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Preface

The current mesoscale model is built on previous granular models developed
at École Polytechnique Fédérale de Lausanne and The University of British
Columbia by PhD students M. Sistaninia and H.R. Zareie Rajani, and super-
vised by Professors M. Rappaz, and A.B. Phillion. With the exception of Dr.
M. Založnik and Dr. B.G. Thomas, who provided valuable suggestions for this
research, I am the key contributor to this work. I successfully extended the
previous models and applied them to the continuous casting process of steel. I
managed to bridge some of the existing gaps inherent to the previous models,
and overcome significant limitations to apply this technique to alloys having
dendritic microstructure. Specifically, I developed three brand new numerical
modules (Dendritic solidification, Dendritic fluid flow, and Alloy segregation)
using C++, and incorporated them into this mesoscale model. I also man-
aged to predict centreline segregation with high computational efficiency, and
validated the predicted solute distribution against microscale X-Ray fluores-
cence spectroscopy measurement made with the help from Dr. J. Sengupta at
ArcelorMittal’s Global R&D Centre in Hamilton, Canada.

Part of the results of this research have been presented in two interna-
tional conferences: 1) Feng, Y., Phillion, A.B. A 3D Meso-Scale Solidification
Model for Steels, AISTech Conference Proceedings 2018 May. 2) Feng, Y.,
Založnik M., Thomas, B.G., Phillion, A.B. A 3D discrete-element model for
simulating liquid feeding during dendritic solidification of steel. In IOP Con-
ference Series: Materials Science and Engineering 2019 May (Vol. 529, No. 1,
p. 012031). The research results have also been published in refereed jour-
nals: 1) Feng, Y., and Phillion, A.B. ”A 3D mesoscale solidification model for
metallic alloy using a volume average approach.” Materialia 6 (2019): 100329;
2) Feng, Y., Založnik, M., Thomas, B.G. and Phillion, A.B.” Mesoscale sim-
ulation of liquid feeding in an equiaxed dendritic mushy zone.” Materialia 9
(2020): 100612; 3) Feng, Y., Založnik, M., Thomas, B.G. and Phillion, A.B.
”Mesoscale simulation of central segregation in an equiaxed dendritic mushy
zone during continuous casting of steel.” ready to submit to Acta Materialia
in Dec. , 2020; and 4) Feng, Y., Phillion, A.B. ”A 3-D coupled hydromechan-
ical model for predicting hot tearing within semisolid consisting of dendritic
equiaxed grains.” ( Manuscript currently in preparation).
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Abstract

Advanced high strength steels (AHSSs) are considered to have a promising
future due to the outstanding properties compared with the conventional steel
and have been widely adopted as the base materials for the automotive compo-
nents. Some of the challenges preventing the extensive applications of AHSSs
are due the solidification defects, i.e. hot tearing and segregation. In this
thesis, a 3D mesoscale and multi-physics model is developed and validated
to directly investigate solidification defects for semi-solid steel with dendritic
morphology associated with the peritectic transformation. Similar to the prior
models [1, 2], the current model explicitly considers the solidification behavior
of each grain prior to assembling, which allows for the mesoscale simulation
within a semisolid containing thousands of grains. Six sub-models are incorpo-
rated: (i) microstructure generation model is used to create the fully solidified
microstructure of equiaxed grains based on a Voronoi tessellation; (ii) a den-
dritic solidification module based on an average volume approach is developed
for predicting the solidification behavior of a random set of grains, consider-
ing the diffusion in different phases along with peritectic transformation. The
progressive coalescence to form a solid cluster is predicted by incorporating
an interfacial energy determination model; (iii) a fluid flow module is devel-
oped for the prediction of both intra-dendritic flow and extra-dendritic flow
within the dendritic network induced by solidification shrinkage and deforma-
tion; (iv) a semisolid deformation model is used and extended to simulate the
semi-solid mechanical behavior of steel using a discrete element method. The
solid grains are modeled using a constitutive law and implemented via Abaqus
commercial software; (v) a coupled cracking model incorporated with a failure
criterion is used and extended to predict the crack formation and propagation
in semi-solid steel. This comprehensive model consists of models (i-iv) and
considers the interaction between the deformation within the solid phase and
pressure drop in the liquid phase; (vi) a one-way coupled solute transportation
module is also developed and used to simulate the solute redistribution due
to fluid flow and diffusion within the liquid channels assuming the solid grains
are fixed. The movement of the solute-enriched liquid in the solute transport
model is induced by solidification shrinkage and deformation.
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The new 3D mesoscale model is then applied to correlate the semisolid be-
havior during solidification to different physical and process parameters. The
results from the dendritic solidification model show the evolution in semi-solid
microstructure and consequently liquid film migration. The model is able
to predict the solidification of equiaxed grains with either globular and den-
dritic structure having experiencing primary solidification and the peritectic
transformation. The coalescence phenomenon between grains is considered
at the end of solidification using Bulatov’s approach [24] for estimating in-
terfacial energy. It is seen that only 0.9% of the grains are attractive based
on their orientations within a specific domain, significantly depressing final-
stage solidification. The dendritic fluid flow model quantitatively captures
both semi-solid morphology and the fluid flow behavior, and provides an al-
ternative to the convectional experiment for the prediction of permeability by
using the given surface area concentration. Comparison of the numerical and
experimental permeabilities shows a good agreement (within ± 5%) for either
extra-dendrite or intra-dendritic flow, and deviation from the conventional
Carman-Kozeny equations using simplified Dendritic Sv or Globular Sv are
explained in detail. The results quantitatively demonstrate the effect of grain
size and microstructure morphology during solidification on the permeability
prediction. The localization of liquid feeding under the pressure gradient is
also reproduced. Additionally, the fluid flow due to shrinkage and deformation
for non-peritectic and peritectic steel grades with dendritic morphology during
solidification was captured for the first time. The cracking model allows for
the prediction of hot tearing initiation and the progressive propagation during
a tensile test deformation and the results are compared with the experimen-
tal results conducted by Seol et al. [3] at different solid fractions. Parametric
studies of coalescence criteria and surface tension on the constitutive behavior
of the semisolid are discussed and the deformation behavior of alloys with dif-
ferent carbon contents under a feedable mushy zone is investigated. Finally,
the solute transport model has been applied to the continuous casting pro-
cess of steel for the investigation of centreline segregation, and results indicate
that the grain size has a great impact on the solute distribution and solute
partitioning combined with intra-dendritic fluid flow leads eventually to liquid
channels enriched with solute. The predicted composition in these discrete
liquid channels shows a great match with the experimental measured profile
obtained via the microscopic X-Ray fluorescence (MXRF).

Keywords : Hot cracking, Permeability, Solidification, Segregation, Peri-
tectic transformation, Finite element analysis
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Chapter 1

Introduction

This chapter provides an overview of Advanced High Strength Steels (AHSSs)
including their background, categories, advantages over conventional grades as
well as the challenges associated with the production process due to casting
defects. This is followed by an introduction of the continuous casting process
for AHSSs, and typical solidification defects: segregation and hot tearing. The
chapter ends by outlining the main goals of this work and the chapters of this
thesis.

1.1 Overview

In 1960, continuous casting of steel was introduced commercially after over-
coming great technical difficulties. This process is favored worldwide owing
to its inherent advantages of high production yield, low cost and great oper-
ational flexibility [33]. Yet, during the casting process, defects such as hot
tearing and macrosegregation will occur; these can be observed throughout
the cast slab section [34]. For steel grades having high alloy contents such
as AHSSs, transverse cracks and centreline cracks induced by hot tearing and
macrosegregation occur relatively commonly. Continuously-cast steel products
with severe defects usually contain reduced mechanical properties and must
be down-graded. The occurrence of these cracks and centreline segregation is
also very detrimental in terms of damage to downstream equipment. Although
numerous efforts have been made to avoid hot tearing [34, 35], the availability
and accuracy of models to predict their occurrence remains inadequate.

Due to the high temperature at which hot tearing and segregation problem
occur in steels, the semi-solid state, and metal opacity, experimental inves-
tigations are limited. Instead, simulation methods for predicting hot tearing
susceptibility and segregation have been developed. However, modeling the
formation of these defects during the continuous casting process still remains
a big challenge for metallurgists, since these casting defects result from the
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combination of a series of physical phenomena: liquid feeding, deformation,
and segregation [12]. Accurate prediction of hot tearing and segregation re-
quires the complex coupling of these various interacting phenomena. In order
to shed light on the formation of defects, numerous criteria have been proposed
to predict the susceptibility of an alloy/process combination to the formation
of hot tearing (e.g. [36]); however these criteria are not able to quantify the
location and severity of hot tears. The models used to predict macrosegrega-
tion are also known to have shortcomings such as heavy computational cost
and strong dependence on the input parameters [37]. In this thesis, a 3D
meso-scale and multi-physics model is proposed to predict hot tearing forma-
tion and centreline segregation during the continuous casting of AHSSs by
coupling relevant physics together in a comprehensive modeling framework.

1.1.1 Background of AHSSs

The world’s most popular material, steel, has extensive applications in auto-
motive vehicles, skyscrapers, rails constructions and planes simply due to its
functionality, high strength, great adaptability and good machine-ability [38].
Today’s industries, particularly automotive manufacturers, will continue us-
ing steel as a key material but call for the development of new grades of steel
with lighter weight to reduce fuel consumption and environmental damage
while maintaining a sound ecosystem. This is due to the fact that automotive
manufacturers need to meet the Corporate Average Fuel Economy (CAFE)
standards which was proposed to improve transportation efficiency and re-
duce environmental emissions [4]. The CAFE standards were expanded in
2009 to include greenhouse gas (GHG) emissions limits for year 2012-2016.
Fig. 1.1 shows the historical performance of passenger car fuel efficiency, as
well as future targets. For Canada, the enacted target will reach to 55 miles
per gallon in the year 2025. Although other materials such as Al and Mg can
alternatively be used for weight reduction, the lower cost of steel products is
more attractive to automotive manufacturers.

1.1.2 Advantages of AHSSs

AHSSs grades significantly outperform conventional steels for the automo-
tive applications due to several advantages. First, AHSSs are known for hav-
ing high yield strengths and high work hardening rates [39]. The strength
properties of AHSS grades have been roughly defined as a yield strength
≥300 MPa, a tensile strength ≥600 MPa [39], and an elongation between
20-30% [40]. Because of these properties, AHSSs grades offer a reduction in
weight without compromising safety and load bearing performance [38]. Sec-
ond, AHSSs have excellent fatigue behavior and outstanding energy absorbing
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Figure 1.1: Targets for passenger vehicle fuel efficiency in nine countries [4].

properties [41, 42]. This makes these grades highly competitive as compared
to other options for automotive materials. Other advantages include flexi-
ble performance, low cost, and superior recyclability [38]. According to the
previous research [43], the use of AHSSs in North American vehicles has risen
significantly over the past ten years and is expected to double from 254 pounds
per vehicle weight in 2014 to 483 pounds by the year of 2025.

1.1.3 Classification and challenges for application of AHSSs

The outstanding mechanical properties of AHSSs grades lie on the multi-phase
complex microstructures, based on which the AHSSs can be classified in three
different categories. Fig. 1.2 shows the mechanical properties of various cat-
egories. The 1st gen. of AHSSs consist of primary ferrite-based microstruc-
ture including dual phase (DP), transformation-induced plasticity (TRIP),
complex-phase (CP) and martensitic (MART) steels. However, due to the lean
compositions and ferritic-related dominated phases in first generation AHSSs,
second gen. AHSSs were developed consisting of high alloy austenitic steels
such as the twinning induced plasticity (TWIP) steels, lightweight steels with
induced plasticity (L-IP) and shear-band-induced plasticity (SBIP) [39, 44].
The 2nd gen. AHSSs exhibit superior mechanical properties, however, their
high cost due to Mn and Al additions and complex manufacturing process have
prevented them from achieving wide usage [5]. For example, TWIP steel, with
high Mn, is likely prone to delayed cracking and suffers from embrittlement
susceptibility [45]. Other challenging issues include poor castability, difficult
hot working conditions, and poor corrosion resistance [46, 5].

The 3rd gen. AHSSs, currently being developed, aim to obtain mechanical
properties in between the 1st and 2nd gen. They will be steel alloys with a
good combination of strength and ductility, greater than those exhibited by the
first gen. AHSSs but at a lower cost compared with the second gen. AHSSs,
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and with strength ≈1000-1500 MPa along with an elongation of 20-30% [5].
The timely development of 3rd gen. AHSS grades are considered to be of vital
importance to sustainability within the automotive industry [44, 39].

Figure 1.2: Elongation-tensile strength diagram for various steels [5].

1.2 Solidification during the AHSSs continu-

ous casting process

Continuous casting is a mature technology undergoing improvements over
decades [47]. A typical schematic of the process is shown in Fig 1.3. The
needed equipment consists of a copper mold providing primary cooling, spray
nozzles providing secondary cooling, and rollers upon which the casting travels
through the system.

In the continuous casting process, molten steel fed from the tundish is
introduced to an oscillating, water cooled mold with an open exit. The mold
oscillates to help avoid the sticking between the solidified shell and the copper
mold. The process starts with a mold blocker located at the mold bottom.
Once the liquid is poured into the mold through a nozzle, the metal starts
to solidify against the copper mold and the starter block due to the heat
extraction. When the solid shell grows with a certain thickness, the block will
be gradually withdrawn while the molten metal is continuously fed into the
mold to maintain a relative even meniscus level. A layer of slag is often used
to cover the molten meniscus to provide the metal with thermal and chemical
insulation from the atmosphere and to absorb alumina inclusions.

The solid shell, having a known thickness, is vertically oriented as it exists
the mold. A series of motor-driven rolls below the mold gradually withdraw the
product from the vertical direction to the horizontal direction over a length of
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Figure 1.3: Schematic diagram of the continuous casting apparatus along
with a flow pattern inside the mold [6].

∼10 m. Additionally, these support rolls also help to prevent bulging caused by
the ferrostatic pressure. Between these support rolls, high-pressure nozzles are
used to spray water on the product surface to extract the latent heat of fusion
at the solidification front as well as the heat of phase transformation from
the solidified steel as well as heat related to the high temperature. Once the
casting steel reaches a length convenient for further processing, it is subjected
to torch cutoff into individual products. As-cast steel product shapes include
billets (square cross section with thickness less than 150 to 175 mm), thick
slabs (wide rectangular cross section with thickness between 50 and 300 mm),
thin slabs (thickness between 50 and 75 mm), strips (thickness between 1 and
12 mm), and rounds/extrusion billets (100 to 500 mm in diameter) [48].

Solidification during continuous casting involves a complex interplay of
heat transfer processes. The molten metal, entering the mold through a ce-
ramic nozzle, brings the heat. Then, heat transport inside the mold and the
mold/metal interface influences the initial solidification behavior as well as the
growth of a solidified shell [48]. The heat transfer rate varies with time and
location. Near the meniscus, the molten metal is in contact with the water-
cooled mold, which makes heat transfer very efficient. Steel tends to shrink
upon cooling, ultimately resulting in the cast surface being rough, and the for-
mation of an air gap which impacts the heat extracted through the mold. The
shrinkage gap forming near the corner and spreading across the lateral faces
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is compensated by utilizing a tapered mold to facilitate the cooling [49, 50].
It was reported that 40% of the total superheat and about 30% of the total
sensible heat can be removed by primary cooling [51].

1.3 Solidification defects of AHSSs during cast-

ing

Solidification defects are occurring both in the mold as well as below the mold
observed in different microstructures. Dendrite growth is the most common
crystallization mechanism observed during continuous casting of steel. The
morphology characterized by the dendrite arms is associated with the forma-
tion of secondary phases and casting defects, most notably hot tearing, poros-
ity and segregation [52, 53]. Advanced continuously-cast high strength steel
slabs with high levels of alloying elements as well as complex shape castings
are quite prone to these defects which have plagued the continuous casting
process for decades [54].

1.3.1 Hot tearing

The occurrence of hot tearing, is a multi-scale problem, and has been known
to be related directly to the flow of liquid through the dendritic network at
the microscale [20], due to the concomitant phenomena of solidification in-
duced shrinkage and mushy zone deformation. A typical crack, from a thin
slab caster, is shown in Fig. 1.4. This figure shows the internal half-way crack
observed in the longitudinal cross section of as-cast slabs, along with the sur-
rounding microstructure.

This defect occurs in metallic alloys during the semi-solid state and is
caused by a lack of liquid feeding to compensate solid network openings in-
duced by tensile and shear strains [12]. The rapid cooling during the initial
solidification of continuously-cast steel leads to steep temperature gradients,
resulting in large thermal strains as the slab contracts or expands within the
mold [34]. The hot tears formed within the mold will be subjected to thermal
strain along with mechanically induced strains caused by the roll pressure,
ferrostatic pressure, machine misalignment, bending and straightening oper-
ations, any of these strains and stresses will accelerate the formation and
propagation of the crack [34].

Reports have shown that the mechanical properties of semi-solid steel dis-
play a ductility trough over a critical solid fraction range known as the brittle
temperature range where the liquid behaves as an extremely brittle phase [8].
A typical schematic of the ductility trough at high solid fractions near the
solidus temperature of columnar grains is shown in Fig. 1.5. In this schematic,
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Figure 1.4: Typical hot tears observed within steel slabs [7].

several critical points can be identified in terms of solid fraction and tempera-
ture [8] that characterize the brittle temperature range and thus the range in
which hot tears are prone to forming:

Figure 1.5: Schematic diagram of mechanisms of hot tearing in steels [8].

Coherency point, gcohes

gcohes represents the point at which secondary arms are beginning to touch the
neighbouring ones, while still allowing liquid to pass through them. When a
semisolid reaches the coherency point, the solid skeleton is continuous and can
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withstand slight deformation.

Liquid impenetrable point, gimpes

Liquid impenetrable point is defined as a semi-solid solid fraction where the
dendrites are compact and impede the liquid feeding. Inadequate liquid feeding
results in the formation of porosity or a rupture of a liquid film if the semisolid
is subjected to deformation. The ductility of a semisolid will decrease with
the increase of solid fraction until it reaches to the coalescence point.

Coalescence point, gcoals

gcoals is defined as the solid fraction when the disappearance of a liquid film
between two distinct grains occurs, forming a solid grain boundary as well
as isolating liquid pockets. The semisolid at the coalescence point is strong
enough to withstand large deformation and is ductile. Hot tearing is not likely
to occur once the solid fraction is greater than the coalescence point.

Zero ductility temperature, gzeros

gzeros corresponds to the point when a solid fraction is very high and little
porosity remains. The ductility and strength both increase began at this point
until complete disappearance of the liquid phase.

Hot tears are prone to occurring between the zone identified by gcohes and
gimpes where the material is known to be extremely brittle [8]. The problems
become more severe for steel grades having carbon contents between 0.09 and
0.17 wt.% which covers the peritectic range [55]. Once a hot tear forms within
a casting, it represents an irreversible failure that needs to be repaired or cut
off.

1.3.2 Macrosegregation

In addition to hot tearing, inhomogeneity in solute distribution within a metal
alloy can also occur during casting. This defect, known as segregation, occurs
at different length scales; macrosegregation refers to composition differences
over a large spatial scale whereas microsegregation refers to composition differ-
ences on the scale of the inter-dendritic spacing. Macrosegregation is a result
of two fundamental mechanisms: flow of solute-enriched liquid through the
mushy zone containing solidifying dendrites and transport of solid grains or
grain fragments throughout the liquid pool [29]. Gradual solute enrichment
of the liquid occurs as a result of solute partitioning during solidification, due
to the low solubility of most alloying elements in the solid as compared to the
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liquid. The fundamental mechanism to cause macrosegregation is the move-
ment of the enriched or depleted liquid and the transport of solid grains in the
mushy zone [29].

Macrosegregation is one of the most unavoidable problems in continuous-
cast steel due to the inter-dendritic flow caused by shrinkage, changes in liquid
density [56] induced by temperature variations, mechanical deformation [57]
and electromagnetic forces [58]. Segregation along the centreline, known as
centreline macrosegregation, is often considered as the initiation site for crack-
ing and porosity [59]. Although microsegregation can be eliminated during
heat treatment, it is not possible to achieve long-range chemical homogeneity
thus eliminating macrosegregation once casting is complete due to the large
length scales. Final products with severe macrosegregation usually end up
with reduced mechanical properties and are sold at reduced cost. Although
strategies such as electromagnetic stirring, soft reduction and intense cooling
have been used to minimize this effect [60], great interest remains in determin-
ing strategies that eliminate this defect during continuous casting [37].

1.4 Outline

This thesis proposes the use of a multi-scale and multi-physics model to in-
vestigate hot tearing and centreline segregation during the continuous casting
process of steel. The model is also used to predict the microstructure morphol-
ogy transitions from individual dendritic grains to a percolated solid network,
the effects of the peritectic transformation, and permeability variations within
a semisolid. The model is validated experimentally using X-ray fluorescence
data and the measurements from the semisolid tensile test experiment.

This thesis is organized in a following order:
Chapter 2 describes the principles of hot tearing and macrosegregation

during solidification, including a review on the basic knowledge, pertinent
experimental investigations, and key numerical simulations.

Chapter 3 presents the scope and objectives of this thesis. This includes
a short review of the gaps in the previous models and key improvements.

Chapter 4 presents the methodologies used in this thesis, including the
model development and the experimental set up used for validation.

Chapter 5 reports the application of the model to various conditions and
the corresponding results. Validations of the model results with experimental
measurements are also presented.

Chapter 6 summarizes all contributions of this thesis and concludes with
model limitations and suggestions for future work. The industrial applications
of the current model are also discussed.
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Chapter 2

Literature Review

Solidification defects including hot tearing and macrosegregation are exam-
ples of multi-scale and multi-physics problems. The microstructure and fluid
flow occur at the microscale while stress develops at the macroscale. The key
phenomena include alloy segregation during solidification, fluid flow within
the intra-dendritic and extra-dendritic regions, and deformation of the mushy
zone. Experimental investigation of the mechanisms behind these phenom-
ena has provided much knowledge for developing numerical models that have
greatly reduced the occurrence of these detrimental defects. Nevertheless, pre-
diction of hot tearing and macrosegregation is extremely difficult, especially
during the continuous casting process [47].

This chapter consists of three parts: solidification, segregation, and hot
tearing. First, the fundamentals of solidification path for steel alloys and
coalescence at the end of solidification are reviewed. Second, experimental
characterizations of macrosegregation are presented followed by a review of
numerical investigations including both existing microsegregation models and
macrosegregation models. Thirdly, both experimental and numerical investi-
gations of hot tearing are presented: experimental works including hot tearing
sensitivity test, mechanical test and observation of hot tearing; macroscopic
hot tearing criteria and continuum model of hot tearing; and prior researches
on multi-physics modelling of hot tearing as well as the applicability of these
models to steel alloy systems and the continuous casting process.

2.1 Solidification

2.1.1 Solidification path in AHSSs

Phase diagrams are useful tools to provide insights on the solidification path of
advanced high strength steels. A phase diagram provides the existing phases
at specific temperature and composition at equilibrium state, usually assuming
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a fixed pressure.

Figure 2.1: (a) A Fe-C binary phase diagram and (b) mechanism of peritectic
reaction and transformation during solidification [9].

Fig. 2.1(a) shows a typical example of Fe-C diagram at high temperatures.
The phase diagram clearly indicates the boundaries between different phases.
For alloys with carbon contents between 0.16 wt.% and 0.53 wt.%, the solidifi-
cation sequence can be easily identified: primary solidification L→ δ, peritec-
tic reaction L + δ → γ, followed by the sequential peritectic transformation.
A schematic diagram illustrating the mechanism of the peritectic reaction and
transformation is shown in Fig. 2.1(b). Initially, the primary δ phase forms
followed by the peripheral growth of γ phase during peritectic reaction. Once
the peritectic reaction is over, the γ grows and consumes both liquid phase
and δ phase. For multi-component alloys, a pseudo-binary phase diagram of
alloys containing different compositions can also be calculated with the help of
modern thermodynamic software such as ThermoCalc [61] and FactSage [62],
and is useful to identify the existing phases.

In reality, an equilibrium state is hard to achieve during solidification due
to inadequate time for complete diffusion of solute and heat [12]. This implies
that there is always a concentration gradient in each phase, i.e. segregation.
However, it often assumes that a local equilibrium at the phase interface is
satisfied. The solute partitioning between the solid and liquid is controlled
by the partition coefficient, also known as segregation coefficient, k = c∗s/c

∗
l ,

where c∗s and c∗l represent the equilibrium concentrations in the solid and liquid
phase at the temperature of interest.

The evolution of solid fraction can be predicted using various modelling
approaches, each containing different assumptions, and thus obtaining segre-
gation profiles as a result of solute partitioning and diffusion in each phase.
Often, the liquidus and solidus lines of the phase diagram are linearized in or-
der to obtain a constant partition coefficient thus simplifying the simulation.
Casting defects such as hot tearing and segregation are likely to form during
solidification. Note that hot tearing is likely to occur at high solid fraction
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due to the inadequate liquid feeding [12] prior to coalescence, while segregation
occurs throughout the whole process and at different length scales. The def-
inition of coalescence will be reviewed hereafter followed by microsegregation
models and macrosegregation models.

2.1.2 Coalescence during solidification

At the end of solidification, when two grains with different orientations are
about to touch each other, a driving force is needed to determine the non-
equilibrium temperature when they will coalesce and form a solid bridge [63].
Solidification of the last liquid film depends on the interfacial energies of the
(dry) gain boundary, γgb and of the solid-liquid interface, γsl [63]. For a pure
metal, the excess free energy of two interfaces approaching each other at the
melting temperature deviates from γsl until it equals γgb when the liquid chan-
nel has completely disappeared. The expression of the excess energy γ(h) as
a function of channel width (h) at the melting temperature is given by

γ (h) = 2γsl + (γgb − 2γsl) exp

(
−h
η

)
, (2.1.1)

where η represents the thickness of diffuse solid/liquid interface (η ∼1-3 nm) [64]
(note – coalescence phenomena can only be felt at this length scale). The forces
between two grains can be categorized into three cases: attractive (γgb < 2γsl),
neutral (γgb = 2γsl), and repulsive (γgb > 2γsl). At other temperatures, the
excess free energy G (h) (per unit area) resulting from supercooled liquid is
given by

G (h) = (Gl −Gs)h+ γ (h) = ∆sfh∆T + γ (h) , (2.1.2)

where Gl and Gs are the free energy of liquid and solid phase per unit volume,
∆sf represents the volumetric entropy of fusion, and ∆T is the undercool-
ing relative to the melting temperature. Rappaz et al. [63] combined Equa-
tions 2.1.1 and 2.1.2 to show that stable liquid films will remain between
two grains below the equilibrium solidification temperature until a coalescence
undercooling (∆Tb) is reached,

∆Tb =
γgb − 2γsl
∆sf · η

. (2.1.3)

As can be seen in Eq. 2.1.3, the sign of the coalescence undercooling de-
pends on the difference between γgb and γsl. In alloys, ∆Tb, is also influenced
by solute enrichment in the liquid film due to microsegregation. Thus, the
coalescence results in a shift downwards of the liquidus line by a certain solute
undercooling.
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2.2 Segregation

2.2.1 Experimental characterizations of macrosegrega-
tion

Numerous methods have been suggested in the literature to study macrosegre-
gation experimentally, and in this section only a few methods commonly used
in industries are covered.

Casting structure is considered to influence the severity of macrosegrega-
tion [65]. Eskin et al. [66] conducted some microstructure analysis on the
casting samples through the optical microscope. The samples were well pol-
ished, cleaned and etched using different agents for revealing grain size and
secondary arm spacings based on the composition inhomogeneity. They ob-
served the coarse microstructure which was located near the center and varied
under different casting conditions. Solidification structure and macrosegre-
gation along centreline of a continuously cast slab was also investigated by
Choudhary et al. [67] through sulfur printing. The presence of centreline seg-
regation with a band width of around 10∼12 mm was clearly observed. The
structure analysis provides useful insights into the macrosegregation features
and can be used as a validation for the model’s prediction in terms of mi-
crostructure and alloy distribution. However, the low sulfur contents within a
steel sample often fail to indicate the severity of segregation and the solidifica-
tion morphology. Quantitative analysis of the chemistry of a solidified sample
is necessary as the solute inhomogeneity directly determines the mechanical
properties of the material.

For quantitative analysis of the solute concentration distribution, Electron
Probe Micro Analyzer (EPMA) measurements were performed on the steel
sample from the ingot casting [68]. Yoshida et al. [10] used the same technique
to investigate the influence of P on the microstructure of steel, and the solute
distributions of species P and Mn within a small area of 2.56 mm×2.56mm is
shown in Fig 2.2. The primary dendritic structure is visualized by the Mn-poor
or P-poor area as solute is rejected from the solid phase during solidification.
This method is capable to quantitatively indicate that the addition of P has a
significant influence on the segregation. Other alternative approaches such as
X-Ray analysis in the electron microscope, optical emission methods are rarely
applied to macrosegregation analysis due to the fact they are very destructive
and time consuming, and often restricted to small samples.

The experiments, especially large-scale experiments on industrial alloys
upon real casting processes, are seldom done in the past mainly due to the
challenges associated with shortage of equipment and expertise. X-Ray flu-
orescence (XRF) spectroscopy shows advantages over conventional methods
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Figure 2.2: Solute mapping obtained from EPMA within a steel sample cut
from continuously casting slab with different P contents: (a) 0.01 wt.%P, (b)

0.10 wt.%P and (c)0.20 wt.%P. [10].

mentioned above, and offers new possibilities to exam the chemical distri-
bution at both microscale and macroscale. X-Ray fluorescence analysis is a
well-established method for elemental analysis of a great variety of specimens.
The advantages of the non-destructive or poorly destructive character and the
ability to conduct simultaneous multi-element determinations with high sen-
sitivity have made it applicable for the investigation of different materials.
Additionally, the quantitative analysis via X-Ray fluorescence is known as a
rapid and inexpensive technique with a simple sample preparation without
acid digestion processes. It has been applied to investigate macrosegregation
by Flemings for the first time in 1960s [69]. Fig. 2.3 shows a solute map for
the steel ingot on a large scale obtained through XRF [11] for Cr and Mo.
This large scale cross-section of the ingot was mapped for the first time with
great details. The enriched solute of either Cr or Mo is located within chan-
nels along a direction antiparallel to the vertical direction, characterized as A
segregation, can be clearly visualized; besides, the positive segregation at the
top of the ingot is also observed. One of the limitations of XRF is that the
carbon distribution within the sample can not be measured.

2.2.2 Numerical methods

Microsegregation Model

In addition to experimental investigation, numerical methods also help to pro-
vide insight into the segregation behavior. These models are often derived
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Figure 2.3: Solute mapping measured from XRF within a cross-section of a
ingot sample for Cr and Mo [11].

based on the microstructure. The morphology of columnar dendrites of a so-
lidified succinonitrile-acetone (SCN) alloy is shown in Fig. 2.4, where the pri-
mary dendrites and the secondary arms could be observed. An ideal schematic
is shown on the right where an array of secondary dendrite arms growing par-
allel to one direction are assumed. This schematic is used to perform a 1D
microsegregation analysis. Then the 1D microsegregation models are derived
based on solute conservation over the black box shown in Fig. 2.4 at the scale
of secondary dendrite arm spacing λ2 under the assumption that the density
of solid and liquid phase are equal and constant. The temperature within the
black box is considered to be uniform due to a larger Fourier number FoT .

Figure 2.4: Columnar dendrites growing during solidification process of
succinonitrile-acetone alloy (left) and a simplified schematic diagram of

dendrite secondary arms used for microsegregation analysis [12].

The two simplest relations between the solid fraction and the alloy compo-
sition are Lever Rule and Gulliver-Scheil Equation. The Lever Rule presents
the equilibrium solidification process by assuming complete mixing both in

15



Ph.D. Thesis – Y. Feng McMaster University – Materials Science & Engineering

solid and liquid phases at a temperature T, and solute rejected at the s/l in-
terface contributes to the increment of solute concentration in both liquid and
solid phases shown in Fig. 2.5(a). The equation is expressed as follows,

gs =
1

1− k
T − Tliq
T − Tf

, (2.2.1)

where gs is the solid fraction, Tliq is the liquidus temperature, and Tf is the
melting point. The other extreme rule is the Gulliver-Scheil equation, which
assumes no diffusion in the solid and complete mixing in the liquid along with
a local equilibrium at the interface. The solute profile within the two phases
can be found in Fig. 2.5(b). Note that the horizontal dashed line in Fig. 2.5(b)
represents the average solute concentration in the solid phase 〈cs〉s. The solute
rejected at the s/l interface is balanced by the increase in solute concentration
in liquid phase only. Then Gulliver-Scheil equation derived based on the mass
balance of the mushy zone is given,

gs = 1− (
T − Tf
Tliq − Tf

)1/(k−1). (2.2.2)

Figure 2.5: (a) Schematics illustrating the partitioning of solute from
interface to liquid phase in (a) Lever Rule model and (b) Gulliver-Scheil

model of microsegregation.

Lever Rule and Gulliver-Scheil equation represent two extreme cases: com-
plete mixing or no mixing of the solid phase. Both Eq. 2.2.2 and Eq. 2.2.1
are independent of length and time scale. However, Gulliver-Scheil approxi-
mation is valid during rapid solidification such as laser welding [70]; Also, in
reality, finite diffusion within the solid which referred as back-diffusion, does
take place. The relative importance of back diffusion is determined by the
Fourier number within the solid phase. Brody and Flemings [71] were the first
to propose a microsegregation model that includes back diffusion, assuming
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a uniform temperature and liquid is well mixed. The relation between solid
fraction and temperature is given as,

gs =
1

1− 2kFos

[
1−

(
T − Tf
Tliq − Tf

)−(1−2kFos)/(1−k)
]
, (2.2.3)

where Fos is the Fourier number in solid phase defined as Fos = 4λ2
2/Ds with

Ds corresponds to the diffusion coefficient in the solid phase. However, the
current Brody-Fleming model is only safe to use when Fos is less than 0.1,
and it fails to guarantee solute conservation [12].

Clyne and Kurz [72] introduced a similar empirical expression based on the
Fourier number to ensure that Eq. 2.2.1 can be reproduced when Fos →∞,

gs =
1

1− 2f (Fos) k

[
1−

(
T − Tf
Tliq − Tf

)(1−2f(Fos)k)/(k−1)
]
, (2.2.4)

where the expression f (Fos) is given by,

f (Fos) = Fos

[
1− exp

(
− 1

Fos

)]
− 0.5 exp

(
− 1

2Fos

)
. (2.2.5)

Eq. 2.2.4 still fails to handle the solute conservation due to the fact that the
solute diffusion in solid phase is not properly dealt with [12]. Other researchers,
including Ohnaka [73] and Kobayashi [74] introduced alternative expressions
of the Brody-Flemings equation to take into account of partial diffusion in
the solid during solidification. Both models achieve a solute conservation,
Ohnaka’s model is an approximated solution under the assumption of parabolic
distribution while the Kobayashi’s model provides an exact solution to the back
diffusion problem.

In the models mentioned above, Clyne-Kurz model is widely used due to its
simplicity. Won et al. [56] extended the Clyne-Kurz model to multi-component
systems with dendritic morphology characterized by λ2, and considered phe-
nomena such as coarsening and peritectic transformation. Won’s model was
applied to investigate the effect of cooling rate on the characteristic tempera-
tures such as the zero strength temperature (ZST), zero ductility temperature
(ZDT) and liquid impenetrable temperature (LIT) of a steel sample during
solidification. The results indicate that cooling rate has a significant influence
on ZST, LIT and ZDT due to the segregation behavior of the elements near
the final stage of solidification.

However, the models mentioned above are all limited to 1D, and solute
concentration inside a unit cell such as the black box shown Fig. 2.4 remains

17



Ph.D. Thesis – Y. Feng McMaster University – Materials Science & Engineering

constant without any solute exchange with the neighboring grains. It will cause
a problem if non-constant density is included as it requires liquid feeding from
neighboring grains to compensate solidification shrinkage; also coarsening in-
troduced in these 1D model is not physically correct as coarsening results from
the disappearance of dendrite arm due to incoming enriched solute flux [12].

A more elegant model based on an averaging approach over the microstruc-
ture was proposed by Wang and Beckermann [75]. The solidification model
derived via this approach defines at least three phases intra-dendritic liquid
lid, extra-dendritic liquid led and solid s phase. A dendrite envelope is intro-
duced to distinguish the lid and led shown in Fig. 2.6(a). Wang and Becker-
mann assumed finite diffusion in solid and extra-dendritic liquid phase while
the intra-dendritic liquid was well mixed, and the schematic profile of solute
concentration can be seen in Fig. 2.6(b). Wang’s model was also derived un-
der following assumptions: uniform temperature over a representative volume
element (RVE), densities of all phases are equal and constant, fluid flow is
negligible. The controlling equations are derived based on three solute con-
servation equations of three phases(lid, led and s), and the LGK model [76] is
used for predicting the dendrite tip velocity,

d (gs + gid)

dt
=
SeDlml (k − 1) c∗l

π2Γsl

[
Iv−1 (Ω)

]2
, (2.2.6)

d (gs〈cs〉s)
dt

= c∗l k
dgs
dt

+
SsDs

`s/id
(c∗l k − 〈cs〉

s) , (2.2.7)

d
(
gid〈cid〉id

)
dt

= c∗l
dgid
dt

+c∗l (1−k)
dgs
dt
−SsDs

`s/id
(c∗l k − 〈cs〉

s)−SeDl

`ed/id

(
c∗l − 〈ced〉

ed
)
,

(2.2.8)

d
(
ged〈ced〉ed

)
dt

= c∗l
dged
dt

+
SeDl

`ed/id

(
c∗l − 〈ced〉

ed
)
, (2.2.9)

where gs, gid and ged represent the volume fraction of each phase, S is the
interfacial area to the volume of the element, and subscripts s and e indicate
the solid/liquid interface area and envelope area. ml is the liquidus slope
obtained from phase diagram. c∗l is the equilibrium solute concentration in
the liquid phase at a temperature of interest. Dl and Ds are the diffusion
coefficient in liquid and solid phase, respectively. Γsl is the Gibbs-Thomson
coefficient. 〈ck〉k denotes the volume averaged intrinsic concentration of a
phase k, and `ed/id and `s/id are the characteristic diffusion length in the extra-
dendritic liquid and solid phase, respectively. The inverse of Ivantsov equation
Iv−1 (Ω) can be approximated with the following equation with Ω denoting
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solutal undercooling,

Iv−1 (Ω) = Ω =
c∗l − 〈ced〉

ed

(1− k) c∗l
. (2.2.10)

Figure 2.6: (a) A schematic of an equiaxed dendrite enclosed by an envelope
and a solute profile in different phases [12].

The main advantage of this averaging approach is its ability to consider
complex dendritic geometry and incorporate a dendrite growth model, which is
able to simulate the evolution of phase fraction upon cooling without explicitly
tracking the interfaces between the phases. This model was further extended
to consider the diffusion in intra-dendritic region [77], and to investigate the
relative movement between the solid and liquid phase and the permeability
within a mushy zone [78].

Microsegregation predicted by the above models occurs at a scale of mi-
crostructure and will cause macrosegregation if liquid flow between grains is
present.

Macrosegregation Models

Macrosegregation, as explained in Section 1.3.2, is a critical defect in casting
products, and is commonly observed at the center of continuously cast semi-
products, such as slabs and billets. Modeling macrosegregation is challenging
due to the complex interplay between heat transfer, solute transport, fluid
flow, solid deformation and the movement of the solid grains. Combined these
require heavy computational cost at the scale of the casting [79].

Flemings and Nereo [80] were among the first to model the fluid flow in-
duced by only shrinkage under the assumption of stationary solid phase and
constant densities (ρl 6= ρs) for both liquid and solid phases. The microseg-
regation prediction was simplified using the Gulliver-Scheil model. Building
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on this framework, Mehrabian et al. [81] introduced the intra-dendritic fluid
flow during solidification by using the Darcy’s law according to pressure drop
model and gravity, and with a known temperature gradient as an input param-
eter. The bulk liquid flow was not considered in their works. The limitation
was gradually removed with the development of multi-domain model where
the moving boundaries of mushy zone and liquid zone were tracked and solved
with corresponding different equations, and the prior decoupled model was
extended by taking mass, momentum, solute and energy conservation equa-
tions into account [82]. In the late 1980s, macrosegregation was first predicted
through a continuum model based on the mixture theory [83, 84]. A more ro-
bust and rigorous model developed by Ni and Beckermann [85] through volume
average approach accounts for multiple phenomena during solidification, where
the concentration is a treated as a mixture of both solid and liquid phases.
This averaging volume approach is now commonly used to predict macroseg-
regation as intra-dendritic flow induced by solidification shrinkage, bulging,
thermo-solutal buoyancy and the motion of equiaxed grain can be simulated
at the macroscale. Založnik and Combeau [86] proposed a splitting scheme for
the average volume solidification model to reduce the complexities associated
with the coupling procedures while considering the movement of grains, which
has been applied to predict the macrosegregation in DC casting [87].

2.2.3 Gaps in prior macrosegregation models

Macrosegregation prediction requires heavy computational cost; the coarse
mesh size and simplifications introduced in order to make the computation
time manageable sometimes fail to capture phenomena at the scale of the
microstructure. Further, these models are strongly dependent on the input
parameters and auxiliary models [37]. The selection of simplified Level-Rule,
Gulliver-Scheil or Brody-Flemings microsegregation equations [88] have a sig-
nificant effect on the solid evolution and thus solute concentration [37]. The
mushy zone permeability will spatially vary due to the different local liquid
fraction, flow tortuosity and semisolid microstructure, and requires a solution
of the feeding at a microscale [81] and not simply the use of an analytical
expression like Carman-Kozeny [89]. Evidence has also shown that macroseg-
regation cannot be accurately predicted without considering the morphology
of the microstructure [79].

Based on these challenges, modeling macrosegregation during continuous
casting is extremely difficult because, as identified by Thomas [47], it requires a
comprehensive thermal/solutal model, a microsegregation model, a model for
solute transport induced by shrinkage and mechanical deformation of the solid
steel due to mechanical forces such as bulging, roll misalignment, unbending,
and failure of the microstructure.
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2.3 Hot tearing

2.3.1 Experiments investigation on hot tearing

As explained in Section 1.3.1, hot tearing is a casting defect within a semi-
solid state formed due to a lack of liquid feeding while under tension or shear
stresses. Many hot tearing tests have been developed to characterize this de-
fect. In this section, different experimental tests used to investigate the hot
tearing sensitivities, the mechanical properties of the alloys and the metallo-
graphic analysis of hot tearing are reviewed. These experiments help to in-
vestigate the influence of temperature, composition, applied deformation and
other factors on the formation and propagation of hot tearing.

Hot tearing sensitivity tests

Many experimental apparatus have been developed over decades to assess the
hot tearing susceptibility of alloys, the basic idea of these tests is to constrain
the thermal contraction and shrinkage of a solidifying semisolid, thus inducing
tensile stresses and consequently hot tearing [12]. The severity of hot tearing
sensitivity of an alloy is often characterized by the length of a crack which is
determined either through visual inspection of a solidified sample, or measuring
the electrical resistivity during sensitivity tests [12]. The most common ways
to test hot tearing sensitivity for steel include ingot punching test, bending
test [90], constraint shrinkage test, while ring mold test [91], dog bone test [92]
and cold finger test [93] are often used for aluminum alloys. Recently, Bellet et
al. [8] developed a method, called the Crickacier hot tearing test, to investigate
the hot tearing sensitivity of semi-solid steels. It basically belongs to the
constrained shrinkage test.

Figure 2.7: Schematic diagram of Crickacier hot tearing test [8].
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The Crickacier test involves a feeder, two water-cooled chills, a mold insert
and a mold as shown in Fig. 2.7. The casting specimen with a cone trunk
shape is cooled at two ends, creating a central hot spot that acts to resist
the thermal contraction as the specimen solidifies. Both ends of the specimen
are constrained by the mold, thus causing tensile stresses perpendicular to the
growth direction of columnar grains near the central hot spot. In this test, the
thermal evolution along with the mechanical load are well controlled.

Mechanical tests

The empirical function to characterize the constitutive behavior of a semisolid
is often derived based on accurate experimental measurements. Mechanical
tests are able to show the loss of ductility and predict strain and stress evolu-
tion after a deformation is applied.

Figure 2.8: Schematic diagram of a Gleeble thermo-mechanical simulator [13].

Tensile tests : tensile testing semi-solid material has been found to be an
effective method to predict the crack susceptibility of steel made by continuous
casting process [94]. In the early 1960s, a group of researchers at Rensselaer
Polytechnic Institute developed an apparatus called ”Gleeble” to study the
effect of temperature and high strain rates on the mechanical behavior of ma-
terials [95]. This apparatus consists of a high tensile testing apparatus and
a high speed time-temperature control device, and is able to conduct various
deformation tests under well-programmed temperature ranges and mechani-
cal loading. It has been used to characterize the critical fracture stress for
semi-solid steel [13]. The typical schematic diagram of the Gleeble system is
shown in Fig. 2.8, where the control and heating systems are joined with a
low force mechanical rig. The specimen is clamped between the two water-
cooled jaws while heated by conductive resistance, and the horizontal tensile
loads are applied through the mounted cylinder. The main advantages of the
Gleeble test are the rapid heating system and well-designed temperature and
deformation control systems, thus providing relatively accurate experimental
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data [96]. However, it still remains uncertain if the experiment reproduces the
actual continuous casting condition in terms of microstructure evolution and
thermal history, also the nonuniformities of temperature distribution within
such a small sample infer greatly on the mechanical properties [97]. Addition-
ally, conducting a tensile test on a semisolid encounters numerous challenges
due to the presence of intra-granular liquid within a semisolid when a tensile
load is applied. The liquid film acts as an extremely brittle phase.

Another approach permitting the in-situ measurement of the mechani-
cal behavior during solidification is called submerged spill chill tensile test
(SSCT) [98, 99]. This test was initially proposed for the aluminum and alu-
minum alloys, and gradually applied to steel. Fig. 2.9 shows the two-piece chill
body consists of water-cooled copper cylinder. The upper part of the chill cap
is fixed to the support while the lower part is attached to the hydraulic cylin-
der, which allows for a constant separation rate between the two parts under
an applied load through the rod. When the chill body is immersed into the
molten steel, a solid shell forms over the surface. After a preset time, the so-
lidified shell will be deformed in a direction parallel to the axis of the cylinder,
and the columnar dendrites that have formed near the separation line between
the two parts are pulled apart and the load is recorded simultaneously. The
SSCT provides a similar condition for the hot tearing formation, and the result
of the strength-elongation curve shows the real mechanical behaviors of the
semi-solid state of steel during the initial solidification process [12]. The ad-
vantage of SSCT over the conventional test through the Gleeble-type machine
is its contribution to obtain the mechanical strength of a solidifying shell; be-
sides, the microstructure orientation is well controlled in respect to the tensile
axis during the experiment [98].

Compression tests : the rheological behavior of a semisolid can also be pre-
dicted with a compression test by squeezing a sample either under a fixed load
or a constant displacement rate between two parallel plates [100]. This exper-
iment is often conducted on the semisolid with a solid fraction greater than
0.5 [101]. In a semi-solid sample, when compression is applied, the liquid will
be squeezed out from liquid channels and pressure within the intra-dendritic
liquid will increase [1]. This process can be related to solidification, where
a solid/liquid interface moves towards a neighboring one with an increasing
of solid fraction. When the compressibility of a semisolid drops to zero, it
indicates that the liquid disappears and only fully solidified grains remain.
The measurement of the amount of liquid squeezed out from a semisolid al-
lows for the prediction of volumetric strain evolution and strain rates [96].
One example of the devices used to conduct the compression test is shown in
Fig. 2.10. The specimen is placed in the cylindrical furnace equipped with
quartz heat-resistant windows, and heated to a specific temperature prior to
the compression. The applied force and displacement during compression are
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Figure 2.9: Schematic diagram of a submerged spill chill tensile test
apparatus [14].

properly measured and the microstructure analysis can be done based on the
quenched sample [15].

Observation of hot tearing

Fracture profile observation: experimental investigations of hot tearing also
include fractography analysis of the samples, which help to better interpret
the fracture mode at high temperatures and hot tearing mechanism. Xu et
al. [16] performed a series of observations on the fracture surface of the Cr13
stainless steel produced by continuous casting at Baosteel. The bumpy surface
of hot tearing was visualized as shown in Fig. 2.11(a). Fig. 2.11(b) indicates
that the well developed dendritic structures coalesce and form dendritic bridges
surrounded by a smooth inter-dendritic region which solidifies at lower temper-
atures due to the enriched solute. Inadequate liquid feeding at the last stage of
solidification results the formation of cavities can be also found in Fig. 2.11(b).
The breaking point located between the primary dendrites at the fracture sur-
face was also observed as shown in Fig 2.11(c), those tiny spikes indicate that
when the dendritic bridges are subject to a tensile deformation, they will be
elongated prior to the failure.
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Figure 2.10: Schematic diagram of a compression test apparatus [15].

Figure 2.11: Fractographs of steel samples produced with final
electromagnetic stirring: (a) cracked region, (b) dendritic region and (c)

breaking point of the dendrite [16].

The fractography is also able to capture phenomena such as liquid film,
precipitates and inclusions [17]. Fig. 2.12 shows the dendritic structure at
1300 ◦C of a dual-phase advanced high strength steel. The presence of liquid,
shown in Fig. 2.12, leads to an onset of failure that intensifies the tendency
to crack due to embrittlement during the tensile test [17]. The author also
observed that S-rich precipitates embedded in the fracture surface weaken the
shear strength of the material and the round-shape inclusions located at the
triple junctions acted as initiation sites for the crack formation.

In-situ observation: in-situ observation of hot tearing performed on trans-
parent organic systems allows researchers to observe the hot tearing formation
with the help of optical microscope. Farup et al. [18] conducted an in-situ
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Figure 2.12: Fractograph of a steel sample with a partially melt region [17].

observation on SCN and acetone system during its solidification. This mate-
rial shares similar characteristics compared with metallic alloys such as body-
centered cubic (BCC) lattice and low entropy of fusion as well as its steady
state creep behavior near the solidus temperature [102, 103]. The columnar
dendrites growing parallel to the thermal gradient at a low solid fraction are
shown in Fig. 2.13 on the left. A schematic of the microstructure along with
the process is shown on the right. The number of the grains is clearly identi-
fied by the labels. After the thermal equilibrium was well established, a pull
stick was used to deform the semisolid perpendicularly to the columnar growth
direction and thus cause the opening of the liquid channel. The fluid flow di-
rection is illustrated by the arrow, and the formation of equiaxed grains and
bubbles during the experimental process could also be observed. The results
indicate that if the pulling is performed at a low solid fraction, liquid is able
to fill the openings between the dendrites and heal the hot tearing that forms
under deformation. Despite the fact that in-situ observation on SCN can pro-
vide some fundamental knowledge related to the hot tearing formation, the
difference between SCN and metallic alloys in terms of mechanical behaviors
are significant, and the deformation rate was not accurately controlled while
performing these experiments [104].

2.3.2 Modeling of hot tearing in steel

In addition to experimental investigation, commercial and in-house software
can also help to provide new perspectives to shed insights on the mechanism
of hot tearing and thus improve the quality of casting products. Modeling
of hot tearing formation often remains a big challenge for metallurgists due
to the staggering complexities associated with physical phenomena which in-
volve stress and embitterment [105]. For the prediction of hot tearing, the
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Figure 2.13: A healed hot tear [18].

conventional way is to incorporate a hot tearing criterion into a macroscale
thermo-mechanical model. In this section, the key hot tearing criteria for a
semisolid varying from microscale to macroscale are reviewed. Additionally,
a more sophisticated continuum model and quantitative two-phase mesoscale
model used for prediction of hot tearing are also presented.

Macroscopic based criteria

Criteria Based on Thermal Considerations : the thermally-based criteria mainly
focus on the freezing range; the larger freezing interval, and the higher hot
tearing sensitivity [12]. The simplest hot tearing criterion only depends on the
freezing interval based on the thermal analysis, and indicates alloys with wider
solidification range are more prone to hot tearing. The criterion proposed by
Clyne and Davis [106], labeled CD in this section, defined the hot cracking
susceptibility (HCS) as the ratio of time spend in the vulnerable region tν
with the solid fraction ranges from 0.9 to 0.99 to the total solidification time
tr with the solid fraction ranges from 0.4 to 0.9.

HCSCD =
tv
tr
. (2.3.1)

Katgerman [107] expanded this criterion through a combination of ther-
mal theoretical considerations as well as including the effect of solidification
shrinkage (following an idea proposed by Feurer [108]),

HCS =
t99 − tcr
tcr − t40

, (2.3.2)

where t99, t40, tcr represent the time at solid fractions equal to 0.90, 0.40
and critical value determined by Feurer’s criterion. However, the hot tearing
sensitivity calculated by these thermal-based criteria are only composition
dependent, which is too simple to give accurate predictions given that hot
tearing is also related to mechanical deformation of the semi-solid state.

Criteria Based on Solid Mechanics : Campbell [109] also mentioned that
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Figure 2.14: (a) Specimen geometry designed for the experiment; (b) a
schematic diagram of the furnace and tensile grips; and (c) experimental

setup on beamline I12 at Diamond Light Source [19].

the stress development is a major factor for hot tearing since the forces during
solidification are much greater as compared to the failure stress of a semi-solid
network. However, it is now generally agreed that strain accumulation within
the semi-solid material is the major factor contributing to hot tearing. As early
as the 1950s, Pellini [110] proposed a critical strain criterion for hot tearing
formation in steel alloys. Other well-known strain-based criteria include ones
by Prokhorov [111], Novikov [112] and Magnin et al. [113], who all compared
the experimentally-obtained fracture strain with thermal contraction or plastic
strain, each proposing slightly different equations. Similarly, building on the
criterion of Prokhorov, Yamanaka et al. [114] developed a criterion for steels
by comparing the obtained accumulated strain over a range of temperatures,
termed the brittleness temperature region ∆TB, against a critical strain limit.
Later, Won et al. [13] extended this criterion to a new one named WYSO
considering both the strain rate ε̇ and the brittle temperature range. The
critical strain εc within the brittle temperature range can be expressed as
follows,

εc =
ϕ

ε̇m∆T n
∗

B

, (2.3.3)

where ϕ is the constant, m and n∗ are the strain rate sensitivity and brittle
temperature range exponent. Specifically, the critical strain within the brittle
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temperature range was proposed by fitting to Gleeble test results on different
steel grades; this indicated that critical strains in the brittle temperature range
will decrease with the increasing strain rate and the broadening of the brittle
temperature interval. It was suggested that this behavior occurs since larger
strain rates cause inadequate time for the liquid to compensate the deforma-
tion. However, the critical strain dependents on feeding as well as strain rate,
and can’t be used alone.

Criteria Based on Solid and Fluid Mechanics : from the mesoscopic view-
point, liquid flow is another important factor causing hot tearing. The criteria
derived by Feurer [108] and Rappaz, Drezet and Gremaud [20] (labeled RDG)
are based on a physical description of hot tearing mechanism by consider-
ing liquid feeding between the intergranular spaces to counteract mechanical
deformations of a semisolid. Feurer’s criterion [108] compares the volumet-
ric feeding rate and the solidification shrinkage rate occurring at high solid
fractions, and considers that hot tearing will occur once there is inadequate
feeding through the intergranular network to counteract shrinkage. However,
this criterion does not take into account the mechanical deformations that also
occur. Compared with Feurer’s model, the RDG model considers a complete
physical description of a semisolid, taking into account solidification shrinkage,
mechanical deformations, fluid flow, and the permeability of the mushy zone
to predict hot tear occurrence.

Figure 2.15: A schematic of liquid feeding to compensate shrinkage and
uniaxial deformation within a small volume element [20].

In RDG model, the growth direction of columnar grains is assumed to be
parallel to the thermal gradient with a tensile deformation perpendicular to
the growth direction as shown in Fig. 2.15. Liquid feeding along the direction
opposite to the columnar growth is sucked in to compensate for shrinkage
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as well as deformation. A mass balance was performed on a small volume
element in the mushy zone as shown in Fig. 2.15. The integration over this
small volume element finally gives the pressure drop between the tips and roots
of the dendrites,

∆pl,max = ∆pεsl,max + ∆pβl,max, (2.3.4)

where ∆pεsl,max and ∆pβl,max represent the pressure drop associated with defor-
mation and shrinkage, respectively,

∆pεsl,max =
5Ss

2 (1 + β)µl
G

1∫
gl

Ė (gl) (1− gl)2

gl3
dT

dgl
dgl, (2.3.5)

∆pβsl,max =
5Ss

2vTβsµl
G

1∫
gl

(1− gl)2

gl2
dT

dgl
dgl, (2.3.6)

where the Ss represents the solid/liquid interfacial area concentration, G is the
thermal gradient, vT represents the velocity of the solidification front, µl is the
dynamic viscosity of the liquid phase, and βs is the solidification shrinkage,
gl is the liquid fraction and Ė is the cumulative average deformation over the
depth of the mushy zone based on the strain rate ε̇, defined as,

Ė =

x∫
0

gsε̇dx. (2.3.7)

The RDG model assumes that once the liquid pressure falls below the
cavitation pressure, a void may form and give rise to the initiation of hot
tearing.

All of the above criteria predict the susceptibility of alloys to hot tears.
Interestingly, while the RDG criterion is considered best for Al alloys, the Won
criterion [13] is considered best for steels [96]. However, neither criteria predict
the strain distribution at the semi-solid grain boundaries. The localization of
strains is likely to identify where hot tears initiate. Also, the bridging or
coalescence phenomena between grains occurring at high solid fraction and
delaying final solidification is not considered; including this phenomenon could
help to determine if stress transfer occurs between the grains. Based on these
ideas, it is clear that hot tearing cannot be simply characterized using an
average value across a semi-solid region.
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Continuum simulation of hot tears

Average approaches have been proved to be useful methods for the predic-
tion of the hot cracking tendency of alloys in solidification processes such as
continuous casting and welding [115, 21]. These methods specifically consider
the general formalism of the two-phase nature of a mushy zone, and the mi-
croscopic quantities are averaged over a RVE where the mass and momentum
equations are solved. The average mass conservation is given by,

∂

∂t
(gsρs + glρl) +∇ · (gsρs~vs + glρl~vl) = 0, (2.3.8)

where g, ρ, ~v represent the volume fraction, density and velocity, and the sub-
scripts s and l indicate the solid and liquid phase, respectively. The superficial
velocity of liquid could be approximated by the Darcy’s law,

gl (~vl − ~vs) = −κ
µ

(∇pl − ρl~g) , (2.3.9)

where κ is the permeability of the mushy zone, and pl represents the liquid
pressure, ~g is the gravity. Substituting Eq. 2.3.9 into Eq. 2.3.8, the average
mass conservation equation is expressed as,

∂ρ

∂t
+∇ · (ρ~vs) +∇ ·

(
ρl
−κ
µ

(∇pl − ρl~g)

)
= 0, (2.3.10)

where ρ = gsρs+ glρl is the average density. Assuming quasi-steady state, and
the shear stress in the liquid phase is negligible, the momentum equation is
reduced to,

∇ · σe + ρ~g = ∇pl, (2.3.11)

where effective stress is defined as σe = σ+ plI, linking the total stress σ with
the hydrostatic pressure. I is the unit tensor. Due to the large thermal stress,
the contribution of the liquid pressure to the effective stress is further assumed
to be negligible, then the two-phase equation ends up,

∇ · σ + ρ~g = 0. (2.3.12)

By applying an appropriate constitutive law to link stress and strain (or
displacement of solid phase), then Eq. 2.3.12 can be solved for the solid de-
formation with imposed boundary conditions. The deformation rate of solid
grains (~vs) is used as an input parameter for the pressure calculation given a
known permeability at a specific solid fraction. The model’s prediction was
compared with the experimental results in terms of force and displacement
curve as shown in Fig. 2.16. A very good agreement is achieved up to the
fracture point for all the four temperatures.
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Figure 2.16: Comparison between tensile experimental results of an Al-1wt.%
Cu alloy and simulation results at different experimental temperatures. The

nominal stress shown on the right is calculated at the neck zone [21].

In this model, despite the fact that the interactions between the solid phase
and liquid phase within the mushy zone are considered, it still fails to capture
the possible location of hot tearing initiation and its appearance. To pre-
dict hot tearing, the microstructure, localization of liquid feeding and strain
distribution have to be incorporated within the two-phase model.

Mesoscale simulation of hot tearing

As shown in the hot tearing criteria that have been previously developed, hot
tearing is a multi-scale and multi-physics problem requiring an understand-
ing of fluid flow and microstructure at the microscale and stress develop at
the scale of the component. In this study, the term mesoscale modelling is
defined a simulation technique to predict casting defect. It bridges between
the microscale and macroscale. This technique allows for the consideration
of interactions between solid and liquid phases and concomitant phenomena
simultaneously including microstructure evolution at microscale and trans-
port phenomena at macroscale. Over the past 10 years, the development of
a mesoscale and multi-physics model of hot tearing has made it possible to
predict the initiation and propagation of hot tearing during solidification in
a representative volume element within a mushy zone. In 2004, Mathier et
al. [116] first used the 2D Voronoi diagram to approximate the morphology
of the semi-solid Al-Cu grains having globular-equiaxed microstructure, and
developed a description of grain coalescence at the end of the solidification.
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Then, based on this 2D semi-solid microstructural framework, the solidifica-
tion, liquid feeding and mechanical behavior of Al-Cu alloys in the semi-solid
state were investigated by Vernède et al. [64, 117, 118]. Later, this model was
extended from 2D to 3D by Phillion et al. [119], and then be improved by
Sistaninia et al. [120, 121, 1] by coupling four modules, solidification, flow,
deformation and failure, into a complete multi-physics simulation of solidifica-
tion.

Figure 2.17: Defect evolution of the semi-solid Al-2wt.%Cu specimen under
tensile deformation rate at 10−4 s−1 at (a) 405 s, (b) 729 s and (c) 1215 s [22].

The predictions obtained in Fig. 2.17 consider the deformation of grains,
solidification shrinkage, liquid feeding within these liquid channels along with
the coalescence between the solid grains. The model is able to reproduce a de-
fect evolution under a tensile deformation at different time qualitatively. The
liquid localization was successfully captured under the tensile deformation as
shown in Fig. 2.17(a), followed by the void formation as shown in Fig. 2.17(b).
The failure of the semi-solid domain was also reproduced and presented in
Fig. 2.17(c). This model allows for a direct prediction of hot tearing forma-
tion in equiaxed-globular Al alloys for the first time. The results were also
validated against X-Ray tomography images [22].

This model also achieves a successful quantitative comparison with exper-
imental measurements. Fig. 2.18 indicates that the stress predicted by the
model reproduces the main features of the experimental measurements con-
ducted on a semi-solid Al-Cu alloy under different strain rates. The stress
initially increases with the increase of the displacement followed by a decrease
due to the presence of the failure. The results also indicate that the stress of
the semisolid increases due to the increase of the strain rate.

Recently, Rajani et al. [2, 122, 123, 23] successfully applied this modeling
framework to fusion welding process. Their results, shown in Fig. 2.19, enabled
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Figure 2.18: Comparison between simulation results (dashed lines) with
experimental measurement (solid lines) on a semi-solid Al-2wt.% Cu at a

solid fraction of gs = 0.98 at two strain rates [22].

the investigation of external mechanical restraints on deformations within a
mushy zone, which was then used to judge the possible locations where the
hot tearing might occur.

Figure 2.19: Modelling of crack during fusion welding based on Kou’s
cracking criterion at three different solid fractions of 0.7, 0.8 and 0.96,

respectively [23].

The mesoscale and multi-physics model has been proved to be able to re-
produce most of the features associated with the hot tearing formation while
considering various physical phenomena [12]. In addition to the scientific ad-
vantages of this modeling approach for predicting hot tearing, mesoscale mod-
els are highly efficient, enabling multi-physics simulation of hot tearing in only
a few hours. The drawback of this approach is that the microstructure must
be known prior to the simulation, whereas competing methods like phase filed
and cellular automaton (CA) can directly predict the solidification structure.
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2.3.3 Gaps in previous mesoscale models

The recently-developed multi-scale and multi-physics models of solidification
have achieved great success in quantifying hot tearing. However, these models
have been developed to calculate the solidification behavior of equiaxed grains
with globular structure. They do not allow for reproducing the combined so-
lidification, fluid flow and deformation occurring during continuous casting
of steel as significant differences are found between Al alloys and steels. A
systematic investigation is needed to shed light on the multi-physics nature
of casting defects in steel as the microstructure of continuously-cast steel con-
sists of equiaxed grains with dendritic structure rather than globular structure.
For many steel grades, especially advanced high strength steels, the peritectic
reaction taking place in the last stage solidification plays a key role in hot
tearing susceptibility due the additional density change between δ-Fe and γ-
Fe. Additionally, in globular microstructure, liquid feeding to compensate for
solidification shrinkage and mechanical deformations occurs around the grains,
whereas in dendritic structures the liquid flows both around and through the
dendritic network. The temperature profile during continuous casting of steel
is complex, because of complex cooling conditions especially in the secondary
cooling zones. The semi-solid geometry resulting from the temperature profile
is critical for fluid flow behavior which in turn influences the hot tearing sensi-
tivity. Finally, the coalescence undercooling for bridging between the grains is
strongly influenced by the grain boundary energy which is a function of grain
orientations and the vector perpendicular to the grain boundary plane and
was not covered in the prior models.
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Chapter 3

Scope and Objectives

The adoption of AHSSs in automotive vehicles keeps increasing due to their
outstanding combination of mechanical performance and weight reduction.
However, they often exhibit cracking and macrosegregation problems during
the continuous casting process, which have plagued the continuous casting pro-
cess since its inception. Continuously-cast steel products with severe defects
usually contain reduced mechanical properties and must be down-graded.

To solve these problems, in this PhD project, it is proposed to develop a
mesoscale and multi-physics model of steel solidification, focusing on AHSSs
in order to improve the castability of these important steel alloys, and taking
into considerations of the modeling gaps identified in Section 2.2.3 and 2.3.3.
To provide the relevant evolution in temperature during continuous casting of
steel, the model will be coupled with macro-scale process simulations. The
combination of these two approaches will enable predictions of centreline seg-
regation within a casting slab as a function of casting parameters including
alloy compositions and deformation rates.

The newly-developed multi-physics model is built on the previous models
developed over the past 10 years [64, 117, 118, 120, 121, 1, 2, 122, 123, 23],
but will include additional physical phenomena necessary to simulate the mi-
crostructure evolution, stress/strain and fluid flow along with macrosegrega-
tion during continuous casting of the steel. Different from the previous ap-
plications that focused on globular microstructure, dendritic microstructure is
more sensitive to hot tearing as the liquid will not only remain between the
grains but also within the inter-dendritic region; these liquid channels have lit-
tle capacity to withstand semi-solid deformation. To accurately predict these
defects, several models need to be developed and coupled together to simulate
the behavior of a large number of grains with different orientations during so-
lidification of steel. Each model has its specific functions during solidification.
This research pursues the main following objectives:
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(i) A new 3D solidification model will be developed to simulate the solidifi-
cation of steel at the mesoscale. The primary solidification and peritectic trans-
formation within each grain will be taken into account. Also, phase evolution
within a semi-solid domain with either dendritic or globular microstructure
can be reproduced. The new solidification model should be able to consider
coalescence phenomenon between grains at the end of solidification.

(ii) The development of a 3D mesoscale model for the prediction of fluid
flow within liquid channels in a semisolid with varying equiaxed microstruc-
ture, from dendritic to globular. The model should be able to quantitatively
predict the fluid flow behavior induced by the solidification shrinkage and de-
formation at a mesoscale.

(iii) The development of a 3D mesoscale solute transport model. This ap-
proach should enable new insights into the fundamental mechanisms of centre-
line segregation within a semisolid containing loosed packed equiaxed grains,
whereby the flow of enriched intra-dendritic liquid is induced by the solidifi-
cation shrinkage and deformation.

(iv) Experimental measurements of large-scale solute maps within steel
samples taken from casting slabs will be conducted via X-ray fluorescence
for the validation of centreline segregation predicted by the mesoscale solute
transport model.
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Chapter 4

Methods

In this chapter, a 3D mesoscale solidification model of solidifying steel alloys
during continuous casting is proposed to investigate late-stage solidification
phenomena that lead to hot tearing and segregation. This mesoscale model
consists of 4 sub-models: i) microstructure generation model, ii) dendritic
solidification model, iii) dendritic fluid flow model, iv) semisolid deforma-
tion model. The prediction of defects requires additional physics, leading to
the development of two coupled models: v) semisolid cracking model and vi)
mesoscale solute transport model based on the 4 sub-models. A brief intro-
duction of each sub-model and coupled model is presented below.

i) A microstructure generation model predicts the fully solidified microstruc-
ture of equiaxed grains using a Voronoi tessellation. In this model, a discretized
mesh of equiaxed grain is presented along with a typical example of the mi-
crostructure.

ii) A 3D dendritic solidification model is developed for the prediction of
the semisolid geometry at the mesoscale. This new model allows for the in-
vestigation of microstructure morphology transition from individual dendritic
grains to a percolated solid network, while permitting a detailed analysis of
the evolution in δ fraction, dendrite envelope fraction (containing both solid
and intra-dendritic liquid phase), and γ fraction (in peritectic grades) at the
scale of a single grain. A model [24] that takes into account the five physical
parameters of misorientation is used to quantify the grain boundary energies
that control the disappearance of the thin liquid films between grains.

iii) A dendritic fluid flow model is proposed to simulate fluid flow during
the solidification within a mushy zone containing both intra-dendritic and
extra-dendritic flow and taking into account shrinkage caused by the peritectic
transformation and deformation. The mesoscale semi-solid domain is created
using the 3D dendritic solidification model in ii).

iv) A semisolid deformation model initially developed by Sistaninia [120]
is extended to predict the mechanical behavior of a semisolid containing both
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solid and liquid phases at a given solid fraction. The solid phase is modeled
by using a constitutive law and the liquid phase is approximated by a special
connector. The semisolid deformation analysis is performed using the com-
mercial code Abaqus and different kinds of elements used in this simulation
are also presented.

v) The semisolid cracking model simulates the hot tearing initiation and
propagation within a semisolid consists of equiaxed grain structures. The
semisolid deformation of solid grains is performed using the semisolid defor-
mation model in iv) while the pressure within the liquid channels is predicted
by a modified dendritic fluid flow model in iii). A crack initiation criterion is
incorporated within the semisolid cracking model for identifying the initiation
location of hot tearing.

vi) The mesoscale solute transport model, building on the dendritic solidi-
fication model in ii) and fluid flow model in iii), is developed for the prediction
of segregation at a mesoscale. This model directly combines solute transport
at the scale of the casting with solute partitioning at the scale of the grains.
This approach enables new insight into the fundamental mechanisms resulting
in centreline segregation within a semisolid containing loose-packed equiaxed
grains. The flow of enriched intra-dendritic liquid is induced by the solidifica-
tion shrinkage and mechanical deformation.

The detailed descriptions of these subdomains and coupled models are pre-
sented in Section 4.1 and 4.2, respectively. All sub-models or the coupled mod-
els need to be validated with either empirical equations or experimental data.
The coupled semisolid cracking model is validated against the semisolid tensile
experimental measurements by Seol et al. [27] while the coupled mesoscale so-
lute transport model is validated against the solute map measured via MXRF
quantitatively. In Section 4.3, the semisolid tensile test experiment used to
measure the tensile strength of semisolids and MXRF used to measure the
solute map within a steel sample cast at a specific condition are presented.

4.1 Fundamental models

4.1.1 Microstructure generation model

The microstructure of semi-solid steel is assumed to consist of a large number
of equiaxed dendritic grains having different orientations, and a continuous
liquid layer coexisting around the solid structure. To approximate the 3-D
microstructure in the semisolid, an unstructured mesh is created based on
a Voronoi tessellation [124] of the grain nuclei within a representative vol-
ume element, Fig. 4.1(a), whereby each polygon, Fig. 4.1(b) represents one
grain. The grains are then subdivided into smaller polyhedral sub-elements,
Fig. 4.1(c), which are further divided into many tetrahedral elements with the
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nucleation site as the summit and the surface of the polyhedron as the base,
shown in Fig. 4.1(d-1). The grain density within the domain is acquired from
metallographic analysis and used as a model input parameter. Note that the
microstructure of steel containing columnar gains can also be generated using
a modified Voronoi tessellation of random points, following [2]. Specifically,
an in-house C++ code was developed to create a local Voronoi diagram repre-
senting equiaxed grains with different orientations firstly, similar as Fig. 4.1(a).
Then a procedure is used to modify the morphology, the seeds are moved to one
edge of RVE to create elongated polyhedral elements approximating colum-
nar microstructure. Since this thesis only focuses on a semisolid containing
equiaxed grains, and readers could refer to Ref. [125] for a detail explanation
of microstructure generation of columnar grains in steel alloys.

With the fully solidified microstructure generated by Voronoi tessellation,
solidification is simulated independently for each tetrahedral element using a
1-D volume average method in spherical coordinates as will be described in
Section 4.1.2. A uniform temperature assumption is applied throughout the
domain, nucleation of all grains is assumed to occur simultaneously, and the
boundaries of each fully solidified grain correspond to the shape of a Voronoi
polygon. To simulate dendritic solidification, the position of the dendrite enve-
lope is tracked, moving from the initial nucleation site at t=0 to the boundary
of the Voronoi tessellation. Then, each tetrahedral element is partitioned into
different phases depending on the fraction of each phase. As the dendritic mor-
phology indicated in Fig. 4.1(d-1) cannot be visualized by an unstructured
mesh, the model shows the equivalent phase fraction in a geometric sense,
Fig. 4.1(d-2). The bulk solid fraction within the domain is then estimated by
summing all of the solid within each tetrahedral element. An example simula-
tion domain, 125 mm3 and created using the developed C++ code, is shown
in Fig. 4.1(e). In this domain, the solid fraction is 0.81 and the average size
of the equiaxed δ grains is ∼ 500 µm. Note that the liquid phase represents
the sum of both intra-dendritic and extra-dendritic liquid phase for dendritic
structure shown in Fig. 4.1(e); the amount of remaining liquid within each
grain is represented by the channel thickness.

4.1.2 Dendritic solidification model

Solidification of the dendritic structure is simulated using a volume average
method for multiphase binary systems [126, 127, 128, 129]. In the volume
average approach, the evolution of the solid/liquid interface cannot be explic-
itly tracked; instead the phase fraction could be obtained without requiring
high computational cost. Occurrence of the peritectic transformation is also
included, for relevant chemistries. Thus, the phase fraction of interest such
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Figure 4.1: Various geometries of the 3D meso-scale model: (a) 3D Voronoi
tessellation consisting of 27 grains each colored by a different grayscale value;
(b) a single Voronoi grain; (c) polyhedral element, (d) tetrahedral element,
(e) semi-solid domain with 1000 grains at the solid fraction 0.81. In (e) the

liquid is colored black, while the delta ferrite grains are colored in gray. Note
that the amount of remaining liquid within each grain is represented by the

channel thickness.

as primary phase gδ, austenite gγ and liquid phase gl can be predicted in-
crementally. Note that the liquid phase fraction can be further distinguished
by total intra-dendritic gl intra and extra-dendritic liquid gl extra. The dendrite
envelope fraction, gg, represents the total amount of solid phase as well as the
intra-dendritic liquid, i.e. gg=gδ+gγ+gl intra. The main idea of the volume
average approach is that the δ and/or γ phases nucleate from the center of the
grain in an undercooled liquid (l) and grow in radial direction until the total
element length, R, is reached, as shown in either Fig. 4.2(a) or (b). Different
zones are used to track the formation and disappearance of various phases;
each phase can coexist in multiple zones. As stated previously, temperature is
assumed to be uniform and continuously cooling at a given rate. In primary
solidification, the δ dendrite tip position (R(1)) separates zones (0) and (1),

as shown in Fig. 4.2(a1). Zone (0) contains only extra-dendritic liquid (g
(0)
l )

whereas zone (1) contains intra-dendritic liquid (g
(1)
l ) and δ phase (g

(1)
δ ). Zone

(2), a combination of δ phase (g
(2)
δ ), γ phase (g

(2)
γ ) and intra-dendritic liquid

(g
(2)
l ), forms when the γ phase nucleates, eliminating zone (1) as shown in

Fig. 4.2(b1). It is assumed that the peritectic reaction occurs instantaneously,
and thus the position of the γ phase tip (R(2)) is equal to the position of the
primary δ dendrite tip (R(1)). The dendrite tip position also denotes the edge
of the dendrite envelope. The radial growth rate of the dendrite tip is pre-
dicted via a kinetic model [130]. The dendrite envelope fraction is calculated

as gg= 1−gl extra, where gl extra = g
(0)
l . Alternatively, it could be calculated

as gg =
∑2

i=1 g
(i)
δ +

∑2
i=1 g

(i)
γ +

∑2
i=1 g

(i)
l . Note that the superscript indicates

the zone that the phase exists. The sum of the volume fractions (g) of each
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phase within a grain is equal to unity, such that gδ + gγ + gl = 1. Due to
the different concentrations of the δ, γ and l phases, a solute mass balance is
considered individually for each phase in each zone, and the solute exchange at
the zone boundaries is also included. Note that equal and constant densities
are assumed for all phases. For more details on the volume average approach
to model dendritic growth, please refer to [77].

Figure 4.2: Schematic diagram showing (a) primary solidification and (b)
primary solidification plus peritectic transformation. The images (1), (2),
and (3) show the actual dendritic structure, equivalent structure for the

volume average model, and the geometric structure for the meso-scale model.
The grey, red, and white regions indicate the δ, γ and l regions. The dotted

red line denotes the dendrite envelope.

Inside each zone, α and β represent individual arbitrary phases. The av-
erage mass conservation of an individual phase and mass exchange over the
phase interface are given by

∂gα

∂t
=
∑

α/β
(Sα/βvα/β), (4.1.1)

vα/β + vβ/α = 0, (4.1.2)

where gα is the volume fraction of an individual phase within each zone, vα/β is
the normal velocity of the phase interface on the α side shown in Fig. 4.2(a2) as
vδ/l, and Sα/β is the interfacial area concentration, defined as Aα/β/V , where
Aα/β is the interfacial area between the α and β phases and V represents the
total volume of the domain. Note that phases co-existing in multiple zones
are considered to be different phases.
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For an individual phase, solute conservation is given as

gα
∂〈cα〉α

∂t
=
∑

β(β 6=α)
Sα/β

(
cα/β − 〈cα〉α

)(
vα/β +

Dα

`α/β

)
, (4.1.3)

(
cα/β − cβ/α

)
vα/β +

Dα

`α/β
(
cα/β − 〈cα〉α

)
+

Dβ

`β/α

(
cα/β −

〈
cβ
〉β)

= 0, (4.1.4)

where cα/β represents the solute concentration of the phase interface on the α
side. The concentrations at the δ/l or γ/l interface are given by the equilibrium

binary phase diagram, the two symbols 〈cα〉α and
〈
cβ
〉β

represent the average

solute concentration in α and β, `α/β represents the diffusion length in the
α phase, and Dα and Dβ are the solute diffusion coefficient in α and β. The
expressions for the interfacial area concentration Sα/β and diffusion length `α/β

are presented in detail elsewhere [126, 129].
The boundary velocity for zone (1) or zone (2) is equal to the dendrite

tip velocity of δ or γ growing into the undercooled liquid. This tip velocity is
calculated using the KGT model [130],

v(1)
n = −

Dlmδ/l
(
cl/δ − cδ/l

)
π2Γδ/l

[
Iv−1

(
Ωδ/l

)]2
, (4.1.5)

where v
(1)
n is the boundary velocity of zone (1), mδ/l is the liquidus slope of δ

phase, Γδ/l is the Gibbs-Thomson coefficient, and Iv−1 and Ωδ/l represent the
inverse of the Ivantsov function, and solute supersaturation, respectively [77],

Iv−1
(
Ωδ/l

)
= 0.4567 ·

(
Ωδ/l

1− Ωδ/l

)1.195

, (4.1.6)

Ωδ/l =

[
cl/δ −

〈
cl

(0)
〉l(0)]

/
[
cl/δ − cδ/l

]
. (4.1.7)

In Eq. 4.1.5, 4.1.6, and 4.1.7, l and δ represent the arbitrary phases α and
β.

The 1-D volume average solidification model is applied to each tetrahedral
element, assuming the element height to be the total grain radius, R, and so-
lute exchange between two neighboring elements is neglected. In this fashion,
the variation in individual phases along with the evolution of semi-solid mor-
phology can be predicted at the meso-scale. This model is implemented using
a purpose-written C++ code that solves Equations 4.1.1-4.1.7 simultaneously
for each phase, within each zone, for each grain. The differential equations are
discretized using an explicit difference method, with the term on the left-hand
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side of the equation being calculated from the values taken from the previous
time step. The detailed solution procedure is as follows. First, time is in-
cremented to the next time step. This results in an incremental reduction in
temperature and causes the equilibrium concentrations at the interface cα/β to
be updated based on the phase diagram. Second, v

(i)
n is calculated based on

Eq. 4.1.5, and the volume fraction of each zone (zone 0, zone 1, zone 2, . . . )
is updated. Third, Sα/β and `α/β are determined, and then vα/β is obtained
by combining Eq. 4.1.2 and Eq. 4.1.4. Subsequently, the concentration at the
zone boundary cα/β is calculated via Eq. 4.1.4 for phases that co-exist in two
zones. Finally, the volume fraction and average concentration of each phase
are determined using Eq. 4.1.5 and Eq. 4.1.3. All of the values for these pa-
rameters at the present step are then used as initial conditions for the next
time step. Once the volume fraction of each phase has been calculated, the
equivalent positions of the various interfaces are determined, in a geometric
sense, as shown in Fig. 4.2(a2) and Fig. 4.2(b2) to show the structure within
the framework of a Voronoi tessellation.

An example of the model results for a single grain is shown in Fig. 4.3,
which predicts the solidification behavior (evolution in the dendrite envelope
fraction gg and the delta-ferrite fraction gδ as a function of time) of a non-
peritectic alloy with 0.07wt.% carbon being cooled at 0.1◦C/s and 50◦C/s.
The results indicate that at 0.1◦C/s, a low cooling rate, the kinetics of the
dendrite envelope evolution is rather slow. This can be seen by the super-
position of the solid fraction and grain fraction curves in Fig. 4.3(a). At the
initial stage of solidification, gg increases faster than the solid fraction and a
small dendritic structure forms. However, as solidification continues, the solid
fraction becomes equal to the dendrite envelope fraction resulting in a final
microstructure that is globular. On the other hand, when a cooling rate of
50◦C/s is applied to the model, the dendrite envelope grows quite fast until it
reaches the maximum grain radius whereas the solid fraction evolves at a much
slower rate. The gap between the two curves leads to the formation of a den-
dritic structure. Thus, during continuous casting, while the dendrite envelopes
from neighboring grains may be about to touch, a great amount of liquid re-
mains in the intra-dendritic regions. This is an indication that although the
extra-dendritic liquid films may be thin, the remaining intra-dendritic liquid
might play an important role in hot tearing susceptibility. Through this small
example it is shown that the use of a volume average method as part of the
3-D mesoscale solidification model is able to predict dendritic structure near
the meniscus where the cooling rates are high but will still predict globular
grains near the centre of the slab where cooling rates are low. The formation
of the columnar zone is ignored in this study because of the focus on blown
grains; it was covered in one of our prior publications [125].
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Figure 4.3: Evolution of liquid, solid-δ and dendrite envelope fraction of a
single grain for a Fe-0.07 wt.% C alloy cooling at (a) 0.1◦C/s and (b) 50◦C/s.
A grain radius of 100 µm and a secondary arm spacing of 20 µm are assumed

in both cases.

Coalescence criterion

As mentioned in Sec. 2.1.2, a coalescence undercooling is needed for the two
grains to impinge. This undercooling cooling is calculated based on grain
boundary energy γgb which depends critically on the misorientation between
two grains. For dendrite arms belonging to the same grain, no misorientation
exists and γgb=0. In this case, a solid bridge would immediately form between
these dendrite arms when they are a few nanometers away as they attract
each other. For dendrite arms belonging to different grains, γgb is influenced
by five parameters; three for misorientation between the crystal lattice of the
two grains and two for the orientation of the grain boundary plane itself. The
mesoscale solidification model of steel includes the requirement to overcome
the thermodynamic barrier to coalescence between neighboring grains in order
to predict the gradual formation of grain clusters that are able to withstand
deformations applied to the mushy zone. Specifically, Eq. 2.1.3 is applied
to determine the required undercooling for bridging between two dendritic-
equiaxed grains to predict the transient from the isolated solid grains to one
coherent solid cluster. The prior work of Sistaninia randomly assigned a sin-
gle orientation value between 0◦ and 90◦ to each grain and then calculated
γgb [120, 131, 118, 64, 1, 117] based on a symmetric tilt boundary along [100].
Bulatov et al. recently proposed a model to calculate the grain boundary en-
ergy between any two misoriented grains [24] having FCC crystal structure
taking into account the five physical parameters of misorientation. In the

45



Ph.D. Thesis – Y. Feng McMaster University – Materials Science & Engineering

present work this new model is used; the three Euler angles defining the orien-
tation of each grain are assigned randomly. The calculated data provided by
Bulatov for the Ni system is used to approximate the grain boundary energy
of Fe as their properties are quite similar to each other [132]. Because the ap-
proach proposed by Bulatov is limited to FCC systems, the coalescence model
is only applicable to peritectic grades of steel.

Figure 4.4: (a) Meso-scale simulation domain containing 125 equiaxed grains
with different orientations; (b) grain boundary energy and coalescence

undercooling distributions used in the multi-physics model for a Fe-0.16wt.%
C alloy as proposed by Bulatov et al. [24].

Fig. 4.4(a) shows the output of a simulation, 125 mm3 in size with an average
grain size of 1000 µm for a Fe-0.16wt.%C alloy. The frequency of the cal-
culated γgb between any two neighboring grains and the corresponding ∆Tb

based on the Bulatov’s approach is plotted in Fig. 4.4(b). As can be seen,
γgb ranges from 0.37 to 1.40 J/m2, which results in considerable undercooling
required for coalescence, up to 145.2◦C. The majority of the grain interfaces
require undercooling greater than 100◦C below the equilibrium solidus before
coalescence occurs. The results also show that the proportion of negative
coalescence undercoolings is ∼ 0.9%, indicating that only a very small propor-
tion of the grains are attractive to each other and promote the occurrence of
solidification-related grain coalescence whereas the remainder are repulsive.

Corner rounding

The semisolid geometry created via the above microstructure generation model
and solidification dendritic model is found to have sharp edges. In reality, the
sharp edge of a semisolid created by Voronoi tessellation does not exist, and
is remelted due to Gibbs-Thomson effect. The morphology predicted by the
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Voronoi tessellation with sharp edges overestimates the solid fraction at the
coalescence point [133]. The unrealistic shape also fails to predict the liquid
pocket formed at the triple junction of the grains. To overcome the drawback
of using Voronoi tessellation to generate the microstructure and consider the
non-facet and smooth interface, a rounded corner model developed specifically
by Vernède et al. [117] and Sistaninia et al. [134] has been implemented in
the present model for the readjustment of the liquid film thickness within
semi-solid steel.

Figure 4.5: Schematic of the smoothing process of grain corner in a 3-D
element following Sistaninia [1]. Note that the amount of remaining liquid

between grains is highlighted in yellow.

Fig. 4.5 outlines the rounding process of a grain corner along the edge.
The approximation of the curvature radius was initially proposed by Vernède
and Rappaz [117] for 2D mesh, and was applied to 3D geometry by Sistaninia
et al. [1]. In 3D geometries, the rounding is only along the edge not at the
vertices as shown in Fig. 4.5.

Assuming that the temperature of a whole element is homogeneous, the
solute will flow from enriched areas associated with low curvature to zone with
high curvature, similar to the coarsening effect. Based on the fundamental
of solute balance, in the other words, the solute flux will flow from the flat
solid/liquid interface to the zones near the corner and remelt the high curved
edge. The radius of the curvature r near the corner shown in Fig. 4.5 is given
by,

r =

[
Ac

2

tanα− α
ΓslDl

−Ṫ

]1/3

, (4.1.8)

where Ac represents the dimensionless constant, α indicates half of the sup-
plementary angle of the grain corner angle shown in Fig 4.5. The additional
liquid volume added due to the rounding edge is determined via,

∨ = Ler
2 (tanα− α) , (4.1.9)

where Le is the edge length shown in Fig 4.5.
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The modification of a rounding edge results in an increase of the liquid
volume. Considering the redistribution of liquid phase due to curvature ef-
fect, the solid/liquid interface position needed to be slightly moved forward
accounting for the additional liquid volume near the corner given a constant
solid fraction. Due to the fact that liquid pockets exist at the triple point
between grains, the coalescence will occurs at a lower solid fraction due to
the readjustment of the solid/liquid interface position. The critical liquid film
thickness for coalescence is determined via,

2
_

h = 2h− 2

[
2Ac

ΓslDl

−Ṫ

]2/3

n∑
i=1

Lie[tanα− α]1/3

2Ssl
, (4.1.10)

where i=1, 2,..., n represents the edges of the two neighbor facets, 2Ssl =
n∑
i=1

Sesl
i is the total interfacial area of the two facing grains, and 2h represents

the liquid channel thickness calculated without considering the rounding edges.

4.1.3 Dendritic fluid flow model

The formation of casting defects, especially hot tearing and segregation, have
been shown to be related directly to the flow of liquid through the dendritic
network at the microscale [12], due to the concomitant phenomena of solidifica-
tion induced shrinkage and mushy zone deformation. A semisolid’s resistance
to liquid flow is known as permeability. This important macroscopic parameter
is associated with a pressure drop inside mushy zone, bridges the microscale
structure with macroscale fluid flow, and is critical for accurate prediction
of defect formation. Measurement of permeability is usually associated with
determination of the structure first followed by a prediction of the fluid flow
behavior [135]. The challenge when measuring this quantity in metallic sys-
tems lies in controlling the semisolid microstructure during the experiment;
reliable data for high temperature alloys remains rare [136]. Accurate predic-
tion through numerical simulation is also challenging since permeability is a
characteristic that is based on the channel width, surface area and tortuos-
ity of the flow channels [137]. For industrial applications, there is a need for
improved understanding of permeability in a wide range of microstructures.

In this section, a 3D dendritic fluid flow model is proposed to simulate fluid
flow within a mushy zone containing both intra-dendritic and extra-dendritic
flow and taking into account shrinkage caused by the peritectic transformation
and deformation. The 3D semisolid structure created by the dendritic solidifi-
cation model at a given solid fraction for a specified cooling rate and grain size
is used as the input geometry for the fluid flow model at the same solid frac-
tion. The two models, solidification and fluid flow, are only one-way coupled.
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First, the velocity profile between two facing dendrites is reviewed. Second,
the mass balance performed to derive the controlling equation is described.
Third, the numerical implementation is covered.

Velocity profile of fluid

The mesh consists of a set of elements, each made up of two facing tetrahe-
drons as shown in Fig. 4.6, that are ultimately reduced to a set of two 3-node
2D triangular elements. The regions enclosed by the dendrite envelopes of
each tetrahedron are treated as a uniform porous medium [78] with an in-
ternal liquid fraction given by g′l = gidl /(g

id
l + gδ + gγ). The extra-dendritic

regions of each element, having a width equal to the distance between the
facing envelopes, are treated as an extra-dendritic fluid channel. Note that
the two facing tetrahedrons are identical due to symmetry [121]. Flow can
occur simultaneously through both the intra- and extra- dendritic regions as
shown schematically in Fig. 4.6 (solid blue line). In the limit of g′l = 0, the
model is reduced to the model of flow between two globular grains, equivalent
to the model of Sistaninia [121]. In another limit, where the dendrite tips
touch and all remaining liquid is intra-dendritic liquid (gedl = 0, gidl = g′l), the
whole structure behaves as a porous medium with a liquid fraction g′l and a
characteristic length scale given by the secondary dendrite arm spacing. In
these two situations, also shown in Fig. 4.6, the corresponding flow is either
Poiseuille flow (red dashed line) or Darcy-Brinkman flow (green dashed line).

Figure 4.6: Schematic diagram of two facing tetrahedrons, the velocity profile
of fluid passing through the inter- and extra- dendritic regions, and the

corresponding 3-node 2D triangular element. The velocity profiles for the
cases with only intra-dendritic and only extra-dendritic flow are also shown.

The flow in the extra-dendritic region is described as a Poisseuille flow
and the flow in the intra-dendritic region is described by the Darcy-Brinkman
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equation, using a averaged form of the Navier-Stokes equation. The model as-
sumptions include quasi-steady-state as well as irrotational flow that is parallel
to the triangular facet highlighted in blue in Fig. 4.6 where the two tetrahe-
drons meet. Both gravity and pressure gradients along the length L of the
element are neglected. Altogether, this is expressed as,

−∇p+ µl
d2~ved

dz′2
= 0, (4.1.11)

−g′l∇p+ µl
d2~vid

dz′2
− µlg

′
l

κ (g′l)
~vid = 0, (4.1.12)

where µl represents the dynamic viscosity, ~ved is the fluid velocity in the extra-
dendritic region, p is the gauge pressure, ~vid is the intra-dendritic fluid velocity
vector and κ (g′l) is the local permeability within the dendrite envelope. The
reader is referred to [138] for detailed information of the averaging concepts
along with the process of deriving the average form of the master equation.
The Carman-Kozeny equation [89],

κ(gl
′) =

(gl
′)3

5S2
s

, (4.1.13)

where Ss represents the interfacial area concentration is simplified as Ss = 2
λ2

with λ2 representing the secondary dendrite arm spacing, is used to determine
κ as the scale of an individual element.

It is assumed that ∂
∂z′
~ved|z′=0 = 0 and ~v is finite when z′ → ∞. At the

envelope, the boundary conditions between the porous medium and a fully
liquid zone, proposed by Le Bars and Grae Worster [138] is used: ~ved|z′=h =
~vid|z′=h and ∂

∂z′
~vid|z′=h = ∂

∂z′
~ved|z′=h. Eq. 4.1.11 and Eq. 4.1.12 can be solved

analytically,

~ved =

(
z′2

2µl
+ C1

)
∇p, (4.1.14)

~vid =
(
C2e

z′
ξ − C3

)
∇p. (4.1.15)

In Eqs. 4.1.14 and 4.1.15, C1 and C2 represent two unknown constants,

C3 =
gl′ξ

2

µl
and ξ =

√
κ(g′l)
g′l

. The unknown constants can be further solved with

additional constraints at the envelope shown above: all of the fields within the
representative volume are continuous, the velocity ~v and the viscous stress at
the interface between the intra-dendritic and extra-dendritic regions must be
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continuous. Then,

C1 = −ξh
µl
− g′lξ

2

µl
− h2

2µl
, and, (4.1.16)

C2 =
− ξh
µl

e−
h
ξ

, (4.1.17)

where h is the half width of the extra-dendritic region.

Mass balance

The controlling equation for the fluid flow problem can be derived through
integration based on a mass balance over the two facing tetrahedrons shown in
Fig. 4.6 assuming liquid incompressibility, i.e. ∇·~vl = 0. This region includes
both flow as a porous medium within the dendrite envelope and free liquid flow
in the extra-dendritic region. This mass balance also needs to consider both
the solidification shrinkage and deformation as factors that would induce liquid
flow. The shrinkage induced by solidification due to the density variations in
the solid and liquid phase will induce a normal velocity of liquid flow at the
solid/liquid interface [12],

~vl = −βsvT , (4.1.18)

where vT is the solid/liquid interface velocity predicted by the 3D meso-
scale solidification model at the specific solid fraction being used in the fluid
flow simulation, and βs = (ρs/ρl − 1) is the shrinkage factor with ρs and ρl
representing the temperature-dependent solid and liquid densities. For non-
peritectic alloys, ρs = ρδ. For peritectic alloys ρs is given by

ρs =
ρδgδ + ργgγ
gδ + gγ

, (4.1.19)

ρδ = 3.07× 10−1 (Tδ,start − T ) + 7270, (4.1.20)

ργ = 4.8× 10−1 (Tγ,start − T ) + 7410, (4.1.21)

ρl = −7.5× 10−1 (T − TL,start) + 7020, (4.1.22)

where ρδ, and ργ represent the densities (kg.m−3) of the δ and γ phases in
steel alloys given by the expressions in Eqs. 4.1.20, 4.1.21, 4.1.22 [139], T
represents the temperature with Ti,start being the transformation temperatures
of the i phase (i = l, δ or γ), and gδ and gγ are given by the 3D meso-scale
solidification model at the specified solid fraction being used in the fluid flow
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simulation. Note that the shrinkage factor will vary during solidification since
the individual densities ρδ, ργ, and ρl are temperature-dependent.

Deformation of the semi-solid skeleton will also induce liquid flow. Assum-
ing rigid body motion of the grains and deformation localized to the liquid
phase, the increase in volumetric flow rate ∆vliq that is required to compen-
sate for deformation at the scale of an individual element can be approximated
as

∆vliq =
ε̇sv

(1− gs)
∗ Vliq, (4.1.23)

where ε̇sv is the volumetric part of the strain rate applied on the domain, and
calculated via ε̇sv = ε̇xx + ε̇yy + ε̇zz, and Vliq represents the volume of liquid
present in an element. Note that while Eq. 4.1.23 simulated the effects of
mechanical deformation on fluid flow in a semi-solid, mechanical deformation
itself is not directly simulated.

Applying the divergence theorem, the mass balance becomes∫
V el

∇ · ~vldV = 2 ·
∫
Sesl

~vl · ~ndS + 2 ·
∫
Sel

~vl · ~ndS + 2 ·∆vliq = 0, (4.1.24)

where V e
l represents the total volume of the two facing tetrahendrons, Sesl =

Sv · V e is the dendritic solid/liquid interfacial area, V e represents the total
volume of dendrite envelope, and Sel represents the total lateral area of the
two tetrahedral elements. Then, by substituting Eq. (4.1.14) and Eq. (4.1.15)
into the second right term of Eq. (4.1.24), and assuming that the first right
term of Eq. (4.1.24) can be replaced by Sesl ·~vl·n = −Sesl · βsvT , one obtains the
master fluid flow equation for dendritic flow,

2

∫
Sel

(
z′2

2µl
+ C1

)
∇p · ~ndS + 2

∫
Sel

(
C2e

z′
ξ − C3

)
∇p · ~ndS

− 2vTβsS
e
sl + 2 ·∆vliq = 0. (4.1.25)

Numerical implementation

At the scale of a single element, integration of Eq. (4.1.25) over the intra-
dendritic and extra-dendritic parts is computed numerically by dividing both
the grain envelope length and extra-dendritic liquid channel width into n =
1000 segments along the height of tetrahedral element. By doing the inte-
gration and applying Green’s theorem over each segment, one obtains the
coefficient of the Laplacian of the pressure field, ∇2p. Then, as it has been
assumed that the flow direction is parallel to the exterior triangular facet of
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each tetrahedron, the 3D mesh is simplified to a set of 3-node 2D triangular
elements. The resulting pressure field is given by

pl =
3∑
i=1

Nip
∗
i , (4.1.26)

where p∗i represents the nodal pressures, and Ni represents the shape functions
of the triangular element that approximate the pressure field within element e
in the local (x′, y′, z′) coordinate system. Applying the Galerkin finite element
method to Eq. (4.1.25), the elemental matrix equation is obtained:

[K]e


p∗1
p∗2
p∗3

 = be + {φ}e, (4.1.27)

where [K]e represents the element stiffness matrix, be is the load vector which
results from solidification shrinkage and/or deformations exerted on the do-
main, and {φ}e is related to the external boundary conditions.

Once the individual element matrices have been developed, they are as-
sembled together into the global stiffness matrix. This global matrix is then
solved with a conjugate gradient linear iterative method using a free open
access program C++ library known as IML++ [140]. The solution provides
the pressure throughout the domain. Complete details of the numerical im-
plementation can be found in [121].

4.1.4 Semisolid deformation model

In this section, a 3D semisolid deformation model is used and modified for
the prediction of the semisolid mechanical behavior using a discrete element
method [120]. This model allows for the prediction of stress and strain local-
ization within a semisolid at a specific solid fraction with a semisolid geometry
obtained via the dendritic solidification model. Like the semisolid geometry
described in the prior sections, it consists of irregular arrange of solid grains
(Fig. 4.7(a)) surrounded by liquid channels. Fig. 4.7(b) shows a series of tetra-
hedral elements representing the solid phase which are in contact with other
three solid elements belonging to the same grain in Fig. 4.7(a). The fourth face
of the tetrahedral element is either in contact with the symmetric element of
the neighboring grain or is separated from it by a liquid film if the two facing
grains are not coalescenced yet.

The deformation of a semisolid is different from the fully solid materials
due to the presence of two phases: solid and liquid. The stress state is in-
homogeneous as the two phases bear unequal loads and the solid phase has
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a great impact on the mechanical behavior [12]. In the deformation calcula-
tion, the mechanical behavior of a semisolid is assumed to be anisotropic due
a statistically large number of irregular arrangements of grains. Within each
homogeneous solid phase, finite element method is applied to predict of con-
tinuous deformation while the discrete element method is used to model the
discontinuous deformation of the entire domain containing two phases [120].
Similar as in the prior semisolid mechanical model [120, 134], different types
of elements are used as shown in Fig. 4.7:(i) 3D solid element, (ii) multi-point
constraint (MPC) elements for the continuity between the faces of solid ele-
ment belongs to the same grains, (iii) contact elements at the grain boundary.

Figure 4.7: Schematic of equiaxed grains and three different types of finite
element used in the simulation: (a) Voronoi grain, (b) 3D solid element

consists of multiple tetrahedral elements, (c) multi-point constrained element
between two nodes belong to one grain and (d) contact element located

between two solid elements across the grain boundary.

Solid elements

In order to predict the mechanical behavior within each solid element, a con-
stitutive law is used to link the stress and strain under a deformation. The
isotropic elastic modulus and Poisson’s ratio are assumed to be constant at
high temperatures. The flow behavior of solid grains of carbon steel at various
strain rates and temperatures is modeled by the following equation [141],

ε̇e = A exp (−Qa/RT ) [sinh (βeKe)]
1/m, (4.1.28)

σe = Keε
n
e , (4.1.29)

where ε̇e is the effective plastic strain rate, A and βe are constants, Qa is the
activation energy for deformation, R is the gas constant, T is the temperature,
m represents the strain rate sensitivity, Ke is the strength coefficient, n is the
strain hardening exponent. σe and εe represent the effective stress and strain,
respectively. The deformation behavior of steel alloy is predicted utilizing the
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Table 4.1: List of parameters used for δ and γ phase in the simulation [3].

A(s−1) Qa (kJ/mole) βe (MPa−1) m n

δ phase 6.754× 108 216.9 0.0933 0.1028 0.0379
γ phase 1.192× 1010 373.4 0.0381 0.2363 0.210

constitutive Eq. 4.1.28 and Eq. 4.1.29, and the parameters of δ and γ phases
measured by Seol et al. [3] listed in Table 4.1 are used in this simulation.

Figure 4.8: Comparison of stress and strain curve for δ and γ phase under
different strain rates at 1480 ◦C: 10−3 s−1, 5×10−3 s−1 and 10−2 s−1,

respectively.

Fig. 4.8 shows the constitutive behavior of solid δ and γ phases at various
strain rates at 1480 ◦C calculated via Eq. 4.1.28 and Eq. 4.1.29 using the
parameters list in Table 4.1. The input results for both δ and γ illustrate that
the stress increases with the increase strain rate. The stress of γ is shown to
be larger than δ at a given strain.

The constitutive behavior of solid phase of steel containing different phases
δ and γ is obtained through the rule of mixture, and the mechanical prop-
erty within each dendrite envelope is treated as a porous medium due to the
presence of the inter-dendritic liquid associated with very weak mechanical
strength.
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Multi-point constraint elements

The 1D solidification within each tetrahedral element is conducted indepen-
dently where the solute exchange between the neighboring grains is not con-
sidered. This simplified 1D solidification model within each element inside a
semisolid created by Voronoi tessellation fails to predict a continuous solid/liquid
interface across two neighboring elements. The multi-point constraint element
is used to tie two neighboring facets via the edge nodes shown in Fig. 4.7(c),
achieving a continuity of displacements and stresses across the interface be-
longs to the same grain [142].

Contact elements

The contact elements are used to link between the solid grains. In particu-
lar, this element type permits the prediction of large sliding and finite defor-
mations. Separation and arbitrary rotations may also be modeled. In this
coupled model, a frictionless hard contact pressure–overclosure element is im-
plemented, which assumes zero overclosure with infinite contact stiffness. The
hypothesis of frictionless surface indicates that only normal pressure is trans-
mitted between contacting surfaces. The contact element also allows to prevent
the solid grain penetration. The simplified treatment of the contact element
holds as the dominant factor of resistance of the liquid channel to separation
is due to the liquid pressure acting on the solid/liquid interface [134].

Numerical implementation

Once the semisolid geometry and elements are created within the domain, an
in-house software is then used to convert the solid phase of a semisolid geom-
etry into finite element mesh while the liquid film remains free from meshing.
Every solid phase is meshed into two wedge elements and one tetrahedral el-
ement which can be seen in Fig. 4.7(d). The coarse mesh used for the solid
phase helps to save the computational time. The semisolid deformation anal-
ysis is predicted by using the finite element software Abaqus [143] and are
coupled with the dendritic fluid flow model for the prediction of crack which
will be presented in the section hereafter.

4.2 Defect prediction

For the prediction of cracking and segregation within a semisolid, the sub-
models described above are coupled together in two different ways following
the flow chart shown in Fig. 4.9.
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4.2.1 Semisolid cracking model

In order to predict the crack, a 3D semisolid cracking model initially developed
by Sistaninia et al. [134] is extended and used in this investigation. Different
from the prior model which focused on the globular structure of Al alloys,
this study focuses on the investigation of hot tearing sensitivity of semisolid
steel associated with peritectic transformation. The semisolid cracking model
consists of several sub-models and the coupling between the sub-models fol-
lows the flow chart shown in Fig. 4.9. In this chapter, the different models
incorporated inside the semisolid cracking model are briefly reviewed, followed
by an introduction of the pressure-mechanical coupling process.

Figure 4.9: Schematic of coupling between sub-models for the prediction of
cracks.

Overview of models

Given the known grain size, a microstructure generation model is firstly used to
create the fully solidified equiaxed grains under the same procedures mentioned
in Section 4.1.1. The fully solidified equiaxed microstructure is further split
into smaller tetrahedral elements ready for the microsegregation analysis using
the dendritic solidification model in Section 4.1.2. This two models allows for
the prediction of semisolid geometry at a given gs, indicated in Fig. 4.9. This
semisolid geometry containing at least two phases is used for the pressure and
stress calculation.

The pressure calculation is achieved by using a dendrite fluid flow model
but with a different assumption from Section 4.1.3. The liquid phase in the
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modified dendritic fluid flow model is assumed to be compressible and is able
to compensate the solidification shrinkage and deformation via density change.
The mass balance equation for the liquid phase is given,

∂ρl
∂t

+∇ (ρl~vl) = 0, (4.2.1)

where ρl represents the liquid density.
Integrating Eq. 4.2.1 over the two facing tetrahedral elements and using

the divergence theorem, one obtains an equation similar to Eq. 4.1.25 but with
an additional term related to the variation of liquid density,

1

ρl

∫
V

∂ρl
∂t
dV +

∫
Sel

(
−κ (gl′)

µl

)
∇p · ~ndS−vTβsSesl + ∆vliq = 0. (4.2.2)

The first term can be linked to the liquid pressure drop via the bulk mod-
ulus of the liquid Kl,

1

ρl

∂ρl
∂t

=
1

Kl

∂p

∂t
. (4.2.3)

The modified equation avoids the convergence problem at high solid frac-
tions where the liquid is likely to form into isolated pockets. The numerical
implementation of Eq. 4.2.2 is similar as Section. 4.1.3.

The modified dendritic fluid flow is then coupled with the semisolid defor-
mation model in Section 4.1.4 for the prediction of the rheological behavior of
the semisolid, the detail pressure-mechanical coupling between this two models
is presented in the coming section.

Failure criterion

In order to identify the crack initiation site, a failure criterion needs to be
incorporated inside the semisolid cracking model. In the prior investigations
related to crack initiate prediction [134], the atmosphere-induced liquid rup-
ture model is used. For clarification, the salient points of this failure criterion
are recalled in this section.

Assuming that there is a contact between the liquid film and atmosphere,
shown in Fig 4.10, it is shown that the overpressure required to overcome cap-
illary forces at the liquid-atmosphere interface inside the micro liquid channel
can be estimated by assuming a semi-cylindrical void shape with a radius
denoted as r,

pa − pl =
λ

r
=
λ cos Θ

h
, (4.2.4)
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Figure 4.10: Schematic of two facing grains with a liquid film in between
where a meniscus with a hemi-cylindrical shape forms.

where pa and pl represent the atmosphere and the liquid pressure, λ is the
surface tension at the atmosphere–liquid interface, Θ is the dihedral angle and
h represents half of the liquid channel width.

In steel, the presence of a small amount of solute elements such as sulfur
and oxygen presenting in the liquid phase will dramatically decrease the liquid
surface tension and affects the reactions between gas and liquid phase [144].
The effects of oxygen and sulfur contents on surface tension for liquid iron at
1550 ◦C are given as,

λ = 1788− 281 ln (1 +Ko [%O]) mN/m, (4.2.5)

λ = 1788− 195 ln (1 +Ks [%S]) mN/m, (4.2.6)

where Ks and Ko represent the absorption coefficients for oxygen and sulfur
on liquid iron, and can be calculated via,

logKo =
11370

T
− 4.09, (4.2.7)

logKs =
5874

T
− 0.95, (4.2.8)

where T is the temperature (K). Fig. 4.11 indicates the results of surface
tension calculated based on different sulfur contents and oxygen contents at
1550 ◦C.

Note that for an internal crack occurring in the center of the casting slabs,
the lack of air makes the crack initiation mechanism different. Compared
with the liquid pressure required to break the bonds in a gas-free liquid, a
crack is very difficult to form due to the low strength of a high temperature
semisolid [1]. However, the gas dissolved in the liquid enables the formation of
porosity when the melt is supersaturated with the gas, which has been found
to be a necessary condition for the initiation site of hot tearing [145, 146].
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Figure 4.11: Influence of sulfur and oxygen contents on surface tension of
liquid iron.

In this thesis, Eq. 4.2.4 is used to simulate the liquid rapture at the surface
of a semisolid, and the ruptured liquid will propagate into the liquid channels
directly connected to it. The value of cos Θ is fixed to 1 due to the good
wettability of liquid steel on the solid grains. The surface tension of liquid
steel on the surface of a semisolid is assumed to be higher than the interior
atmosphere-liquid layer due to the negligible oxide layer inside the domain.
This criterion is implemented within the present mesoscale model through a
multi-step technique.

Numerical implementation of coupling

For the prediction of cracking in semisolid steel, all the sub-models are cou-
pled following Sistaninia’s method [134]. First, with a given semisolid geom-
etry obtained from dendritic solidification model (DSM) shown in Fig. 4.9,
the coupling procedures are illustrated in Fig. 4.12. The dendritic fluid flow
model (DFFM), semisolid deformation model (SDM) and semisolid cracking
model (SCM) are coupled incrementally for the prediction of crack within a
semisolid until the overall failure occurs, where the SDM is used to determine
the mechanical response of the mushy zone under imposed displacement. The
results from SDM provide the strain rate on each liquid channel and updated
liquid channel width, which are used for the pressure calculation via DFFM.

The iteration starts when the output pressure obtained from DFFM is im-
posed to SDM for the next iteration, and ends until pl is converged. Finally,
the failure criterion mentioned in Section.4.2.1 will be applied to liquid chan-
nels when the convergence of pl is reached. Once a liquid channel ruptures, the
liquid initially located at the cracked channel will be sucked into the rest of the
liquid channels that are not cracked, and the pressure in the ruptured channel

60



Ph.D. Thesis – Y. Feng McMaster University – Materials Science & Engineering

is set to be pa for the semisolid stress calculation as this channel between two
facing solid grains is open and filled with air. The cracked liquid channel will
no longer participate in the fluid flow calculation and is closed by fixed a local
displacement.

Figure 4.12: Flow chart of the hydro-mechanical coupling procedures
following Sistaninia et al. [1].

4.2.2 Mesoscale solute transportation model

Macrosegregation during solidification is often resulted from complicated fac-
tors as identified in Section 1.3.2 occurring at different length scales. Another
application of the present mesoscale model is to predict the macrosegregation
at a mesoscale. Building on the 3D mesoscale dendritic solidification model
in Section 4.1.2 and dendritic fluid flow model in Section 4.1.3 as shown in
Fig. 4.9, a solute transport model is proposed that directly combines solute
transport at the scale of the casting with solute partitioning at the scale of
the grains. The random arrangement of the equiaxed grains created by the
microstructure generation model in Section 4.1.1 allows for consideration of
stochastic effects and the interaction between the liquid and solid is also con-
sidered. In contrast to conventional continuum methods that are based on the
averaging over a representative volume element, the discrete mesh representing
the geometry of individual grains and the connectivity of the liquid channels
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allows for an accurate prediction of the relative motion between intra-dendritic
flow and solid grains.

In this section, first, the methodologies for creating intra-dendritic fluid
flow through a dendritic network are reviewed. Second, the 3D mesoscale
solute transport model is introduced. Then, the numerical implementation
based on the finite element method is described.

Intra-dendritic fluid flow

Liquid flow through the intra and extra dendritic regions is predicted via a
mesoscale fluid flow model in Section 4.1.3 for a given solid fraction and average
grain size. The relative amounts of flow through the intra and extra dendritic
regions depends on the solidification morphology predicted by the solidification
model. For the present investigation, only the case of intra-dendritic flow is
considered. During continuous casting of steel, the common grain size near
the centre of the slab can be up to ∼800 µm. For such large grains, the
microstructure predicted via the solidification model is fully dendritic and
reduces the model to have only intra-dendritic liquid. In other words, even
at low solid fraction a dendrite envelope reaches to its facing dendrite thus
removing all the extra-dendritic liquid.

Similar as Section 4.1.3, assuming 2D quasi-steady-state as well as irrota-
tional flow that is parallel to the triangular facet where the two tetrahedrons
meet, and neglecting both gravity and pressure gradients along the length of
the element, the intra-dendritic fluid velocity can be expressed as

−∇p− µl
κ (gl′)

~vid = 0. (4.2.9)

This expression is equivalent to Eqs. 4.1.11 and 4.1.12 in Section 4.1.3
assuming that gedl = 0. By conducting a mass balance over the two facing
tetrahedrons and assuming liquid incompressibility (∇ · ~vid = 0) the pressure
within the mushy is then given by∫

Sel

(
−κ (g′l)

µl

)
∇p · ~ndS−vTβsSesl + ∆vliq = 0. (4.2.10)

With appropriate boundary conditions as specified in [147], Eq. 4.2.10 can
then be solved to determine the mesoscale pressure field within the semi-solid
domain containing dendritic microstructures.
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Mesoscale solute transport model

The governing equation for steady-state solute transport due to convection
and diffusion in the intra-dendritic liquid at the mesoscale resulting from so-
lidification shrinkage and mechanical deformation is given by

~v · grad cl − div(Dl grad cl) = Q, (4.2.11)

where Dl represents the diffusion coefficient of the solute in liquid phase, ~v is
the intrinsic fluid velocity and Q is the source term representing the solute
transfer rate at the solid/liquid interface due to solute partitioning, i.e.,

Q = SeslvT c
∗
l (1− k) , (4.2.12)

where c∗l is the equilibrium solute concentration in the liquid phase at a tem-
perature of interest, and k is the partition coefficient. The solid phase is
assumed to be rigid and stationary, ~vs = 0. Solute flow due to buoyancy is not
considered.

Numerical implementation

In order to determine the solute distribution within the mushy zone, the vari-
ation in ~v throughout each dendritic grain must be known. This quantity can
be determined from the fluid flow model by applying Darcy’s law utilizing the
known pressure field and local permeability to calculate the intra-dendritic
flow velocity ~vid (also known as the superficial fluid velocity),

~vid = −κ (g′l)

µ

(
∂p

∂x′
+
∂p

∂y′

)
, (4.2.13)

and then transforming ~vid to ~v via

~v = ~vid/gidl . (4.2.14)

By applying triangular shape functions, a single intrinsic velocity can then
be determined for each element,

~vx′ = −κ (gl′)

µgidl

(
∂(Ni · pi)
∂x′

)
, i = 1, 2 or 3. (4.2.15)

~vy′ = −κ (gl′)

µgidl

(
∂(Ni · pi)

∂y′

)
, i = 1, 2 or 3. (4.2.16)

where x′ and y′ represent the velocity components parallel to the triangular
facet as illustrated in Fig. 4.6(c) (the assumptions listed previously result
in a zero pressure gradient and thus zero flow in z′), and Ni represents the
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triangular shape functions. ~v will vary spatially throughout the mesoscale
domain due to the variations in pressure gradient and local permeability.

The solute distribution within the mushy zone is then determined as fol-
lows. First, by making similar assumptions to the fluid flow model, the 3D
tetrahedrons are simplified to a set of 3-node 2D triangular elements. Second,
the solute concentration in the liquid phase within each element is approxi-
mated as

celem =
3∑
i=1

Nici, (4.2.17)

where the ci are the nodal solute concentrations in the liquid phase, and the
Ni are the triangular shape functions to approximate the solute concentration
field within the local (x′, y′, z′) coordinate system. Applying the Galerkin finite
element method to Eq. (4.2.11), the elemental matrix equation is obtained,

[K]e


c1

c2

c3

 = be + {φ}e, (4.2.18)

where [K]e represents the element stiffness matrix, be is the load vector de-
pending on the solute partitioning, and {φ}e is the external boundary condition
imposed, i.e.

[K]eij =

∫
Ω

Ni~vx′
∂Nj

∂x′
+Ni~vy′

∂Nj

∂y′
+D

∂Ni

∂x′
∂Nj

∂x′
+D

∂Ni

∂y′
∂Nj

∂y′
dS, (4.2.19)

{b}ei =

∫
Ω

NiQdS, (4.2.20)

{φ}eij =

∫
∂Ω

NiqdS, (4.2.21)

where q represents the solute flux at the boundaries and remains only on the
external boundary of the model domain, and i and j are counters representing
the local node numbers (i, j = 1, 2, 3).

Once the individual element matrices have been developed, they are as-
sembled together into the global stiffness matrix, and then solved via ma-
trix operations using a free open access C++ matrix solver/library known as
IML++ [140]. Due to the presence of the velocity in Eq. (4.2.11), [K]e is not
symmetric and thus must be solved via a generalized minimal residual method.
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4.3 Validation of mesoscale models

The 3D mesoscale sub-models and coupled models described in the prior sec-
tions require validations before further applications. Note that the microstruc-
ture generation model and the dendritic solidification model are not necessary
for validation as they only provide the semisolid geometry at a specific solid
fraction used for pressure and deformation analysis. The results of the den-
dritic fluid flow model can be compared with the empirical equations which are
already validated with experimental measurements. Due to the lack of high
temperature constitutive data for semisolid steel, in this thesis, validation of
the semisolid cracking model is achieved by comparing the results with the
semisolid tensile test measurements conducted by Seol et al. [27]. The results
from the mesoscale solute transport model can be validated with the solute
map measured experimentally.

In this section, the semisolid tensile experiment used for validating the
coupled semisolid cracking model is presented firstly followed by the valida-
tion work for the segregation prediction via MXRF. In the validation of the
mesoscale solute transport model, the materials used for the characterization
is described. Sample preparations and the casting conditions for these samples
will also be presented. Then, an introduction of the apparatus is described,
followed by the test methodology and quantitative characterization method.

4.3.1 Validation of semisolid cracking model

Due to the difficulty associated with the measurement of high temperature
properties of semisolid steel, the tensile strength of the semisolid steel is lim-
ited. Seol el al. [27] conducted a high temperature tensile test using the Gleeble
1500 system to characterize the semisolid mechanical behavior of carbon steel
during solidification. The detailed information related to the experimental
procedures are summarized as follows: the chemical composition compositions
of the sample machined from the continuous casting slab is listed in Table 4.2.
In order to reproduce the continuous casting process, the test sample was fully
melted by electrical current and then cooled at a constant cooling rate of 1
K/s during the tensile test experiment. This cooling condition results the for-
mation of equiaxed grains with an average grain size of ∼ 100 µm. A tensile
load with a strain rate of 10−2 s−1 was imposed on the sample during solidifi-
cation. The measured ultimate tensile strength was reported in a relation to
solid fraction evaluated by a microsegregation model [148].

Readers can refer to Ref. [27] for the detailed experimental procedure used
during the semisolid tensile test.
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Table 4.2: Chemical compositions of the sample test in Gleeble machine [27]
(wt.%)

C Mn Si P S

Steel sample 0.12 0.59 0.25 0.015 0.008

4.3.2 Validation of mesoscale solute transport model

Materials

To perform a macroscale solute mapping experiment via MXRF, a steel sample
was cut from the continuously casting slab cast at a constant speed of 0.8
m/min from Arcelor Mittal Dofasco at Hamilton, Canada. The experimental
samples are approximated as Fe-0.105wt.%C-1.55wt.%Mn alloys. Fig. 4.13
shows the location of the sampling. The selection of this steel grade is due to
its high susceptibility to segregation associated with peritectic transformation;
besides, the sampling is located at the center, which allows for the investigation
of centreline segregation. The sample size of 90 mm x 90 mm is associated with
longer solidification time and likely to show macrosegregation over such a large
scale. The sample was prepared using standard metallographic procedures: it
was manually ground using the 320, 400, 600, and 800 SiC papers in order
to remove the cutting edges on the surface, and then thoroughly cleaned by
swabbing the specimen in the running water and dried immediately. The
sample was finished with parallel sides ready for the analysis.

Figure 4.13: Schematic diagram of sampling within the continuous casting
slab.

Apparatus

MXRF introduced in Section 2.2.1 is used to measure the solute map over
the well prepared steel sample. The apparatus used in this investigation is
presented in this section.

The front-view of the apparatus is shown in Fig. 4.14(a). This instrument
is built at Arcelor Mittal Dofasco with the collaboration of IXRF Systems
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(Texas, USA). It is a scaling-up of the common XRF technique and consists a
chamber equipped with a sampling scanning stage shown in Fig. 4.14(b), an
X-Ray excitation source and a 80 mm2 liquid-nitrogen cooled, Silicon Drifted
Detector (SDD). The scanning stage is with a dimension of 320 mm x 320
mm motorized in X-Y-Z direction, allowing for a maximum sample size of 200
mm x 100 mm by 20 mm thick. The source is a rhodium X-Ray tube with
maximum operation at 50 kV and 1 mA. The front door of the chamber allows
for sample placement and change, and the experiment is conducted either in
air or vacuum environment.

Figure 4.14: (a) Photograph of experimental setup of Micro X-Ray
Fluorescence device at Arcelor Mittal Dofasco, and (b) MXRF scanning

stage [25, 26].

This apparatus is also incorporated with a Software Suite (Iridium), in-
cluding an operational control system, spectral data acquisition and post pro-
cessing, MXRF mapping of line and area scans and elemental ratio mapping
for segregation analysis. The unique combination of different software pack-
ages manages to detect a wide range of elements from Sodium to Uranium in
multiple environments.

Safe operation is also guaranteed respected to the X-Ray during the ex-
periment. The X-Ray source will be automatically shut down when the front
chamber door is open, and any X-Ray exposures can be avoided; Also, the
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emergency X-Ray shut-off button in the front panel manages to close the X-
Ray source when any malfunctions occur. Once the samples are removed from
the slot will be immediately detected by a camera and a laser sensor, and the
lock-out key will stop all the operations to prevent the damage of the source
and detector. The detail introduction of this apparatus can also be found in
Ref. [25, 26].

Test methodology

The well prepared sample was then mounted on the scanning stage before
MXRF analysis was carried out on the cross-section of sample with a tar-
get area of 8100 mm2. During the test, atoms on the surface of the sample
were excited by X-radiation generated through a rhodium X-Ray tube which
knocked out some electrons from the inner electron shells. Electrons from outer
electron shells filled the voids in the inner shells, and emitted a fluorescence
radiation. The X-Ray beam was focused on the sample by a polycapillary
optic to produce spot size varies from 40 µm to 2.0 mm. For the current in-
vestigation, beam size was 250 µm which is definitely small enough for the
purpose of detecting macroscale elemental inhomogeneity. The beam energy
used was 50 kV, with a beam of current 400 µA. Finally, the characteristic
X-Ray fluorescence generated by the alloying elements in the steel sample was
then detected by the SDD.

Quantitation

Once the XRF spectral data of the entire scanning area are obtained, the
Iridium software suite automatically performs post-processing calculations to
convert the XRF intensities to wt.% data. There are two methods for quanti-
tation developed by IXRF: Fundamental Parameter method (FP method) and
Least Squares methods (LS method). For detail information regarding these
two methods, please refer to [25, 26]. LS quantitation has been tested and
validated at ArcelorMittal Dofasco, and used in the present study to measure
the centreline segregation. When the LS quantitation is finished, the Iridium
software suite generates the Mn wt.% map of the scanning surface.
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Chapter 5

Results and Discussions

In this chapter, the model developed in this thesis is applied to investigate
solidification behavior of steel. The output from the microstructure genera-
tion model in Section 4.1.1 is used as an input for solidification, fluid flow,
deformation and solute transport analysis. This chapter firstly provides the
results from the sub-models: dendritic solidification model, dendritic fluid flow
model, semisolid deformation model followed by the coupled models includ-
ing the semisolid cracking model and the mesoscale solute transport model,
respectively. Note that the results of the semisolid deformation model are
not presented explicitly due to its contribution to predict cracking and are
included in the semisolid cracking model.

In the dendritic solidification model, the solidification of equiaxed grains
are discussed firstly. The results of the dendritic fluid flow model are presented
hereafter, including detailed investigations of permeability in a wide combina-
tion of microstructures, alloy compositions and flow configurations and the
results are also assessed in the context of casting defects. The semisolid me-
chanical behavior in responding to deformation and its sensitivity to cracking
under different conditions are presented and discussed in the semisolid cracking
model. Finally, another application of this mesoscale model is to predict the
centreline segregation within the continuous casting slab induced by solidifica-
tion shrinkage. The result of this application is compared with the experimen-
tal measurement via MXRF; the effects of semi-solid mechanical deformation
and alloy composition on the degree of segregation are also discussed. Note
that the properties of steel is approximated as a binary Fe-C alloy and the
influence of other alloy elements are neglected in this investigation.

5.1 Dendritic solidification model

Given the microstructure generated by the microstructure generation model
shown in Section 4.1.1, the solidification process of each individual grain is
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Table 5.1: List of parameters used in the simulation for Fe–C
alloy [28, 29, 30, 31, 32]

Property value

∆Sf (J K−1 m−3) 1.07× 106

η (nm) 5
γsl (J m−2) 0.319
Dl (m2/s) 2.0× 10−8

Dδ (m2/s) 6.0× 10−9

Dγ (m2/s) 1.0× 10−9

Γ (m K) 1.9× 10−7

k 0.17
Tm (◦C) 1538
Tp (◦C) 1493
ml (K wt frac−1) -84.90

simulated using the 3D dendritic solidification model described in Section 4.1.2.
The relevant material properties used in the simulation are listed in Table 5.1.

In this section, a description of the gradual formation of grain clusters
during solidification which is given to show the disappearance of liquid films
between the neighboring two grains is presented; and the influence of carbon
composition, cooling rate and grain size on the microstructure evolution and
liquid channel width distribution is discussed.

5.1.1 Grain cluster formation

As mentioned in Section. 4.1.2, the solidification model is able to reproduce
the microstructure morphology evolution during solidification. The transition
from individual solid grains surrounded by continuous liquid films to the for-
mation of a single coherent solid cluster in a peritectic alloy containing 0.16
wt.% carbon is given in Fig. 5.1, where the domain is continuously cooled down
at a cooling rate of 50◦C/s. The coalescence undercoolings shown in Fig. 4.4
will be used as the input data for the grain cluster formation analysis.

Fig. 5.1(a) shows the morphology of grain clusters at different times (0.53
s, 1.07 s, 1.66 s, 2.63 s, 2.72 s and 2.79 s), where each color within the domain
represents a single grain cluster that consists of multiple/single grain(s). Dur-
ing initial solidification, the grains are separated by continuous liquid films,
and the number of clusters is equal to the number of grains. As grains coa-
lescence, the size of the largest grain cluster grows, reducing the number of
liquid films between individual grains. Further, the liquid channel thicknesses
will narrow to a few nanometers. Due to different misorientations between two
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Figure 5.1: Simulation domain (5mmÖ5mmÖ5mm) containing 125 grains for
a Fe-0.16wt.%C alloy: (a) coalescence of grain clusters at different time; (b)

evolution of the number of grain clusters as a function of time.
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distinct grains, the required coalescence undercoolings for bridging are differ-
ent depending on their respective grain boundary energies. Based the energies
given in Fig. 4.4(b), most of the grain boundaries are repulsive and thus neigh-
boring grains will only coalesce once the necessary undercooling temperature
is reached. Fig. 5.1(a2 – a5) all contain a solid fraction greater than 0.99; at
such a high solid fraction, the presence of liquid films will increase hot tearing
susceptibility when deformation is applied. Finally, all 125 grains coalescence
to form a single grain cluster at 2.79 s, shown in Fig. 5.1(a6). At this point, the
material is able to sustain tensile deformation, having achieved mechanical co-
alescence. The evolution in grain clusters with time is quantified in Fig. 5.1(b).
As can be seen, the speed of grain coalescence first increases because many
of the grains require only a low coalescence undercooling, and then decreases
because the final liquid films require significant undercooling to disappear.

5.1.2 Microstructure evolution

Influence of carbon content

The solidification morphology of various Fe-C alloys (non-peritectic: 0.07wt.%;
hypo-peritectic: 0.12wt.%, peritectic: 0.16wt.% and hyper-peritectic: 0.18wt.%)
is compared in Fig. 5.2 at three different temperatures. All simulations used
the same cooling rate (50◦C/s) and the same microstructure (500 µm average
grain size). For the non-peritectic grade at high fraction solid, Fig. 5.2(a),
it can be seen that many of the liquid channels are quite narrow although a
few liquid pockets remain. As the grains solidify, they form a coherent solid
(Fig. 5.2(a2). The short freezing range results in limited hot tearing suscep-
tibility. In comparison, a hypo-peritectic grade has a lower solid fraction at
the same temperatures, and thus wider liquid channel widths, Fig. 5.2(b1),
and multiple liquid pockets coexisting with the solid phase. At T=1492.2◦C, a
thin layer of austenite (highlighted in red) forms at δ/L interface, Fig. 5.2(b2),
concurrently narrowing the remaining liquid channel width without enabling
coalescence. Considerable liquid is required at this temperature to feed the
shrinkage associated with solidification and the peritectic transformation. The
austenite phase then continues to grow into the liquid and δ phases as tem-
perature decreases, resulting in a microstructure shown in Fig. 5.2(b3). The
solidification of peritectic and hyper-peritectic grades are shown in Fig. 5.2(c)
and (d). With increasing carbon content, the liquid pockets increase in number
and size. Compared with the microstructure of the peritectic grade shown in
Fig. 5.2(c1), the hyper-peritectic grade (Fig. 5.2(d1)) tends to display thicker
liquid channel widths enabling easy liquid feeding. As solidification proceeds,
the peritectic phase is seen to form, Fig. 5.2(c2-c3) and (d2-d3). In the hyper-
peritectic grade, a number of liquid pockets remain that could feed the shrink-
age, whereas these pockets are largely absent in the peritectic grade and do not
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exist in the hypo-peritectic grade when the peritectic transformation occurs.
Given the differences in composition, a greater amount of austenite forms in
the hyper-peritectic grade as compared to the peritectic, and hypo-peritectic
grades.

Figure 5.2: 2D Cross-sections from the 3D meso-scale solidification model of
steel consisting of 1000 grains and a total domain size of 125 mm3. (a-d)
represent simulations with different carbon compositions, each for three
different temperatures. (I-III) presents three different temperatures of
1507.1◦C, 1492.2◦C and 1491.8◦C, respectively. Note that gl extra∼0.

Fig. 5.3 quantifies the variation in liquid channels widths in the three peri-
tectic grades just after the peritectic transformation has occurred, correspond-
ing to Fig. 5.2(b3, c3, and d3). As can be seen, thicker liquid channel widths
exist with higher carbon contents thus reducing hot tearing susceptibility at a
given temperature as compared to the hypo-peritectic grade. Specifically, the
majority of the liquid channel widths is ∼28 µm for Fe-0.16wt.%C and 2 µm
for Fe-0.12wt.%C. Of course, the solid fraction is also lower for these cases but
nevertheless the thin liquid channels make feeding very difficult at the point
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where liquid is needed to support the shrinkage associated with the peritectic
transformation.

Figure 5.3: The distribution in liquid channel widths for cases (b3), (c3), and
(d3) from Fig. 5.2 corresponding to compositions of 0.12wt.%, 0.16wt.%, and

0.18wt.%

It should be noted that the equivalent liquid channels shown in Fig. 5.2
represent the intra-dendritic liquid; as shown in Fig. 4.3(b) the dendrite tip
quickly reaches the grain edge under high (industrial) cooling rate conditions.
Distinguishing between intra-dendritic liquid and the extra-dendritic liquid is
of vital importance with respect to their relative effects on flow hindrance.
For equivalent amount of liquid flow, the permeability of the intra-dendritic
region will be much less in the extra-dendritic region because of the additional
presence of the dendrite. Conceptually, grains that solidify with a globular mi-
crostructure will have improved flow as compared to dendritic microstructure
at equivalent solid fraction. Numerically, this is shown through the solid/liquid
interfacial area concentration Sv. For dendritic structures the Sv term, related
to the secondary arm spacing [52, 78], will be much larger than globular struc-
tures, which in turn results in a greater resistance to the liquid flow in the
mushy zone as predicted by the Carman-Kozeny equation [89]. Lower per-
meability of the mushy zone indicates a poor feeding scenario and leads to
higher pressure drop which would accelerate the formation of hot tearing. The
feeding behavior of various semi-solid microstructures with both dendritic and
globular morphology can be examined using the Darcy-Brinkman equation,
and will be the subject of Section 5.2.
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Influence of cooling rate

Figure 5.4: The evolution of semi-solid microstructure and the liquid channel
thickness within the domain size of 125 mm3 consisting of 1000 grains for a

Fe-0.07 wt.%C alloy at T=1507◦C under different cooling rates: (a) 25 ◦C/s;
(b) 50 ◦C/s and (c) 75 ◦C/s. Note that gl extra∼0.

Fig. 5.4 compares the meso-scale model predictions of the semi-solid mi-
crostructure for a Fe-0.07 wt.%C alloy solidified at three different cooling rates
(25 ◦C/s, 50 ◦C/s and 75 ◦C/s), along with the corresponding distribution
in liquid channel widths. All three images represent the same temperature,
1507◦C. The secondary dendrite arm spacing used in the solidification model
is cooling rate-dependent and will decrease with increasing cooling rate. The
results demonstrate the ability of the solidification model to capture the differ-
ences in microstructure evolution under different cooling rates. At the temper-
ature provided, the solid fraction decreases from 0.97 to 0.85 with increasing
cooling rate. This is expected since higher cooling rates show a greater devia-
tion from the equilibrium conditions leading to a decrease in the solid fraction
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Figure 5.5: The evolution of liquid channel width at different temperatures
within the domain size of 125 mm3 for a Fe-0.16 wt.%C alloy consisting
grains with average grain size of: (a) 500 µm; (b) 1000 µm. Note that

gl extra∼0.

at the same temperature compared with lower cooling rate. Further, a signifi-
cant change in the liquid channel migration can be observed. A higher cooling
rate of 75◦C/s results in a structure with thicker liquid channel thicknesses as
compared to the thinner liquid channels observed in the microstructure when
the cooling rates are 25◦C/s and 50◦C/s. The localization of the liquid be-
tween the grains and the liquid pockets remain obvious when the cooling rate
is high. The liquid channel widths shift from an average of 7.5 µm to ∼30 µm
with the increase in cooling rate.

Influence of grain size

Experimental measurement on grains size in steel indicates that the value
ranges from the 400 to 800 µm near the surface of the cast slab, and 600 to 1600
µm at the bottom of oscillation marks [149]. The size of abnormally coarse
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grains, can be up to seven millimeters [150]. Regardless of the mechanism
behind the formation of these large austenite grains, it is thought that they
originate from large primary ferrite grains [151]. In this section, the influence
of two different average grain sizes, 500 µm and 1000 µm, on the microstructure
evolution of Fe-0.16 wt.%C is investigated. The cooling rates used for grain
size of 500 µm and 1000 µm are 50 ◦C/s and 6.25 ◦C/s based on an empirical
equation relating the average final grain size with cooling rate [12].

The simulated semi-solid microstructure and the liquid channel width vari-
ation at three different temperatures (T=1502.8 ◦C, 1497.8 ◦C and 1492.8 ◦C)
are shown in Fig. 5.5. First, independent of grain size, the solid fraction in-
creases with a decrease in temperature along with the narrowing of the liquid
channel widths as seen in both Fig. 5.5(a) and (b). At low solid fraction, the
liquid channels vary considerably in size whereas at high solid fraction they
are more likely to localize around a unique value. Second, the microstructure
evolution clearly depends on the average grain size with numerous thin liquid
channels in the domain with 500 µm grains and few large channels in the one
with 1000 µm grains at the same temperature. The quantification of channel
width for both grain sizes show a Gaussian-like distribution at all temperatures
although some discrepancy exists. As indicated in the figure, the number of
facets in the domain with finer grain is about seven times as large as compared
with the coarser domain, and the overall solid/liquid interfacial area associ-
ated with smaller grains is 7469 mm2 which is much larger than large grains
of 3389 mm2. Third, there is also a slight difference in the solid fraction of
the two grain sizes for the same temperature. This is due to the statistical
nature when placing grain nuclei inside a domain and performing a Voronoi
tessellation. Higher cooling rates should also lead to a greater deviation from
the equilibrium solidification, and cause a lower overall solid fraction, also the
effect is seen to be marginal between cooling rates of 6.25 ◦C/s and 50 ◦C/s.

5.1.3 Hot tearing sensitivity analysis

The main purpose of the present research has been to develop a meso-scale
semi-solid framework for simulating the solidification of steel, and to provide
quantitative information about the distribution of liquid channel widths and
the proportion of each phase within individual grains for different physical
and process parameters. It is well known that hypo-peritectic alloys are more
sensitive to hot tearing as compared with other steel compositions. As shown
in Fig. 5.2(b3), the liquid channel widths for this chemistry are much smaller
than the ones found in peritectic and hyper-peritectic grades. The shrinkage
caused by peritectic transformation requires additional liquid over top of the
solidification shrinkage. Due to the thin liquid channel widths predicted to
be present in the hypo-peritectic grade when the transformation occurs, the
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feeding through these liquid channels will be quite difficult. This is likely
to increase hot tearing susceptibility. The present model thus demonstrates
the underlying microstructure responsible for high hot tearing susceptibility in
hypo-peritectic grades that has been previously experimentally reported [55].
Further, the results given in Fig. 5.4 indicate that larger cooling rates are
more likely to lead to a lower overall solid fraction and thus wider liquid
channels as compared with small cooling rates. These results are consistent
with experimental findings that slow-cooled castings can sometimes be difficult
to feed and thus prone to hot tearing. Finally, it is known that transverse
cracks are usually found around abnormally coarse grains [152]. Based on
Fig. 5.5, it is hypothesized that the larger interfacial area of small grains,
and the resulting even distribution of liquid channels and coalesced channels
provide better liquid feeding in response to tensile deformation [153].

5.2 Dendritic fluid flow model

To study liquid feeding within a semisolid, the microstructure and the solid
fraction of individual grain needs to be determined first; the local solid fraction
predicted by the dendritic solidification model provides both the local perme-
ability at the grain scale through Eq. 4.1.13 and the extra-dendritic liquid
channel width.

Figure 5.6: Internal solid fraction evolution within a single grain with a final
diameter of 300 µm under three cooling rates along with the schematic
diagrams of intra-dendritic, extra-dendritic and both fluid flow types.

Fig. 5.6 shows the evolution in internal solid fraction (g′s = 1 − g′l) given
by the solidification model under three cooling rates (1, 5, and 55 K/s) for an
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Fe-0.07 wt.%C grain with a final diameter of 300 µm, along with schematics
of the corresponding flow patterns.

At the highest cooling rate of 55 K/s, the solidification model predicts
a semisolid structure where the dendrite tips touch each other at low solid
fraction, and thus the flow would be intra-dendritic as illustrated in the ”upper
right” diagram of Fig. 5.6. As gs increases, the permeability of the porous
medium would correspondingly be reduced. For the low cooling rate of 1
K/s, the grain morphology transitions from dendritic to globular at gs=0.22
as g′s → 1. It is at this point that the existing dendrite structure becomes fully
solid; the remaining extra-dendritic liquid within the element then solidifies
in globular fashion. In a globular grain morphology, the permeability within
the dendrite envelope is zero, and fluid flow will only take place in the extra-
dendritic region as shown in the ”middle right” diagram. At moderate cooling
rates, both intra-dendritic and extra-dendritic flow can take place as shown in
the ”lower right” diagram since the grain is dendritic yet the dendrites from
adjoining grains have not yet touched. In the case of 5 K/s, this flow pattern is
possible until gs ∼ 0.75 at which point the flow would become extra-dendritic
since g′s → 1.

The flow patterns qualitatively described in Fig. 5.6 can be quantitatively
described using the 3D fluid flow model. For these simulations, a domain 6×6×
6 =216 mm3 with 8000 cubic grains each 300 µm in equivalent diameter (d =
3
√
Vg with Vg being the grain volume), assuming a dynamic viscosity of µl =

7.0× 10−3Pa · s [154], and neglecting solidification shrinkage and deformation
(βs=0, ε̇sv=0) was utilized. The secondary arm spacing was kept λ2=20 µm.
The boundary conditions were set as follows: a constant pressure on the top
surface where the fluid is drawn in, i.e. p0 = 0 Pa, a constant non-zero average
flux on the bottom surface of -20 µm3/µm2 · s−1 and closed lateral boundaries,
i.e. ql = 0 µm3/µm2 · s−1. Due to non-zero fluid flux on the bottom surface
and closed lateral surfaces, downward flow inside the domain occurs, drawing
fluid in from the top surface.

Fig. 5.7 shows pressure maps for three semisolids, each at gs = 0.60, con-
taining cubic equiaxed grains created under different cooling rates (1, 5, and 55
K/s). The results provide a general view of the pressure distribution and the
different pressure drops resulting from different microstructures. The pressure
is seen to decrease almost linearly from the top to the bottom, indicating that
the further away from the top of the domain the lower pressure is. A significant
pressure drop is observed with the high cooling rate of 55 K/s (Fig. 5.7(c)),
achieving a local value of -986 Pa. This is an indication that a higher resis-
tance of liquid is found when liquid going through an intra-dendritic network
as compared to globular structure (Fig. 5.7(a)), where free fluid flow occurs
only in the extra-dendritic zone. Between the two extreme cases, the presence
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of the liquid in both extra-dendritic and intra-dendritic region leads to an in-
termediate pressure drop (Fig. 5.7(b)). Although it is unrealistic to assume a
constant grain size (the same equivalent grain diameter) for different cooling
rates, it has been done for the purpose of decoupling cooling rate and grain
size effects as they relate to flow behaviour. As the fully solidified structure is
generated using a Voronoi tessellation, the average grain size could easily be
modified according to the cooling rate based on an empirical equation. Unfor-
tunately, grain size measurement of primary delta grains are very challenging
because of the δ to γ solid state phase transformation.

Figure 5.7: Pressure distribution within a domain containing 8000 grains at
gs=0.60 solidified under three cooling rates: (a) CR=1K/s, (b) CR=5K/s

and (c) CR=55K/s. Note that Fig. 5.7(a) and (b) share the same color bar.

5.2.1 Permeability assessment

Limiting cases and transition tested

The dendritic fluid flow model can be verified by comparing its predictions of
permeability against corresponding predictions from the analytical Carman-
Kozeny equation[89, 155] for two scenarios: a dendritic structure with Sv =
2
λ2

[78] (termed Dendritic Sv) and a globular structure with Sv calculated as
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the sum of the grain surface areas assuming globular structure divided by the
volume of the whole domain [121] (termed Globular Sv). For these tests, a
series of simulations were performed between 0.5 < gs < 1 under the conditions
described previously using uniform cubic grains. The permeabilities predicted
by the simulations can then be calculated from the average pressure difference
between the top and bottom surfaces,

κ = µl
q1(

p1−p0
Ldis

) , (5.2.1)

where Ldis is the distance between the two surfaces, p1 is the averaged pressure
on the bottom side of the domain, and q1 is the flux on the bottom surface.
Note that as there is a single grain size and a uniform temperature applied
to the entire domain, there can be no variation in the permeability between
individual cubic grains.

Fig. 5.8 compares the permeability predicted by the 3D fluid flow model and
the values calculated with the Carman-Kozeny equation utilizing the Dendritic
Sv and the Globular Sv. As can be seen, an excellent match is achieved
between the simulations with a cooling rate of 55 K/s (green diamonds) and the
dendritic-flow analytical solution. In this scenario, ~ved is zero and the domain
is a porous medium with a uniform ~vid flowing through the intra-dendritic
regions. Further, an excellent match is achieved between the simulations with
a cooling rate of 1 K/s (red circles) and the globular-flow analytical solution.
In this scenario, flow occurs only in the extra-dendritic regions.

The interesting result occurs for the permeabilities calculated from the
simulation using a cooling rate of 5 K/s (blue triangles). As can be seen, there
is a significant deviation between the model’s predictions and the Carman-
Kozeny equation using the two limiting values for Sv up to a solid fraction
of ≈ 0.75. Initially, the dendrite envelope grows into the liquid and g′s is
relatively low (Fig. 5.6). Fluid thus flows through both the intra-dendritic and
extra-dendritic regions, causing the permeability to fall between the dendritic
and globular cases. As g′s → 1, flow becomes predominantly extra-dendritic
and eventually the permeability follows the Carman-Kozeny equation derived
based on the Globular Sv.

By testing the numerical results against an analytical equation, the present
model is shown to be an alternative technique for obtaining the semisolid
permeability. The calculated values could also be compared to experimental
measurement using the given interfacial surface area concentration to provide
additional insight.
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Figure 5.8: Validation of permeability predicted by present model with the
Carman-Kozeny equation for a uniform network of grains with

microstructure solidified under the cooling rate of 1K/s, 5K/s and 55K/s.

Influence of grain size on the permeability

The assumption made in Fig. 5.8 was of uniform grain size. However, this
is not a realistic description of microstructure. Fig. 5.9(a) shows the relative
frequency of grain size in a 3D domain created using the Voronoi tessellation for
an average grain size of 300 µm. Fig. 5.9(b) shows the corresponding evolution
in g′s for five different grain sizes each solidified using a cooling rate of 5 K/s.
As can be seen, for smaller grains (60 µm), g′s quickly approaches 1 and thus
forms a globular structure due to the constraints of solute enrichment in front
of the solid/liquid interface, whereas for coarse grains (722 µm) the dendrite
tip is free to move until impingement with neighbouring grains. Thus, at a
specific time, which corresponds to a specific bulk solid fraction, fluid flow
takes place in the extra-dendritic region for smaller realistic grains, passes
through the intra-dendritic region for these grains which are impinging with
their neighbours, and has mixed characteristics for grains at intermediate size
levels.

Given the intrinsic variability in grain size, the permeability within a
semisolid will be influenced by this quantity. Fig. 5.10 shows the permeability
within a domain with 8000 grains, having an average grain size of 300 µm,
predicted by the fluid flow model containing a mixture of both globular and
dendritic grains of realistic geometry. It can be seen that at lower solid frac-
tion, the permeability of the mushy zone neither follows the intra-dendritic
flow behaviour (Carman-Kozeny with Dendritic Sv) nor the extra-dendritic
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Figure 5.9: (a) Equivalent grain size d distribution within the semisolid
domain and (b) the variation in g′s for five grains containing different sizes.

flow behaviour (Carman-Kozeny with Globular Sv) but is a mixture of both.
Eventually, the permeability approaches the Carman-Kozeny permeability for
structure with Globular Sv. In this realistic case the Carman-Kozeny equation
with Dendritic Sv does not provide a good analytical description of permeabil-
ity until gs = 0.96.

Permeability-microstructure map

Referring to Fig. 5.10, it can be seen that the semisolid permeability can only
be predicted by the Carman-Kozeny equation with Dendritic Sv or Globular
Sv over a small range of solid fraction; outside of this range there is a great de-
viation from either the dendritic or the globular cases. This deviation has not
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Figure 5.10: Variations of permeability as a function of solid fraction for a
semisolid domain containing both intra-dendritic and extra-dendritic flow.

been identified before. In order to show the range of validity of the Carman-
Kozeny equation using these two limiting cases in predicting the mushy zone
permeabilities in metallic alloys, a series of quasi-steady flow simulations were
performed, by varying the solid fraction (30 values), cooling rate (10 values
assuming an average grain size of 300 µm and a secondary arm spacing of
20 µm), and grain size (10 different values assuming a cooling rate of 10 K/s),
using a domain containing 8000 realistic grains with an average grain size of
300 µm, to provide over 600 unique permeability values. These simulations
again neglected solidification shrinkage and deformation (βs=0, ε̇sv=0).

Fig. 5.11 provides two permeability maps that show the range of solid frac-
tion where the Carman-Kozeny equation with Dendritic Sv or Globular Sv is
valid in predicting permeability; (a) as a function of cooling rate and (b) as
a function of dimensionless grain size d/(2 · λ2). Each map is divided into
two shaded areas corresponding to Globular Sv and Dendritic Sv, and an un-
shaded area where neither expression matches the simulation result within the
tolerance of 50%. Beginning with Fig. 5.11(a) it can be seen that under condi-
tions of lower cooling rates the Carman-Kozeny equation with Globular Sv is
most appropriate; the valid solid fraction range will decrease with increasing
cooling rate and is no longer valid once the cooling rate exceeds 15 K/s. At
high cooling rates especially greater than 10 K/s, the Carman-Kozeny equa-
tion with Dendritic Sv is most appropriate over a wide range of solid fraction.
However, at low solid fraction there are no circumstances where the simulated
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permeability matches the analytical expressions. Further, there is an impor-
tant combination of cooling rate and solid fraction where neither analytical
expression is valid, covering all solid fractions. Any macroscale model, having
the same solidification conditions, and utilizing the Carman-Kozeny equation
with one of these two limiting cases could show discrepancies as compared to
experimental findings. Turning now to Fig. 5.11(b), it can be seen that the
Carman-Kozeny equation with Dendritic Sv or Globular Sv is no longer valid
when d/(2 · λ2) is greater than 30 for the specific cooling rate of 10 K/s. At
lower values of this dimensionless grain size the Carman-Kozeny expression
for globular structures is found to be valid at very high solid fractions as the
liquid is mostly dominated by the extra-dendritic flow whereas the Carman-
Kozeny expression for dendritic structures is only valid over a very small range
of parameters.

Figure 5.11: Permeability map as a function of solid fractions and (a) cooling
rate as well as (b) dimensionless grain size, d/(2 · λ2).

It is clear that from Figs. 5.9 to 5.11 that the permeability of a semisolid
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domain containing a mixture of two morphologies cannot be predicted with
the Carman-Kozeny equation via a single scaling law for Sv throughout the
whole solid fraction range. This, as is commonly done in macrosegreation
simulations, makes the permeability assessment less accurate. Utilizing our
3D equiaxed-dendritic meso-scale solidification model [156], it is possible to
calculate Sv for a domain containing multiple morphologies as

Sv =

Nelem∑
i=1

Sesl

Vdomain
, (5.2.2)

with Sesl =

{
2
λ2
· Venv, g′s < g′critical

Sglobule, g
′
s ≥ g′critical

where Nelem represents the total number of elements within the domain.
Sesl represents the solid/liquid interfacial area of an individual element, Vdomain
is the total volume of the domain, Venv is the volume of the dendrite envelope
and Sglobule is the surface area of globular element.

The key point in determining the Sv through our solidification model is
identification of the internal solid fraction g′s at which flow within an individual
element is dominated by intra-dendritic or extra-dendritic character; if the g′s
is greater than critical point g′critical the element is treated to as globular and
intra-dendritic liquid flow is ignored.

Fig. 5.12 plots the permeability calculated from the Carman-Kozeny equa-
tion utilizing the solidification model -calculated Sv for five different critical
values of g′s , as well as the prediction from the 3D fluid flow model. As can be
seen, this approach to calculating Sv results in a clear transition zone in perme-
ability from dendritic to globular character and matches much more closely to
the model-predicted value than the Dendritic Sv and Globular Sv cases. How-
ever, deviations still exist and the importance of selecting the ”right” value
of g′s is evident since a higher critical value of g′s provides smaller deviation
at higher solid fractions but then under-estimates the permeability at lower
solid fraction. The determination of the critical point of g′s requires further
investigations both experimentally and numerically. The observed differences
could also be due to limitations within the 3D fluid flow model, which is built
on the following assumptions: a uniform porous medium within the dendrite
envelope with locally Sv = 2

λ2
and Poiseuille flow when g′s ∼ 0. Another option

for overcoming the limitations of using Sv calculated by λ2 would be to use a
general form that considers grain growth, coalescence and impingement [53].

Localization of liquid feeding

In a domain that contains different grain sizes, different semisolid morphologies
are possible as shown in Fig. 5.9(b). Due to these different morphologies,
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Figure 5.12: Influence of Sv calculated based on different internal solid
fractions on the prediction of the permeability within mushy zone via

Carman-Kozeny equation.

flow is likely to concentrate in areas with a higher local permeability. To
reproduce the this feeding localization, a set of simulations were carried out
by imposing a pressure difference between the top and bottom surfaces of the
domain consisting of 8000 realistic grains, p0=0 Pa and p1=-2 MPa, while the
lateral surfaces were closed, and solidification shrinkage and deformation were
neglected (βs=0, ε̇sv=0). These conditions provide uni-directional flow with
the same flow rate of liquid entering and leaving the domain.

Fig. 5.13 shows the 3D permeability map and corresponding local fluid
velocity resulting from these simulations at solid fractions of (a) 0.70 and (b)
0.84 to highlight the capability of the fluid flow model in predicting the lo-
calization of liquid feeding. First, by examining a-1, it can be seen that the
permeability between different grains varies considerably, due to differences in
g′s and the extra-dendritic liquid channel width. The maximum local perme-
ability at bulk gs = 0.7 is 10730 µm2; the value of 0 µm2 represents grains that
have fully solidified. As the permeability for globular structures is higher than
dendritic structures at the same solid fraction (Fig. 5.10), this variation in
local permeability would lead to further localization in liquid feeding. Second,
by examining a-2, it can be seen that the fluid selectively flows through areas
having larger local permeability, at higher local speeds. At higher solid frac-
tion, gs = 0.84 and shown in a-2, the maximum local permeability decreases to
4096 µm2 due to the increase in g′s and narrowing of the extra-dendritic liquid
channels. The maximum liquid channel velocity, shown in b-2, consequently
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Figure 5.13: Variations in permeability (-1) and local velocity (-2) within a
semisolid domain at (a)gs=0.70 and (b) gs=0.84. The grain size was 500 µm,

and the cooling rate was 5 K/s

also decreases.

5.2.2 Fluid flow induced by phase changes and tensile
deformation

The 3D dendritic fluid flow model can also be used to calculate the amount
of liquid required to compensate phase changes and imposed tensile defor-
mations under dendritic solidification conditions. This requires activation of
the shrinkage and deformation terms of Eq. 4.1.25(i.e. βs 6= 0, ε̇sv 6= 0 fol-
low Eqs. 4.1.18 and 4.1.23) Four different compositions were assessed; Fe-
0.07wt.%C, Fe-0.12wt.%C, Fe-0.16wt.%C and Fe-0.18wt.%C. The solidifica-
tion simulations contained 8000 cubic grains, 500 µm in size, cooled at a rate
of 55 K/s. The uniform selection of grain size (cubic grain) and the high
cooling rate ensured the creation of a fully dendritic semisolid structure. For
boundary conditions, the flow simulation assumed that all the domain sur-
faces except the one on the top were closed and a gauge pressure of 0 Pa, was
imposed on the top surface. Hence, the liquid suction from top surface due to
shrinkage and deformation can be predicted.
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Fig. 5.14(a) shows the variation in net liquid flow per unit volume (Q/V )
predicted by the 3D dendritic fluid flow model to compensate for solidification
shrinkage in all four of the carbon compositions of interest assuming βs 6= 0
and ε̇sv=0. First, as expected, it can be seen that although the predicted
inflow of liquid decreases with increasing solid fraction, the net liquid flow is
significantly different dependent on alloy composition. Interestingly, a sharp
rise in net fluid flow is predicted to be needed to compensate for shrinkage
in the peritecic alloys once the peritectic transformation starts to account for
the additional density difference of the austenitic phase. The sharp rise occurs
at a relatively low solid fraction for the hyper-peritectic alloy, followed by the
peritectic and hypo-peritectic alloy at increasing gs. The net fluid flow required
then remains relatively constant until the final stages of solidification.

Figure 5.14: A comparison of Q/V predicted by the 3D dendritic fluid flow
model and Eq. 5.2.3 as a function of solid fraction for various Fe-C alloys
along with the pressure contours at three solid fractions for Fe-0.12wt.%

alloy. The required flux to compensate for the peritectic transformation in
peritectic grades is also included in the flow predictions of the 3D dendritic
fluid flow model.Note that Fig. 5.14(b1) and (b2) share the same color bar.

For non-peritectic alloys, the amount of liquid required to compensate for
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solidification shrinkage can also be calculated analytically as(
Q

V

)
= βs

dgs
dt
, (5.2.3)

where Q and V represent the volumetric flow rate and total domain volume.
For further validation purposes, the shrinkage calculated by this equation for
a Fe-0.07wt.%C alloy is also shown in Fig. 5.14(a). As can be seen, a good
match is obtained between the simulation and analytical curves.

Liquid feeding can be also induced by the deformation of the mushy zone.
If, concurrently, semisolid tensile deformation is too large and liquid feeding
is too low, a hot tear will form. Generally, the amount of net inflow of liq-
uid required during solidification is a given by the combination of shrinkage
and deformation. In order to investigate the dominant factors that cause hot
tearing in hypo-peritectic grades (Fe-0.12wt.%C), known to be most-sensitive
to hot tearing [55], a series of simulations were performed that consider both
shrinkage and deformation (βs 6= 0 and ε̇sv 6= 0); the same boundary conditions
as for Fig. 5.14 were utilized.

Fig. 5.15 shows the net flow caused by the combination of solidification
shrinkage and deformation, and their contributions under two different strain
rates of 0.1 s−1 and 0.001 s−1. Under the strain rate of 0.1 s−1, the induced
liquid feeding mainly comes from deformation at lower solid fractions(<0.92),
and amount of liquid required would increase when the peritectic tranforma-
tion occurs mentioned in the prior section. The dominant factor near the end
of solidification would due to the large amount of shrinkage caused by the
peritectic transformation.

Under small strain rate of 0.001 s−1 also shown in Fig 5.15(lower), clearly,
lower strain rates result in a less liquid flow to counteract deformation. The net
flow caused by shrinkage and deformation is dominated by the solidification
shrinkage. In the industrial process, the strain rates during casting of steel
are thought to be relatively small, on the order of 10−3∼10−4 s−1. The results
shown in Fig. 5.15 then seem to indicate that shrinkage associated with the
large interfacial area of the dendritic structure is the key factor to cause defects.

5.2.3 Defect sensitivity analysis

The amount of liquid required during solidification and peritectic transforma-
tion can be linked to the formation of casting defects. Liquid flow that is
inadequate to compensate for the solidification shrinkage could result in the
formation of large voids to maintain continuity. At low solid fraction, a high
permeability likely allows for adequate liquid feeding to heal any formed de-
fects. At high solid fraction, Fig. 5.14(a) shows that for the hyper-peritectic
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Figure 5.15: A comparison of the Q/V predicted by the 3D dendritic fluid
flow model taking into account both solidification shrinkage and deformation.

Strain rates of 0.1 s−1 (upper) and 0.001 s−1 (lower) are examined.
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alloy, the jump in fluid required due to the peritectic transformation oc-
curs at a ”low-enough” solid fraction where the permeability remains rela-
tively high. Using the same argument, defects would be most prone to occur
in the hypo-peritectic alloy (Fe-0.12wt.%C) since the peritectic transforma-
tion occurs at a very high solid fraction where the permeability is quite low
(Fig. 5.14(a)). Pressure contours of hypo-peritectic alloy are also plotted for
different solid fractions to emphasis the influence of peritectic transformation
shown in Fig. 5.14(b). It can be seen that before peritectic transformation,
an increase in solid fraction would result in a minor increase in the pressure
drop by comparing Fig. 5.14(b1) and (b2), while a significant pressure drop
occurs after the peritectic transformation as shown in Fig. 5.14(b3) which is
two orders of magnitude greater than Fig. 5.14(b1) and (b2). The high pres-
sure drop near the end of solidification accelerates the formation of defects
in hypo-peritectic alloy, and similar conclusion has been reported in the prior
work as well [55].

5.3 Semisolid cracking model

The simulations presented in this section focus on the prediction of hot tearing
within a semi-solid steel using the semisolid deformation model and cracking
model mentioned in Section 4.1.4 and Section 4.2.1. In order to accurately
reproduce the semisolid behavior in response to deformation, a domain with
a minimum of 700 grains needs to be created, as identified by Sistaninia et
al. [1]. In this investigation, a semisolid domain containing 1728 grains with
an average grain size of 100 µm is selected. Temperature is assumed to be
uniform within the semisolid domain, with a length along x, y, z direction
defined as Lx, Ly and Lz.

The boundary conditions used for the semisolid deformation analysis are
shown in Fig 5.16: symmetry boundary conditions are applied to x=0, y=0
and z=0, while surfaces y=Ly and z=Lz are free to move. A reference node
is attached to the surface x=Lx, which allows for imposing a constant strain
rate or displacement and directly obtaining the force-displacement curve. For
the fluid flow calculation, two kinds of boundary conditions are used in this
investigation. The first type is applied to study the pressure drop within a
feedable mushy zone under tensile deformation, and all the surfaces are closed
except surface x=Lx. Liquid metal will flow from surface x=Lx to compensate
the semi-solid domain under tensile deformation. The second type represents
that all the surfaces are closed for the prediction of semisolid deformation
within an unfeedable mushy zone. This corresponds to a tensile experimental
test where the specimen is isolated from any liquid feeding. The liquid is
assumed to be compressible and the bulk modulus of liquid steel is assumed
to be 55 GPa [157]. In the deformation analysis, the elastic module and
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Poisson’s ration used in this investigation are 15 GPa and 0.3 [158]. Note that
coalescence and corner rounding are all considered in this section.

Figure 5.16: Schematic diagram of boundary conditions imposed in the
semi-solid domain for stress calculation.

In this section, the semisolid deformation model is used to investigate the
mechanical behavior of a feedable mushy zone. Subsequently, semisolid crack-
ing model is applied to predict the cracking initiation and propagation of an
unfeedable mushy zone, and the ultimate tensile strength predicted at different
solid fractions are compared with the experimental measurements conducted
by Seol et al. [27]. Then, the influence of the coalescence criterion on the
bridging behavior within the semisolid is discussed, followed by the hot tear-
ing sensitivity analysis performed on the semisolid steel containing different
sulfur and oxygen contents.

5.3.1 Semisolid deformation of feedable mushy zone

In order to investigate the mechanical behavior of semisolid steels under a
feedable condition, a series of simulations were performed on different grades
(non-peritectic and hyper-peritectic alloy) at a solid fraction of 0.90 using
the parameters listed in Table 5.1 using the semisolid deformation model.
The semisolid geometry used in the simulation was created via the dendritic
solidification model under the cooling rate of 1K/s. The Robin boundary
condition was used in the surface x=Lx,

ql = fl (pl − pm) , (5.3.1)

where ql represents the intrinsic liquid velocity, pm is the metallostatic pressure
and fl is the feeding coefficient. In this simulation, the feeding coefficient and
strain rate were kept as 0.02 µm Pa−1s−1 and 0.001 s−1, respectively. The
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temperatures of the semisolid with a solid fraction of 0.90 of non-peritectic (Fe-
0.07wt.%C) and hyper-peritectic (Fe-0.18wt.%C) were 1517 ◦C and 1492◦C,
respectively. Non-peritectic alloy contains pure δ phase and hyper-peritectic
alloy consists of 0.34 proportion of δ phase and 0.56 proportion of γ. Note
that the influence of temperature on the constitutive behavior is assumed to
be negligible.

Figure 5.17: Predicted semisolid behavior with a solid fraction of 0.90 under
a constant tensile deformation for non-peritectic and hyper-peritectic alloys:

(a) liquid pressure and (b) average stress as a function of strain.

The pressure drop and the average stress of the semisolid resulting from a
tensile deformation with various carbon contents are shown in Fig. 5.17. In
Fig. 5.17(a), the results indicate that during the initial deformation, the pres-
sure drop increases with the increase of strain, and remains almost constant
even the domain is under tension. It can also be seen that under the same
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feeding coefficient, a higher pressure drop is observed in the hyper-peritectic
alloy compared with non-peritectic alloy. It can be expected that even though
the solid fraction for all semisolids are the same, the proportion of the δ and
γ phases is different for different initial carbon contents. The shrinkage coef-
ficient resulting from the density and phase proportion greatly influences the
fluid flow inside the domain, and hyper-peritectic alloy is associated with the
peritectic transformation which in turn causes a larger pressure drop. The
average stresses calculated for the two alloys are also plotted in Fig. 5.17(b).
The average flow stress for the hyper-peritectic grade is higher than the non-
peritectic grade at the given strain. As the deformation proceeds, the result
of non-peritectic grade containing only δ phase shows no strain hardening,
while the average stress of hyper-peritectic grade displays a higher value with
strain hardening. The difference between the average stress predicted from
non-peritectic and hyper-peritectic grades becomes larger as the tensile defor-
mation continues at initial stage and then remains almost constant at larger
strain.

5.3.2 Semisolid deformation of unfeedable mushy zone

During the semisolid tensile test, the specimen is isolated from the liquid
feeding. This scenario is known to be unfeedable, and results in the formation
of hot tearing. These hot tears initiate near the surface and grow towards the
center. In this section, an extensive validation of the semisolid cracking model
is achieved by comparing the predicted results with the measurements from the
semisolid tensile test conducted by Seol et al. [27] presented in Section 4.3.1.
The same steel grades and cooling conditions in Section 4.3.1 were used in
the simulation. The second type boundary conditions were utilized in the
unfeedable simulation where all the surfaces of the domain are closed. The
λcos Θ in Eq. 4.2.4 is fixed to 2.288 N/m for the surface elements and 1.636
N/m for internal channels, which allows for the prediction of crack initiation
and propagation.

Prediction of hot tearing initiation

Fig. 5.18(a) shows the predicted pressure drop in the liquid channel and the
failure pressure, pcl,max, calculated based on Eq. 4.2.4 for the widest liquid
channel, for a semisolid at the solid fraction of 0.90 under the tensile strain
rate of 0.01 s−1. As the strain increases, the widest liquid channel widens
during the tensile formation and the failure pressure required to overcome the
capillary forces at the liquid-atmosphere interface increase. Fig. 5.18(a) also
indicates the pressure drop inside the liquid channels, and the pressure drops
initially with the increase of the tensile strain.
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Figure 5.18: Simulated (a) liquid pressure and (b) stress as a function of
strain for a semisolid at gs=0.90 under the tensile strain rate of 0.01 s−1.
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The crack initiation can be predicted by referring to the intersection point
in Fig. 5.18(a), where the failure pressure in the widest liquid channel exceeds
the liquid pressure at the approximated strain of 0.003. Pressure inside the
liquid continues to decrease with the increase of strain given the presence of
hot tearing initiation. The initiated hot tear on the surface progressively grows
towards the channels connected to it. A sudden pressure rise is also found at
the strain of 0.008, which corresponds to the ultimate tensile strength. The can
be explained by the fact that the amount of liquid sucked into other regions
increases during crack propagation, and the pressure will increase once the
increment rate of the sucked liquid exceeds the tensile strain rate. The sucked
liquid at this moment is adequate for compensating the deformation and leads
to the sudden rise in liquid pressure, which is also identified as a pressure drop
relaxation by Sistaninia et al. [1].

Interestingly, the average stress shown in Fig 5.18(b) also keeps increasing
with the increase of strain but with a smaller rate prior to the tensile strength
which is defined as the maximum stress value on the stress and strain curve.
There is clearly a drop in the stress after the tensile strength point due to the
presence of cracking.

Comparison with experimental data

The comparison between the simulated tensile strength and the measure-
ments [27] as a function of solid fraction is shown in Fig. 5.19. Both results
have indicated that the tensile strength increases with the increase of solid
fraction as more solid dendrites coalesce to form a compact solid network to
withstand deformation. It can be seen that the fits at different solid fractions
are excellent, i.e. specifically, at the solid fraction of 0.72 and 0.90 belonging
to the regime of primary solidification. Thus, the tensile strength is shown
to be predictable using the current semisolid cracking model. The value of
the measured tensile strength is shown to be larger than the predicted value
at the solid fraction greater than 0.95. It would then be expected that there
were more bridging occurring within the experimental sample at the same solid
fraction, and ultimately resulting in a higher strength.

Influence of coalescence criterion

As mentioned in Section 2.1.2, dendrite arms coalescence or bridging can trans-
form continuous liquid films into isolated pockets that are able to withstand
large deformation. Between two dendrite arms, a coalescence undercooling
needs to be overcame as mentioned in Section 4.1.2. The coalescence under-
cooling determines the forces between two grains into three cases: attractive
(γgb < 2γsl), neutral (γgb = 2γsl), and repulsive (γgb > 2γsl), mainly depending
on the grain boundary energy. In this section, the effect of changing grain
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Figure 5.19: Comparison between the tensile strength measured in the steel
samples by Seol et al. [27] and the results of the semisolid cracking model.

boundary energy, resulting in a coalescence undercooling distribution with the
appropriations of attractiveness: 0.8%, 5% and 15.4%, respectively, is inves-
tigated. The greater the proportion of the attractive case, the easier for the
dendrite to coalesce at a given solid fraction.

Fig. 5.20 shows the predicted stress vs. strain curve for three cases with
different proportion of attractive cases at a solid fraction of 0.90. Clearly, the
average stress of the semi-solid domain will initially increase with the increase
of strain, followed by the decrease due to the presence of failure formation.
The results also indicate that the case with a higher proportion of attractive-
ness is shown to have a higher strength compared with a lower proportion of
attractive grains. It would be expected that there are more residual liquid
remaining between the grains within the semisolid having less proportion of
attractive grains. The remaining liquid will dramatically reduce the mechan-
ical properties of the semisolid. The stress distribution within the semisolid
under two cases are also shown in Fig. 5.21. It is easy to identify that stress is
likely to be transmitted by the coalescenced grains as the solid bridges formed
between the grains are able to withstand deformation. As shown in Fig. 5.21,
more percolated grains are found in the case with 15.4% attractive grains, and
the semisolid with more bridging inside are less prone to cracking.

Influence of surface tension

The surface tension of the liquid iron is influenced by an addition of sulfur
and oxygen, and can be calculated analytically via Eq. 4.2.6 and Eq. 4.2.5,
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Figure 5.20: Comparison between average stress as a function of strain for
various coalescence criteria.

Figure 5.21: Contours plots of the Von Mises stress at a given strain of 0.003
predicted by using different coalescence criteria with attractive proportion of

(a) 15.4% and (b) 0.8%, respectively.
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Figure 5.22: Influence of surface tension on stress strain curve of a semisolid
at gs=0.90 due to the presence of sulfur and oxygen.
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respectively. The presence of sulfur and oxygen will decrease the surface ten-
sion as shown in Fig. 4.11. From a qualitative perspective, Fig. 5.22 shows a
plot of stress against the strain at the strain rate of 0.005 s−1, where the sulfur
contents ranging from 0 to 1.0wt.% corresponds to the surface tension from
2.288 to 1.71 N/m. The carbon composition was kept the same as in Table 4.2
but the microstructure was formed under a faster cooling rate of 50 K/s.

Fig. 5.22(a) also shows a typical stress and strain evolution under tension
for a semisolid containing different sulfur contents. Comparing the results, it
can be seen that with an increase of sulfur contents, the tensile strength would
decrease. This can be easily explained by the fact that the liquid film within
the semisolid is easy to rupture due to the reduced value in surface tension.
Note that the influence by the sulfur content on the solidification behavior
was ignored in the simulation. Fig. 5.22(a) demonstrates that steel with high
contents of sulfur strongly decrease the semisolid strength to withstand de-
formation and is more prone to the occurrence of hot tearing. Similarly, the
presence of oxygen is also known to increase the sensitivity of hot tearing, as
illustrated in Fig. 5.22(b).

5.4 Mesoscale solute transportation model

The models described in Section 4.2.2 provide a general approach to investigate
solute transport within a semi-solid material at the mesoscale. In this section,
the application of this 3D mesoscale solute transport models is used to predict
centreline segregation during continuous casting of an advanced high strength
steel with composition 0.1C-1.55Mn (wt.%) and other additions of Mo, Cr, Si,
and Cu is presented. The underlying assumptions are as follows: (1) solute
concentration is well mixed in the liquid pool; (2) solute concentration in
the solid zone remains the same as the solute concentration at the interface
between mushy zone and solid zone; (3) macro and micro segregation occur
simultaneous within the mushy zone.

5.4.1 Creation of the model domain

The model domain consists of the entire mushy zone at the centreline of the
slab from the liquidus to solidus temperatures. It contains both intra-dendritic
liquid that is free to flow and stationary solid grains. The mushy zone length
Lm, cooling rate Ṫ , and average grain size near the centreline are determined
by the characteristics of the casting machine and the secondary cooling systems
including the amount and quality of the cooling water, as well as the casting
speed.

Fig. 5.23(a) shows the evolution in centreline temperature as a function
of distance below the meniscus as predicted by a 1D continuum-level model
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known as CON1D [159] that simulates heat transfer and solidification dur-
ing continuous casting. The CON1D model, calibrated against thermocouple
data from the No. 2 continuous caster at ArcelorMittal Dofasco in Hamilton,
Canada, is used in this study to determine Lm and Ṫ . As can be seen in the
figure, Lm ≈ 2700 m for the given casting conditions while Ṫavg was found
to be ≈ 0.14◦C/s. The average grain size near the centreline, ≈800 µm, was
obtained from metallography measurements made on a section of the fully
solidified slab.

Fig. 5.23(b) shows lines of constant solid fraction at gs = 0 and gs = 1 as a
function of distance along the entire caster to denote the extent of the mushy
zone as well as the shell thickness. The location of the mesoscale domain
relative to the slab is clearly seen by this figure, and represents the final stages
of solidification. Specifically, the domain has dimensions of 2700 mm in z (i.e.
Lm) by 20 mm in x and 20 mm in y about the centreline of the casting where z,
y and x denoting the casting direction, thickness direction and width direction
respectively. Due to symmetry, only one-half of the thickness is shown. Finally,
Fig. 5.23(c) shows the corresponding variation in gs, throughout the mushy
zone at the centreline (Pi) and 10 mm from the centreline in y (Pii i.e. the
surface of the mesoscale model in the thickness direction). gs curves from
both the CON1D simulation as well as the average gs values used in each
subdomain of the mesoscale simulation. The concept of the subdomains is
further discussed below. Note that Pii is initially at gs > 0 since the interest
is in studying centreline solidification. Thus, Pii is also seen to solidify before
Pi.

5.4.2 Boundary conditions

Fig. 5.24 illustrates the boundary conditions used to solve the fluid flow and
solute distribution equations. The extent of the mushy zone can be easily
identified by the location of the gs = 0 (blue) and gs = 1 (green) lines in
the middle image corresponding to similar lines shown in Fig. 5.23(b). The
boundary conditions, shown in the upper image, need to be applied to all six
surfaces of the simulation domain: a vertical inlet plane (on the left) which is
adjacent to the molten liquid, four lateral surfaces, and a vertical outlet plane
(on the right) separating the mushy zone from the fully solidified metal. They
can be summarized as follows. A Dirichlet condition i.e. a constant pressure
p1, consisting of both metallostatic and atmosphere pressure and a constant
solute concentration in liquid phase at the liquidus temperature matching the
alloy composition, c1 is imposed on the inlet plane. Homogeneous Neumann
conditions are applied on the four lateral surfaces as lateral feeding is negligible
and thus mass flux and solute flux are assumed to be zero. A Homogeneous
Neumann condition is also imposed on the outlet plane since mass and solute
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Figure 5.23: (a) Temperature evolution along the centreline predicted by
CON1D along with a schematic diagram of simulation domain location; (b)
corresponding lines of gs = 0 and gs = 1 to denote the extent of the mushy

zone; (c) solid fraction variations at positions Pi and Pii within the mesoscale
simulation domain, along with a schematic of the applied subdivision used to
reduce computation time. Note that the solid fraction is a sum of both delta

phase and austenite phase.
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flux cannot flow through the solidified boundary.

Figure 5.24: Boundary conditions applied for the simulation domain with a
size of 2700 mm× 20 mm× 20 mm identified by the liquidus and solidus
lines (above) and (b) the mass and solute flux at the subdomain interface

within the simulation domain.

5.4.3 Numerical implementation

Fig. 5.25 provides an illustration of the simulation procedure applied to cal-
culate the solute distribution within the liquid throughout the mushy zone.
First, the CON1D model is run to acquire the thermal history of the slab dur-
ing continuous casting, providing the required details to create the mesoscale
model domain. Second, from the CON1D data and measured grain size, the
3D mesoscale dendritic solidification model is applied to create the 3D semi-
solid geometry containing δ, γ and liquid phases at different locations of the
mushy zone. Third, the 3D mesoscale dendritic fluid flow model is applied
to calculate the pressure distribution throughout the mushy zone, and thus
to determine the average fluid velocity within each element. Finally, the 3D
mesoscale solute transport model is applied to acquire the solute distribution
within the semi-solid’s liquid channels.

With reference to the solidification model, a simple binary Fe-C aloy with
nominal composition C0 = 0.105 wt.% is assumed in order to create the
semisolid structure at a specific solid fraction using the volume average ap-
proach. This simplification is justified by the fact that carbon has the dom-
inant effect on the solidification interval and on the liquid density varia-
tions [160]. Fig. 5.26 compares the equilibrium Fe-C phase diagram with a
pseudo-binary phase diagram whereby Mn has been added as a third element.
As can be seen, while the introduction of Mn shifts the phase boundary down-
ward and to the left, the shape remains the same. Although the use of an Fe-C
binary phase diagram also changes the liquidus and solidus temperatures, this
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Figure 5.25: Flow chart outlining the sequential one-way coupling process for
the solute prediction and validation within the continuous casting process at

a steady state.

discrepancy should not be overemphasized as the focus of the mesoscale so-
lidification model is to reproduce the semisolid geometry at a specific solid
fraction. With reference to the solute distribution model, the equilibrium so-
lute concentration c̄l in Eq. 4.2.12 is taken to be the value obtained from the
Fe-0.105wt.%C-1.55wt.%Mn ternary system at the equivalent solid fraction.

Figure 5.26: Linear approximation of the binary Fe-C equilibrium phase
diagram, along with the corresponding Fe-C-Mn pseudo-binary phase

diagram at 1.55 and 2.14 wt.%Mn.

The heavy computational cost associated with the calculation of such a
large mushy zone, 2700 mm in length can be overcome by partitioning the do-
main following a method similar to the simultaneous use of multiple processors.
As shown in Fig. 5.24, the domain is subdivided into 27 smaller domains each
100 mm in length and known as subdomains. gs is assumed to remain constant
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along z and x, but varies in y within each subdomain according to Pi and Pii
of Fig. 5.23(c). Mass flux and solute flux are exchanged at the boundaries
between the subdomains as a result of fluid flow and diffusion [161].

A two-step simulation is performed to determine the unknown net mass
flux q between each subdomain of the simulation, neglecting the influence of
casting speed on the net mass flux. Initially, the simulation starts with the
last subdomain, No. 27 with a known flux (q27=0 µm·s−1) on the right end as
indicated in Fig. 5.24. As the lateral surfaces are closed, the flux q26 can be
calculated simply by imposing any constant pressure on the left of subdomain
27. This is because q26 depends only on the pressure gradient, not the actual
value of imposed pressure. In the calculation, p = 0 Pa is chosen. Once q26 is
obtained, a similar step can be applied for subdomain 26 with the known q26

from subdomain 27 utilized to calculate q25. After 27 simulations, q1 between
subdomains 1 and 2 is obtained.

In the second half of the simulation, the computation begins first with
subdomain 1 assuming known boundary conditions (pressure p1 and uniform
solute concentration c1) on the left side, known q1 on the right side, and closed
lateral surfaces, in order to obtain the pressure and solute distributions within
subdomain 1 as well as p2 and solute concentration at the interface between
subdomains 1 and 2. This process continues until the pressure and solute
concentrations in subdomains 27 are determined.

It was observed that very small velocity components were sometimes ob-
tained at the lateral boundaries, which slightly different from the imposed
values of zero flux. This was thought to be a result of discretization error and
was handled by forcing the components at the boundaries to be equal to the
imposed values prior to simulating solute transport.

Computational expenses and central processing unit (CPU) time for sim-
ulations are among the main concerns limiting use of numerical models, es-
pecially continuous casting macrosegregation models [162]. One of the ad-
vantages of the present mesoscale model is its effective computational perfor-
mance. The simulation time for each subdomain containing 40000 grains was
≈15 min on a Linux machine with a 3.00 GHz 2-core processor. This is far
shorter than continuum methods where multiple days are generally required
to achieve similar results.

5.4.4 Centreline segregation

To accurately predict the solute distribution within a mesoscale semi-solid
domain, various phenomena have to be considered. In the following sections,
a series of simulations are performed to demonstrate the model’s ability in
predicting solute localization and macrosegregation. The model’s results are
independent of the solid phase and only focuses on the solute redistribution
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within the liquid channels. Additional to the solute partitioning between solid
and liquid phase, macrosegregation is dominated by the fluid flow behaviour.
First, some results showing the variation in the pressure field and velocity
along the liquid channels at steady state within a semisolid containing different
grain sizes are presented. Then, the solute flow predictions and centreline
segregation during continuous casting are examined, and compare the results
to experimental data. Finally, the model is applied to investigate the influence
of mechanical deformation and alloy composition on solute distribution.

Grain sensitivity analysis

Figure 5.27: (a) Influence of grain size on the flow rate and pressure drop
assuming gs=0.92; (b) corresponding solute maps for each of the six cases.
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The base case simulation is the similar as the one reported in Ref. [147], but
solute redistribution is included. Specifically, the mesoscale solute transport
model was applied to six semisolid geometries formed using a cooling rate of
0.14 K/s. This cooling rate was chosen from the CON1D simulation to match
a value near the centre of casting slab. Two types of grain shapes were used:
random realistic grains and cubic grains. The simulated average grain size
ranged from 500 µm to 2000 µm. Further, a domain 12mm×12mm×12 mm
having uniform temperature was selected. A dynamic viscosity of µl = 7.0 ×
10−3Pa · s [154] was assumed. The boundary conditions were set as follows:
a constant pressure and uniform solute concentration on the top surface, i.e.
p0 = 0 Pa and c0 = 1.55 wt.%, a constant zero flux on the bottom surface of 0
µm·s−1 and closed lateral boundaries, i.e. ql = 0 µm·s−1 due to the symmetry
reason. Solidification shrinkage was the only driving force for the fluid flow.

Fig. 5.27(a) shows the incoming flow rate and the corresponding pressure
drop for seven semisolids, each at gs = 0.92, containing equiaxed dendrite
grains created with both random realistic and cubic grain shape. The results
indicate that the grain size has only a small influence on the flow and pressure
field given the same solid fraction; either random grain or realistic could also
predict the similar results given the flow rate and pressure obtained with grain
size of 800 µm. When grain size increases, the incoming flow rate decreases
and pressure drop is less. This effect is due to interfacial area between the solid
and liquid phase, which becomes more dominant as the grain size is reduced
to 500 µm.

The corresponding solute maps for the six semisolids containing random
realistic grains are shown in Fig. 5.27(b), which provide a general view of the
solute distribution under the same boundary conditions. The solute is seen to
increase almost linearly from the top to the bottom, indicating that the solute
is transported along the fluid flow and enriched at the bottom of the domain
achieving a local value of c = 1.817 wt.% for semisolid with an average grain
size of 500 µm and c = 1.616 wt.% for a grain size of 2000 µm. Thus, the solute
distribution is seen to vary significantly with grain size even though the flow
rate and pressure drop are similar. This distinct difference is due to the large
solid/liquid interfacial area encountered in the domain with smaller grain size
where more solute is rejected from the solid phase.

Application to the continuous casting crocess

Model predictions : to quantitatively predict centreline solute enrichment, a
semisolid microstructure with 27 subdomains was created. Each subdomain
had solid fraction gradient as shown in Fig. 5.23(c). Solid fraction gradients
in the transverse x and longitudinal z directions were neglected within each
subdomain, however a solid fraction gradient in y corresponding to Pi and Pii
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was applied. An average grain size of 800 µm, matching the experimental mea-
surements, was used as an input parameter to the model. Fig. 5.28 shows the
calculated pressure drop, average flux along with the average concentration
through the centreline mushy zone of the continuously casting slab. The pres-
sure drop is entirely due to solidification shrinkage. This figure clearly indicates
that the pressure drops only slightly during the first 25 subdomains, whereas it
drops significantly in the last two subdomains due to the low permeability near
the solidus. The corresponding liquid flux is shown to decrease incrementally
until it reaches zero at the solidus line. The average Mn concentration in the
liquid phase predicted by the solute model is seen to progressively accumulate
due to both solute partitioning between the solid and liquid phases as well as
fluid flow.

Figure 5.28: Predicted flux, pressure, and Mn concentration evolution within
the entire mushy zone as a function of the subdomain number. The results
presented represent the average value obtained at the subdomain interface.

Fig. 5.29 shows the corresponding Mn solute contours within four sub-
domains. Note that the coordinates of each subdomain are also plotted for
the purposes of identifying its location. During the initial stage shown in
Fig. 5.29(a) the solute will be mainly transported longitudinally as the fluid
flow direction is mainly parallel to z, and slightly in the transverse direction to
feed shrinkage outside of the model domain. Further down the caster, the flow
is likely to compensate shrinkage in the transverse direction and the solute
in enriched in the lateral of the subdomain shown in Fig. 5.29(b). Once the
solidus line reaches the location of 10 mm away from the centreline, fluid flow
is not able to carry the solute away due to the solidified sidewalls, and en-
riched near the lateral as well as the bottom which can be seen in Fig. 5.29(c).

109



Ph.D. Thesis – Y. Feng McMaster University – Materials Science & Engineering

The enrichment of the solute near the centre of the casting slab would be cap-
tured in Fig. 5.29(d) with the averaged local solid fraction up to 0.985 and
only the enriched liquid near the centre remains to solidify. Compared with
Fig. 5.29(a)-(d), the presence of fluid flow and solute partition lead eventually
to the enrichment of solute concentration within liquid channels inside the
solid structure indicated as by the color bars.

Figure 5.29: Influence of solid fraction gradient on the solute distribution.
The subdomains correspond to subdomain number in Fig. 5.28: (a)

subdomain 1,(b) subdomain 20, (c) subdomain 26 and (d) subdomain 27.

Experimental results : the XRF measurements showing the solute distribu-
tion in the test sample are given in Fig. 5.30. The image (a) provides the full
area-map distribution while (b) shows the detail across a scanning line. Note
that the maximum and minimum of the solute concentration are obtained from
the data file using values 3 standard deviations from the mean, and the results
are normalized based on the obtained values. The acquired solute profiles
reveal both solute enrichment in Mn as well as the solidification morphology.
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The dendritic structure is illustrated by the Mn-poor areas, while the inter-
dendritic regions with segregated Mn are represented by the Mn-rich areas.
Columnar dendrites prevail growing parallel along the heat flux direction from
the surface towards the centre, but are blocked by the equiaxed dendrites
forming near the centre (≈20 mm -wide through the centreline). There is
also a region of random equiaxed grains on the right side of map due to the
sedimentation during the casting process.

Figure 5.30: Solute mapping images of micro-segregation of Mn examined by
MXRF in the section near centre of the continuously cast slab.

The solute is seen to be enriched near the centre of the test sample, i.e. the
centre of the as-cast slab, where the enriched liquid is assumed to be solidified
in the final stage. Referring now to the solute profile over the scanning line,
solute inhomogeneity is easily identified by the peaks and valleys representing
the positive segregation and negative segregation, respectively. The highest
peak is observed near the centre corresponding to the red spot in Fig. 5.30(a).
Note that it is not possible to identify the exact concentration in the last
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solidified liquid films since the Mn concentration is an average value over the
spot size.

Model validation (solute distribution): the simulations results obtained us-
ing a uniform grain size and an average grain size are almost the same identified
by Fig. 5.27, but the former one is found to be more stable and efficient during
computational process. The uniform grain size was used in the solute profiles
in Fig. 5.29 indicating the incremental enrichment of solute near the solidus
line. However, it is not an ideal case for the validation as these results were not
able to capture the random distribution of grains with different grain sizes and
variations in distances between different liquid channels. To make an appro-
priate comparison between the experimental measurement and the simulation
prediction, a smaller subdomain with a dimension of 20mm× 20mm× 20mm
containing different grain sizes is placed near the end of the solidus line for the
validation. The semisolid geometries was also formed using the cooling rates
of 0.14 K/s with an average grain size of 800 µm for these simulations. The
boundary condition imposed on the top of the domain is interpolated using
liquid solute concentration from the results obtained via uniform grains at the
same location of 20 mm away from the solidus lines in z direction. The solid
fraction gradient within this subdomain also follows Fig. 5.23(c). Solidification
shrinkage was considered in the simulation.

The mesoscale model has reproduced some key features of the experimental
measurements such as the random distribution of equiaxed grain, the tortuos-
ity of the fluid flow and the enrichment of the solute enrichment at the grain
boundary. Compared with the results in Fig 5.29 using a uniform grain size,
the stochastic variation of shape and size due to the use of a Voronoi tessel-
lation leads an unsymmetrical profile of the solute map shown in Fig. 5.31
(a) but with a higher computational cost. This geometry is appropriate for
simulation the solute localization within the casting slabs containing random
arrangement of equiaxed grains. Similar as subdomain 27, the fluid is no where
to escape but enriched near the center of the slabs. The quantitative compar-
ison is shown in Fig. 5.31 (b) where the line perpendicular to the casting
direction near the solidus line is drawn, shown in Fig. 5.31(a), beyond which
the remaining melt is supposed to solidify with the same density as that of
the liquid melt. Thus, the solute distribution along the line remains constant
once it is cast beyond the solidus line. Fig. 5.31 (b)shows the fit of the experi-
mental data to the prediction of solute concentration predicted by the present
model. The blue triangles represent solute concentration within the discrete
liquid channels along the dashed line in Fig. 5.31 (a). Excellent agreement can
be observed, where a solute is gradually increased towards the center. The
fit is well matched of the peak near the center, and is still in good match at
8 mm away from the center. However, value predicted via the present model
is slightly higher compared with the MXRF data. It was concluded that a
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much better agreement is likely to achieve if a higher resolution in the exper-
iment analysis is used and the proportion of the solid phase and liquid phase
within each spot size is properly accounted for. This discrepancy is also due
to the fact that the present model only simulates the solute redistribution in
the discrete liquid channels.

Figure 5.31: Comparison of solute distribution via experimental
measurement and 3D mesoscale solute transport model.

Influence of strain rate on segregation

In addition to solidification shrinkage, mechanical deformation plays a great in-
fluence on the fluid flow and therefore on the solute segregation. The influence
of mechanical deformation can be introduced into the fluid flow model through
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the source term ∆vliq in Eq. 4.2.10. A negative value represents compression
due to soft reduction while a positive value represents tensile strain.

Fig. 5.32 shows the flow rates and pressure drops, and corresponding cen-
treline segregation under different mechanical deformation rates at the end of
the mushy zone. As can be seen, the model reproduces expected behaviour:
when a tensile strain is applied enriched liquid is sucked in to the domain
to compensate for the mechanical deformation as indicated by an increase in
the incoming flux and higher pressure drop whereas compression compensates
the solidification shrinkage thus leads to less incoming flow. The change in
melt flow behaviour is also seen to change the solute distribution. With an
increase in compression rate, the centreline segregation is reduced as the thick-
ness of the solute enriched region narrows. In contrast, a tensile strain rate
will widen the solute-enriched region, and enhance the formation of positive
macrosegregation. A key advantage of the current methodology over previous
studies is the computational cost; parametric studies can be easily conducted
to determine the effects of process parameters on segregation patterns.

Figure 5.32: Influence of strain rate on the solute distribution. The influence
of strain rate on the incoming flux and pressure drop are also shown below.
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Influence of peritectic reaction on segregation

The relative severity of macrosegregation for different steels is critically impor-
tant when industry is designing new grades, especially AHSS. Mechanistically,
it is the presence of a peritectic transformation that influences greatly the
macrosegregation due to the corresponding changes in solidification shrinkage
which change the flow pattern. The influence of the peritectic transforma-
tion on shrinkage and the resulting fluid flow has been extensively investi-
gated in Ref. [147]. In this investigation, a semi-solid morphology was created
with the same solid fraction gradient in the transverse direction as Fig 5.31(a)
for both non-peritectic (Fe-0.05wt.%C-1.55wt.%Mn) and hypo-peritectic grade
(Fe-0.105wt.%C-1.55wt.%Mn). The boundary condition for the fluid flow is
the same as Fig. 5.31(a). Since this study only focused on the influence of
carbon content on the flow pattern, the incoming solute concentration of Mn
in the liquid is set to be 1.55wt.% and is uniformly distributed.

Figure 5.33: Influence of carbon contents on the solute distribution of Mn.
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The solute maps between non-peritectic and hypo-peritectic grade are plot-
ted in Fig. 5.33(a). Clearly the centreline segregation is more severe in hypo-
peritectic grade compared with non-peritectic. The quantitatively comparison
along the dashed line located at 5 mm away from the solidus line perpen-
dicular to z direction is shown in Fig. 5.33(b). The peak is higher near the
center for hypo-peritectic grade while the solute localization within the non-
peritectic grade is relatively even. The higher concentration observed in the
hypo-peritectic grade is attributed to the following reason: on the one hand,
the shrinkage caused by the peritectic transformation at the near the center
requires more liquid to compensate the volume change, and the solute is en-
riched near the center; on the other hand the solute rejection from the solid
phase per unit time will increase due to the higher growth rate of the austenite
phase.
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Chapter 6

Conclusions

This chapter provides key contributions of the thesis, followed by an outline
of the major limitations of the present model and suggestions for future work,
particularly for the prediction of hot tearing and segregation within a metallic
semisolid.

6.0.1 Conclusions

The key conclusions of sub-models and coupled models are summarized as
follows:

A 3D meso-scale dendritic solidification model based on the volume aver-
age method is proposed to predict the evolution in semi-solid microstructure
of steel alloys and consequently liquid film migration. This model is applied
to Fe-C binary alloys having experiencing both primary solidification and the
peritectic transformation. Solute diffusion within each phase (intra-dendritic
liquid, extra-dendritic liquid, δ phase and γ phase) is considered. The coa-
lescence phenomenon between grains is considered at the end of solidification
using Bulatov’s approach for estimating interfacial energy. It is seen that only
0.9% of the grains are attractive based on their orientations, significantly de-
pressing final-stage solidification. The capability of the model in predicting so-
lidification with both globular and dendritic structure has been demonstrated
using a case study of two different cooling rates. At 0.1◦C/s, a globular struc-
ture is predicted to form, while at 50◦C/s a dendritic morphology is favored.
The model is then applied to correlate the semi-solid microstructure evolution
to different physical and process parameters. The formation of austenite at
increased carbon content, due to the peritectic transformation, will sharply
increase the solid fraction and narrow the remaining liquid film widths. An
increase in the cooling rate leads to higher deviation from equilibrium and
thus lower solid fraction at a specified temperature which in turn reduces the
occurrence of hot tearing. A domain with small grains will have thin liquid
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channels as compared to large grains, but there will be much more interfacial
area thus more coalescence to resist hot tearing. Large grains are prone to hot
tear due because of the difficulty in feeding through only a few liquid chan-
nels. The underlying microstructure leading to high hot tearing susceptibility
of hypo-peritectic grades – namely liquid channels that are too thin to allow
for feeding to compensate the volume change associated with the peritectic
transformation – is identified.

A 3D dendritic fluid flow model has been developed to quantitatively pre-
dict the fluid flow behaviour induced by the solidification shrinkage at the
meso-scale, through thousands of equiaxed grains. The model is based on the
Darcy-Brinkman form of the Navier-Stokes equation at a prescribed solid frac-
tion. Using the framework of the Voroinoi tessellation, the tortuosity of flows
around the complex interdendritic channels was considered. This new tech-
nique captures both semi-solid morphology and the fluid flow behavior during
solidification, and provides an alternative to the convectional experiment for
the prediction of permeability by using the given surface area concentration.
Comparison of the numerical and experimental permeabilities shows a good
agreement (within ± 5%) for either extra-dendrite or intra-dendritic flow, and
deviation from the conventional Carman-Kozeny equations using simplified
Dendritic Sv or Globular Sv are explained in detail. The results quantitatively
demonstrate the effect of grain size and microstructure morphology during
solidification on the permeability prediction.

The localization of liquid feeding under the pressure gradient is also re-
produced in the present investigation. The results highlight the ability in
predicting liquid feeding within a semisolid domain where local permeability
varies. Additionally, the advection of fluid due to shrinkage and deformation
for non-peritectic and peritectic steel grades with dendritic morphology during
solidification was captured for the first time, and the results were validated
with empirical equations. Due to the large solid/liquid surface area of the den-
dritic structure, the advection of fluid is dominated by the shrinkage during
the peritectic phase transformation within the mushy zone under the small
deformation rate, and easily cause the formation of casting defect.

The semisolid deformation model and semisolid cracking model simulate
the rheological behavior of the semi-solid domain under feedable and unfeed-
able conditions and results are validated with the semisolid tensile test exper-
imental measurements. The simulation performed on two alloy grades under
a feedable mushy zone indicates that a higher pressure drop is observed in
the peritectic alloy compared with non-peritectic alloy due to the shrinkage
associated with peritectic transformation, but no crack would occur in both
alloys due to adequate liquid feeding. In unfeedable mushy zone, the semisolid
cracking model is able to predict the crack initiation and propagation. The
tensile strength predicted by the semisolid cracking model agrees well with the
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experimental measurement, which increases with the increase of solid fraction.
The results are shown to be related to bridging occurring within the semisolid
and influenced by the proportion of the attractive grains. Additionally, hot
tearing sensitivity of a mushy zone increases with the increase of sulfur and
oxygen contents in the liquid phase.

A 3D solute transportation model has been developed to quantitatively
predict the solute redistribution induced by the solidification shrinkage and
mechanical deformation at the mesoscale. This mesoscale solute transport
model provides an alternative to the convectional simulation methods which
requires heavy computational cost. The results indicate that the grain size
used in the simulation has a great impact on the solute distribution due to
larger solid/liquid interfacial area encountered in the domain with smaller
grain size where more solute is rejected from the solid phase. Solute partition-
ing combined with intra-dentritic fluid flow leads eventually to liquid channels
enriched with solute near the centreline of continuous casting slab. The solute
enriched within the thin liquid channels at the end of solidification is vali-
dated with the measurements via MXRF quantitatively. The change in melt
flow behaviour is also seen to change the solute distribution, where centreline
segregation is reduced with an increase of compression rate while an increase
of tensile strain rate enhance the formation of positive macrosegregation. The
present model is also able to indicate that the centreline segregation is more
severe in hypo-peritectic grade compared with non-peritectic due to solidifica-
tion shrinkage and the higher growth rate of the austenite phase.

6.0.2 Model limitations and potential future works

The critical model assumptions and the limitations of the present model are
discussed along with some potential future works to the present investigation.

(1) The present model focuses on the solidification behavior of semisolid
containing equiaxed grains. However, the severe cracking problem is also found
near the columnar grains region. This could be achieved by creating a semisolid
with elongated columnar grains growing in the same direction. A coalescence
criterion needs to be imposed between these columnar grains under tensile or
shear deformation. The new semisolid morphology allows for the prediction of
hot tearing sensitivity analysis within the columnar region.

(2) One major limitation relates to the use of fixed solid grains created by
the Voronoi tessellation. The implication of this assumption is validated at the
final-stage solidification, but can not be able to capture the grain movement
during the initial solidification process where the solid fraction of the semisolid
is relative low. This means that the high liquid velocity of the liquid would
change the location of the solid grains and then influence the solute profile at
initial-stage solidification. The same problem also rises during the deformation
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analysis during solidification as pointed out by Sistaninia et al. [1].
(3) In the solute transport model, the microstructure is assumed to be pure

dendritic and only intra-dendritic flow occurs. Hence, this model is not able
to distinguish the solute profile in the intra-dendritic region and the extra-
dendritic region resulting from the presence of the fluid flow. This limitation
would be eliminated through the development of a more elegant solute trans-
port model where the liquid is split into two phases (intra-dendritic and extra-
dendritic liquid phase), and the solute exchange at the solid/intra-dendritic
and intra-dendritic/extra-dendritic phase interfaces are considered. Then the
improved solute transport model could be able to distinguish the solute profile
in intra and extra-dendritic region within a semisolid given the intra-dendritic
and extra-dendritic fluid velocity predicted by the mesoscale fluid flow model.

(4) The coalescence undercooling used in the present work is calculated
based on the grain boundary energy as proposed by Bulatov et al. [24] to better
describe the repulsive/attractive proportion of grain boundaries. The present
mesoscale model used the grain boundary energy of Ni as an approximation of
the γ-Fe due to similar properties. Note that Bulatov’s model is only applicable
to predict the grain boundary of FCC metal, but not for BCC metal such as
δ-Fe. This means that the coalescence predicted in this investigation only
focused on the peritectic grades where a layer of γ-Fe formed on the periphery
of the primary δ-Fe phase. This limitation could be removed by using a more
elaborate grain boundary model which is applicable for both BCC structure
as well as FCC structure metals.

(5) Coalescence between the dendritic structure is crucial in predicting the
hot tearing. In a globular case, the two grains are assumed to be either fully
coalesced or separated by a layer of liquid film. In dendritic structure, the
coalescence between the dendrite tips has to be better considered to describe
the deformation of a semisolid. This limitation could be removed if one are
able to considered the progressive coalescence between the two dendritic struc-
tures based on for example of the internal solid fraction or the interfacial area
between the solid and the liquid phase.

(6) Solute segregation under deformation is predicted by imposing a source
term in the fluid flow equation. This simplified assumption can not be able to
study the solute redistribution under deformation simultaneous. A real time
investigation of deformation on the solute redistribution in the liquid phase
can be achieved by coupling between fluid flow model, deformation model
and solute transport models. The influence of deformation on the fluid flow
behavior would be predicted first and then in turn causes a redistribution of
solute.
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6.0.3 Industrial applications

The model developed in this thesis is built on the formulation of continuum
equations and simulates the important physical phenomena associated with
defects formation during solidification process of steel. It is interesting to note
that the results of this work are essentially due to the consideration of physical
phenomena of different phases that are classically hidden by the averaging
procedure of continuum approaches. Moreover, the low computational cost
of the current model allows for its application to industrial process over large
scales while taking into account of the fundamental mechanism at a scale of
microstructure.

The current model helps to investigate the microstructure evolution within
the entire mushy zone of casting slabs, and predicts the fluid flow behavior
and pressure distribution at every locations inside the mushy zone. Specif-
ically, the solidification behavior of alloys with peritectic transformation is
captured. One can also use this model to assess the hot tearing sensitivity of
different steel grades under a specific casting condition. Another application
of the current model is to predict the centreline segregation within the contin-
uous casting slab, where the solute distribution within the liquid channels is
predicted quantitatively.

By overcoming the limitations identified above, the current model can be
further extended and become a more advanced predictive tool for defect for-
mation. In addition to continuous casting process of steel, this approach is
also applicable to welding, direct casting or ingot casting process for other
metallic materials. This technique would help metallurgists to have a better
idea of the range of alloys compositions that can be industrially produced and
alleviate the long-term severe problems during casting, which allows for the
increase of productivity and optimization of casting procedures.
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