasibhatla et al [14]. They show that the larger u is (of the order of 10°
Pa.s), is the better estimation corresponding with the experimental results, but this implies

additional computational costs.

1.1.2.3.  Switch-off technique

With this method, the calculated velocities in the solid are simply replaced by zero, [15]. The
only difficulty is to identify the solid and liquid regions within the domain. This is done, for
each element, by using the calculated values of AH,, (the latent heat of phase change of the
considered element) [11]. It is then a matter of applying a condition on AH,, to know if the
calculated velocity at this element is overwritten by a zero velocity or kept. The calculated
velocities can be overwritten as soon as the phase change at the element starts i.e. u = 0 as soon
as AH,, > 0, or once the element is fully solid i.e. u = 0 only if AH,, = AH,,,, or when partial
solidification is reached i.e. u = 0 as soon as AH,, > Ho where Ho is a value of the latent heat of
fusion arbitrarily set such that: 0 < Ho < AH,,, . Among these three approaches, the porosity
method is the one most used by the community for its efficiency and ease of implementation.
It’s important to mention that this approach is also the case in the modules dealing with solid-

liquid phase change in commercial CFD codes (Comsol, Fluent, Star-CCM...).

1.2. The multi-domain approach

With the multi-domain approach, both solid and liquid phases are treated separately each with
its own computational domain. These two domains are separated by a moving boundary which
is the solid-liquid front. Unlike enthalpic methods, where the interface is diffuse and therefore

not representative of isothermal phase changes, the multidomain approach allows the explicit
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description of the front and its follow-up during the resolution. The front plays the role of both
thermal and hydrodynamic boundary conditions at both domains. In this section we present the
so-called Stefan formulation, which takes into account the case of convective exchanges within
the liquid phase, for a solid-liquid phase change. To get an idea of the problematic presented
here and treated throughout this work, let us consider the case of a solid-liquid phase change in
a rectangular cavity differentially heated (heated rectangular cavity). During the phase change,

the solid-liquid interface moves within this same cavity as illustrated in Fig. I1.1.

Convection
\ -
\
\ D,
Liquid Solid Liquid Solid

Fig.11.1 :Schematic representation of a horizontal directional solidification process in a
differentially heated cavity.

In the solid phase, the only conservation equation to solve is the energy conservation equation:

o _ 4 2
= VT (11.17)

with T the temperature in the solid and where A and C,_ are respectively the thermal
conductivity and the heat capacity of the solid phase. The properties of the solid have been

considered here as constant.

In the liquid phase, the energy conservation equation additionally contains a convective term
and is coupled to the conservation equations for momentum and mass. For an incompressible
Newtonian fluid with the same density as the solid, under the Boussinesq approximation and

neglecting thermal dissipation due to viscous effects, these equations are:

- The momentum conservation equation:

du; 10P ,
= ==t vWiu; + gBr(Tyg — Tr) fori = 1and 2 (11.18)
where Tiiq is the temperature of the liquid and v the kinematic viscosity

- The energy conservation equation
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dTyiq _ M o2
T + u. VTliq = PTpr Tliq (“19)

where A; and Cp, are the thermal conductivity and heat capacity of the liquid phase,

respectively.
- The mass conservation equation:
Vu=0 (11.20)

The Stefan condition [16] giving the energy balance at the solid-liquid interface is expressed

as:
pAH e = (P — ). (11.21)

where vy is the velocity of the solid-liquid front, ¢, and ¢ are the heat fluxes from the liquid

and solid regions respectively (Fig. 11.1), and n is the normal vector to the front.

This condition allows us to estimate the displacement velocities of the solid-liquid front i.e.
the way in which the two solid and liquid domains are deformed. One of the main advantages
of this multi-domain approach, besides having an explicit, and non-diffuse interface, is that
once coupled to a resolution method with a deformable (adaptive) mesh, one can constantly
modify the proportions of the two domains as a function of the front velocity. This gives several
advantages to the multi-domain approach with adaptive mesh compared to the enthalpic
method. First, the separation of the two domains in the former allows the use of different meshes
between the two domains, either in mesh type or in refinement; where the enthalpic method
requires a unique and sufficiently refined mesh wherever the interface is likely to pass within
the domain. Although approaches with sliding mesh, allowing a fine mesh at the interface and
a coarse mesh elsewhere in the domain, have been domain, have been proposed with the
enthalpic method [17]; however, this is limited to quasi-1D cases where the mesh sliding
velocity must be well adjusted to match the geometrical and thermal with the geometrical and
thermal configuration, but also that the rewriting of the conservation equations and thus

additional modelling efforts are required.

The other advantage is that there is no longer a need for a solid phase braking term in the
multi-domain approach. A condition of adhesion to the wall is considered directly at the front
for the liquid domain, while in the enthalpic for the liquid domain, whereas in the enthalpic
methods the damping of the velocities to the solid zone is done in a progressive way through
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the mushy zone whose thickness is generally not negligible. Avnaim et al [13], in a comparison
between the enthalpic and multi-domain approaches, report that the presence and width of the
mushy zone, which is inseparable from the enthalpic approach, had a non-negligible effect on
the convective loop within the liquid, thus affecting the dynamics of the global heat transfer
and consequently the evolution of the solid-liquid front. They also report that the multidomain
approach gives results more consistent with the experimental results of validation than the
enthalpic method. It should be noted that the adaptive mesh adds additional steps during the
resolution (the calculation of the new node positions and the interpolation of the different fields
between these nodes), and this represents additional computational costs compared to the

enthalpic approach.
2. The numerical models

In order to simulate the directional solidification process with its multiphysics phenomena
represented in the segregation phenomenon, fragmentation, heat and mass transfer, the focus
will be on some of the most efficient models developed in many international laboratories
specialized in this field.

2.1. Numerical models based on enthalpy approach

2.1.1. Two-phase model

The simulation of alloy solidification in presence of convection requires the solution of
coupled conservation equations for mass, momentum, energy, and concentration, with the
necessity to take into account a phase transition governed by a phase diagram. The approach
used in the present simulations is based on a two-phase volume averaging technique. The
system at macroscopic scales, for the thermodynamic temperature equation (uniquely defined

for the liquid and the solid phase), momentum equation for the liquid phase formulated with its

intrinsic velocity V= fiv; and equation for the average concentration (C) = f;C, + f;C,.
Moreover, the solid phase is immovable and its description does not require any momentum
equation. Furthermore, spatial variations in the average concentration due to mass convection

GCI”

are related to concentration in the liquid phase. Here, the subscripts and “s” are related to
the solid and liquid phase, respectively, and f; and fs are the liquid and solid volume fractions.
The flow between the dendrites in the mushy zone is taken into account by adding a Darcy

term in the momentum conservation equations with a permeability K given by a Kozeny-
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Carman law based on the secondary dendrite arm spacing 4, (K ) This secondary

arm spacing changes during the maturation or the ripening of the dendrites. In the calculations,
however, we have used a constant value, 1, = 90um, obtained by postmortem analyses of the
solidified sample, [16]. The thermal conductivity A is locally calculated as A = f;A; + fi ;..
Under the assumptions of thermodynamic and chemical equilibrium, along with an
instantaneous diffusion of the solute in both phases, the concentrations in the liquid and solid
phases within the mushy zone are related via the lever rule, i.e.,Cs = k, C;, with k, denoting the
partition coefficient. We also assume that, within the mushy zone, the solute concentration in
the liquid and the thermodynamic temperature are related via a linearized phase diagram with
a liquidus slope m (T = T,,, + m,C;). The density of the solid phase is considered as constant
and the Boussinesq assumption is used for the liquid density in the buoyancy term. Finally, the
no-slip condition is assigned to all the walls. These walls are also assumed to be thermally
insulated, except for the two-narrow vertical endwalls (at x = 0 and x = 100 mm), on which

uniform temperatures are imposed. [18]

Fig.11.2:Schematic representation of two-phases(solid-liquid)

2.1.1.1  the gouverning equations

We formulated mass, momentum, species, and enthalpy conservation equations for both liquid

and solid phases:
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e the conservation equations of mass

%(flpl) +V.(fipdy) = Mg (11.22)

= (Fsps) + V. (fspstiy) = M (11.23)

M, is the mass transfer rate from liquid to solid, and (Mg, = —M;,) that from solid to liquid.
The unit of M, is kg/m®/s. A positive M, characterizes solidification; otherwise, it characterizes
melting. The terms p; and p; are the densities and u; and u are the velocities of the liquid and
solid phases.

e the momentum conservation equations

%’;ﬂm +V.(fipthy X W) = —f VP + V. T, + fipg + Uy (11.24)
Wa;;ﬁ) + V. (fspsts X Ug) = —f VP + V.75 + fp,g + Uy (11.25)
with

T = wfi(Vou + (Vau)") (11.26)
Ty = psfs(V.ug + (V.ug)") (11.27)

u;, ug are velocity vectors of the liquid and solid phases. U}S = - qsl is the momentum exchange

rate between both phases. The unit of ﬁls is kg/m?/s?. The term p is the pressure, and g is the

gravity. "7;" and "z," are the stress—strain tensors, X is the dyadic product.

e the Species conservation equations

Af1piC ~
% + V. (fipsC) = V. (f1piD,VC) + Cyy (11.28)

I(fspsCs —
(f:t ) 4 V. (fspsiisCs) = V. (fspsDsVCs) + C (11.29)

where C;; = —C4; (5 2 Csl) is the species exchange rate between both phases. As C; and C,
represent mass fractions, they are dimensionless. Thus C;, has the unit of kg/m®/s. The terms D,
and D are the diffusion coefficients of the solute in the liquid and solid phases.

¢ the enthalpy conservation equations

Ifipih .
(fiaptl 2+ V. (fipiishy) = V. (fkqV.Ty) + Qs (11.30)

a S ShS —
L) 1 V. (fspstishy) = V. (FksV.To) + Qg (11.31)
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where Q;s = —Qq; is the energy exchange rate between both phases. The unit of h; and h is
J/Ikg. Thus, Q5 has the unit of J/m3/s. The terms k; and k, are the heat conductivities of the
liquid and solid phases. The relationship between the enthalpy h; (or hg) and the temperature

T; (or Ty) is determined via:

= ;' cpdl +m andh, = [* Cppdl +h( (11.32)

where c¢,,; and cyzare the specific heat capacities of the liquid and solid phases, and hfef and

hgef are the enthalpies at the reference temperature T, .

In addition to the conservation equations of mass, momentum, species, and enthalpy for both

liquid and solid, the conservation of grains is:
Sn+V.(n) =N (11.33)

n is the grain density and N the grain production (nucleation rate). The unit of n is m2. Thus, N
has the unit of m2s™. N is positive with nucleation and negative with grain dissolution (total
remelting). [19]

2.1.1.2  Auxiliary Quantities
The following auxiliary quantities are used: mixed concentration C,,;,, average grain diameter
ds and viscosity of the solid phase .

e The mixed concentration

C1pif1+Cspsf's
= e itCspsfs 11.34
mx pPifi+psfs ( )

e average grain diameter

To estimate the average grain diameter, we assume the morphology of the growing grains to
be almost spherical, allowing the volume fraction of solid to be related to the grain density and

the average grain volume by
4w (dg 3
fo= n?(?) (11.35)
e viscosity of the solid phase

the momentum of the solid phase is also treated like that of a fluid. Hence, the solution of the
corresponding conservation equation requires the definition of viscosity of the solid phase, This
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viscosity may be caused by collisions between individual rigid grains. It should increase with
increasing solid volume fraction and crystal size because of stronger crystal interactions. Ishii

and Zuber [19] found for the viscosity of a solid/liquid mixture.

Boniz = 1 (1 - ﬁ:—z)_z'sﬂ (11.36)

with f;' representing a critical solid volume fraction above which the equiaxed crystals merge
to form a rigid solid structure. Assuming the validity of a mixing rule for viscosity,[20] tmix =

wifi + usfs , EQ.11.36 can be used to derive an expression for the viscosity of the solid phase
_wm fs -2.5f% ~ ~
=1 ((1 5 -a m) (1137)

we assume that f;' is the packing limit f{ = 0.637 . For f; > f,, us is infinitely large. This
forces the macroscopic velocity gradients in the solid to vanish. For example, if the rigid solid
structure is attached to a wall, the solid velocity will then be uniformly equal to the velocity of

the wall due to the nonslip condition [19].

2.1.2. Three-phase model

Over the last few decades, the authors created two distinguished approaches of this
model (two-phase model), one for equiaxed solidification [21-24] and one more for
hypermonotectic solidification [25-27]. The two models depend on an Eulerian-Eulerian
approach. This part of the chapter will be focused on the extension of the two-phase
solidification model to a three-phase model for a mixed columnar and equiaxed solidification

with taking into consideration columnar-to-equiaxed transition (CET).

For the additional (columnar) phase, another set of conservation equations for mass,
enthalpy, and species must be solved. However, no additional momentum equation is solved
because the columnar phase is considered stationary. The most challenging point is the proper
definition of the closure laws of the phase exchanges and interactions: for example, the
competitive growth of two solid phases and the mechanical interaction between them. Allows
free growth and movement of equiaxed phases that nucleate everywhere in bulk melt. The
stationary columnar phase is considered to start from the mold wall and therefore preferentially
grow in the direction of heat flow. During the solidification process, the two phases grow
competitively. When the tips of the growing columnar dendrites are blocked by equiaxed grains,
the so-called columnar to equiaxed transition (CET). Early studies reported two main

"blocking™ mechanisms: one is when the local volume fraction of the equiaxed grain envelope
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exceeds a certain limit through "mechanical blocking"”, [28], and the other is when the local
constitutional undercooling disappears. " Chemical blocking”, [29, 30], as well detailed
previously in the first chapter. The proposed three-phase model is characterizedO by the fact
that it clearly tracks the columnar tip front and includes the above two CET mechanisms
(mechanical and chemical). However, we also consider the influence of melt convection and

equiaxed grain transport on the occurrence of CET, [31].

The three-phase model is built on a general assumption that the three considered phases
are the parent melt as the primary phase, as well as the solidifying columnar dendrites and
globular equiaxed grains as two different secondary phases. Their corresponding phase
fractions is given by fi, f;, and fe with f; + f, + f. = 1. With a Eulerian approach, the three
phases are considered as spatially coupled and interpenetrating continua. For all three phases,
the mass, momentum, species, and enthalpy conservation equations are solved. An extra
conservation equation is created and solved for the number density of the equiaxed grains.
Nucleation of the equiaxed grains, diffusion-controlled growth of both columnar and equiaxed
phases, interphase exchanges, and interactions such as mass transfer during solidification, drag
force, solute partitioning at the liquid/solid interface, and release of latent heat are taken into
account. Both the primary and equiaxed phases are moving phases, for which the corresponding
Navier-Stokes equations are solved. The columnar phase is assumed to stick to the wall and
solidify from the wall toward the bulk melt. Thus, no momentum equation for the columnar
phase is considered. Ideal morphologies for both solid phases are assumed: spheres for equiaxed
(globular) grains and cylinders for columnar (cellular) dendrites. The grain size of equiaxed
grains and the diameter of the columnar trunks are explicitly calculated, while a constant value
for the primary arm spacing of columnar dendrites is assumed. No feeding flow is included.
The Boussinesq approach is employed to model thermosolutal convection, grain sedimentation,

and sedimentation induced melt convection, and Grain fragments brought, [32].

2.1.2.1  Nucleation of equiaxed grains and grain transport
The density number of equiaxed grains (m~3), n, is calculated with:
Zn+V.(dn) =N, (11.38)

where 1, is the (volume averaged) velocity of the equiaxed phase. The nucleation rate (m™3

s 1), Ne, is modeled with a three-parameter heterogeneous nucleation law [21,22].
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Fig.11. 3: Schematic representation of three phases in M. Wu and A. Ludwig model [32].

2.1.2.2  Mass conservation and grain growth Kinetics

Mass conservation equations (Eq.11.10) is written as follows in a three-phase model:

%(flpl) +V.(fipid) = Mg, + My (11.39)
2 (Fepe) + V. (Fopelic) = Mye + M, (11.40)
%(fcpc) + V. (fcpcl_ic) =M+ M, (“'41)

where p;, pe, pe, are the densities and ;, ., U, the velocities of the different phases. The
source terms Mic (=-Moa) is the mass transfer rate (kg/m?.s) from liquid to columnar phase, and
Mie (=-Mce) from liquid to equiaxed phase by solidification (positive) or melting (negative), and
Mce (=-Mec) from columnar to equiaxed phase by the mechanism of fragmentation (positive) or
by attaching (negative). The fragmentation is ignored, so we chose Mce = 0.

Considering the diffusion on the micro-scale to control the kinetics of grain growth. For
equiaxed solidification, the ideal spherical shape is considered so that the grain growth velocity
in the radius direction can be solved analytically, [33]:

_dR, _ DiCj-C; _ Dy ( c,)

VRe =4t TR.C-C; R\ ¢ (11.42)
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Where, C; and C; are the equilibrium concentrations adjacent to the solid/liquid interface, and

from the phase diagram C; = (T — T,,)/m yields. Dy is the diffusion coefficient in the liquid
and R, = % Is the radius of the grain. With Eq.11.42, considering the overall surface area of the

spherical grains and the influence of pingement by an Avrami-factor "F;", we can estimate the

volume-averaged mass transfer rate for globular equiaxed solidification:
Mle = vRe(nndg)peFl (I |43)

There are two cases that can be distinguished for columnar solidification: (i) tip areas (ii)
growing columnar trunks behind the tip region. A diffusion-controlled growth model around
cylindrical dendrite trunks is employed for the volume elements that have already been pasted
by the tip front. The growth velocity in radial direction of such a cylindrical trunk is

approximated with the similar analytical method of W. Kurz and D.J. Fisher, [33] As follows:

dR. D, C;—Cl -1 (Rf)
Vp=—=——"——1In — 11.44
Re ™ "4t ~ R.C;-c; R, ( )

where now R, = % is the average radius of a cylindrical dendrite trunk and Ry = 12—1 is half of

the primary dendrite spacing 4. Hence, we can define the volume averaged mass transfer rate
for those volume elements by considering the total surface area of columnar dendrite trunks per

volume S, = md./A, and an Avrami-factor "F,;":

nd,

Mic = vie () PeF o (11.45)

For the elements containing the growing columnar tips, the mass transfer rate “M” for

columnar solidification is written by considering both the tip growth velocity, v;,, and radial

growth velocity, "vg.":
M. = vgen (d Dp,F; + vtipnc(n-R?ip)Fl (11.46)

The first term on the left-hand side of Eq. 11.46 denotes the mass transfer rate due to the growth
in radial direction and the second term that of the growth in tip direction. n, = 4f./(md?l) is
the number density of the columnar trunks. The dendrite tip velocity "v,;,," and the tip radius

“Riip ” are calculated according to [33,34].
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2.1.2.3 Momentum conservation

The momentum equations for both moving equiaxed phase and the parent melt are:

A(f1pyiy)

—HEL + V. (fipdly X Uy) = —fiVP + V. T + Fg + Uy + Uy (11.47)

A(fepelie)

P+ V. (fePelic X Ue) = —fVP + V. T, + Fpe + Upe + Uee (11.48)

where TI and “7," are the stress—strain tensors. With the Boussenisq approximation, the

thermal-solutal buoyancy force 17"Bl acting on the liquid and the buoyancy force ﬁBe acting on
the free moving equiaxed grains are applied, [24]. Each of the momentum exchange terms
Uye, Uy and U,, includes two parts: the part due to phase transformation and the part due to
drag force, for example, Uy, = UY, + U2 and U, = UP. + UZ. A. Ludwig and M. Wu [21,22],
provide the details about the way of how to deal with these momentum exchange terms between
the liquid and equiaxed phases. The same concept is employed for the momentum exchange
between the liquid and the columnar phase. However, a mushy zone permeability as described
in [35] to calculate the liquid-columnar drag force, it was used. A simple approach is used for
momentum exchange between the columnar and equiaxed phases. It assumed that when the
local volume fraction of the columnar phase is greater than a critical value of fcfree = 0.2, an
infinite drag force coefficient between both solid phases applies, capturing the equiaxed grains.
When the volume fraction of the columnar phase is less than this critical value, there is no drag
force between both solid phases exists and thus the movement of the equiaxed grains is
unaffected by the columnar front. The choice of this critical value for fcfm = 0.2 is taken
arbitrary. Therefore, further parameter study on the effect of this value on the final result is

necessary.

2.1.2.4  Species conservations

The volume averaged concentration C; in the liquid phase, C, in the equiaxed phase and C. in

the columnar phase are obtained by solving the species concentration equations:

AfipiC _
% + V. (fipisC) = V. (f1pDVC) + €y + Cgy (11.49)

9(fepeCe —
(f(;)t ) tV. (fepeugce) =V. (fepeDeVCe) + Cle + Cce (“50)
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G a V. (fepcticCo) = V. (fepcDVCL) + Cre + Coe (11.51)

where Dy, De, D¢ are the diffusion coefficients. The diffusive species exchange at the phase
interface is neglected. However, during solidification (and melting), the species partitioning at
the phase interface is taken into account, [21,22]. As we ignore any phase exchange between

equiaxed and columnar phases, we set C., = 0.

2.1.25 Enthalpy conservation

We solve the enthalpy conservation equation for each phase:

a(fipth ~
—m:tl 4 V. (fipitishy) = V. (fikV.T) + Qe + Qey (11.52)
I(fepehe —

UeLele) 1 V. (fepetiche) = V. (FekeV.Te) + Qe + Qe (11.53)
A(fcepche —

(f:t : +V. (fcpCuChC) =V. (fckcv Tc) + Qlc + Qec (I |54)

where the enthalpies are defined via h; = fTTlfcpl dT + h]* and h, = h, = fTT"’prS dT +

hzef with specific heat c,,; and ¢, of the liquid and the solid phase respectively . T, and

hgefare defined so that the enthalpy difference between liquid and any solid, h; — h, and h; —
h., is equal to the latent heat of fusion. Further details to treat the latent heat can be found in
several works, namely [21,22]. By solving Egs. Il. (52)-(54), three different temperatures are
obtained, T; , T, and T,. The thermal equilibrium condition (T, = T, = T,) is satisfied by

applying a quite large volumetric heat transfer coefficient of 102 (Wm K) between the phases.

2.1.2.6  Auxiliary quantities

A mixture concentration for the description of macrosegregations, Cnix, is defined by:

Cipifi1+CepefetCcpcfc
C . = 1155
mix pifitpefetpcfc ( )

The average diameter of the equiaxed grains de is calculated from the following relation

f, = n“?"(d?f (11.56)
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The average diameter of the columnar dendrite trunks d. is calculated by relating the cross-

2
. . d . .
section area of a single columnar trunk (f) to the maximal available area of each trunk

when the dendrites are ranked in hexagon. Thus, we get:

3 d?
_3d 11.57
fo=31% (11.57)
In the case the dendrites are ranked in square, the prefactor of Eq.I1.57 would be n/4 instead of

3/4. The average dendrite arms spacing, 44, is assumed to be constant, [31].

2.1.2.7  Columnar tip front tracking and tip front ‘blocking’ mechanism

Columnar tip front tracking is based on the concept that columnar dendrite trunks extend into
the bulk melt from the wall. However, no growth-favoured crystalline orientation is taken into

account.

e The columnar status marker "i,." is assigned to each control volume, indicating whether
it has the columnar tip front (i, = 1), columnar dendrite trunks (i, = 2), or no trunks or
tips (i, = 0). Except for the boundary (wall) elements which have (i, = 1), all control
volumes are initialized with i, = 0.

e An "equivalence"” cylinder with a radius of "R,.." and a height of "[,..;" is considered
for each control volume. The cylinder volume is set to be equal to that of the
corresponding control volume, i.e., lfef = AV. The "equivalence" cylinder is considered
to be oriented parallel to the local heat flow direction because no preferred crystal
growth orientation is determined.

e With a growth velocity "v;,," calculated from the LGT model [34], the columnar front
grows parallel to the “equivalence” cylinder. Starting as soon as the front enters the
control volume, the integral [ = [ vpdt is evaluated to track the real position of the
front.

e For (I > l,¢f), the columnar tip front has grown from the “equivalent" cylinder. In this
case, all adjacent control volumes that are still "empty” (i, = 0) will be "reached"” by
the. Therefore, the columnar status markers of these volumes are set to (i, = 1), and
the marker of the considered volume is set to (i, = 2).

e A mass transfer to the columnar phase from the liquid is only considered for those

control volumes i, # 0.
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e In order to model the ‘mechanical blocking” mechanism by Hunt [28] as soon as the
local volume fraction of equiaxed f, increases over the critical threshold of f, cgr =
0.49, the tip growth velocity is set to zero, v, = 0. This event defines the CET known

in the literature. The above CET process automatically leads to the so-called "soft

blocking" mechanism proposed by Martorano et al. [30], because v;;,, disappears when

the local constitutional undercooling disappears.

2.1.3. Five-phase model

Wang and Beckermann [36,37] have outlined a general multiphase approach for dealing
with the dendritic morphology in equiaxed or columnar solidification. With the idea similar to
the Rappaz and Thevoz model, [38,39] they defined a grain envelope to separate the extra
dendritic melt from the interdendritic melt. Because columnar dendrites and equiaxed grains
have different morphologies, different formulations and morphological parameters must be
considered. Their principal approach is to implement the above idea into a previously-
developed 3-phase mixed columnar-equiaxed solidification model by the authors [31,32]. Melt
convection, grain sedimentation, columnar tip front tracking, interaction between equiaxed
grains and columnar dendrites, columnar-to-equiaxed transition, and other elements of the
previous 3-phase mixed columnar-equiaxed solidification model are all taken into account [40].

In this model, five-phase regions have been identified to address mixed columnar-
equiaxed solidification with dendritic morphology, and the volume fractions of the five phases
are specified as follows: extradendritic melt, fi, interdendritic melt in the equiaxed grain, £ ,
and solid dendrite in the equiaxed grain, f¢, interdendritic melt in the columnar trunk, f,°, and
solid dendrite in the columnar trunk, £, as shown in Fig. 11.5.

The interdendritic liquid and solid dendrite in the equiaxed grain combine to generate a
'hydrodynamic' e-phase that moves at an average velocity, whereas the interdendritic liquid and
solid dendrite in the columnar stem combine to form a ‘hydrodynamic’ c-phase that moves at a
predetermined velocity. A grain boundary, also known as the grain envelope, separates the
interdendritic and extra dendritic liquids. The extra dendritic melt is considered as a third
'hydrodynamic' phase, “l- phase”, which has a velocity. The velocity of the corresponding
'hydrodynamic' phase is used to determine the transport of mass, species, and energy in each
phase region. The whole physical domain is divided by the columnar tip front into two: in front
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of the columnar tip, the number of ‘hydrodynamic’ phases is 2, i.c., ‘I- and e-phases, thus there
are only 3 phases existing behind the columnar tip front, all the 3 ‘hydrodynamic’ phases (I-, e-
and c-phases) and all the 5 phase zones (fi, £, fs7, 5, fi£) might be involved. The columnar tip

front is tracked explicitly, [40].

3
env,D

Fig.l1. 4: The shape of the equiaxed dendritic grain is simplified as a sphere with the equivalent
volume of the fictitious grain envelope connecting the primary and secondary dendrite tips [40]

The basic idea of the five-phase approach was mainly based on an improved model for
equiaxed dendritic solidification published previously, [43]. As can be seen in Fig. 1l. 4, the
grain envelope (dashed line) is defined as a fictitious surface connecting the primary and
secondary dendrite tips. The averaged concentration of the interdendritic melt is C/, while the
concentration of the extradendritic melt is C;. When the grain envelope expands, both species
transfer and species diffusive flux due to the growth of the envelope are taken into account,
[41]. Solidification occurs only at the solid-liquid interface, i.e., the interface between the
interdendritic melt and solid dendrites, where a thermodynamic equilibrium condition applies.
The interdendritic melt and solid adjacent to the solid-liquid interface has the equilibrium
concentrations C;” and Cy, dictated by the local temperature according to thermodynamics. It is

the concentration difference (C; — C[) that serves as driving force for the solidification of the
interdendritic melt. Latent heat is released, and solute partitioning (k = Cs /C*) occurs at the
l

solid-liquid interface.
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The local growth velocity of the fictitious grain envelope (dashed line, Fig. 11.4) is
unknown. What is known from the classical tip growth kinetics is the primary tip growth
velocity vy,,, .9. by the LGK model, [42]. Therefore, it further simplifies the shape of the
equiaxed dendritic grain as an ‘equivalent sphere’, with its volume equivalent to the volume
enclosed in the fictitious grain envelope. By defining a shape factor ®¢,,,,,[41] it can obtain the

growth velocity of the equivalent sphere from the primary tip growth velocity:

e — e e
venv,S - Fenv- vtipr (l | 58)

In order to calculate the species diffusive flux at the envelope between the interdendritic and
extradendritic melts, however, the real surface area of the envelope S¢,,,, p is required. This area
Senv,p 1S actually correlated to the surface area of the equivalent sphere Sg,,, < by another factor

<pn» Which is called sphericity,
Sgnv,D = Sgnv,S/q)gph (“-59)

Both ®¢,, and ¢, are two morphological parameters, dependent purely on the shape of the
grain envelope. If the shape of the grain envelope is preserved and constant, then they can be
determined previously. For example, in the RT model, [38,39] an ideal sphere envelope
connecting the primary dendrite tips is assumed, both ®¢,,, and @, ,are equal to one. For an

3\/_5
V3
case (Fig.11.4), both morphological parameters might be smaller than the values mentioned

octahedral envelope considered by Nielsen et al.,[43] ®¢,,,, iS % and @, ,is — . For a general

above. By using the above two morphological parameters the nature of the arbitrary shape of

the grain envelope with a simplified equivalent sphere can be approximated [40].

The dendrite trunk is wrapped in a theoretical dendrite envelope for columnar growth,
as seen in Fig.11.5 (dash line). It encloses the primary dendrite tip and secondary dendrites near
the primary dendrite tip, as well as the secondary and tertiary dendrites in the trunk region (away
from the primary dendrite tip). The cross section of the dendrite trunk can be approximated by
a quadrate or cloverleaf, while the longitudinal section of the envelope around the primary
dendrite tip is parabolic. As a result, the region around the main dendrite tip is treated differently

from the columnar dendrite trunk region.

For the columnar trunks, the dendrite envelope is further simplified as a step-wise

growing cylinder with the cross-section area equivalent to the enclosed area of the dendrite
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envelope. The growth rate of the cylinder in the radial direction can be derived from the growth

velocity of the secondary dendrite tip vg;,,,, .

C — c C
venv,C - *env- vtipu (l | 60)

where &g, is a shape factor. The diffusion area of the columnar envelope S¢,,, 5 is calculated

based on the surface area of the equivalent cylinder S¢,,, ¢ by considering a circularity ®¢;,...

gnv,D = Sgnv,s/q)girc (“-61)

A-A

Fig.11. 5: The shape of the columnar dendrite trunk is simplified as a step-wise cylinder with
the cross-section area equivalent to the fictitious tree-trunk envelope connecting the
secondary and tertiary dendrites. The parabolic shape of the columnar envelope near the
primary dendrite tip is also simplified as an equivalent cylinder with an averaged diameter
and explicitly-tracked length [40].

Both ®¢,, and ®¢,.. are morphological parameters (< 1). When the envelope of

circ
columnar trunk (dashed line in Fig.11.5) is identical to an ideal circle (cross section of a
cylinder), they are equal to one. If cross section of the dendrite trunk envelope is close to a

quadrate, then <1>gn,,=§, ¢ =g. For any other complicated envelopes, both

circ

morphological parameters are smaller than the values mentioned above. With these
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morphological parameters, any arbitrary cross-section of the dendrite trunk envelope can be
approximately described with an equivalent circle, [40]. The parabolic envelope is represented
as an analogous cylinder with an averaged diameter d® and length | in the columnar dendrite tip
area (Fig.11.5). A method previously described [44] is used to track the cylinder's length. The
dendritic morphology of the primary dendrite tip area is modeled using the corresponding shape

factor and circularity.

2131 Growth kinetics

a. Equiaxed growth

There are two types of growth: globular growth and dendritic growth. Solute partitioning
happens at the solid-liquid phase boundary during globular growth (identical to the grain
envelope). Diffusion around the spherical grain controls grain growth, and its growth velocity

vg10p May be calculated analytically

D
vglob = R_:’ﬂ (“62)

where Q is the constitutional undercooling (C; — C;)/(C; — Cs) . For the dendritic growth, the
growth velocity of the dendrite tips v¢;,, can be determined by the LGK model, [42]. With
Eq.11.58 the growth velocity of the equivalent sphere of dendritic grain is obtained v, 5. The

globular-to-dendritic transition (GDT) is determined by comparing the two growth velocities,

e e
Uglob and venv,S'
e _ e e
Veny = MAax (vglob' venv,S) (I |-63)

The growth surface area concentration S¢,,,, ,, of the equivalent spheres is calculated

env,

2

1 =
gnv,S = q)lemp' (3671'- n)3'f2 (| |.64)
where n is number density of the grains, and ®f,,,, is an impingement factor for the growing
grains. With the v, and S¢,,, 5, the volume averaged mass transfer rate from the I-phase to the

e-phase can be calculated.
b. Columnar growth

Again, there are two types of growth: cellular (non-dendritic) and dendritic. The diffusion

governs cellular growth and its radial growth velocity v¢,,;:

76



Chapter I1: State of the Art of numerical modelling
of Solidification Phenomenon

D _ y!
Ve = ot 0.7t () (11.65)

Here a staggered arrangement of the cellular trunks is assumed. The actual cellular diameter is
2R¢, and the far field reference diameter is (%). The radial growth velocity of the secondary

dendrite tip vy, is determined by the LGK model for the dendritic growth, [42]. With Eq.11.60
the growth velocity of the equivalent cylinder of the columnar dendrite trunk is obtained vg,,,, .
Comparing the above two growth velocities, v, and vg,, ., determines the cellular-to-

dendritic transition (CDT).
Veny = Max (viell ) vgnv,c) (11.66)

The growth surface area concentration S¢,,,, - of the equivalent cylinder is calculated as follow:

2mR*
gnv,C = q)lcmp' A% (“.67)
where @7, is an impingement factor for the growing columnar trunks. With v, and S¢,,, .

the volume averaged mass transfer rate from the I-phase to the c-phase in the volume elements,

which contain the fully over-grown columnar trunks, can be calculated.

Some particular considerations and assumptions must be made in volume elements that
contain columnar tips. The same technique as Egs. 1. (65) and (66) is used to produce vg,,, for
the radial growth of the equivalent cylindrical envelope, but the length of the columnar trunks
“I”, which is contained in the volume element, and the corresponding diameter, d%/2, must be
monitored explicitly, [46]. Additionally, the contribution of the growth of the primary tips
themselves (v, TRy, 2) to the total volume averaged mass transfer in the considered volume
element must also be taken into account. Kurz and Fisher [45] estimated the tip radius Ry,
and the primary tip growth velocity vg;,, was calculated using the KGT model, [46]. The

solidification of the interdendritic melt is treated in the same way for both equiaxed and

columnar growth and is described elsewhere, [41].

2.1.4. Mushy zone instability model

A new numerical model of mushy zone instability is proposed [47], which describes the
relation between mush zone instability and mush permeability (see Fig. 11.6). The ability of the

new instability criterion to characterize and predict channel segregation is illustrated by
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comparing the possible channel locations estimated from the developed standard with
numerically simulated channel segregation in casting. In addition, the number and location of
segregated channels estimated by the new instability model will be compared with the number
and location estimated using the remelting criterion.

Fig. 1l. 6 shows schematically a liquid-solid mushy region in a rectangular cavity
solidifying from the left wall. Liquid near the roots of the dendrites is highly segregated, i.e.,
enriched in solute, and this is shown by the darker shading (see Fig.Il.6 a). In the dendritic
columnar mushy zone, the average distance between the side branches, i.e., the secondary
dendritic arm spacing (4,) is used as the characteristic length scale of the porous structure in
the permeability model (Fig.11.6b). As an example, a typical width of the mushy zone is of the
order of 10 mm. Spacing of dendrite arms in such a mushy zone would be the order of ~0.01-
0.1 mm, as shown in Fig. Il. 6 (b) [48]. The scale of the REV used for the description of such a
mushy zone is of the order of few d. (see Fig.I1.6¢). The channel segregates form due to the
perturbation in the liquid fraction field (shown by isolines of the liquid fraction field in
Fig.11.6d) near the high- fi region of the mushy zone as the solidification progresses (see
Fig.11.6d). The length scale of the channel type segregation is approximately 1- 10 mm. We can
precise the length of a channel is 10 mm while the width is 1 mm. These dimensions are at least
10 times larger than the characteristic size of the porous structure, 1, (0.1 mm). The channel
width is of the same order of magnitude as the REV size. The analysis presented in this work
is conducted at the scale of the REV whose size is in the order of few d. . It is important to
notice that the only characteristic size given as an input to the averaged model is that used for
the permeability, i.e., 1, . What can be also said is that the channel width we obtained from the
simulation results is of the same order of magnitude as the REV dimension. The analysis
conducted by Mehrabian et al. [48] was exactly at the same scale as in the present work.
Assuming dendritic columnar solidification with rigid solid dendrites, constant physical
properties of the mixture, and Boussinesq approximation, the momentum conservation for the
liquid phase using one-domain and volume averaging modelling approach is given as follows
[49]:

p X4 oV (fB,5) = VP + fitlVP0, — fAL 5, + pofiglBr (T = To) + Be(C,— Co)]  (11.68)
The mushy zone is considered as a porous medium, of permeability K, saturated with liquid.
The third term on R.H.S of the Eq.11.68 accounts for the drag force of the solid skeleton on the

interdendritic liquid [ 50-54 ]. To assess the role of permeability on the instability in the mushy
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zone, we consider fluid flow in this region. In the mushy zone, the inertial and viscous terms of

Eq.11.68 can be neglected and it reduces to the Darcy equation [48] .

2 fP1 = —VP + pog[Br(T — To) + Bc(C, — Co)] (11.69)

For the simplest mushy zone permeability model, K is a function of f; and the characteristic
size in the microstructure (secondary dendritic arm spacing 4,, a constant value of 1, is assumed
in this study). If locally, we perturb the liquid fraction (porosity) field by Jf;, one observes a

corresponding perturbation 87, caused in the velocity field.

K(ftl':5fz) [ (fi + 8f) (W, + 6V))] = —=VP + pog[Br(T —Ty) + Bc(C; — Cy)] (11.70)

One can notice that a perturbation in liquid can occur for different reasons like instability in the

fluid flow. The analysis that we present corresponds to a classical linear perturbation analysis
in which the goal is to determine conditions corresponding to an amplification of the instability.
If it is possible to get such conditions, this analysis will introduce a new way to understand
phenomena like channel formation as we will illustrate later.

The perturbations in the liquid fraction and the velocity field can of course trigger further
perturbations in pressure, temperature and concentration fields. In the following analysis, these
perturbations are neglected. It is based on the following assumptions:

e We assume that the temperature field in the mushy zone is mainly controlled by
diffusive heat transfer. Therefore, the influence of a flow perturbation on the
temperature field is negligible.

e We further assume that the time scale of the evolution of perturbation is large with
respect to the time scale of solute diffusion at the scale of the secondary dendrite
arm spacing. There- fore, we can assume that the local liquid composition in the
mushy zone is at thermodynamic equilibrium and closely follows the temperature
field. Similarly, the perturbation of liquid concentration can thus be considered
negligible.

e The strongest assumption is that of negligible perturbation of the pressure field, its

validity is shown in the results.
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Fig.ll. 6: Schematic illustrating the physical scales and the formation of channel segregates
phenomena during columnar solidification (a) system (macroscopic) scale (dendrites in the
mushy zone are exaggerated, they will be seen at high magnification), (b) grain scale, (c)
representative elementary volume (REV), (d) formation of channel segregates (isolines in
black colour show the liquid fraction field). [47]

In Eq.11.70, K(f;) will become K(f; + §f;) after the perturbation. On subtracting Eq.I1.69 from
Eq.11.70 one gets

X7, +6‘f) [ (1 + 8fD (@, + 6V))] = K(f)f (1.71)
which can be rearranged to:
> K(fi+éfy [
vl + 6171 l—K 1+, (l |723.)
fivi sf\ 1
B+ 67, = [K(F) + 5 51| L2 [ 2(1+L) ] (11.72b)

Since the perturbation §f; is small, the second and higher order terms of % will be very small
l

and hence can be neglected while expanding Eq.11.72b as:
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B+ 87 = [K(F) + o 5f)| 12 [ 2(1- %)_1] (11.72¢)

Again, while expanding Eq.11.72c the terms containing the square of § f; (as they will be small)

can be neglected, which give us:

171 dK

1_7)l+61_7)l=1_7)l Sfl‘i‘de 6fl (“733.)
5 = [LAK
57, = [EE“] 5f, (11.73b)

Eq.11.73b suggests that the perturbation in velocity v, is proportional to the perturbation in
liquid fraction & f; and the velocity v;, which suggests that the higher the interdendritic velocity,

the higher will be the extent of perturbation. It is also interesting to note that §¥;, depends ona

bracketed term [ld—fK - ]7] which consists of permeability and its derivative with respect to f;.
l l
To understand whether the perturbation in f; (i.e., §f; ) will amplify or dampen with time, one

needs to evaluate the sign of % . It needs consideration of the coupling of phase change

with the transport of heat and solute.
We consider the averaged solute conservation equation for the solid and liquid phases and
assume infinite diffusion in the liquid phase and zero diffusion in the solid phase (Scheil’s

assumption) at the scale of the secondary dendrite arms (microscopic scale) [48]. The averaged

solute conservation equation can be expressed as [48]:

a(flcl) + C* a(fs) + fll_;lv(cl) =0 (”74)

In Eq.Il.74, C;is the volume-averaged concentration in the liquid phase and C; is the
concentration in the solid phase at the solid-liquid interface. The liquid phase is at the
thermodynamic equilibrium composition due to infinite diffusion, thus we can express the
temperature by T = T,,, + mC,;, where T, is the melting temperature of the pure solvent and m
is the liquidus slope. The solid-liquid interface is at thermodynamic equilibrium, and thus C; =

k,C; , where k p is the binary partition coefficient. Eq.I1.74 transforms to:
e+ (1- k)G 22 4 2 f5,vT = 0 (11.75)

Expressing Z—: = v;V.T (where vy is the velocity of the isotherm), Eq.11.75 becomes:
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(1- k) 22+ 2 1@ —p).VT = 0 (11.76)

We again impose an infinitesimal perturbation §f; in f; in Eq.l1l.76 which causes an
infinitesimal perturbation §7; in ¥;. As considered earlier the influence of this perturbation on

vr, VT and C; is assumed to be negligible. The perturbed form of Eq.11.76 becomes:
~ (fu+ DI + 69) = Br] VT + (1 k), o2 = 0 (11.77)

Subtracting Eq.11.76 from Eq.11.77 and keeping only the first order term of & f; (as & f; is small),

we obtain:
2 £160,.VT + = 8f, (B, - 9p) .VT + (1 -k, ), 2 = 0 (11.78)
Using the relation for §v; from Eq.I1.73b, we get:
, [%j—fl - %] 8f1.VT + = 8f (B, — Br) VT + (1 k), L2 = 0 (11.79a)
[fl vy ;ZTK - ”T] VTSf+ (1 - kp)Ci = a(w =0 (11.79b)
Rearrangement of Eq.11.79b gives:
a(gfl) = _m(l o) [fl 111(271( - 1_7)T] .VTéf, (11.79c)

For kp value less than one and negative value of the slope m, it gives a condition for perturbation

6 f; to amplify with time as:

dK
dafi

6(5f )

> 0if B, VT>f( ) (@7 VT) (11.80)

It may be noted that the new criterion is derived in terms of amplification of the local

981D
at

perturbations in the mushy zone i.e., > 0, which is different from a remelting criterion

9(f)

Frae 0. The derived criterion for amplification of perturbation involves a local

i.e.,
permeability term (and hence the local liquid fraction) which makes it different from the
existing remelting criterion such as, Flemings’ criterion of remelting, ¥;. VT > v;. VT [48].
From Eq.11.80 it can be seen that the mush instability depends on the interdendritic velocity,
the isotherm velocity and the temperature gradient. Also, it explicitly depends on the

dynamically changing characteristic of the mushy zone during solidification i.e., on the
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permeability. It is evident that for a given cooling rate the two favourable conditions for

amplification of perturbation are a higher interdendritic velocity ( ¥; ) in the direction parallel

K (dk\"1
to VT and / or a lower value of — (—) )
fi\dfy

A widely used approach in modelling the mushy zone permeability is to use the Blake-Kozeny
permeability model [ 55-60], which is given as:

i

In the dendritic columnar mushy zone, the interdendritic characteristic arm spacing is
used to describe the mushy zone permeability. The average distance between the side branches
i.e., the secondary dendritic arm spacing (4,) is used as the interdendritic characteristic arm
spacing in the permeability model. The above expression is very schematic and a more realistic
description, accounting for the microstructure of the dendrites, would be necessary. However,
this challenging and very important point is out of the scope of the present study. Since our
main objective is to discuss the relationship between the mushy zone instability and the mush
permeability, a simplified expression for mushy zone permeability law (Blake-Kozeny
permeability model) is used. It is important to notice at this stage that as we use the Scheil’s
assumption, the characteristic size A, introduced in Eq.11.81 is the only characteristic size
appearing in the whole set of equations of the model. Which means in other words that the size

of the REV used for the averaging procedure is in the order of magnitude of 4.

This model can be summarized as the following:
- The interdendritic velocity, the isotherm velocity, the temperature gradient, and, most
importantly, the mush permeability are all factors in the new instability criterion devised
for amplification of perturbations in the mushy zone.

- The new instability criterion suggests two favourable conditions for amplification of

perturbation, a lower value of ? (%)‘1and/0r a higher interdendritic velocity (vi).
l

K ,dy

- The permeability and its derivative with respect to liquid fraction (the 7 dx)‘1
l

function) in the outer part of mushy zone (high- f, regions, liquid fraction more than 0.9)
plays a key role in the amplification of the mush instability. The part of the mushy region

near the liquidus is more prone to the initiation of such instabilities.
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- The new instability criterion very well describes and predicts the placements of
segregated channels observed in the numerical simulations. It characterizes these
segregated channels better than that by the previously available remelting criterion. The
predictions of segregated channels based on remelting severely under characterize these

defects (e.g., their number and length) in the casting. [47]

2.1.5. Phase-field method

The phase-field method has recently emerged as a powerful computational approach to
modelling and predicting mesoscale morphological and microstructure evolution in materials.
It describes a microstructure using a set of conserved and non-conserved field variables (or
order parameters) that are continuous across the interfacial regions. The temporal and spatial
evolution of the field variables is governed by the Cahn-Hilliard nonlinear diffusion equation
and the Allen-Cahn relaxation equation. With the fundamental thermodynamic and Kinetic
information as the input, the phase-field method is able to predict the evolution of arbitrary
morphologies and complex microstructures without explicitly tracking the positions of

interfaces.

2.15.1  Sharp interface approach

In conventional modelling technique for phase transformations and microstructural evolution,
i.e the sharp interface approach, the interfaces between different domains are considered to be
infinitely sharp, and a multi-domain structure is described by the position of the interfacial
boundaries. The kinetics of microstructure formation is then modeled by a set of partial
differential equations that describe the release and diffusion of heat, the transport of impurities,
and the complex boundary conditions that govern the thermodynamics at the interface for each
domain. As a concrete example, in the solidification of a pure material the advance of the
solidification front is limited by the diffusion of latent heat away from the solid-liquid interface,
and the ability of the interface to maintain two specific boundary conditions; flux of heat toward
one side of the interface is balanced by an equivalent flux away from the other side, and the
temperature at the interface undergoes a curvature correction known as the Gibbs—Thomson
condition. These conditions are mathematically expressed in the following sharp interface

model, commonly known as the Stefan problem:
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Z—: = V.(aVT) witha = (k/pCp)
pLsV, = ksVT. n| 3, — kLVT.n|f,, (11.82)

Tint = Tm - (yTM/Lf)x - (Vn/u)

where T =T(X, t) denotes temperature, k thermal conductivity (which assumes values ks and ki
in the solid and liquid, respectively), p the density of the solid and liquid, cp the specific heat
at constant pressure, o the thermal diffusion coefficient, L¢ the latent heat of fusion for
solidification, y the solid-liquid surface energy, Tm the melting temperature, k the local solid
liquid interface curvature, V, the local normal velocity of the interface, and p the local atomic
interface mobility. Finally, the subscript “int” refers to interface and the superscripts “S” and
“L” refer to evaluation at the interface on the solid and liquid side, respectively.

Like solidification, there are other diffusion-limited phase transformations whose interface
properties can, on large enough length scales, be described by specific sharp interface kinetics.
Most of them can be described by sharp interface equations analogous to those in Equation 1.
Such models often referred to as sharp interface models operate on scales much larger than the
solid-liquid interface width, itself of atomic dimensions. As a result, they incorporate all
information from the atomic scale through effective constants such as the capillary length,
which depend on surface energy, the kinetic attachment coefficient, and thermal impurity

diffusion coefficient.
2.1.5.2  Details of phase field modelling

Imagine the growth of a precipitate which is isolated from the matrix by an interface. There are
three distinct entities to consider: the precipitate, matrix and interface. The interface can be
described as an evolving surface whose motion is controlled according to the boundary
conditions consistent with the mechanism of transformation. The interface in this mathematical
description is simply a two-dimensional surface; it is said to be a sharp interface which is
associated with an interfacial energy o per unit area. In the phase field method, the state of the
entire microstructure is represented continuously by a single variable known as the order
parameter ¢. For example, =1, ¢ =0 and 0 < ¢ < 1 represent the precipitate, matrix and
interface respectively. The latter is therefore located by the region over which ¢ changes from

its precipitate value to its matrix value, as shown in figure below.
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Fig.11.7 : lustrative diagram of diffusive interface and sharp interface

The range over which it changes is the width of the interface. The set of values of the order
parameter over the whole volume is the phase field. The total free energy “G” of the volume is
then described in terms of the order parameter and its gradients, and the rate at which the
structure evolves with time is set in the context of irreversible thermodynamics, and depends
on how G varies with ¢. It is the gradients in thermodynamic variables that drive the evolution
of structure.

Consider a more complex example, the growth of a grain within a binary liquid (Fig.I1.8). In
the absence of fluid flow, in the sharp interface method, this requires the solution of seven
equations involving heat and solute diffusion in the solid, the corresponding processes in the
liquid, energy conservation at the interface and the Gibbs-Thomson capillarity equation to allow
for the effect of interface curvature on local equilibrium. The number of equations to be solved
increases with the number of domains separated by interfaces and the location of each interface
must be tracked during transformation. This may make the computational task prohibitive. The

phase field method clearly has an advantage in this respect, with a single functional to describe
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the evolution of the phase field, coupled with equations for mass and heat conduction, i.e., three
equations in total, irrespective of the number of particles in the system. The interface illustrated
in Fig.11.8b simply becomes a region over which the order parameter varies between the values
specified for the phases on either side. The locations of the interfaces no longer need to be

tracked but can be inferred from the field parameters during the calculation.

Sharpe Interface Diffuse Interface

liquid liauid

Solid

v

(@) (b)

Fig.11.8 :growth of a grain within a binary liquid: (a) sharp interface, (b) diffuse interface
Notice that the interface in Fig.11.8b is drawn as a region with finite width, because it is
defined by a smooth variation in ¢ between ¢ = 0 (solid) and ¢ = 1(liquid). The order parameter
does not change discontinuously during the traverse from the solid to the liquid. The position

of the interface is fixed by the surface where ¢ = 0.5.

2.1.5.3  Order parameter

The order parameter in phase field modelling is a function of space and time which may or may
not have macroscopic physical interpretations. For two-phase materials, ¢ is typically set to 0
and 1 for the individual phases, and the interface is the domain where 0 < ¢ < 1. For the general
case of N phases present in a matrix, there will be a corresponding number of phase field order
parameters ¢i with 1 =1 to N. ¢i=1 then represents the domain where phase i exists, ¢i = 0 where
it is absent and 0 < ¢i <1, its bounding interfaces. Suppose that the matrix is represented by ¢o

then it is necessary that at any location:
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It follows that the interface between phases 1 and 2, where 0 <¢1 <1 and 0 < ¢2< 1 is given by
d1+ ¢2 =1; similarly, for a triple junction between three phases where 0<¢i<1 for i=1,2,3, the

junction is the domain where ¢1+ ¢2+ ¢3 = 1.

2.1.5.4  Governing equations and mathematics of phase field modelling

As a first requirement for any problem to be modeled by phase field modelling, a free energy
functional (for isothermal cases and for non-isothermal cases free entropy functional) has
to be defined as a function of order parameter. The general expression of a free energy

functional is shown below:
F=/,[f(pcT) +(e/2) x |Vc|* + (eﬁ,/Z) X |V¢|?] dv (11.83)

The first term in the left-hand side of the equation is free energy density of the bulk phase as a
function of concentration, order parameter and temperature. The second and the third term
denote the energy of the interface. The second term denotes the energy due to the gradient
present in the concentration and the third term denotes the energy due to the gradient present in
the order parameter.

After doing a little bit of mathematics (which is intentionally ignored here, considering the point
that only the application of these equations shall be sufficient at undergraduate level study), one
arrives at two kinds of equation. The first one is for conserved order parameters and the second

one is for non-conserved order parameters.

= Cahn-Hilliard Equation — Cahn-Hilliard equation gives the rate of change of
conserved order parameter with time.
99 _ 279f 2 g2
The above equation is for constant (position-independent) mobility M. ¢ is order parameter, V
is divergence, f is free energy of the bulk, &, is gradient energy coefficient. As one can quite

clearly notice that Cahn-Hilliard equation is nothing but modified form of Fick*s second law

for transient diffusion.

Cahn-Allen Equation - Cahn-Allen equation gives the rate of change of non-conserved order

parameter with time.
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) f
> = ~Ml;. — €, V9] (11.85)
Cahn-Allen equation is also known as time-dependent Ginsburg-Landau equation.

While deriving the Cahn-Hilliard and Cahn-Allen equation, an important expression (0¢/ot =
Mx0oF/0¢) was used, which clearly does makes sense because the change in free energy
functional with respect to change in order parameter ¢, must be in some relation with change in

order parameter ¢ with respect to time.

2.1.6. Lattice Boltzmann procedure

Lattice Boltzmann (LB) methods are a class of mesoscopic particle-based approaches
to simulate fluid flows. They are becoming a serious alternative or complementary to traditional
methods for CFD. LB methods are especially well suited to simulate flows in complex
geometries, and they are straightforwardly implemented on parallel machines. Historically, the
LB approach is developed from lattice gases, although it can also be derived directly from the
simplified Boltzmann BGK equation. In lattice gases, particles live on the nodes of a discrete
lattice. The particles jump from one lattice node to the next, according to their (discrete)
velocity. This is called the propagation phase. Then, the particles collide and get a new velocity,
the collision phase. Hence the simulation proceeds, alternating between particle propagations
and collisions. The two phases can be clearly distinguished. It can be shown that lattice gases
lead to the Navier-Stokes equations of fluid flow [61,62]. The major disadvantage of the lattice
gases method for common fluid dynamics applications was the exponential complexity of the
collision rules which was overcome in previous works (see for instance [64-65]). If the main
interest is a smooth flow field, one needs to average over a very large lattice and over a long
time period. The LB method solves this problem by pre-averaging the lattice gas. It considers
particle distributions that live on the lattice nodes, rather than the individual particles. In the
setting up, the velocity and thermal field have to receive a different treatment when considering

the lattice approach [63]

2.1.6.1 LB equation for the velocity field

The Lattice Boltzmann method employed in this study uses an hexagonal lattice (Frisch-

Hasslacher-Pomeau model) (Fig.I1.9), leading to the form:
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filx + At t+ At) — fi(x, 1) = (11.86)

6 7 8

Fig.11.9 :Example of LB grid (D2Q9).

where fi is the particle distribution defined for the finite set of the discrete particle velocity
vectors ci. The collision term Qi on the right-hand side of Eq. (11.86) uses the so called
Bhatangar-Gross-Krook (BGK) approximation. The essence of this approximation for LB
method is that the collision term Q; will be replaced by the well-known classical single

relaxation time

_ fiofi’

T

Q + &,F; (11.87)

where t is the relaxation time and £;°? is the local equilibrium distribution function that has an
appropriately prescribed functional dependence on the local hydrodynamic properties. §;F; is

the external force field. The equilibrium distribution can be formulated as in [62]:

) 3 2
£ = wip (1 +340 19 ((‘2";‘2) ~ 3u. u/(ZCZ)) (11.88)

where u and p are the macroscopic velocity and density, respectively, and the i are the weights

that are given by the length of the velocity vector:

4/9 i=0
w; = {1/9 i=1234 (11.89)
1/36 i=5,6,78
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The set of discrete velocities ci for the two dimensional and nine connected nodes (D2Q9) are

defined as follows:

((0, 0) i=0
g A o
\/f([(lzl)n'+4] sin [Qn+ D i=56728

where ox, ot and ¢ = Jx/dt are the lattice size, time step and the lattice constant which depend
on the lattice sound speed, respectively. The basic hydrodynamic quantities, such as density p

and velocity u, are obtained through moment summations in velocity space:

Flow density: p(x,t) = Y; fi(x, t) (11.92)
Momentum: pu(x,t) = Y,; fi(x,t) e; (11.92)

The Chapman-Enskog expansion for the density distribution function can recover the continuity
and Navier-Stokes equations. The detailed derivation of this procedure is given in [66,67]. The

lattice viscosity [61] is determined by:

1 1
V=§(TV—E) (”93)
where 7y is the relaxation time.

2.1.6.2 LB equation for temperature field

In general, LB methods for a fluid flow involving heat transfer in a plain medium can be
classified into two categories, the multi-speed models [61] and the double distribution function
approach [62]. In the doubled population, the flow and the temperature fields are solved by two
separate equations. To derive the LBGK model for Egs. (11.86)-(11.88), two LBGK equations
are used to solve the velocity and temperature fields, respectively. In this context, the evolution

equation for the internal energy is given as follows:
1 j -
gi(x + e;At, t + At) = g;(x,t) — - [g9:(x,0) — g;%(x, 0)] — w; L . LI =Y (11.94)

where gi is the energy distribution function, zr is the dimensionless relaxation time for the

temperature field, and the equilibrium temperature distribution function is given by:

eq _ pe 3 3¢ ua . 9(c au)? 3uu
9o = ——pe 7 Gaker = 9 (2+E Zk:zl *a Zk:‘*l T2 ¢ ) (11.95)
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eq _ pe cau | 9 (czw)’®  3uu _
92k—36(3+6 = T ) fork=1,2,3,4

2 c* 2
the macroscopic temperature is calculated from:

pe=2;9; (11.96)

The temperature and internal energy are related through the state equation, e = RT. The
Chapman-Enskog expansion for the density distribution function recovers the macroscopic

energy equation. This gives the thermal diffusivity a in term of the thermal single relaxation:

1 1
a=3(tr-3) (11.97)
2.1.6.3  Phase change treatment with LBM

To solve the phase change problem, a fixed grid approach is used, similar to the principle used
for enthalpy formulation when considering continuum media [68-70]. The melting process
takes place over a temperature range Tm + €, where ¢ is a small quantity (typically 5% of AT).
The principle of the enthalpy method is to separate the sensible and latent heat components in
the vicinity of the solid-liquid interface (Tm —¢ < T < Tm +¢). The latent heat component is

expressed in term of the latent heat and liquid fraction, FI, which is defined as:
Fi=1forT>Tm+e¢;
Fi=0forT<Tm-¢;

FiI=(T—Tm+¢&)l2efor Tm—e<T<Tm+e

Dynamically, the phase change zone is treated like a porous medium. The flow penetration into
the medium depends on its permeability. With the LB approach, this basic concept is introduced
by assuming that the population densities are uniformly distributed throughout the volume of
each node. Each particle moves a total distance of 1 or V2 lattice spacing in one time step,
depending on its speed. If the node is totally solid, f; (x,t) is completely reflected. f,(x,t) =
fo(x,t + At). If the node contains a fraction of fluid F;, # 1, only a part of f;*(x,t) is
propagated, the other part is reflected and returned to the initial cell. We note f** the result of

the collision step given by:

Folxt+ At = fi(xt) + 1 [Fe(x,t) — fr(x,0)] 0<a <8 (11.98)
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The streaming process in the porous media can be written as:
fa(x, t +A8) = fo'(x,t) + A[f5 (x + c,At, t + At) — fi7(x, t + At)] 0<a <8 (11.99)

Where @ is the index of the direction opposite ¢, and A = I — Fj a factor to take account of the
permeability of the medium depending on the liquid fraction of the material in each node. If A
=1, there is no effect on streaming processes. if A = 0, the streaming processes is reduced to the
usual free fluid LBM.

2.2.Numerical models based on multi-domain approach

2.2.1. A 2DY2model for natural convection and solidification in a narrow enclosure

2DY? models for the simulation of natural convection and pure material solidification in a
horizontal differentially heated slender cavity were presented by |. Hamzaoui et al. The
configuration is based on the AFRODITE experimental setup, which is a reference
solidification benchmark. The 2D models are obtained by averaging the equations of mass,
momentum and heat conservation in the transverse z direction. The integration is performed on
the assumption of a constant temperature along the z-axis, which seems realistic in such a
confined cavity and for low values of the Prandtl number corresponding to liquid metals and
metallic alloys. A well-defined velocity profile has also to be assumed. Two velocity profiles
have been considered, the usual parabolic Poiseuille profile (ZD;/2 model) and the Hartmann-

type profile featuring two boundary layers of adjustable size 6 on the sides of a uniform bulk (

ZD:,/ZmodeI). The first assumption stating the uniformity of the temperature along the
transverse z direction has been checked to be valid in a large range of the control parameters Pr
(the Prandtl number) and Gr (the Grashof number). [71]

In this part, we are interested in cases of solid-liquid phase equilibrium. These cases are
obtained when the hot wall of the crucible is at a constant temperature above the melting
temperature and the cold wall at a constant temperature below the melting temperature. We will
then have, in steady-state, coexistence of solid and liquid phases separated by a front whose

shape and position are fixed. The relevance and reliability of the different 2D models (2D,
2D}/?, and 2D}/?) to predict well the 3D results, on the position and the shape of the solid-

liquid fronts obtained, are examined.
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The geometry corresponds to the crucible of the experimental device 'Afrodite’ and
present in Fig.11.10. the numerical simulations, this geometry is taken in its dimensional form.
In the 3D models, the crucible is represented by a parallelepiped cavity with length L = 0.1m,
height H = 0.06 m and depth W = 0.01 m. The side walls are adiabatic, while the left and right
walls are at constant but different temperatures depending on the case considered. In the 2D
models, the cavity is reduced to a rectangular cavity of length L = 0.1 m and height H = 0.06
m. The material chosen for the simulations is pure tin. Its melting temperature is Tm = 505 K.
Two cases of phase equilibrium are reported. In the first one, named case (1), the temperature
of the hot wall is Th = 512 K and that of the cold wall is T = 502 K. In the second, named case
(2), Th =507.5 K and Tc=503.5K.

Hot wall (T'=T]) Adiabatic side walls Vertical middle plane Horizontal section plane Cold wall (T’=T))

AV

H=6cm

RN \\;.\\\\.\\\.:‘ > >

A
v

L=10cm

Fig.11. 10: Geometrical configuration of the study: Differentially heated parallelepipedic

cavity with left and right end walls held at constant temperatures Tn~ and T, respectively.
The other walls are adiabatic. Characteristic planes are shown: the vertical middle plane

(green plane) and a horizontal section plane (hatched plane) [71].

The study of these cases with solid-liquid phase change requires the consideration of
convective-diffusive heat exchange in the liquid phase and diffusive heat exchange in the solid

phase. In the latter, only the heat equation is solved and it is summarized in the heat conduction
equation:

94



Chapter I1: State of the Art of numerical modelling
of Solidification Phenomenon

== pC;S V2T (11.100)

In the liquid phase, the energy conservation equation is coupled to the conservation
equations for momentum and mass. Based on the results of Assael et al [72] indicating a linear
variation of the density over a wide range of temperature variation above the melting
temperature Tm, the Boussinesq approximation is applied in the liquid domain to describe the
variation of the density in the buoyancy term. The conservation equations in the liquid phase

for the 2DY2 models are as follows [71]:

e The momentum equation conservation

aait +utvy; = —— u; + gBr(T; — Tpy)8;, + S; fori = land 2 (11.101)

for the model 2D,/

Shi= {1 — F? [ tanh2 (25 ) (%)]}ﬁ*.Vﬁ;f —F [ﬁ tanh (%)]vﬁ}‘ (11.102)
With F = [1 -2 tanh (- )]_1 (11.103)

for the model ZD;/2

12 _,

Spy = — UV — — Vii; (11.104)
e The energy conservation equation
M | 7 VT = 2y
o TULVI = pcp,v T, (11.105)
e The mass conservation equation

The S; term in Eq.11.101 refers to the source term of the 2D¥? models but is expressed in its
dimensional form. By removing it, we find the classical 2D conservation equations and by

letting the index i vary from 1 to 3 and by removing the bars on the velocity, pressure and
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temperature variables (these bars mean that they are values averaged over the thickness of the

cavity), we obtain the 3D conservation equations.

The solid and liquid regions are separated by the solid-liquid phase change front. The energy

balance on this front is expressed by the Stefan condition [73]:
pAH v, 0" = (¢p; — P5).n" (11.107)

where AH,, is the latent heat of melting, vy, is the velocity of the solid-liquid front, ¢p; and ¢;
are the heat fluxes from the liquid and solid regions, respectively, and n* is the normal vector

to the phase change front.

This model is implemented with the COMSOL Multiphysics 5.2 software. In addition
to the “Laminar Flow” and “Heat Transfer in Fluid” models used for the hydrodynamic and
thermal resolutions, the “Deformed Geometry” model of the deformable mesh branch proposed
by COMSOL is now used. This physics allows both the deformation of the mesh and the
tracking of the solid-liquid front once the condition at the interface is well set. With this
approach, the defined domain, corresponding to the chosen geometry, is divided into two
regions, a liquid region and a solid region. Fig. 11.11(a) shows the initial mesh used in the 2D
models. Two domains are distinguished, the liquid domain represented in red and the solid
domain represented in blue. The proportions occupied by each of the domains within the cavity,
and that in the two cases of phase equilibrium studied, are determined with the temperature
diffusive solution. This solution is used as an initial condition for the temperature field. In the
initial state, the solid-liquid interface separating the two subdomains is thus perfectly vertical
(Fig. Il. 11(a)). For case (2), at t = 0 s, this boundary is at x1 = 0:07 m, because it corresponds

to the isotherm T = Tm, which is the melting temperature [71].
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Fig.11.11: 2D mesh used for the study of phase equilibrium cases. The domain is divided into
two regions, the liquid region (in red) and the solid region (in blue). (a): the mesh of the 2D

models, 2D,? and 2D/ *at the initial instant for case (1). (b): the stationery mesh obtained
for case (1) with the 2D model [75].

PARTIAL CONCLUSION

This bibliographic review of the different possible approaches to model the solid-liquid
phase change of pure metals and metal alloy shows the variety of methods and models available,
as well as the complexity of the numerous physical phenomena involved. This field of study
remains vast (encompassing many aspects and multi-physical phenomena), topical (recent
studies and projects are still dealing with this problem) and with at stake not only the
understanding but also various and very competitive industrial applications. The need for
efficient numerical tools, facilitating the resolution and the simulation of various processes, is
present.

In the light of the above, it concluded that the numerical modelling can be done with
two main approaches, different from each other, and which present, each, its own advantages
but remain appropriate to a certain type of study. The first one is the multi-domain method,
which allows the explicit tracking of the solid-liquid of the solid-liquid interface. It is suitable
for the study of isothermal phase changes of pure bodies. It will therefore be used to simulate
the solid-liquid phase change of pure tin within the benchmark 'Afrodite’, [71]. The second
method, the enthalpic method, allows the resolution of a unique system of equations over the
whole studied domain (containing both solid and liquid phases), is better adapted to the study
of phase changes non-isothermal phase changes with the mushy zone. It will be used to model
the phase changes of the studied binary alloys. In this context, segregation models will be
associated with it, with a certain number of hypotheses and assumptions that will be discussed
on a case-by-case basis.

An important observation that was mentioned by Hachani et al [74] concerns the reproducibility
of the solidification experiments. Indeed, a statistical study, concerning the solidification of 8
identical ingots of Sn-Pb alloy under the same experimental conditions, allowed us to conclude
that, although the global results of the solidification are identical (in terms of global
macrostructures), not lesser differences remain between the 8 ingots. Fluctuations of the
temperature in the liquid bath at the end of the solidification as well as differences between the

distributions of the segregated channels are observed.
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In the following this work, chapters 11 and IV are devoted to the expression of two-phase model

of the Sn-10wt.%Pb solidification under the effect of thermousolutal and forced convection
based on enthalpy approach. These models are intended to be reliable tools, with a high
ease/speed of resolution to lend themselves to parametric and/or statistical studies.
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This chapter is mainly inspired from my paper [1], published in “Journal of Heat Transfer
(ASME)”, which is based on the description of fully 3D enthalpy approach that applied on the
solidification of binary metallic alloy under the effect of thermosolutal convection. A three-
phases columnar solidification model that takes into account the growth of columnar grains,
their motions and the formation of macrosegregation, will be detailed. Special attention is given
to the treatment of remelting phenomenon and consequently segregation mechanism is

considered.
1. Introduction

The both experimental and numerical studies presented in this chapter are derived from
a solidification benchmark experiment called “AFRODITE” performed at the SIMAP
Laboratory in Grenoble, France. The main goal of this devise is to investigate the formation of
as-cast structure and macro- and mesosegregation, as presented in the works of Hachani et al.,
[28]. The AFRODITE configuration is mainly inspired from the previous work of Hebditch and
Hunt [2], which studied the effect of thermosolutal convection on the solidification process. In
this work, by promoting the directional horizontal solidification of lead-tin and tin-zinc alloys
(that is, perpendicular to the gravity vector), a significant mesoscopic and macrosegregation
were observed. The experiment setup was designed as quasi-2D and has been considered as a
reference for many numerical studies, including benchmark problems [3,4] and studies of the
effect of microsegregation modelling [5], local growth kinetics [6-9], shrinkage-induced
segregation [5, 7] and three-dimensional effects [9-12]. The prediction of segregations,
particularly at the macro scale, has shown a strong sensitivity to several factors, the most
relevant is the permeability modelling, through the effect of the general permeability level [11],
anisotropy [5], fluid inertia (Forchheimer correction term) [13] and numerical discretization
[14]. Although the Hebditch and Hunt experiment has proven to be a useful reference, true
guantitative comparisons with numerical simulations are hampered by uncertainties in heat
transfer modelling. In an effort to address these problems, the SIMAP/EPM laboratory
developed AFRODITE benchmark experiment, which considered as a new experimental design
that allows for precise control of the cooling rate and horizontal temperature gradient through
closed-loop control and detailed measurements, [15]. The AFRODITE setup can be also
considered as a reference experiment that represents a key tool for the validation of numerical

models in comparison with detailed quantitative and qualitative measurements obtained with
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fully controlled initial and thermal boundary conditions and post-mortem analysis, [16]. The
redesign has revealed the effects of cooling rate and horizontal temperature gradient on

microstructure, macro, and mesosegregation, [17, 18].

This chapter will be focused on the study of the effect of thermosolutal convection on the
solidification processes of Sn-10wt.%Pb alloy using a numerical model describing the coupled
heat, mass and momentum transport phenomena based on a volume-averaged approach. In
particular, we demonstrate that such model can predict the solute stratification in the liquid
phase during the solidification process. This stratification is obtained by considering the
direction of the flow with regard to the thermal gradient in the mushy zone. The numerical
model is applied only to simulate the solidification processes, and is validated by in-situ
measurements of thermal fields and post-mortem analysis. The second objective is to evaluate
the main factors that have a direct effect on segregation phenomenon, namely the
macrosegregation corresponding to the last liquid solidified and channels segregation (or

freckles) which developed during the solidification process.

2. AFRODITE setup

The AFRODITE benchmark experiment, performed in the SIMAP/EPM laboratory and
described elsewhere [19-21], is a key tool for the validation of numerical models by comparing
with detailed measurements obtained with thoroughly controlled initial and thermal boundary
conditions. In its principle, the experiment is similar to the well-known Hebditch and Hunt
experiment [2], with a special emphasis on obtaining reproducible quantitative measurements.
The Sn-Pb binary alloy pre-sample is enclosed in a parallelipedic cavity of 100 mm in length,
60 mm in height and 10 mm in width. The sketch of the experiment is shown in Fig. 111.1. All
walls except for two narrow vertical ones are held at approximately insulating conditions during
the whole process via a Kirchhoff box. The alloy is solidified by two temperature controllable

heat exchangers, shown in Fig. I11.1.
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Fig.l11.1 : (a) Schematic view of the experimental facility. 1. Sn-Pb sample, 2. Left “cold” heat
exchanger, 3. Resistance, 4. Stainless steel crucible, 5. Thermocouple position matrix, 6. Right
“hot” heat exchanger, 7. Water cooling system, 8. Linear motor. (b) Sketch of the sample
surrounded by the two lateral heat exchangers and the location of the lateral thermocouple
lattice (L1 to L50) welded on one of the largest surfaces of the crucible. Contact resistances
between the two heat exchangers (left and right) and the solidifying volume indicated by dashed
black line rectangles, is also shown.

An array of fifty K-type thermocouples, placed on the largest surfaces of the stainless-steel

crucible, is used to record the temperature field, and therefore the evolution of solidification. A

linear stirrer is placed beneath the sample in order to homogenize the sample after the melting

107



Chapter I1I: Numerical Simulation of Metallic Alloy
Solidification Under Thermosolutal Convection

|
process prior to the beginning of solidification. The procedure of the experiments includes 5

separate stages, illustrated in Fig. 111.2:

Stage 1. Melting: The sample is melted by applying a constant heating rate (0.03 K/s) to
the left and the right heat exchangers.

Stage 2. First holding stage: The two heat exchangers are maintained at the same constant
temperature (T = 260 °C), to produce a homogeneous temperature field.

Stage 3. Setting a mean horizontal temperature difference: A mean horizontal
temperature gradient is created by setting a temperature difference between the

left and the right heat exchanger.

Stage 4. Second holding stage: The two heat exchangers are maintained at constant
temperature with applied DT (i.e., Tleft = 280 °C and Tright = 240 °C).
Stage 5. Solidification: A constant cooling rate of -0.03 K/s is applied on the two heat
exchangers while maintaining the horizontal temperature difference from stage
4,
300 T T T T T T T
FR3
250 FL3 | 4

200

150

100

Temperature (°C)
Solidification

- Temperature difference

First holding stage

50 Simulation

Second holding stage

0 1 1 1
0 0.3 0.6 0.9 1.2 1.5 1.8 21

Time(s) %104

Fig.l1l. 2 : Time evolution of measured temperature during solidification of thermocouples
FR3 and FL3 placed in the contact interfaces between the two heat exchangers right and left,
respectively
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3. Model Description and Numerical Details

3.1. Geometric configuration

The geometrical configuration considered in this study is presented in
Fig. 111.3. It is a differentially heated parallelepiped cavity. The dimensions are chosen to
correspond to the crucible of the experimental benchmark 'Afrodite’. where L is the length along
the x direction (L = 100 mm), H is the height along the y direction (H = 60 mm) and W is the
width along the z direction (W = 10 mm). The top, bottom, and side walls are considered as
adiabatic faces, while the two vertical end walls at x = 0 cm and x = 10 cm are at imposed
temperatures (Dirichlet boundary conditions) . The end wall on the left is at a hot temperature

Th and the end wall on the right is at a cold temperature T¢, that varying over time.

ad

W =10mm
<+—>

H =60mm

Fig.111.3: Geometrical configuration of the study: Differentially heated parallelepipedic cavity
with left and right end walls held at variant temperatures Th(t) and Tc(t), respectively.

3.2.Mesh

In order to capture all the process details in terms of flow configuration, heat and mass transfer,

namely solute transport and meso and macro segregation, it is important to choose an adequate
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mesh that will be adapted to the problems considered. Indeed, creating a high-quality mesh is
one of the most critical factors that must be considered to ensure simulation accuracy. While
increasing the fineness will typically yield a higher quality mesh, the computational cost will
significantly increase as well. A high-quality mesh also means that there is an optimal balance
between the computational cost and the level of fineness achieved. A low-quality mesh will not
only result in inaccurate simulation results but might even cause the solver to produce an error
due to instability. Such instability is typically caused by poor-quality or illegal cells. Actually,
it important to stress a specific and rigorous study on the mesh sensitivity to predict segregated
channels, which is highly sensitive to the mesh size. Indeed, the columnar numerical model
cannot be accurate enough to reflect the actual physics of the entire phenomenon.
Unfortunately, due to the very long computation time required, it has not been able to
investigate this effect in 3D computation. For the same reason, the variability of the numerical
solution for various other computation approaches has not been tested, in particular the
anisotropic mushy zone permeability model and grid size sensitivity. However, numerous mesh
refinements were used to examine the accuracy of the model implemented and the minimal
refinement to ensure the convergence of solution, was used. Moreover, the applied numerical
approach treats hydrodynamic motion in the liquid phase and columnar grains whose growth is
taken into account and a double time step scheme to accelerate solution, was used. Thus, in this
study, we have chosen a uniform structured mesh at the level of the walls presented in Fig.111.4,

with quadrilateral form contains 48x10* cells and 510741 nodes
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Fig.111.4: Schematic of the mesh used (48x10%cells, 510741 nodes)

3.3.Simplifying assumptions

The formulation of this problem is based on a number of simplifying assumptions. These
assumptions are related to the geometry, the type of flow, the transfer mechanisms and the

phase change problems. In the case considered, we have adopted the following assumptions:

e The liquid is assumed to be Newtonian and incompressible.

e Heat transfer by radiation is assumed to be negligible (Kirchhoff box).

e Shrinkage or volume variations due to the phase change are negligible.

e Columnar dendritic solidification (no equiaxed grain growth)

e mushy zone equivalent to an isotropic porous medium of permeability defined by the
Carman-Kozeny relation

3.4. Equations system

The simulation of the previously presented solidification process requires the resolution of
a system comprising both the conservation equations of the desired quantities and the
consideration of the segregation phenomena induced by solute transport during the phase
change and predicted by the phase diagram. The resolution is restricted here for the variables
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sought at a macroscopic scale. This model assumes only the columnar dendritic growth, i.e.,
the appearance and growth of equiaxed grains are therefore not considered, although
experimentally these growth structures can appear in solidified ingots. This system includes the
conservation equations involving the modelling of the physical phenomena. The mass, heat and
solute conservation equations are averaged over both liquid and solid phases, while the
momentum conservation equations are averaged only in the liquid phase. For this purpose,
conservation equations for three physical properties (mass, heat and solute) plus the Navier-
Stokes average for the momentum equation are available. However, three more scalar
relationships are necessary, those between (H) and (T, Cs), (C) and (Ci, fs), and T and C;, more

particularly in the mushy zone (i.e., 0 <fs < 1).
The principal first relationship can be written as:

Hl: CplT+L

H = CpT (11.1)

(H) = f,Hy + (1= fH, with {
Where fs is the solid fraction, Cps and Cp are the volumetric specific heat of solid and liquid
phases, respectively and L is the volumetric latent heat. The necessary physical properties for

the calculation are reported in Table (1).

Assuming that the simple level rule approach applies at the microscopic scale of the Dendrite
Arm Spacing (DAS) illustrated in the second chapter, based on the case of full local
thermodynamic equilibrium, the second relationship can be written as:

<C):fscs+(1_fs)cl: Cl[l_fs(l_k)] (111.2)

The concentrations in the liquid phase and the solid phase in the mushy zone are given using
the rule of levers which assumes that there is a thermodynamic and chemical equilibrium
between the two phases with instantaneous diffusion of the solute in them. This means that
(Cs = kC)), where k is the partition coefficient. This parameter is given by the phase diagram
which is assumed constant in our calculation (k = 0.0656). In addition, it is assumed that the
concentration in the liquid is related to temperature via the linearization of the phase diagram.
Thanks to this approach, we can define a constant slope “m”, thus given in the mushy zone,

above the eutectic temperature
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Where T is the melting temperature of pure solvent (Sn).

It is assumed that the volumetric mass of the Sn-10wt.%Pb alloy is constant in the solid phase
and the liquid phase, except for the buoyancy term of the Navier-Stokes equation with respect
to the Boussinesq approach. Based on these appropriate assumptions, the volumetric mass of

the liquid phase can be expressed as:

p = pol1—Br(T —Ty) + Bc(C, — Cy)] (111.4)

Where po and Co are the referential density and initial mass concentration of the alloy,
respectively. S and B, are the thermal and solutal expansion coefficients obtained by

polynomial fitting, as follows:

Br = p—lo(o. 742841 + 5.8927 x 1073C)) (111.5)

Bc = —i(47. 6554 — 2 X 0.10063 X C; — 5.8927 x 1073T) (111.6)

The liquid viscosity is taken from H. Thresh and A. Crawley, [23] and shown in Eq. 111.7, where

the constants A and B have been fitted also with a polynomial expression.

m(C[wt. %), TIK]) = A(COpy" exp (ZP2) (1n.7)
With:

A(C,[wt.%]) = 2750 X 10™* — 2934 x 107°C, + 1.212 x 1077C2 — 1.56 x 107°C}
B(C,[wt.%]) = 8849 + 0.9411C; — 4.193 x 1072C? — 5.3 X 107*C}

The thermal conductivities of the solid and liquid phases are taken from V.P. Osipenko, [24]
and have been fitted with the polynomial expressions given in Eq. 111.8 and 9 . The diffusion
coefficient for Pb in the liquid is taken from R.A. Khairulin et al. [22] and is shown in Eqg.
I11.10, while the solid diffusion coefficient is assumed constant and given in Table 1.

2,(C;[wt.%]) = 25 + 0.02T — 0.35C; + 0.002C? (111.8)

A,(C,[wt.%]) = 64.74 — 0.016T — 0.543C, + 0.0023C2 (111.9)
4

Dy(T[K]) = 1.4 x 1077 exp (- 222%) (111.10)
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3.4.1. Mass and momentum conservation equations:

This part models the hydrodynamic aspect occurring during solidification. It includes the
consideration of the buoyancy force terms. Indeed, the liquid part is subject to the thermo-
subjective convection induced by the variations of the density of the liquid phase p;. These
density variations can be caused by the thermal expansion of the liquid as a function of its
temperature (A7) or by the change in its alloying element composition (4C). Since lead has a
higher density than tin, variations in lead concentration within the liquid phase cause variations
in density. This hydrodynamic modelling also includes a braking term from the solid phase
which has assumed zero velocities. This braking term also exists in the mushy zone assimilated

to an isotropic porous medium. The equations of conservation are:

= Mass conservation equation:
divV =div(fiV;)=0 with f,=1-f,) (111.11)

= Momentum conservation equation for the liquid phase

Po [% + (flVl-grad)Vl] V(. VfV) + 2V, =
pol1l — Br(T —To) + Bc(Ci — Co)lf1g — frgrad(p) (111.12)

Where K is the permeability of the mushy zone which is approximated by the well-known
Carman-Kozeny relationship, based on the basic isotropic assumption that the specific surface
of the solid is equal to that of uniform spheres whose diameters are equal to the secondary
dendrite arm spacing (A2).

__fi 3
= G_ro? 180 (111.13)

3.4.2. Heat conservation equation

The modelling of convective-diffusive heat transfers occurring within the domain, as well
as the rejection of latent heat during phase change, is done via the energy conservation equation.
In this model, an enthalpic approach is used. It allows the resolution of a single equation
describing the variation of the temperature variable T over the entire domain comprising the
two liquid and solid phases. The interfaces separating the solid and liquid phases are not

followed. The local state of the material is described by the value of the liquid fraction f;and
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solid fraction fs. As the density is assumed to be invariant between the solid and liquid states,
no distinction is made between the mass fractions and volume fractions. They are equal and
noted fi for the liquid and fs for the solid. The energy conservation equation is expressed as

follows:

o)
at

+ (fi€pD) [V grad(T) = (fi4; + fsA)div[grad(T)] (111.14)
3.4.3. Solute conservation equation

The solute conservation equation is expressed in terms of the averaged concentration which
define in  Eq.111.2, and is written as follows:

20
at

+ fiV,.grad(C) =0 (111.15)

It is important to note that the solutal diffusion term has been omitted because it is negligible

compared with the solutal transport.

Table. 111-1. Thermophysical data and parameters used in the calculation

Unit Sn-10wt.%Pb
Phase diagram data
Initial concentration, Cq wt pct 10
Melting temperature, Ts K 505
Liquidus temperature, Tiiq K 492
Eutectic temperature, Te K 456
Liquidus slope, m K.wt pct? -1.286
Distribution coefficient, k 0.0656
Eutectic mass fraction, Ce wt pc 38.1
Thermal data
Specific heat, Cps, Cp J.kgtKt 209, 243
Thermal conductivity, 4 (373 K), 4 (513 K) W.mtK? 63, 30
Latent heat, L J.kg?t 6.1x10°3
Other Characteristics
Reference volumetric mass, po Kg.m?3 7x10°
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Thermal expansion coefficient, ft K1 ~ 6.6x10°
Solutal expansion coefficient, fc wt pct?t = -4.2x10*
Dynamic viscosity, i kg.m?ts? 1x10°3
Primary dendrite arm spacing, 4 um ~3.75x10*
Secondary dendrite arm spacing, 4> pum = 1x10*

Calculation parameters

Physical time, t S 3x10°
Time step, At S 5x103
Grid size, Nxx Nyx N, cells 48x10*

3.5.The implementation of the mathematical model in ANSYS/FLUENT

The formulation of the two-phase equations proposed by Fluent is very similar to the
formulation of the system equations. Thus, the mass conservation and momentum equations for
the solid and fluid phase can be entered directly into Fluent. On the other hand, it is necessary
to specify in Fluent, through the User Defined Functions (UDF), the sources and the
corresponding transfer coefficients: the mass sources I', the momentum equations transfer
coefficients at the interface and the transfer coefficients of momentum equations at the interface
Ks and the electromagnetic (Fem) or gravity volume forces. As for the energy and solute
conservation equations, these are introduced in Fluent using the scalar transport equations.
Indeed, in Fluent we have the possibility to define, in addition to the classical transport
equations (mass, momentum equations), additional scalar transport equations (the "User
Defined Scalars™). The general form of a scalar equation is the following:

28D 1 div(ep) = div(D'VP) + S (111.16)

Where ¢ represents the transported physical field, m the accumulation term, ¢ the mass flux,
D™ the diffusivity and S the possible sources. We note that m, ¢, D* and S are parameters to be
defined by the user. These can be easily particularized using user defined functions. Thus, the
energy equation, the solute conservation equations in solid and fluid can be easily implemented

in Fluent by articulating ¥, m, ¢, Dy, and k S as follows:
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P m 1) D* S
The energy equation T | psfscps Ps[sCPsVs fsAs + fidy LT
+ pufico + puficpi v
The solute conservation | C, Psfs 0 fspsDs Cs T
equation in solid
the solute conservation | C, pifi pifiv fip1D; —C4 T
equation in the fluid

3.6.The resolution algorithm

We remind that the discretization method is the finite volume method. Thus, all the partial
differential equations of the model are solved by integrating them on the cells of the
discretization domain. The spatial discretization method used is the 2" order UPWIND method
with a fully implicit treatment. The temporal discretization is the implicit first order Euler
discretization. The system of equations is solved according to a segregated algorithm which

means that all equations are solved in a sequential and iterative manner.
4. Results and discussion

In this part, we will compare the numerical simulation results with those of experiment obtained
with the AFRODITE setup on the solidification of Sn-10wt.%Pb alloy.

It should be underlined that in the experiment temperature distribution as well as cooling rate
during solidification are programmed and controlled via temperature measurements at the heat
exchangers. As discussed elsewhere [30], a contact resistance may exist between the wall and
the sample and be dependent on the wettability of the walls by melt, on motion of liquid and on
distribution of liquid fraction in the volume because of shrinkage during solidification. That
means that actual temperature difference across the bulk should be smaller compared to that
imposed on the heat exchangers and vary with transition from liquid to solid state. Furthermore,
the lateral cooling rate in the experiment can deviate from programmed one if intense
solidification accompanied by a large amount of heat release occurs or if the water cooling is
not sufficient. To take these effects into account, temperature at the inner side of the lateral

walls is recalculated using temperature measurement made by the thermocouples placed on the
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heat exchangers and those on the frontal side of the cavity near their lateral sides. According to
the scheme in Fig. (I11.1-b), if convective heat transfer is neglected near the lateral wall, the

heat flux should conserve along the horizontal axis x.

Indeed, the boundary temperatures are extrapolated using in-situ measurements of each series
of the three thermocouples at the same height; (Lo1, L21, L41). in left side and (L1o, Lso, Lso) in
the right side. Accordioning to the scheme presented in Fig. I11.1, these conditions can be

written as:

(3T Ext—tLert ()~ (Lo (D+La1 (+La1 (D))

Asn_pp.S. = = @,(0) (111.17)
Asn_pp. S. (Llo(t)+L3O(t)"'LSgit)_3TExt—Right(t)) = () (111.18)
With:
Pr(t) = ’1;—’;3 (- 222+ 2FR2(t) — 2FR3(t) + S FRA(t) — 3 FR5(t) + FR6(t) —
<FR7(t) — > FR8(t) —  FRI(t)) (111.19)
Acy-s FL1(E) 2 8 1 2
$.(0) = ( — ZFL2(t) + 2FL3(t) — = FL4(t) + = FL5(t) — = FL6(¢) +
he -~ 2 3 3 2 3
1 2 1
SFL7(t) + S FL8(t) + £ FLI(D)) (111.20)

Where Ag,_pp, Acy are the thermal conductivities of the Sn-10wt.%Pb alloy and the copper,

respectively. S the heat exchange surface (S = 6.10™*m?) and h; is the step calculation in the

horizontal direction (hg = 15mm). “e = 5mm”, is the horizontal distance between the thermocouples

L21 and TexeLer in the left side and between the thermocouples Lz and Tex-right in the right side. (FL1,
FL2,..FL9)and (FR1, FR2, ..., FR9), are the thermocouples of the left and right exchanger, respectively,
(see Fig. I11.1).

The extrapolated boundary temperature profiles (Tnum-right, Tnum-Lett), are presented in Fig I11.5.
Thus, these extrapolated temperatures are used as a uniform Dirichlet boundary condition at the

thermal boundary of our calculation domain.
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Fig.111. 5: (a) Extrapolated boundary temperature profiles during the solidification of Sn-
10wt.%pb alloy. The figure also shows the time profile of right (FR3) and left (FL3) exchangers
(see Fig.1). (b) Profiles of thermal contact resistances from the second thermal holding stage
to end of solidification.

4.1. Temperature profile comparison between experiment and simulation

In our comparative study, the experimental time 15500 s is taken as the initial time (t = 0 s) for
the numerical simulation, i.e., at the application of the cooling rate (solidification step). The

initial “Pb” concentration is set as uniform and equal to 10 wt.%.

Fig.111.6 shows the measured and numerical temperature fields at three different times during
the solidification stage's total period. The corresponding numerical values of the instantaneous
temperature field are given in Appendix (A). The numerical results appear on the left side, while
the experimental measurement results appear on the right side. In both cases, the temperature
maps are recorded at the lateral wall of the crucible (z = 0), which carries all the acquisition
thermocouples.

The first snapshots (Fig.111.6 (a) at t = 1820 s) correspond to a completely liquid sample. Due
to the horizontal temperature gradient between the two vertical walls, a buoyancy force is
generated and acts in the cavity. The melt flows upward near the hotter vertical side and
downward near the colder vertical side, creating a convective loop (vortex) that is disseminated
across the cavity and forms a positive temperature gradient in the upward direction. It should
be underlined that, despite the low value of the Prandtl number (Pr = 7x10°%), The temperature

fields obtained from numerical simulations and experimental measurements show clearly that

119



Chapter I1I: Numerical Simulation of Metallic Alloy
Solidification Under Thermosolutal Convection

I ——  ——————
the flow strength is sufficient to distort the isotherm, with a maximum velocity obtained by
simulation of Vmax = 1.12 cm/s.

501 503 505 507 509 511 513 515 517 518 521 502 504 506 508 510 512 514 516 518 520

480 482 484 486 488 490 492 494 496 498

Y=

478 480 482 484 486 488 490 492 494 496 498

(b) t = 2650 s

468 470 473 475 477 480 482 485 487 490 482 AT0 475 480 485 490

(c)t=3220s

Fig.111. 6: Temperature maps recorded at selected times during the solidification of a Sn-
10wt.%Pb alloy: (a) t = 1820 s, (b) t = 2650 s and (c) t = 3220 s, after the initial simulation
time (t = 0 s) which corresponds to the time 1400 s of the experimental process. The numerical
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calculations are presented on the left side and the experimental data on the right side. The
experimental measurement area in which thermocouples are present is indicated by a white
dashed rectangle on the numerical snapshots presented in the left column. Conversely, the white
strip framing the coloured temperature map on the experimental snapshots corresponds to the
part of the domain in which no thermocouple is present.

In order to compare the solutal buoyancy forces with thermal ones, it is important to introduce
relevant dimensionless parameters involve, namely the buoyancy number Np, express as

follows:

Npuoy = % . i—;, (0T: is the thermal variations in the melt) (111.21)

Assuming that the mushy zone is in thermodynamical equilibrium, the buoyancy number
Npush takes the following adapted form:

Npush = %% (m: is the liquidus slope) (111.22)

If we take 67 = 20 K, which is an estimated value taken from an extrapolate calculation given
by Egs. (17 and 18) for the effective temperature difference between the two lateral ingot walls
and oC = 10wt.% as estimated value for solutal gradients, the numerical values of Npuy and

N,’,Zlgﬁ,h are 3.18 and 4.95, respectively. This indicates clearly that solutal buoyancy effects are

dominant during solidification, in the present case.

Fig.111.6(b) shows the temperature field corresponding to time 16650 s, i.e. 2650 s after the
beginning of the solidification. As the superheated melt is cooled from both sides, while
maintaining a constant temperature difference, and the temperature of the cold wall (right side)
gradually decreasing below the liquidus temperature (T = 492.K), the columnar dendrites begin
to grow, thus forming a columnar liquid mushy zone. The isotherms in the right side of the sample gradually become
vertical compared with the previous selected time (t = 1820 s), with a mainly conductive heat
exchange mode. The maximum melt velocity is now about 0.98 cm/s, which indicates a

decrease of around 47% from the previous value at the beginning of the solidification (t = 1820

S).

The last time (t = 3220 s) is shown in Fig.111.6 (c). The solidification front continued to advance
from the right to the left in both maps. A significant decrease of the temperature gradient occurs

due to the ripening of the solid phase, which leads to a drop in the fluid volume in the mushy
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zone. The numerical results predict the appearance of a second solidification front on the
sample's left side at this time, since the temperature applied on this side is now below the
liquidus point of the alloy. However, at this time, the temperature maps obtained from
experimental measurements do not indicate the existence of a second front. This difference can
be attributed to the fact that the distribution of the thermocouples does not cover the entire
surface of the crucible (see Fig.I11.1-b). Furthermore, the last liquid phase, confined between
the two solidification fronts, gradually disappears to be replaced by a global mushy zone. In
this region, Low residual velocities remain, forming two counter-rotating loops because the
velocity is relatively higher in the central part, which is hotter than the nearby sides. Heat
transfer is mainly conductive with quasi-vertical isotherms at this time, and consequently, the

last liquid does not solidify at the left wall (hot side), but at a distance from it.

4.2.Discussion on main factors responsible for segregated channels

In order to identify the main factors that can directly affect the segregation mechanism,
especially at the meso- and macro-scales, the Pb concentration maps coupled with velocity
vectors (left column) and the maps of the solid fraction evolutions (right column), are shown in
Fig.111.7 at three selected times. As mentioned previously, the solidification is asymmetric due
to the applied mean horizontal temperature gradient and starts from the right-side. When the
solidification progresses, if the liquid velocity is opposite to the temperature gradient, a negative
segregation will be formed in the upper part of the cavity (Fig.111.7(a)), and against a positive
segregation will be occurred near the bottom of the crucible (Fig.111.7(b)). Among a several
factors, we believe that the development of segregated channels is the result of the interaction
of two specific mechanisms in the regions which characterised by a columnar structure. The
first mechanism is the onset of high-potential sites for the appearance of mesosegregation zones,
which is closely related to the instability of the solidification front caused by overall convection
and the movement of the interdendritic liquid, that is controlled by its permeability in the mushy
zone. At present, it is difficult to accurately predict the time and location of the initiation
mechanism of mesosegregation, but the dimensionless Rayleigh number may be a relevant
parameter that can provide an indication of the onset. C. Beckermann et al. [25], estimate that
if the Rayleigh number of the mushy zone, developed specifically for freckles forming in Ni
superalloys during upward directional solidification (with a temperature gradient opposite to

gravity, and for small grain inclination angles), is greater than a certain critical value, which
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ranging between 0.12 and 0.24, there is a high chance that a segregated channel would start up.
In order to determinate the adequate value of the Rayleigh number corresponding to our
configuration (directional horizontal solidification of Sn-10wt.%Pb alloy), the approach
developed in M. Worster et al. [26], is used:

Ap

—|.9-Kaver-Lc
RaLc =(po)T (|“23)
Where L. is the characteristic length scale related to the local temperature by L, = TLG_T with T

corresponds to a temperature range of about 14 K below the liquidus temperature whereas G is
temperature gradient taken identical to our average experimental temperature difference (G =4

K/cm), «a the thermal diffusivity, v is the kinematic viscosity of the melt in the mush. The
relative liquid density inversion (Ap/p,) over the mush of height Lc is given by (2—”) =
0

P(M)—p(Tiq)
p(T)

fraction fi in the mush length Lc. Although our configuration is a solidification perpendicular to

. Kaver IS the mean permeability K (Eq.13) corresponding to the average liquid

the gravity vector, the calculation gives an estimated value of 0.125, which is in good agreement
with the critical interval given in [25].

Vmax = 0.1cm/s
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Fig.l111.7: Right column: Map of average Pb concentration coupled with the velocity vectors
(black). Left column: Solid fraction evolution. Three selected times are shown: (a) 818 s, (b)
1115sand (c) 1355s.

The second factor is the growth stability of the segregated channel resulting in the ripening
of the solid phase in the mushy zone and the configuration of the existing interdendritic flows.
The results show that the development of the segregated channel is always accompanied by a
suppression solidification mechanism in the lower part of the columnar structure front region,

as indicated in the maps of solid fraction evolution in the right column of Fig.I11.7.

An increase in local interdendritic flow induced by a flow perturbation is favoured by the
resulting suppressed solidification. It's also worth noting that this latter mechanism only
happens when the interdendritic flow (i) is in the opposite direction of the liquid concentration
gradient (Vc), as will be discussed below and shown in Fig.111.8. However, there seems to be
a characteristic time to stability the segregated channel, because the channels do not appear in
the case of accelerated solidification, which prevents the increase in local interdendritic flow

driven by flow disturbances.

We assume that the fluid-solidification interaction is a stabilizing factor on the flow
perturbation and instability of the solidification front, so channel segregation will not occur.
This can be confirmed by the fact that in the upper right part of the sample, although the
dominance of the columnar structure and the critical Rayleigh number conditions are fully
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satisfied, the experimental results obtained from the X-ray radiographic analysis shown in

Fig.111.10 clearly shows that no channel occurred there.

Fig.111.7(b) and (c) also show that the transport of the enriched liquid from the inside of the
mushy zone leads to a significant positive segregation towards the bottom of the cavity and
induces or expands the solute stratification in the bulk liquid. due to the stratification in the
melt. Furthermore, comparing the overall macrosegregation pattern in Fig.l111.7(c), shows a
negative segregation towards the top of the sample and a ‘peak’ of positive segregation where

the two solidification fronts meet.

Fig.111.8 shows the suppressed solidification region in its early stages, where channels develop.
Segregated channels appear in the zones which are characterized by a relatively high
concentration corresponding to the lower solid fraction. As explained previously, the positive

direction of (Vc) represented by red vectors during this stage of solidification is almost right-
downward, whereas the liquid flow (black vectors) in the channel is left-downward, as shown

in Fig.I11.7. It can be seen that the sign of #; and V¢ in the channel is negative, which confirms
that the solidification process will be slowed. In the neighbouring region (channel
surroundings), the fluid has a tendency to orient itself towards the channel, which is
characterized by a relatively high permeability compared with its surroundings (drainage
effect).

solid fraction

5.197e-01
4.924e-01
4.650e-01
4.377e-01
4.103e-01
3.82%e-01
3.556e-01
3.282e-01
3.009e-01
2.735e-01
2.482e-01
2.188e-01
1.915e-01
1.641e-01

2.735e-02
0.000e+00

(a) (b)

Fig.111.8: (a) Map of solid fraction at time 600 s, coupled with the velocity vectors (black);
(b) zoomed-in view of the area bounded by a discontinuous black line with the liquid velocity

u; (black) and concentration gradients Ve (red).
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Conversely, the sign of Vcand 7, inthe neighbouring zone (surrounding the channel) is actually
positive, which provides clear indications that the solidification might be accelerated there. The
channel can be stable with this particular situation of flow-solidification interaction. In addition,
in the mushy zone, the flow is influenced by the intensity and direction of the convective vortex

acting in the liquid phase. However, the fluid flow in the channel surroundings is primarily

influenced by the concentration gradients(Vc).

Moreover, during the solidification process, there is a potential possibility of remelting in
mushy zone that has formed. The literature shows that there are two main mechanisms in which
remelting can occur: local reheating due to the hot bulk transported by convection and/or
concentration increase in liquid that surrounding the dendrites due to the flow of solute-rich
liquid into these regions. Indeed, the remelting issue has been investigated by both numerical
and experimental studies, A. kumar et al. [27] and M.G. Worster [28]. The theoretical details
and numerical model related to the phenomenon are not highlighted this latter, namely its
impact on the segregation development. It is clear that this phenomenon needs further
examined, in order to explain its effect on the segregated channels formation, in terms of
morphology and level of concentration, we have followed the history of the thermal and
concentration fields as well as their corresponding liquid fraction of three different points: point
1 (x=95mm,y=20mm,z=0.5mm), point 2 (x =91 mm,y =10 mm, z= 0.5 mm) and point
3 (x=88mm,y=0.5mm,z=0.5mm), located in the same channel segregation (freckle),

presented in Fig.111.9(a).

Fig.111.9 shows the time-evolution of temperature and their corresponding liquid
fraction and average concentration for each point selected. It is easy to note that due to the
decrease of temperature in these points (Fig.111.9(b)), which becomes lower than the liquidus
temperature (T. = 492 K), the liquid fraction has decreased from initial value fi = 1 to 0.8 and
0.74 for point 1 and 2, respectively, which corresponding to the solidification progress.
However, the third point which located almost at the crucible bottom, presents a little decrease
of liquid fraction of about 7% (fi = 0.93), because of the effect of heavy solute sedimentation,
as shown in Fig.I11.9(c). Fig.111.9(c) shows also an increase in the liquid fraction of about 10%,
20% and 7% in points 1, 2 and 3, at the instants 563 s, 623 s and 660 s, respectively after the
start of the cooling stage. This behaviour that corresponds to a remelting phenomenon of the

solid in the mushy zone, is accompanied by a major increase in the level of concentration due
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to the transport of solute rejected within the mushy zone, which reaches 24wt%. These factors

are the favourable conditions for the creation of a segregated channel.
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Fig.111.9: Time-evolution of temperature, average concentration and liquid fraction for three
points, located in the same segregated channel (freckle): point 1 (x =95 mm,y =20 mm, z =
0.5 mm), point 2 (x =91 mm, y =10 mm, z = 0.5 mm) and point 3 (x =88 mm, y = 0.5 mm, z
= 0.5 mm).

A fluctuating values of these concentrations and relatively less in the corresponding
temperatures, were observed just in the time before and during remelting. Fig.111.8(d) shows
clearly an increase in the solute concentration in the points 2 and 3 located to the identified
remelting sites, which correspond to the zone of channels segregation formation. Thence, these

analyses clearly show that the remelting is a direct result of the local increase in the
concentration of a solidified sites because of the inflow of solute-rich liquid in the mushy zone.
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Indeed, due to the relatively large liquidus slope of Sn-10wt.%Pb alloy, small gradients of
concentration induce a significant drop in liquidus temperature and thereby remelting is

strongly affected by solutal variations.

Macrosegregation
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Fig.111.10: (a) Photo of X-ray radiography of the solidified sample (b) Lead concentration map
averaged over the sample thickness calculated by numerical simulation, at the end of the
solidification process (in wt.%) and (c) Lead concentration map measured by the chemical
method coupled with the inductively coupled plasma technique (left) and corresponding
numerical values (right).

In fact, when the solidification accelerates, the area around each channel reject lead, thus
leading to enrich the solute in the channel, which induces a pumping effect by solutal buoyancy.
Locally, the resulting flow happens from the zones with a relatively high solid fraction to the

more liquid zones, which continues to drain the solute into the segregated channels.
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Fig.111.10(a) presents the overall macrosegregation pattern obtained numerically by averaging
the concentration field over the sample thickness “e”, as expressed by Eq. 22, compared with
the experimental analysis obtained by X-ray radiography, shown in Fig.l11.10(b). The
concentration variations are mainly in the vertical direction, and the ‘peak’ seen in the
simulation result is not apparent in the experiment. However, the X-ray radiograph does not
give quantitative information for the variations of concentration, therefore, the segregation level
is uncertain. The X-ray radiographs in Fig.111.10(b), also uncover information about the
mesosegregation localisation. The results show several channels in the lower-right portion of

the sample, which is very consistent with the numerical simulations.

e 1
Caver(x,¥) =< [y C(x,y,2)dz (111.24)

The isotropic Carman-Kozeny law adopted in our model shows a very consistent with the
experiment, both with respect to channels location and the relative channels number between
experiment and simulation. According to the numerical results, the lead concentration in the
segregation channels and macrosegregation region, which corresponds to the last liquid

solidified, can reach 18 wt.%.

Fig.111.10(c) illustrates the results the experimental solute distribution obtained by a chemical
method based on dissolution in an HNOs/HCI (1-2x10%) acid mixture and coupled with the ICP
(Inductive Coupled Plasma) technique for determining a quantitative analysis of lead
distribution. The ingot chips analysed, weighing approximately 200 mg, are obtained by core-
drilling 50 holes correspond to the thermocouple positions, as mentioned previously [28, 29].
As expected, the results show clearly that the solute rejection process starts from the cold aspect
(right) of the ingot, therefore there is a lead-enriched zone on the bottom-left at the end of
solidification. This region corresponding to the last solidified liquid has a concentration
exceeding 14wt.%. However, a macrosegregation region with the highest concentration of up
to 18 wt.% was observed in the right-hand corner of the sample. This concentration peak
provides clear indications of the segregated channels formation at this location. Conversely,
one disadvantage of this technique is that it cannot detect all other segregated channels predicted
by simulation. This may be due to the core size (1 mm), which may be too large to capture the
phenomenon that is developing at mesoscopic scale.
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4.3.Segregation morphology

In this part, we focus on the morphology of the segregated channels as well as the plume of
macrosegregation correspond to the last liquid solidified in the ingot. To characterise this
morphology, both numerical results and specific post-mortem analysis will be used. Snapshots
of averaged lead concentration maps over the sample thickness obtained by numerical
simulation are shown in Fig.111.11. In all cases, the mesosegregation is on the right side of the
ingot, appearing in the form of several solute-enriched channels. Fig.111.11(a) (1-3) shows a
time/space follow-up of the segregated channels development in this zone. Their morphologies
correspond, generally, to a tubular structure distributed over the thickness of the sample and
more particularly along the front or back walls. These structures are initiated close to the cold
right endwall, and in the vicinity of the side walls at a certain height, (see Fig.111.11(al). As the
solidification-flow interaction activates during the advance of the solidification front, the stable
channels develop in the mushy zone with a descending quasi-arc shape, affected by the
descending convective motion and the suppressed solidification in this zone, (Fig.111.10(a2 and
a3). Their lead concentration varies between 11.5 and 28 wt.%. Furthermore, the dimensions of
the tubular segregated channels vary widely. In general, their diameter varies between 0.8 and

2.2 mm and their arc-length between 4 and 24 mm.
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Fig.111.11: Snapshots tracking: segregated channel development (a.x.); development of
macrosegregation corresponding to the last liquid solidified (b.x.); 3D views of lead

isoconcentration of 12 wt.% Pb, shown in greyscale (c.x).

Fig.111.11(b) (1-3) represents the development of macrosegregation corresponding to the last

liquid solidified. As predicted, it has a plume shape, indicating a zone richer in solute at the

bottom of the column near the left side of the sample. Simultaneously to the stratification effect,

this morphology is a direct result of the transported solute caused by the action of the two

convective loops resulting from the advance of the two solidification fronts and which stay
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active in the last solidified liquid. This plume has a significantly high concentration, ranging
between 12.3% and 20 wt.%. It has a height of 53 mm and a base length of 44 mm (see
Fig.111.11). (b3).

Fig.111.11(c) (1-3) shows 3D views of the lead isoconcentration surfaces at 12 wt% in the
solidified ingot obtained by numerical simulation (displayed in grey). The figure shows a focus
on the lead rich zones, i.e. principally solute stratifications in the bottom of the ingot, the
segregated channels (right part), and the solidification-end plume. The lateral-side walls of the
crucible present potential privileged areas for the development of segregated channels. Some
small discontinuous channel parts are found halfway up the right third of the sample. It is
important to note that a dissymmetry is observed in the shape and location of the segregated
channels, despite the symmetrical boundary conditions imposed at the back-side walls. This
may be explained by the effect of the solidification front instabilities due to fluctuations of the
temperature field, which create asymmetries. In real situations similar to the one studied here,
the flow is fluctuating and the existence of the fluctuations is generally accompanied by a
destabilization of symmetry, which will affect both the flow configuration and the temperature
field.

In order to evaluate these observations, a new view of macrosegregation presented as a set of
slices perpendicular to the front/back was studied numerically and experimentally. The ingot is
cut into nine slices parallel to the (yz) plane, corresponding to 10, 20, 30, 40, 50, 60, 70, 80,
and 90 mm from the right (cold side) to left (hot side), which are analysed by X-ray
radiophotography carried out in the perpendicular x-direction. The slices are between 5 and 5.6
mm thick, and their height varies between 55 and 60 mm (effect of shrinkage in the later
solidified part). The corresponding X-ray photographs are shown in Fig.111.12, compared with
lead concentration maps in (yz) planes obtained from the numerical simulation at the same
locations as the ingot slices. It is important to emphasize that the comparison can only be done
qualitatively, because each X-radiograph of the slices in Fig.111.12(a) is obtained by integration
of the X-ray signal over its thickness, (5-6 mm), while the numerical results in Fig.111.12(b),
are the segregation map of the corresponding sections. Generally, the comparison illustrates
good agreement between experiment and simulation. The bright zones observed by X-
radiography correspond to the positions predicted by simulation for lead enrichment regions.

On the simulation plots (Fig.111.12(b)), The segregated channels can be seen clearly in the first
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four isoconcentration maps (right part of the sample), with quasi-circular cross-section forms

distributed over the thickness of the ingot, but with the majority near to the side walls.
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Fig.1ll. 12: (a) X-radiography photos of the slices and (b) contour maps of the iso-
concentrations obtained by numerical simulation. The positions of the slices (1-9) are 10, 20,
30, 40, 50, 60, 70, 80, and 90 mm from the cold wall (right side).

Apparently, tubular forms with elongated shapes, sometimes a little blurred, can also be
detected in the X-ray radiography, in particular in the first four slices. Note that due to the
significant thickness of the ingot slices analysed by X-ray radiography in this direction, i.e.,

perpendicular to the (yz) plane, the segregated channels will describe a path.

It is important to note that, due to the effect of the projection of these kinds of analysis
techniques, the X-ray photographs show elongated forms of channels with an attenuation in
terms of intensity by averaging over the slice thickness. The X-ray photographs show clearly
the high level of lead segregations around the zones in the left side where the end of
solidification occurs, more particularly in the last three slices (see Fig.111.12(a)). The position
of the solidification-end plume appears quite symmetrical in the seventh iso-concentration map

with respect to the vertical (xy) plane in simulation (Fig.111.12(b)), but does not show such
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symmetry in the experiment (see the seventh and eighth slices in Fig.l11.12(a)), except
approximately in the lower part. The level of lead segregation in the lower-left corner region
(slices 7,8 and 9 in Fig.l11.12(a)), is actually overestimated by the simulation, and the transition
from the lower Pb-enriched regions to the high concentration is predicted more explicitly
numerically than shown by the experimental analysis (X-radiographs). Some average sizes and
locations of the segregation channels which are not precisely matched in the experimental

results (effect of projection), are also overestimated by the numerical simulation.

4.4.Macrostructure

The macrostructure of the ingot is shown in Fig.l111.13(a). Macrostructure is obtained after
post mortem analysis, which consists of several passes of polishing and chemical attack with a
mixture of 75% Vol HCL (37 mol%/v) and 25% Vol HNO3 (69.5%). A distinct columnar zone
is observed, which originates at the right side of the sample, grows at an angle approximately
45 degrees from horizontal and extends over half the length of sample. The direction of natural
convection has direct consequence on the upwind tilting of the columnar grains. Furthermore,
a smaller columnar region is observed in the top and bottom left corner which corresponds to
the solidification front emerging from the left-hand side of the sample. In the lower part of the
sample, below the two columnar regions, a more equiaxed microstructure is observed which

roughly corresponds to the region of positive segregation seen in Figs.111.10 and 12.

To understand the formation of the as-cast structure, another analyses than X-rays and ICP
were conducted in order to establish grain structure and verify the effect of solute stratification
on the final crystal structure. Fig.111.13(b) gives a graphic representation of the number of grains
in terms of their size. The geometric forms specific characteristics of the macrostructure are
summarized in Appendix (B). The results clearly show that the stratification in lead
significantly favours the mechanism of columnar-to-equiaxed transition (CET), and
consequently refining equiaxed grains. This is observed by the dominance of the number of
grains less than 40 mm?, in particular in the region where the two solidification fronts meet.
These results are in good coherence with the experimental parametric study on the effect of the
average cooling rate and alloy composition on the CET in directionally solidified in Pb-Sn
alloys in the range 2-40%Sn, performed by Ares and Schvezov, [31]. The results showed a
correlation similar to that given by Hunt’s model. Indeed, we believe that the predominant

mechanism responsible for blocking progress of the columnar front, and consequently the onset
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of CET, is solutal-driven remelting, due to flow of interdendritic enriched-solute liquid during
columnar growth (solidification), as proposed by Zheng et al. [32]. The authors have shown

that there is a specific angle between the two vectors (interdendritic flow in mushy zone u; and

concentration gradient Vc) which can give indications about the possibility of fragmentation.
Indeed, they suggest that when it is larger than n/2, fragmentation may occur, and consequently

no fragments can be produced when it is smaller than n/2.
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Fig.111.13: Macrostructure of Sn-10wt. %Pb alloy (a) and its distribution of grain size (b).
[28]
Otherwise, as the rejected solute enriches the interdendritic liquid, the concentration
gradient, which is the driving growth force, will gradually decrease. Grains, which are
transported by convection out mushy zone, will grow under certain conditions and then slowly

stop growing without coming into direct contact with one another, Martorano et al. [33].
5. PARTIAL CONCLUSION

A full 3D numerical model, implemented in ANSY S/Fluent software, is used to reproduce the
solidification of the Sn-10wt.%Pb alloy in a benchmark solidification experiment. The model
is based on a two-phase volume-averaged approach assuming perfect microscopic mixing (lever
rule). The corresponding instantaneous temperature distributions and final post-mortem
characterizations are available, allowing a detailed comparison between the numerical and
experimental results. The agreement between experiment and simulation in terms of

temperature evolution and macro- and meso segregation morphology and behaviour further
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verified the numerical model used. Rigorous processing of the experimental temperature data
has been applied to define appropriate unsteady thermal boundary conditions for the numerical
model, which enable buoyancy convection to be taken into account correctly in this 3D
simulation. We can deduce some findings and general conclusions about the effect of
thermosolutal convection on the solidification process, particularly concerning the solute

stratification, segregation morphology and CET mechanism.

= Globally, three different mechanisms are responsible for the movement of fluid in the
mushy zone, and consequently the development of segregation at different scales and
with different morphologies:

- convection in the mushy zone, which transports the solute within and
outside the mush,

- solidification front instabilities driven by the convection in the bulk and
the motions of the interdendritic liquid and controlled by its permeability
in the mushy zone,

- interdendritic local flow induced by a flow perturbation resulting in the
suppressed solidification mechanism, which occurs only when the
interdendritic flow (u;) is in the opposite direction to the liquid
concentration gradient (Vc).

- remelting results to the local increase in concentration due to inflow of
solute-rich liquid in the mushy zone and/or reheating due to the hot bulk
transported by convection, is a favourable condition to the development
of a segregated channels.

= Both numerical simulations and experimental characterisations show that the segregated
channels are distributed over the ingot thickness and have a tendency to exhibit a curved
shape. Most of them have a complex 3D morphology and tend to have tubular forms.

= A columnar-to-equiaxed transition (CET) was observed in the experiment, which was
discussed in our previous work [28, 39]. This result can be attributed to convective
motions that exert two main effects. First, the buoyancy force generates liquid
convection that homogenizes the melt and decreases the temperature gradients,
therefore creating favourable conditions for onset of a CET. Second, hot flow currents
impinging the mushy zone can enhance fragmentation/remelting of the secondary arms.

The solute-enriched melt transported by the interdendritic flow, under certain conditions

136



Chapter I1I: Numerical Simulation of Metallic Alloy
Solidification Under Thermosolutal Convection

|
which depend on the flow configuration (in the columnar-growth direction or against

the Ve direction), promotes remelting and consequently fragmentation, and the resulting

fragments are a predominant factor in the formation of equiaxed grains.

Appendix A Instantaneous temperature maps recorded for three selected times
corresponding to the experiments Sn-10wt.%Pb. Experimental
conditions: DT = 40K, CR = - 0.03K/s.

Temperature maps (K)

514.27 509.96 509.46 509.16 509.06 508.96 508.56 508.27 507.96 505.84
515.76 511.26 510.65 510.46 510.56 510.27 510.16 509.76 509.65 507.26
1820s 516.76 512.56 512.06 511.76 511.86 511.65 511.36 511.26 510.84 507.96
519.06 514.46 513.27 512.76 512.96 512.56 512.46 512.26 511.56 508.27
521.96 516.56 514.65 513.96 513.84 513.56 513.16 512.56 511.46 506.65

494.27 490.65 489.46 488.96 488.76 488.86 488.46 487.76 485.36 481.16
493.76 490.65 489.84 489.65 489.76 489.56 489.46 488.46 486.16 481.86
2650s 494.06 491.36 490.76 490.56 490.56 490.36 489.96 489.16 486.56 481.76
495.65 492.56 491.76 491.36 491.36 491.06 490.76 489.65 487.06 481.46
497.56 494.16 492.76 492.26 492.16 491.76 491.36 489.96 487.27 480.56

491.76 490.36 489.27 488.36 487.84 486.86 484.36 481.16 477.46 472.96
491.46 490.16 489.26 488.76 488.65 487.56 485.27 481.56 477.96 473.26
3220s 490.96 489.84 489.36 489.06 488.96 488.06 485.65 482.27 478.06 472.84
491.36 490.26 489.76 489.27 489.16 488.36 486.06 482.56 478.27 472.46
491.84 490.86 490.36 489.76 489.56 488.56 486.56 483.06 478.96 471.65

Appendix B. Geometric characteristics of the macrostructure of Sn-10wt.%Pb. Experimental
conditions DT = 40K, CR =- 0.03K/s.

Grain size | Area pm? Area Number
mmg2 percentage | of grains
(%)
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X<2 319.0 4.21 558
2>x>5 384.9 5.08 121
5>x>10 469.4 6.20 64
10>x>20 573.3 7.57 40
20>x>40 508.0 6.71 19
40>x>80 522.1 6.90 10
80>x>160 991.7 131 1
160>x>320 | 437.5 5.78 2
320>x>640 | 620.5 8.20 1
x>640 0 0 0
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Preamble

Both the numerical and experiments results presented previously in the third chapter, clearly
showed the need necessity to introduce an external force, allowing the control of melt during
the solidification process in terms of thermal and solute homogenization and hydrodynamic
morphology stabilization. In order to satisfy these conditions, electromagnetic stirring is
proposed as a promising technical solution. The objective of this chapter is to examine the effect
of forced convection driven by a Travelling Magnetic field on the solidification process. Two
solidification cases for a binary Sn-10wt.%Pb alloy were examined (under natural convection
and under forced convection). A 3D numerical simulation using a modified model which is
previously detailed in the third chapter with an additional term containing the Lorentz force
which represents the electromagnetic stirring contribution in the momentum equations. The
case of forced convection driven by electromagnetic stirring in the opposite direction to natural
convection stirring was examined. All numerical results are compared to those of experiments,

which are well described in the work of Hachani et al. [1].

1 Proposed electromagnetic inductor

1.1 System Description

The structure of the proposed electromagnetic inductor is shown in Fig.IV.1. It consists of
six coils which distributed along the ferromagnetic head placed at the bottom. Such distributed
coils make a better use of the core, copper and also improve the magnetomotive force (mmf)
waveform, defined by a direct current of one ampere flowing in a single-turn loop. The linear
coil distribution in fact, provides a vector of magnetic field which pointed upward and moves

linearly over the pad.

Since the inductor is a three-phase system with six coils, each two coils are connected to one
phase of the power supply providing a phase winding. For instance, (a and a’) forming phase-
A, and similar to that (b and b’) and (c and c’) forming the other two phases B and C as
illustrated in Fig.I1V.2.
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Fig.1V.1 : 3D Geometry of the proposed electromagnetic inductor

The coils distribution between the three phases is made in a way that assures a reasonable
constant magnetic flux density as a resultant of the three phases travelling above the charging
pad, [2].

[~/ /

12 =~
Fig.1M.aThe pr;ﬁg;gd%oﬁgsgtlarging pad

Pole pitch

1.2 Travelling magnetic field principle

If an alternating current flows through the phase coil, it produces a pulsating mmf wave, whose
amplitude and direction depends on the instantaneous value of the current flowing through the
coil. Fig.IV.3 illustrates the mmf distribution in space at various instants due to an alternating
current flow in inductor. Each phase coil produces similar sinusoidally distributed mmf waves,

but displaced by 120 electrical degrees in space from each other (see Fig.IV.3). The balanced
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three-phase instantaneous currents flowing through the three-phase coils of the charging pad

can be expressed as,

I, = Ijcos (wt)
Ip = Iycos (wt + 2m/3) (1IvV.1)
Ic = Iycos (wt + 4m/3)

Dimensionless Current

0 0.005 0.01 0.015 0.02
time (s)

Fig.IV.3 : Three phase current varying with time

When the currents presented by the system of equations (IV.1) flow through the respective
phase coil (phase-A, B and C), each produces a sinusoidally distributed mmf wave in space,
pulsating along its magnetic axis and having a peak located along the axis. Indeed, when current
vary with time a magnetic field will come forth as shown in Fig.IV.4. When 6 = 0°, the point

with the maximum magnetic field density is on winding A.

0=120° =, /T\\\
0 =180° \ / T
OO OO D)

Fig.1V.4 : Production of travelling magnetic field with three phase currents.
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As 6 increases, the point will travel on the core from A to B and to C, namely a travelling
magnetic field is produced. The induced current in the melt interacting with the travelling
magnetic field. Each mmf wave can be represented by a space vector along the axis of its phase
with magnitude proportional to the instantaneous value of the current. The resultant mmf wave
is the net effect of the three component mmf waves at any point in the air above the pad defined
by a distance x. The origin of x can be chosen to be the axis of phase-A. At any instant of time;
all the three phases contribute to the air gap mmf along the path defined by x. The resultant
magnetic flux density wave above the pad at a distance x from the chosen origin can be obtained

as:

B(x,t) = B,,4x COS (wt — ?) (1v.2)
Where 7, is the pole pitch, i.e. the distance between two neighbouring poles on the axial length
of the pad as shown in Fig.IV.2), w is the pulsation (e« = 2zf) and f is the frequency of the
primary power supply. It can be seen from Fig.IV.2 that if the mmf wave travels a complete
pitch pole, the displacement x is equal to z, at the same time # completed a half cycle () of a

period.

orx=0-< (1Vv.3)

T
T T

ol
0
As 6=2xft, the synchronous velocity of the travelling wave can be given as:

== =ZxZ=1xw=21f (IV.4)

Us=%=2%a

Note that the synchronous velocity does not depend on the number of poles and only depend
on the pitch pole, [4]. The Fig.IV.5 gives a 3D graphical representation of the streamlines as
well as the spatial distribution of the magnetic field in the cavity for a frequency of (f = 50Hz)

and a current intensity of (I = 8A), obtained by numerical simulation.
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Fig.1V.5 : Spatial evolution of the travelling magnetic field intensity. The red lines
correspond to the streamlines and volume vectors are the magnetic field for the conditions: fo
= 50Hz and Jo = 10° A/m2,

2 Electromagnetic body force

In order to determine the body force responsible for the electromagnetic stirring, it is necessary
to technically characterize the inductor used. Indeed, the wavelength 4 and the pole pitch t are
2 =21 =96 mm, so that the wave number is k = 2774 = 65.45 m™. The synchronized velocity of
the moving magnetic field is Us = fo4 = w/k = 4.8 m/s. It is worth noticing that the width and
length of both the inductor and the cavity are rather short; it will be seen later that this strongly
affects the strength of the effective driving force. In spite of the moderate aspect ratios (L/e =
20 and L/H = 5/3), the fluid flow model is based on the assumption that these ratios are large
enough to justify the existence of a central region in which the flow can be considered to be

quasi-parallel to the x axis.

The expression of the electromagnetic force when the fluid domain is infinite in the z direction
is detailed in Reference [2]. The vector potential A = A(x,y,t)e, has only one nonzero
component; according to the Maxwell equations, the current density and magnetic field obey

the relations:

J =~ (o0+2)

B=V><A=(—Z—$,0,3—2)

(IV.5)
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Moreover, the periodic x and t dependences yield:
A=A M(y)expli(kx — wt)] (1Vv.6)

The z dependence is quite classic:
M(y) = exp [ (k + l’ww) y] (v.7)

In these expressions, x and ¢ stand for the permeability and conductivity, respectively, of the

melt.

The expression of the electromagnetic force F = J x B was developed in the reference [3], for

a confined configuration identical to that of our case, as follows:

F, = gk AO exp(—2k*y) + 5% exp (—2k*y) [ » % — ow cos (2X7) (1Vv.8)
”k ﬁ AO * * T[AO %2 * *
F,= exp(—2k*y) cos(2X") o, B exp(—2k*y) sin(2X") (1v.9)

A2 . n\2 Kk . A2 .
F,= ?"[awﬁ — (Z_e) 7] exp(-2k’y) — 3 [awﬂ —

(%)2" ]exp( 2k*y) cos(2X") ——[awﬁ (23)2%]exp(—2k*y) sin (2X) (1V.10)

_ how
2k*

with k*2 = k? + (%)2, B = and X* = k*x — — + f*y — wt. Throughout this article,

the upper index ()* refers to quantities that take into account the narrowness of the fluid domain.

The two components of the active averaged electromagnetic force in the melt can be expressed

as follows:

ocwk*

(Fy) = ——Ajexp(-2k"y)

(Fy) = 5 [awﬁ (i)zkz] exp(—2k*y)

(1IV.11)

As expected, the component F, has a zero-time (or x) average. In addition, all terms are
proportional to sin(2X") or cos(2X"), which are periodic functions of t and x, respectively, as
can be discerned in the Fig.IV.6. Thus, both Fx and Fy have a nonzero average that decreases

exponentially with z and exhibits the classic skin depth of thickness 1/k”, (see Fig.IV.7). Clearly,
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the average of Fy is the driving force; the average of Fy is a kind of z-dependent extra-gravity,

which affects the pressure distribution.

(NfmA3)

Fig.1V.6 : 3D spatial evolution of electromagnetic forces: the black lines correspond to the
streamlines of magnetic field and volume vectors are the Lorentz forces.
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Fig.1V.7 : Spatial evolution of the electromagnetic force magnitude in the vertical direction (x
=5cm, z = 0.5 cm and y varies between 0 and H= 6 cm). Results obtained for the condition:
fo=50Hzand | =8 A.

However, this inductor also has a finite length; this generates a magnetic field reduction. Indeed,
at a given time, over the total length Lin = 24.4 cm, which is smaller than 3 times the wavelength
A = 2t = 96 mm, only two full pairs of magnetic poles can be found. The corresponding
reduction of the electromagnetic force can also be estimated as being on the order of 1/5, [3].
As a consequence, a reduction characterised with global factor C = 0.05, such that the typical

value of the effective force is:
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F,, = CA3 "“; (1V.12)

The scaling law for the driving force, namely, the way it depends on the physical parameters of
the inductor, remains independent of C. This is a very important point, because it means that C

can be determined once for any given inductor.

3 Numerical simulation of metallic alloy solidification under forced

convection

A 3D numerical simulation of the solidification process under the effect of forced
convection in the opposite direction of thermosolutal convection was performed and compared
the results obtained numerically with the experimental results for highlighting the influence of
forced convection on the solidification process in terms of velocity, thermal, and solute
distribution. We propose a 3D numerical model which is described in chapter 3. However, we
add the Lorentz force term in Eq (111.12) to express the contribution of the forced convection.
The same boundary conditions used in the case of the solidification process under thermosolutal

convection are adopted, as shown in the following equation:

d
Po [ (I;z:/z) n (flVl.gTad)Vz] —V.(u.V.f1V)) + f%%Vl = poll — Br(T —Ty) + Bc(C, —

Co)lfig — f1grad(p) + fiF 1z (IV.13)

With :

Br =~-(0.742841 + 5.8927 x 107C)
0

Bc = ‘?1,,(47' 6554 — 2 X 0.10063 x C; — 5.8927 x 1073T)

V.(fiv) =0

% + (fi€pD) f1IVi.grad(T) = (fi4; + fsAs)div[grad(T)]

% + fiV,.grad(C)) = V.(f;D,VC)) + V.(fiD,VC)),{C) = f,Cs + f,C,
__fi a3
~ (1-fp? 180
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k*
(Fx) = %

(F,) = A?%[awﬁ* - (%)Z %] exp(—2k*z)

Adexp(—2k*z)
Where FLTZ

3.1 Effect of electromagnetic stirring on hydrodynamic configuration

In this part, we present the hydrodynamic field in the case of electromagnetic stirring in the
opposite direction of natural convection. Noting that the natural convection is created by the
application of an average horizontal temperature gradient equal to 20 K. However, forced

convection is generated by the application of an external travelling magnetic field (TMF).

125
1 20

115

¥ 4.04x10™

Fig.1V.8 : 3D numerical simulation of the dynamic configuration of the stirring in the opposite
direction

Fig. IV.8, clearly shows the development of two vortices, one rotates inversely to the other. The
small vortex on the left wall of the cavity, which corresponds to the effect of natural convection,
rotates clockwise. In the left base part of the cavity, we notice the development of a second
vortex with a counter-clockwise rotation direction. This behavior is due to the existence of
forced convection which acts against the natural convective flow direction. A competition effect
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between the two vortices is created in the cavity. We notice an explicit dominance of the forced
convection with an order of magnitude of speed of 4 cm/s, compared to the thermosolutal
convection.

It is interesting to compare electromagnetic forces with buoyancy. We have introduced
a non-dimensional interaction parameter N, defined as the ratio between Lorentz force F,;, and

buoyancy, namely:

F
— gp;fZZA - (Iv.14)

In the case of electromagnetic stirring in the opposite direction of natural convection, the value
of N is equal to 9.7. Thus, the electromagnetic forces are usually predominant compared to
buoyancy. Finally, before solidification, the Reynolds number based on the maximum velocity
Uis:

H2
u(%-

N—

R, =

= 10080 (1v.15)
The value of Re indicates that the bulk flow regime is likely to be turbulent. This is consistent

with the significant turbulent fluctuations.

3.2  Effect of EM stirring on the temperature field evolution

We present in this section the numerical simulation results of the studied solidification
process under the effect of the forced convection in the opposite direction to natural convection.

The evolution of the temperature fields over time is shown in Fig. IV.9.

s

a7 0

L L L L L L L L L L

501 503 505 507 509 511 513 515 517 519 521 506 508 510 512 514 516 518

(a)t =2000s
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(b) t = 2950 s

(c) t = 3500s

Fig.IV.9 : Temperature maps recorded at selected times during the solidification of a Sn-
10wt.%Pb alloy: (a) t = 2000 s, (b) t = 2950 s and (c) t = 3500 s, after the initial simulation
time (t = 0 s) which corresponds to the time 1400 s of the experimental process. The numerical
calculations are presented on the left side and the experimental data on the right side. The
experimental measurement area in which thermocouples are present is indicated by a white
dashed rectangle on the numerical snapshots presented in the left column. Conversely, the white
strip framing the coloured temperature map on the experimental snapshots corresponds to the
part of the domain in which no thermocouple is present.

Selected instantaneous colourmaps at t =2000 s, 2950 s,3500 s of the temperature field
is given in Fig. 1V. 9 to illustrate the thermal evolution during the solidification process. The
results in the left column have been obtained numerically and those in the right column have
been obtained experimentally. A buoyancy force occurs in the cavity due to a temperature
difference between the side walls. In the absence of other forces, the melt on the hotter lateral

side would flow upward, while the melt near the cooler wall would flow downward, producing

153



Chapter IV: Numerical Simulation of Metallic Alloy Solidification
Under Forced Convection Driven by External Travelling
Magnetic Field

_—
a vortex and a positive temperature gradient in the vertical direction (discussed previously in
Chapter 3). The application of electromagnetic force on the cavity bottom toward the colder
side also leads to the creation of two vortexes which makes liquid goes upward near a colder
side and the same behaviour near the hotter side.

The first snapshot (Fig. IV. 9(a) at t = 2000s) correspond to a completely liquid sample. we
noticed that the stirring mode in the opposite direction of the natural convection changed the
flow morphology. This is indicated by the deformation of the isotherms in this case with a
negative slope which means the appearance of a vortex in the opposite direction of the
thermosolutal convection called natural. The thermal fields obtained from numerical simulation
and experimental measurements clearly reveal that the flow is effective enough to deform the
isotherm lines, with a maximum magnitude of velocity of vmax = 4.27 cm/s obtained by

simulation.

Fig. IV. 9(b) shows the temperature field corresponding to time 2950 s, i.e. after the beginning
of the solidification. The isotherms gradually become vertical and less distorted. due to the
decrease of the temperature of the cold wall (right side) below the liquidus temperature (T, =
492 K), the liquid flow becomes feeble thus the heat is transferred mainly by a dominant
conduction mode. Although, the temperature difference between the right and the left walls

exists, the temperature is mostly uniform in the cavity.

Fig. IV. 9(c) corresponds to the instant t = 3500 s. We noticed the same behavior as in the
previous selected instants. Deformation of the isotherms in the stirred cases and the low values
of local temperature gradients clearly indicate the effect of electromagnetic stirring in the last
liquid. However, temperature maps show clearly on the left side the existence of isotherms
which signal a temperature level ranging from 484 to 488 K, that corresponds to a level of
undercooling below of the liquidus temperature (T =492 K) of 8 and 6 K respectively. Indeed,
an estimated calculation of the undercooling of this alloy, presented in the work Hachani et al.
[5], gives a new range between 0.5 and 10 K. So, we attribute the progress of these isotherms
to the advancement of a second solidification front on the left side. This conclusion is very

consistent with the positions of the shrinkage that correspond to the last liquid solidified.
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3.3 Macrostructure

To evaluate the effect of forced convection generated by the chosen electromagnetic stirring
mode on the grain size and the final metallographic structure, macrostructures of samples
obtained from both solidification experiments described previously have been revealed.
Macrostructures are obtained after post mortem analysis, which consists of several passes of
polishing and chemical attack with a mixture of 75% Vol HCL (37 mol%/v) and 25% Vol
HNO3 (69.5%).

(@) (b)

Fig.1V.10 : Macro structure on the lateral plane of Sn-10wt.%Pb ingot. The experimental
conditions are temperature difference DT = 40 K, cooling rate CR = 0.03 K/s and the applied
current intensity I = 8.2 A. (a)The case of stirring in the opposite direction of thermosolutal
convection. (b) The case of thermosolutal convection.

Fig.1V. 10(a) presents the macrostructures of Sn-10wt.%Pb solidification under the effect
of The stirring in the opposite direction of thermosolutal convection. A zone of predominantly
equiaxed grains of fine size on almost 85% of the ingot, has been observed. A columnar
structure is located in the lower right corner (cold side) of the ingot, unlike the case of
solidification under the effect of thermosolutal convection, we observe that the dominant
morphology of the macrostructure is columnar with an equiaxed zone corresponding to the last
liquid at the end of solidification. This macrostructure refinement is the direct consequence of
electromagnetic stirring, which has two main effects. First, the activated forced convection in
the bulk driven by Lorentz force, which homogenizes the pool concentration and reduces the
temperature gradients, thereby creating favourable conditions for the appearance of the CET.

Second, a hot flow impinging the solid-liquid interface can promote remelting, and
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consequently dendrite fragmentations. These fragments that transported by convection can

create equiaxed grains under specific conditions.

Moreover, this stirring mode has confirmed its effectiveness for homogenizing temperature in
the liquid by reducing the gradients of temperature. We noticed that in this stirring mode, the
area extension of the undercooling liquid in front of the solidification is almost twice that of
solidification under the effect of thermosolutal convection. Maintaining this high degree of
undercooling greatly promotes remelting mechanism of dendrites . It is important to note that
the efficiency of this kind of electromagnetic stirring to refine the structure is significantly
improved compared to that of the case of the solidification under the effect thermosolutal which
presented Fig.l1V. 10(b) and described in chapter 3. In parallel with the mechanical effect of
fragmentation called neck effect (separation of secondary or tertiary dendrite arms from the
main trunks in the channels during solidification), this mode of stirring allowed a significant
penetration of the liquid in the mushy zone and could reinforce the effect of the remelting of
the dendritic arms. These results are in good agreement with Fleming's criterion on dendrite
arm remelting. This criterion is based on the comparison between the velocity of the

interdendritic liquid uf, and the advancement velocity of the isotherms Vr, % > 1 (re-flow
T

criterion). It has been shown that the remelting of dendrite arms can be attributed to two main

factors:

- Either the increase in the temperature or the concentration of the surrounding liquid,
which is induced by the penetration of the hot liquid from the liquid bath into the mushy
zone (entrance velocity).

- Or the increase in the average concentration caused by the convection of the
interdendritic liquid in the direction of the thermal gradient (outgoing velocity of the

mushy zone).

Moreover, it is important to mention that, the remelting phenomenon of the dendritic arms
becomes predominant if the velocity of the interdendritic liquid is faster than the velocity
of isotherms advancement in the direction of the solidification front progression. Remelting

is effective when uf > Vr, (see Fig. IV. 11).

This phenomenon is expressed in the following equation:
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Fig.1V.11 : Schematic representation of the convection velocities: U in the liquid, in the
interdendritic regions, and un its projection on the temperature gradient, parallel to the
direction of advancement of the isotherms. The velocity of advancement of the isotherms is
noted.[6]

Where B is the shrinkage coefficient (8 = p;/ps — 1), uf is the velocity of the interdendritic
liquid, CR is the cooling rate, f; is the liquid fraction and c; is the liquid concentration. p; and
ps are the specific masses of the liquid and solid phases, respectively. However, the cooling

rate can be expressed as a function of the advancement velocity of the isotherms V., according
to the relation:

|CR| =V ;. VT
Equation (1V.16) becomes:
f _ _ (1B uf vr\ f1
acy, B (1_kp> (1 + VT.VT) cL (|V17)
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And by projection on the direction of advancement (direction parallel to isotherm lines) we

obtain:

ofy _ _(1-8 uf) f1
ac, (1_k,,) (1 + V,) o (1V.18)

In the case where the specific mass considered constant (the same specific mass in both
phases), B becomes zero. After integration of the relation (1V.18), a Scheil-Gulliver type relation
(case for which there is no interdendritic convection, u, = 0) is obtained, according to the
isotherms advance and the interdendritic liquid velocity:

fu= (C—L)_(ﬁxl_%> (IV.19)

Co

A second phenomenon can probably take place, favouring in turn the process of fragmentation
of the dendritic arms. This is the increase in the viscosity of the interdendritic liquid due to the
high presence of these fragments, which could certainly reduce the velocity of the flow in the
mushy zone but favoured the entrainment of the fragments transported by the movements of
forced convection. This phenomenon has been mentioned in previous works as J. W. Gao et al
[7],J. P. Guetal. [8], and Q. Li et al [9].

Moreover, at the scale of a secondary dendrite arm, if the velocity of the outgoing interdendritic
liquid is greater than the velocity of the isotherm-lines advancement, in the direction of the
temperature gradient, there will be a supply of the coldest liquid and more solute (Fig. IV. 11).
We can then consider that the lower temperature of the surrounding liquid will have no
influence compared to the effect of the solute concentration. The diffusion of the heat becomes
faster compared to that of the solute, i.e., quick homogenize of the temperature. On the other
hand, the increase of the average concentration of the surrounding liquid causes the refusion of
the dendrite arm until complete remelting of its "neck”, allowing the fragment to be detached.
Indeed, the formation of segregated channels is a direct consequence of this phenomenon in the
case of forced convection, in which the fragments of remelted dendrites are carried away by the
convection going to the direction of the temperature gradient (Hellawell et al. [10]). We can
estimate the Lewis number defined by the ratio between the thermal diffusivity and chemical
diffusion, which is equal to 6.05x10® for Sn-Sn-10wt.%Pb alloy.
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The experimental analysis conducted show that the position of the electromagnetic stirrer with
respect to the position of the isotherm, which corresponds to the liquidus (TL = 219.46 °C), is
an important parameter regarding the remelting of the dendrite arms, since this remelting
depends directly on the velocity of the interdendritic liquid. In particular, we can estimate the
necessary minimum distance to induce the remelting, by determining the order of magnitude of
the velocity of the interdendritic liquid for a Darcy flow by neglecting the gravitational effect:

K dp

Uy =~ (IV.20)

Where K and p are the permeability of Sn-10wt.%Pb and pressure, respectively. We can then
estimate the order of magnitude of the pressure gradient induced by the action of the magnetic
field, R. Moreau [11]: (BZ/uo-L). In our case, we define L as J, the electromagnetic skin depth.
The equation (1V.18) becomes:

K B3
un"';m)—ﬂ (|V21)

Therefore, for the reflow to take place, the condition (IV.21) must be satisfied and the following

relation for the remelting criterion Rc, is thus obtained:

1 K B3
™ Vr v noHl >1 (1v.22)

General conclusions can be deduced:

- Anincrease in the induction power (i.e., a high intermittent electromagnetic field) which
increases the rate of liquid convection in the melt and the mushy zone (interdendritic
liquid).

- High permeability improves remelting. A relative high permeability of the mushy zone
favours the penetration of the liquid therein. The convection of the interdendritic liquid
can therefore be important enough to break up the dendrites, which causes the
refinement of the structure.

- Increasing the cooling rate, has two distinct effects, first, the remelting of the dendrite
arms is not favoured because the velocity of the isotherms advancement is increased.
This does not allow the solute-rich liquid to reach the poorest regions in order to remelt
the dendrite arms. Second, the extent of super cooling region ahead of the solidification
front is greater, so the survival of the fragments is thus improved. To obtain the

159



Chapter IV: Numerical Simulation of Metallic Alloy Solidification
Under Forced Convection Driven by External Travelling
Magnetic Field

fragmentation of the dendrites, the cooling rate must be large enough, so that the
fragments are not instantaneously remelted, but it must also be lower than the
convection velocity of the interdendritic liquid.

- Decreasing the stirrer-crucible distance promotes remelting. In fact, intensifying the
convection movements (EM stirring) on the solidification front enhances the liquid
penetration into the mushy zone, which has the impact of increasing the convection

velocity of the interdendritic liquid.[6]

3.4 Effect of electromagnetic stirring on meso and macrosegregation

Following the comparison of temperature maps during the solidification process between
simulation and experiment, post-mortem analysis comparisons are shown. Two experimental
techniques were performed on the final ingot to get the distribution of the elements of the
solidified alloy, which is the purpose of this study. Firstly, there's X-ray imaging, which
involves taking a snapshot in greyscale with distinct areas indicating the presence of the
heaviest element (in our case lead). The second technique involves coring samples of 3 mm in
diameter at the 50 positions corresponding to the thermocouples, then determining the local
composition averaged throughout the volume of the sample using chemical analysis ICP

(Inductively Coupled Plasma).

Fig.IV.12 presents the X-ray photograph of the solidified Sn- 10 %pds Pb ingot and the
corresponding distribution of the lead concentration obtained by numerical simulation,
averaged over the thickness and presented in grey levels, in order to have a qualitative
comparison.

We notice that macrosegregation zone is smaller than in the case of the solidification
under the thermosolutal convection which presented in chapter 3 and is shifted from the left
side to the centre of the ingot. This can be attributed to the second solidification front developed
from the left side of the ingot (see the temperature maps at time t = 3500 s). This segregation
zone has a lower concentration level than in the case of the solidification under the

thermosolutal convection chapter 3.
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Fig.1V.12 : (a) Photo of X-ray radiography of the solidified sample, (b) Lead concentration
map averaged over the sample thickness calculated by numerical simulation, at the end of the
solidification process (in wt.%).

A significant number of segregated channels were noticed on the right side of this ingot.
Numerically, in Fig.1V.12(b), we can find these channels in the right part of the ingot in the
form of arcs. However, their number and position do not exactly reproduce those observed in
the experiment. In order to have an acceptable comparison, it is necessary to carry out a series
of reproducibility of the same experiment in order to know if these channels will certainly be
located at the same positions. Hachani [12] conducted such a study for the same experimental
conditions. Preliminary results tend to show that the number of segregated channels and their
position is not obtained deterministically, and vary from one experiment to another, with
similarities in the shape of the channels and the end of the solidification chimney. In our
numerical results, we still manage to have segregated channels in the same part of the ingot as
the experiment. We also obtain an end-of-solidification chimney, but it is offset from the

experiment presented here.

In the light of the resulted obtained, we believe that the application of electromagnetic

stirring in the opposite direction of thermosolutal convection, has several effects on segregation:

1- The creation of a force opposing the lead stratification mechanism, which
significantly reduces the size and density of the segregation in the last liquid.

2- A competition between the downward gravitational drainage forces and the one
from the convective flow in the opposite direction upward. Indeed, it is clear that
there is a detachment effect of the segregation zone compared to the case of
solidification under the effect of natural convection and the case stirred in the same
direction of the latter.
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3- The fragmentation of the dendritic arms due to the reflow leads to a

microsegregation in the zone characterized by the formation of equiaxed grains.

3.5 Effect of electromagnetic stirring on the morphology of segregated channels

A 3D view of solute distribution exceeding the nominal concentration (CO = 10 wt %) is
presented in Fig.IV.13 in order to study the effect of this mode of electromagnetic stirring,
which attempts to correct the defects linked to segregation. The main objective is to examine
the efficiency of the stirring in the opposite direction of thermosolutal convection, on the
segregation behaviour in terms of the level of concentration, size, position, and morphology,

namely segregated channels which are difficult to track.

As expected, the numerical results demonstrate that segregated channels are formed during the
solidification process, which appear at the right side of the sample characterized by a columnar
structure with a non-regular morphology (a complex geometric shape), However, there are
segregated channels developed near the side walls with a curved tubular structure (see Fig.IV.
13(a-c)). These channels are initiated close to the cold right side, at a certain height due to the
effect of EM stirring in the opposite direction of thermosolutal convection where the Lorentz
force prevents sedimentation of the solute. As the mushy zone ripens, they develop inside it
with a descending quasi-arc shape, in connection with the descending convective flow acting
in this solidification area, while a chimney of macrosegregation was developed in the lower left
part of the sample corresponding to the last liquid solidified. It is very noticeable that this
stirring method significantly favours the development of segregated channels in terms of
number, However, it reduces its dimensions. On the other hand, we discover that it plays a
positive role in reducing macrosegregation by lowering the level of concentration inside it, as

well as in reducing the sedimentation rate at the bottom of the cavity (Cmax < 12%).

As mentioned earlier in chapter three, there is a potential possibility of remelting in the
mushy zone during the solidification process, which is mainly related to two main mechanisms:
local remelting due to a hot flow transported by convection and/or concentration increase in the
liquid surrounding the dendrites due to the transported flow of solute-rich liquid into these

regions (inter-dendritic region). In this part, we focus on studying the effect of forced
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convection in the opposite direction to thermosolutal convection, on the formation of the

segregated channels at morphology and concentration level.
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Fig.1V.13 :view of the lead concentration in the solidified ingot (numerical simulation) that
exceeding the nominal concentration (Co =10wt%), in order to highlight the size, number and
shape of the segregated channels. (a) and (b) represent a side view and c¢) represents a top view
of the ingot in order to see the local position of the different channels.

In order to analyze this phenomenon, the evolution of the thermal and concentration fields was
tracked as well as their corresponding liquid fraction of three different points: point 1 (x = 81.1
mm, y =39 mm, z =9.2 mm), point 2 (x =80.5 mm, y =36 mm, z =9.2 mm), and point 3 (X =

80 mm, y =33 mm, z=9.2 mm) in the same segregated channel (see zoom view in Fig.IV.13(b).

Fig.IV.14 presents the time evolution of liquid fraction, as well as the temperature and
average concentration for each selected point. The liquid fraction has dropped from initial value
fi = 1 to 0.91, 0.82 and 0.8 for point 1, 2 and 3, respectively, this is due to the temperature
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decrease in these points Fig.lV.14(b), which becomes lower than the liquidus level (T, = 492
K), and referring to the solidification progress. Then, we notice an increase in the liquid fraction
of about 4%, 3% and 4% in points 1, 2 and 3, at the instants 750 s, 830 s and 860 s, respectively
after the beginning of the cooling stage. This behaviour which corresponds to a remelting
phenomenon of the solid in the mushy zone, is accompanied by a significant increase in the
level of concentration due the transport of solute rejected within the mushy zone, which reaches
12.8wt%. These factors are the favourable conditions to the development of a segregated
channels. Moreover, due to the effect of EM stirring in the opposite direction of thermosolutal
convection, a fluctuating value of these concentrations and relatively less in the corresponding

temperatures were observed just in the time before and during remelting.
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Fig.IV.14:Time evolution of (a) Liquid fraction, (b) Temperature and (c) average
concentration of the three selected points within the segregated channel during the
solidification process of Sn-10wt.%Pb alloy under the effect of EM stirring in the opposite
direction of thermosolutal convection

Fig.1V.14(c) shows a clear increase in solute concentration in the identified remelting locations
at points 1, 2, and 3, which corresponds to the freckle formation zone. This high lead
concentration areas results in a decrease in the liquidus temperature leads to a local remelting.
As a result, these analyses demonstrate that remelting is a direct consequence of a local increase
in concentration of solidified locations due to the inflow of solute-rich liquid in to mushy zone.
Small concentration gradients cause a significant decrease in liquidus temperature and hence
remelting is strongly influenced by solutal variations, due to the relatively large liquidus slope
of Sn-10wt. % Pb alloy.
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X-ray photographs of the cross-sections of the ingot allowed the characterization of the effect
of the electromagnetic stirring on the general morphology of the segregation and in particular

that of the segregated channels in the transverse direction of the ingots.

(a) (b)

Fig.IV.15: (a) X-ray of cross sections on the left and, (b) contour maps of iso-concentrations
on the right for the solidification of the Sn-10wt% Pb alloy under the effect of forced
convection.

The cross-sections of the solidified ingot under the effect of forced convection in the opposite
direction of convection are shown in Fig.IV.15. Generally, the comparison illustrates good
agreement between experiment and simulation. Especially, if the comparison is qualitative in
the first place. This case presents a peculiarity with respect to the morphology, as well as the
size of the segregated channels along the transverse direction. The channels are explicitly
localized in the first four slices, with a non-regular morphology (complex geometrical shape),
and present large size channels in the lower part that can reach about 4mm. The Height of
segregated channels in the lower-right corner region (slices 1, 2,3, and 4 in Fig.l11.15(b)), is
actually overestimated by the simulation. A macrosegregation detachment mechanism is well
spotted from the fifth slice to the first slice due to the effect of the reversal of the mixing
direction with respect to the natural convection. Microsegregation corresponding to the
formation of equiaxed grains in all the last five slices was observed. We noticed a very
significant decrease of the lead stratification effect in the base of the ingot, except in the seventh
and ninth slice. A macrosegregation chimney is quite clear in the last slice, probably created by
the formation of a double vortex in the last liquid due to the advancement of the two

solidification fronts.
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PARTIAL CONCLUSION

3D numerical simulation of Sn-10wt.%Pb alloy solidification under the effect of the
electromagnetic stirring in the opposite direction to natural convection was performed. In the
light of the experimental and numerical study presented in this chapter, we can deduce some
general findings and conclusions concerning the morphology of the segregation, as well as the
effect of electromagnetic stirring applied on the solidification process.

We have analyzed the effect of electromagnetic stirring on solidification process of Sn-
10wt.%Pb alloy, namely the final grain structure as well as the elimination of defects related to
segregation at different scales. The analyzes carried out on the experimental measurements and
the numerical simulation have provided quantitative and qualitative data on the thermal
behavior and dynamic configuration, as well as the solidification front dynamics. Based on the
post-mortem analysis, various types of macrostructures were obtained, i.e., columnar and
equiaxed. The columnar-to-equiaxed transition was observed for experiment carried out. The
results have clearly shown the existence of two types of segregation: the first takes the form of
segregated channels located in the first layers of solids formed, while the second, known as a
normal segregation zone, corresponds to the last liquid at the end of solidification, which has
assumed, in most cases, a panache form due to macrosegregation. The analysis has shown a
strong influence of the EM stirring, compared to the solidification under the effect of the
thermosolutal convection (Chapter 3), in particular on the development of the columnar-
equiaxed transition mechanism (CET). A significant reduction of the solutal sedimentation and
consequently on macrosegregation, was observed in this case. Indeed, it has shown that the
electromagnetic stirring leads to a considerable increase of velocity in the melt, in their turn
changing heat transfer conditions in terms of large undercooling zone, which is considered as
an optimal environment for the development of homogenously distributed metallic grains with
a decreased size. Stirring in the opposite direction to natural convection has shown its
effectiveness in achieving the finest equiaxed structures. This stirring mode combines both the
remelting and the mechanical fragmentation mechanisms. The numerical model used proven its
effectiveness in terms of examining the dynamic and thermal fields, as well as studying the
segregation phenomenon since it produced results that were qualitatively and quantitatively

extremely similar to those obtained experimentally.
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General Conclusions

In recent years, numerical methods are considered as an effective tool to identify the
important phenomena related to the solidification process, more particular the segregation
defects which occur at different scales and specifical times. Both numerical analysis and
experimental investigations have been interested on the exact description of this
multidisciplinary process from dendrite growth at microscopic scale to grain motions and their
ripening at macroscopic scale. The present work is mainly focused on the numerical simulation
for columnar solidification of binary alloy under the effect of convective flow, using a volume
average approach. For this purpose, solidification experiments were conducted using a
benchmark experimental setup developed in the SIMAP/EPM laboratory, named AFRODITE.
The principle of these experiments was the solidification of a rectangular ingot of dimensions
100x60x10 mm? inside a parallelepiped crucible heated on both end vertical walls.

After comprehensive literature review of different numerical approaches and solutions
proposed for some crucial issues, a three-dimensional (3D) model was developed and
implemented in ANSYS/Fluent software to simulate the solidification of a binary alloy by a
two-phase columnar numerical model, based on the resolution of momentum, energy and solute
equations, considering the mushy zone as a porous medium taken into account by a Darcy term.
This later term contains a permeability factor “K” expressed from the liquid fraction and the
secondary inter dendritic spacing .. In additional, an enthalpy method based on fixed-grid
techniques which allows the resolution of a unique system of equations on the same studied
domain (containing both the solid and liquid phases), was adopted in the algorithm of solution.
This model was tested in simulations of two benchmark solidification experiments in order to

study of solidification process and macrosegregtaion formation at laboratory scales.

First, a rigorous treatment of the experimental temperature data was applied to define
the appropriate unsteady thermal boundary conditions for the numerical model, which allow
buoyancy convection to be properly taken into account in this 3D simulation. The agreement
between simulation and experiment in terms of temperature evolution and segregation
morphology and behavior whether the chimney of macrosegregation corresponding to the last
liquid solidified or even the segregated channels characterizing the columnar regions, further

verified the numerical approach used.

The main conclusions are summarized below.
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1. For the case of solidification under the effect of thermosolutal convection we can conclude

that among the several factors which are responsible for the movement of fluid in the mushy

zone, and consequently the development of segregation at different scales and with different

morphologies, there are four dominant mechanisms:

convection in the mushy zone, which transports the solute within and outside the
mush,

instabilities of solidification front driven by the convection in the bulk and the
movement of the interdendritic liquid controlled by its permeability in the mushy
zone,

interdendritic local flow created by a flow perturbation resulting in the
suppressed solidification mechanism, that happens only when the interdendritic
flow (u;) is in the opposite direction to the liquid concentration gradient (Vc).
remelting results to the local increase in concentration due to inflow of solute-
rich liquid in the mushy zone and/or reheating due to the hot bulk transported by
convection, is a favourable condition to the development of a segregated

channels.

2. For the case of solidification under forced convection driven by an external travelling

magnetic field (electromagnetic stirring in the opposite direction in regards to natural

convection), both experimental and numerical results showed that:

The electromagnetic stirring in the liquid phase created by the coupling between
the induced currents and the presence of the inductive magnetic field, has shown
its effectiveness in homogenizing the temperature by significantly reducing the
thermal gradient and also the concentration by preventing the sedimentation
effect,

The columnar-equiaxial transition is observed in the ingot solidified under
electromagnetic stirring. It is important to note that in general, electromagnetic
stirring not only promotes equiaxial columnar transition but can also very
significantly refine the equiaxed grains.

We believe that the predominant phenomenon responsible for the CET
mechanism was the dendritic arms fragmentation by remelting effect. It was
shown that the forced convection induced by the Lorentz force was about ten

times more important than the natural convection created by the thermal and
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solute gradients. Indeed, the penetration of hot liquid with high level of
concentration in the mushy zone is more important, which subsequently create a
favourable environment for remelting and consequently fragmentation.

= The refusion of the dendrite arms strongly depends on the velocity of the
interdendritic liquid, which itself is a function of the permeability of the mushy
zone. This remelting leading to the formation of fragments, favours the growth

of equiaxed grains if the fragments survive.

3. Although, 3D numerical simulations are the most reliable to the real physics of the
solidification phenomenon, but it remains expensive (in terms of computational time) for

such processes of solidification, with so many coupled physical phenomena.

The envisaged extension of this work would be, in terms of numerical modelling (more
particular 3D models), to introduce the three-phase solidification model or even five-phase
model (in the case where the equiaxed structure exist), in order to predict the equiaxed-columnar
transition. On other hand, it is interesting to study the effects of forced convection driven by
another different magnetic field configurations (in the direction of natural convection to
promote it, in the opposite direction, an alternating field with a variable frequency) as it has
shown its effectiveness to control the solidification process of binary alloys. This offers the
opportunity to avert defects due to segregation (concentration heterogeneity). These new
calculations could allow a comparison with the solidification experiments under magnetic field
that have already performed with AFRODITE. Another perspective would be to change the
nominal concentration in order to see its influence on the formation of segregated channels and

on the sedimentation of lead.

An application of this model on another geometrical configuration (for example a Bridgman
experiment with a vertical temperature gradient) would also be interesting to validate it. There
is a multitude of experiments done at the industrial or laboratory scale with variable geometries

and different alloys that could be simulated.
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Abstract

This work aims to contribute to the development of a numerical model that predicts the effect
of natural and forced convection on the phase change of metallic alloys. The geometrical
configuration considered throughout this study was chosen to correspond to the crucible of an
experimental benchmark called '"AFRODITE', developed at the SIMAP-EPM laboratory in
Grenoble/France. A 3D numerical model was proposed based on the enthalpy approach (to treat
cases of solidification of metal alloys with the segregation phenomenon) under the influence of
natural convection and forced convection caused by electromagnetic stirring. This model has
been applied in order to better understand, master and control the solidification process of
metallic alloys, in terms of defects that occur during the solidification, particularly segregation
at the meso and macroscopic scale. The developed numerical model was validated by in-situ
and real-time measurements of temperatures at any point of the solidification system, which
allows quantitative and qualitative validation.

Résumé

Ce travail vise a contribuer au développement d'un modele numérique qui prédit I'effet de la
convection naturelle et forcée sur le changement de phase des alliages métalliques. La
configuration géométrique considérée tout au long de cette étude a été choisie pour
correspondre au creuset d'un banc d'essai expérimental appelé 'AFRODITE', développé au
laboratoire SIMAP-EPM a Grenoble/France. Un modele numérique 3D a été proposeé basé sur
I'approche enthalpique (pour traiter les cas de solidification d'alliages métalliques avec le
phénomene de ségrégation) sous I'influence de la convection naturelle et de la convection forcée
provoquée par le brassage électromagnétique. Ce modeéle a été appliqué afin de mieux
comprendre, maitriser et contréler le processus de solidification des alliages métalliques, en
termes de défauts qui se produisent lors de la solidification, en particulier la ségrégation a
I'échelle méso et macroscopique. Le modele numérique développé a été validé par des mesures
in situ et en temps réel des températures en tout point du systeme de solidification, ce qui permet
une validation quantitative et qualitative.
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