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The macro-scale segregation of alloying elements during the casting continues to afflict the manufactur-
ers of steel ingots, despite many decades of research into its prediction and elimination. Defects such as
A-segregates are still commonplace, and components are regularly scrapped due to their presence, lead-
ing to increased economic and environmental costs. With the growth of the nuclear power industry, and
the increased demands placed on new pressure vessels, it is now more important than ever that today’s
steel ingots are as chemically homogeneous as possible.

This article briefly reviews the development of our current understanding of macrosegregation phenom-
ena during the 20" century, before going on to assess the latest developments in the field of macroseg-
regation modelling. The aim of the text is to highlight the shortcomings of applying contemporary
macromodels to steel-ingot casting, and to suggest practical alternatives. In addition, the experimental
characterisation of macrosegregation is explored, and a review of the various techniques currently avail-

able is presented.
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1. Introduction

On the solidification of alloys, solute is partitioned
between the solid and liquid to either enrich or deplete
interdendritic regions. This naturally leads to variations in
composition on the scale of micrometres, i.e., to microseg-
regation. Macrosegregation, however, refers to chemical
variations over length scales approaching the dimensions of
the casting, which for large ingots may be of the order of
centimetres or metres. Microsegregation can be removed by
homogenisation heat treatments, but it is practically impos-
sible to remove macrosegregation due to the distances over
which species are required to move. Almost all macroseg-
regation is undesirable for casting manufacturers as the
chemical variations can lead to changeable microstructural
and mechanical properties. Thus there has been, and still
remains, a great interest in predicting and eliminating mac-
rosegregation in cast products.

It is true that the vast majority of the world’s steel is now
continuously cast, but ingot casting is still required for the
production of heavy industrial components which comprise
large high-cost single-piece sections, such as the pressure
vessels required for nuclear power generation. The effects of
macrosegregation are critically important in such applica-
tions, and the ability to predict segregation severity and
location is highly sought after. This article reviews the
development of predictive methods for macrosegregation,
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assesses the viability of their use today in an industrial envi-
ronment, and goes on to highlight the key factors limiting
their effectiveness. The techniques which may be used to
measure macro-scale segregation and structure in ingots will
also be briefly discussed.

2. An Overview of Macrosegregation Phenomena in
Ingots

The first examinations of macrosegregation phenomena
in steel ingots were carried out many decades ago and
although our understanding of the processes leading to seg-
regation has improved considerably, the same patterns can
still be observed in ingots made today."” These, shown in
Fig. 1, include A-segregation, V-segregation and negative
base segregation.

Up to the mid-1960s, solute buildup at the tips of advanc-
ing solid interface was believed to be the predominant
underlying cause of macrosegregation phenomena in ingots
by a number of authors.'*"® However, this premise has since
been demonstrated to be erroneous by numerous theoretical
and experimental investigations. It is now well recognised
that the majority of solute is rejected sideways from a grow-
ing dendrite, enriching the mushy zone, and that build up in
front of dendrite tips is negligible in this regard (the bound-
ary layer has a thickness of the order of D;/v, which for ingot
solidification may only be ~ 10~° m).”

All types of macrosegregation are derived from the same
basic mechanism: that of mass transfer during solidification.
The movement of enriched liquid and depleted solid, Fig. 2,
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Fig. 1. Schematic of the different types of macrosegregation that

can be found in large ingots. Positive segregation is denoted
by + symbols (regions enriched in solute) and negative by —
(regions depleted). Similar figures can be found in other
macrosegregation reports.>)

can occur through a number of processes:

e Convective flows due to density gradients caused by
temperature and composition variations in the liquid,
Fig. 2(a). The thermal and solutal buoyancy contribu-
tions can either aid or oppose each other depending on
whether local temperature and concentration fields
cause liquid density to increase or decrease. The con-
vection due to the coupled action of temperature and
solute is known as thermosolutal convection.

e Movement of equiaxed grains or solid fragments which
have either nucleated heterogeneously in the melt,
become detached from dendrites due to remelting/
stress, or have separated from the mould wall after
pouring, Fig. 2(b). Equiaxed grains in steels are denser
than the surrounding liquid and will hence tend to sink.
This mechanism, along with convective fluid flow, is a
dominant macrosegregation process in large ingots.

e Flow to account for solidification shrinkage and thermal
contraction of the liquid and solid on cooling, Fig. 2(c).

e Deformation of the solid network due to thermal stress-
es, shrinkage stresses and metallostatic head (i.e., the
pressure provided by the liquid metal above), Fig. 2(d).

o Imposed flows due to pouring, applied magnetic fields,
stirring, rotation efc.

The complex interplay between these mechanisms makes
accurate modelling of macrosegregation phenomena a for-
midable challenge, often involving complicated mathemati-
cal treatments. Thus, before such models are discussed,
some qualitative explanations of how these mechanisms
lead to macrosegregation defects are given below.

2.1. A-Segregation

A-segregates arise due to the flow of solute-rich interden-
dritic fluid via thermosolutal convection. They are charac-
terised in the final solidified microstructure as channels of
enriched solid, often with near-eutectic composition. Their
formation mechanism can be described as follows: in steels
the enriched interdendritic liquid will often be less dense
than the bulk liquid, and will hence tend to rise. As the lig-
uid moves towards the bulk liquid and the top of the ingot
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Fig. 2. Schematic of the processes which lead to mass transport

during ingot solidification. (a) Convective flows in the
interdendritic liquid (+ symbols denote enrichment in sol-
ute, whilst — denote depletion), (b) grain sedimentation
(more generally solid movement), (c) liquid flow to feed
solidification shrinkage and (d) mushy-zone deformation.
Note that the columnar solid in (a), (¢) and (d) has grown
from the mould wall.

it will increase in temperature, but its composition will
remain nearly constant due to slow mass diffusion. This hot-
ter enriched liquid then causes delayed growth or remelting
of the solid around it, creating persistent solute-enriched
channels. A-segregates are also commonly referred to as
‘channel segregates’ or ‘freckles” when they arise in direc-
tionally-solidified castings (when the melt is cooled from
below, for instance during the casting of single crystal nick-
el-based superalloy turbine blades).

The prevalence of A-segregation has meant it is perhaps
the most investigated of all macrosegregation phenomena,
not only in steels, but also many other systems. Some of the
earliest studies which identified the importance of mushy-
zone fluid flow on macrosegregation were made by the
Japanese steel industry in the 1950s, and focused on A-
segregates. Kawai” was one of the first to attribute their for-
mation in ingots to the gravity-induced flow of enriched
mushy-zone liquid, whilst others confirmed that liquid densi-
ty changes due to composition were of critical importance (by
reducing the Si content and increasing Mo levels, it was found
that A-segregation could be minimised).!*!V Later on, Suzuki
et al. found that A-segregates started to form in the mushy
zone when the fraction solid was between 0.3 and 0.35, and
persisted until the fraction solid was as high as 0.7.'%

Similar results were found by investigations of the
NH4CI-H,O system, a favourite of researchers because its
transparent liquid allows the mushy zone to be directly
observed during solidification. Particularly noteworthy
NH4CI-H,O studies were carried out by McDonald and
Hunt and Copley et al., and demonstrated that increased
solidification times (and alloy freezing ranges) increased the
severity of channel segregation.'>'® The Pb—Sn system was
also the subject of a considerable research effort.!*>® Streat
and Weinberg not only examined compositional and liquid-
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density effects in Pb—Sn, but also the extent of fluid drag
within the mushy-zone network (i.e., the permeability, dis-
cussed below) on channel formation. The nucleation and
stability of channel segregates were like- wise investigated
experimentally and theoretically in a number of studies.?* 2%
A-segregation is of particular concern to the manufactur-
ers of pressure vessels required for nuclear power genera-
tion. Such vessels are created by removing the core of the
ingot after casting to create a shell, which is then forged and
machined to finish. Welds may then be made to attach noz-
zles or end sections, and there is a concern that A-segregates
could impinge on these welds. The enriched material within
A-segregates is commonly associated with increased hard-
ness and decreased toughness relative to bulk, which could
lead to reduced weld integrity.”” Figure 3(a) shows the A-
segregation present in material taken from a low-alloy steel
ingot (0.2C-1.3Mn-0.7Ni-0.5Mo) after forging. Figures
3(b) and 3(c) show the difference in microstructure follow-
ing slow cooling from austenisation at 940°C at 0.1°C s'; the
hardness of the positively-segregated material was ~ SOHV2
higher than the bulk material in this untempered state.”

2.2. Negative Base Segregation

It has been proposed that negative base segregation can
arise in ingots due to two processes: (i) the settling of solute-
depleted (negatively-segregated) equiaxed grains at the
bottom of the ingot under the action of gravity and (ii) the
general rise of solute-enriched liquid upwards. There has
been some dispute over which of these mechanisms is pre-
dominant: early investigations by Marburg and others sug-
gested that the flow of enriched liquid upwards was the
dominant factor, citing the appearance of negative segrega-
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(a) Low-alloy steel plate taken from forged ingot, macro-
etched in 5% nitric acid. A-segregates (in cross-section) are
seen as ellipses of dark material; the remnants of primary
dendrite arms also appear as lightly-etched bands. The plate
normal is aligned with the vertical axis of the ingot. (b) and
(c) show the effect on microstructure of slow cooling from
austenisation at 940°C at 0.1°C s™'. The bulk material in (b)
shows a Widmannstitten ferrite structure, whilst the
enriched material in (c) is a mixture of bainite, retained aus-
tenite, and martensite. Both were etched in 2% nital and
imaged with an optical microscope.?®
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tion in ingots which apparently contained no equiaxed
zone.>¥ But in reality it is rarely the case that steel ingots
undergo fully columnar solidification, and more recent mod-
elling investigations have tended to lend greater significance
to grain sedimentation.?”

It has been found that the equiaxed zone in a low-alloy
steel ingot may extend to well over half its height,”**? and
that the equiaxed grains at the very base of the ingot are
more globular in form than those found further up the ingot
(globular grains are rounder and not so branched, equiaxed
grains typically start growing in this form before becoming
dendritic).?®3!3? Disconnected grains can form through a
number of mechanisms, which include heterogeneous nucle-
ation in the melt and dendrite-arm detachment. The predom-
inant mechanism is usually detachment due to the action of
convective flows or shrinkage stresses. Note that if the den-
sity of enriched liquid is higher than the bulk, as is possible,
then flow in the mushy zone will be generally downwards,
and this may reduce the severity of both negative base seg-
regation and any positive segregation (enrichment) at the
ingot top.

2.3. V-Segregation

During the final stages of ingot solidification the centre
of the casting is usually occupied by a network of loosely-
connected equiaxed grains. It is thought that V-segregates
arise due to the fissuring of such networks under action of
metallostatic head (i.e., the weight of material above) and
solidification shrinkage, see Fig. 4, which leads to the for-
mation of open shear planes that can fill with any remaining
liquid.®***% This remaining liquid will have been enriched
throughout solidification by convective flows from the
mushy zone, and also by solidification in the final cavity,
and it solidifies to produce positively-segregated solid.
Indeed, the solidification of enriched material at the end of
solidification generally produces the often-referred-to cen-
treline segregation.

Despite being regularly observed, V-segregation is gen-
erally not well understood other than through the mecha-
nism given above. Theoretical treatments and models of V-
segregate formation in ingots have yet to be produced and
are likely to prove challenging as they would need to account
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Fig. 4. Schematic showing formation of V-segregates through
shearing on preferred planes during settling and compres-

sion of equiaxed grains. Adapted from Flemings.®)
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for phenomena including equiaxed grain sedimentation,
mushy zone deformation and fluid flow. Nevertheless, the
total lack of literature on V-segregation in ingots is perhaps
indicative of a further issue - the disinterest of manufactur-
ers in the subject. It is often the case that the centres of
ingots are removed after casting (as highlighted above) or
that the effects of V-segregation are insignificant for end
applications. Not only would modelling of V-segregation
be a great challenge, but it may not prove to be particularly
useful.

2.4. Other Segregation

Hot-top segregation, banding and inverse segregation are
other examples of defects that can arise during ingot casting.
Their formation and severity, like most of the other mac-
rosegregation defects, is dependent on casting procedures
and ingot size, and hence they will not always be observed
in large ingots.

Hot-top segregation refers to the positive segregation
which arises below the tops of ingots due to the flow of
enriched liquid from the head of the ingot during the latter
stages of solidification. If the temperature gradient moving
away from the top surface of an ingot is conducive to solid-
ification (due to insufficient insulation, for example) then a
dendritic front will advance downwards from the head sur-
face. Enriched, cool liquid from this solidification may then
flow downwards and enrich the liquid below the top.*>3¢
During the early stages of solidification this enriched liquid
may spread throughout the large melt pool, but during the
final stages (when solidification at the top is most likely) the
enriched liquid will remain at the centre and top of the ingot.*”

Improvements in hot-top practices, driven primarily by
the need to reduce ingot porosity, have led to reduced levels
of hot-top segregation in modern-day ingot making. Note
that the hot-top segregation described here is distinct from
the general positive segregation often observed at the top of
steel ingots, which is formed due to the advection of
enriched liquid upwards.

Bands of segregation (i.e., banding) have been found to
result from abrupt changes in temperature profile across the
mushy zone during the early stages of solidification, which
may be caused by thermal pulses from convection or
changes in heat transfer due to air gap formation (i.e.,
unsteady heat flow).>® If the ingot does break free from the
mould, solute-rich bands can be formed due to the remelt-
ing of solid and expansion of the mushy zone. Changes in
conditions which lead to acceleration of the liquidus iso-
therm toward the ingot centre will also give a similar result.
Solute-poor bands are formed when the mushy zone size is
reduced.’®

Inverse segregation refers to the positive segregation
which can arise directly adjacent to the cold mould wall. It
forms due to the motion of enriched interdendritic fluid
towards the wall to feed solidification shrinkage in the early
stages of solidification.*>* Its effects are not observed later
on in the casting process because buoyancy-driven flow
dominates mass transport. Inverse segregation is found most
prominently in direct-chill (DC) casting of aluminium
alloys, but its significance in steel ingot casting is likely to
be low and it is hard to find investigations on the subject.
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3. Modelling Macrosegregation

3.1. Flemings et al.

The first pioneering work on macrosegregation modelling
was made by Flemings et al. in the late 1960s.2**” They
began by considering the effect of fluid flow resulting from
solidification shrinkage only, i.e., the density difference
between solid and liquid, and developed the local solute
redistribution equation (LSRE) now so familiar to macro-
modellers:

of, v-VT ji

_=(ﬂj(1+—
oc, \1-k )\ er/ar)c

where C; is the concentration of the liquid in wt%, 8= (os —
P/ ps the solidification shrinkage, f; the volume fraction lig-
uid, k the equilibrium partition ratio, 7 the temperature and
t time. This was the first treatment to account for the effect
of macroscopic fluid flows on solute redistribution. The
expression was found by conserving mass and solute within
a volume-element of mush, see Fig. 5, and assuming that
mass transfer was due only to liquid flow (not diffusion) and
that the solid was stationary and its density was constant -
no pore formation was allowed. With zero interdendritic
flow velocity and no shrinkage, Eq. (1) reduces to the well-
known Scheil equation.*’™® This also happens when the
flow is exactly that required to feed solidification shrinkage.
Positive segregation results when the flow velocity is slower
or in an opposite direction to shrinkage flow, whilst if it is
of greater magnitude in the same direction, then negative
segregation results. Analytical solutions were found by
assuming a linear temperature gradient within the mushy
zone (hence values of liquid fraction and the rate of solidi-
fication were fixed) for unidirectional solidification with
planar isotherms. These solutions were used to predict the
formation of solute-rich and solute-poor bands as a result of
thermal fluctuations, and also to show the formation of
inverse and hot-top segregation. Experimental work was
presented supporting the LSRE model*” and it was later
extended to ternary systems.*”

Work by the same group later expanded the LSRE model
to include the effect of fluid flow in the mushy zone due to
buoyancy, see Mehrabian et al.*” Differences in liquid den-
sity due to both thermal and solutal effects were accounted

Fig. 5. Schematic of volume element in mushy zone considered
when developing conservation equations. Based on Fig. 2

in Flemings.*®
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for (thermosolutal convection), but because a temperature
gradient within the mushy zone was still assumed (and con-
centration related to temperature via the phase-diagram lig-
uidus), the density of the liquid was a function only of local
temperature.

In order to calculate flow velocities in the mushy zone it
is essential to take into account the resistance to liquid
movement provided by the dendritic network. To this end,
Mehrabian et al. used Darcy’s law for flow within a porous
medium to modify liquid velocities v according to gravity and
pressure drops across a volume element of dendritic mush:

where 4 is the dynamic viscosity of interdendritic fluid, K
is the permeability of the mushy zone, p the pressure, and g
the acceleration due to gravity. Previous experimental work
had showed that the use of Darcy’s law was reasonable*® -
it can only be applied to slow, laminar flow with uniform
and constant liquid fraction.*” This was then combined with
conservation equations to produce an expression for the
pressure distribution in the mush during solidification, and
hence fluid velocities were calculated.

By accounting for density-driven flow, and not just
shrinkage, Mechrabian et al. demonstrated that buoyancy-
driven flows could lead to A-segregate formation. If the
simple LSRE Eq. (1) is considered momentarily, by recog-
nising that VT /(0T / ot) is equivalent to the isotherm veloc-
ity R, Eq. (1) can be re-written:

ﬁ:(ﬂ)(Hij_
oc, \1-k ) RJC,

By examining this expression, it can be seen that local
remelting (i.e., an increase in liquid fraction) occurs if fluid
velocities in the direction of isotherm movement are greater
than the isotherm velocities (flow instability):

as gf, / 0C, becomes positive. In other words, the movement
of cooled enriched liquid towards the liquidus results in
local remelting and the formation of persistent channels.

One of the limiting simplifications in the works by
Mehrabian, Flemings et al. is that their models required the
input of an experimental or assumed temperature gradient
in the mushy zone, and did not use energy conservation
equations to find the transient values. Furthermore, despite
recognising the effects of both solute concentration and
temperature on liquid buoyancy, the two parameters were
always dependently related (the composition of liquid was
determined by the phase diagram at a given temperature)
and their profiles fixed by the imposed temperature field.
They also neglected fluid flow in the bulk liquid and cou-
pled flows between the bulk and mushy regions. It was not
until the development of multi-domain models, and later
continuum models, in the 1980s, that the simplifications
were gradually removed.

3.2. Multi-Domain Models
In multi-domain models conservation equations for mass,
solute, momentum and energy are developed for each region
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(liquid, mushy and solid) and coupled across the moving
boundaries between them. For instance, fluid momentum in
the bulk liquid is typically described by Navier-Stokes equa-
tions for laminar convective flow, whilst in the mushy zone
Darcy’s law is used. One of the earliest attempts to predict
transient mushy zone temperature fields by coupling energy
and momentum equations was accomplished through a
multi-domain model developed by Fujii et al.>” They exam-
ined the macrosegregation in a low-alloy steel through the
use of a modified LSRE for multicomponent alloys which
accounted for complete solid diffusion of interstitituals (lever
rule behaviour) and Scheil behaviour for substitutionals.

Importantly, the density of the liquid in their model was
a function of both local concentration and temperature and
the two fields were no longer fixed. Ridder et al. were the
first to examine the effect of natural convective flows in the
bulk liquid on interdendritic flows in the mushy zone.’”
They did so by coupling equations for flow velocity and
pressure in each domain across the liquidus interface. For
the bulk liquid, energy and momentum equations were used
but solutal effects were not considered.’” Despite its origi-
nality in dealing with bulk liquid flows, the treatment did
not predict mushy zone temperatures, requiring an a priori
knowledge. Perhaps the first truly predictive model for
energy and momentum transport, which also examined
bulk-liquid flows, was given by Szekely and Jassal.*® They
used expressions for energy and momentum in the solid,
mushy and bulk-liquid zones and coupled the equations
using temperatures and velocities at the domain boundaries.

A key problem with the multi-domain approach, however,
is that it requires the tracking of the boundaries between sol-
id, mushy zone and bulk liquid. This is often a difficult task,
particularly as the boundaries can take on complex morphol-
ogies. In using continuum models this difficulty is removed
as they comprise a single set of equations which are equally
valid over the solid, mushy zone and bulk liquid.

3.3. Continuum Models

Bennon and Incropera recognised the suitability of contin-
uum formulations for the liquid-solid transformation in the
late 1980s and produced a model for a binary system by com-
bining constitutive equations through simple mixture theory
(for the full set of equations, see Bennon and Incropera®”).
As is usual in continuum formulations, the momentum equa-
tions used (in two dimensions) were based on the Navier-
Stokes equations for fluid flow, but were altered by the addi-
tion of the Darcian term which accounts for the resistance
of stationary solid in the mushy zone. Assumptions included
laminar Newtonian flow in the liquid with constant viscos-
ity, and the Boussinesq approximation, which states that dif-
ferences in liquid density are small enough to be neglected
apart from when they are multiplied by g, the acceleration
due to gravity (inertial differences between two fluids are
ignored but weight differences are included). Closure of the
model required the coupling of the enthalpy (temperature)
and solutal fields, which was accomplished by assuming
lever-rule equilibrium solidification.™ The continuum for-
mulation meant that the need for a moving numerical grid
was eliminated and the only boundary conditions included
in the model were those applied to external domain surfac-
es. As a result, the first direct numerical predictions of A-
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segregation were presented.

At almost the same time, Beckermann and Viskanta
developed a set of continuum equations almost identical to
that of Bennon and Incropera but for the form of the
momentum equation.’® Their formulation, however, used a
volume-averaging approach (this is generally thought to be
more rigorous”) to obtain macroscopic conservation equa-
tions from microscopic relations for each phase, which were
then combined to produce a single set of equations valid in
all regimes. Direct solution of microscopic equations on a
small scale is impractical because of the highly complex
interfacial geometries in the mushy zone, but when they are
averaged over a suitable volume element, the scale of the
problem is changed giving manageable macroscopic rela-
tions. For details of the volume-averaging procedure and the
form of the macroscopic volume-averaged formulations, see
Beckermann and Viskanata.’” Further exploration of
aspects of the volume-averaging procedure and assumptions
were made by Ganesan, Poirier, and Voller et al.**>®

Following the pioneering works highlighted above, many
studies used similar or modified versions of the same con-
tinuum equations to examine a number of different solidifi-
cation phenomena, including channel formation in direc-
tionally-solidified alloys,®**¥ the effect of solidification
shrinkage and pore formation,®* 7 and the effect of trans-
formation-induced strains.””””” Many authors have also
examined the particular formulations and assumptions of the
original models.”®*"

3.3.1. Multi-Phase Models

A shortcoming of early continuum approaches was that
they failed to account for the interaction between liquid and
solid phases. Important solidification features, such as local
solid concentrations, were simply averaged over both phases
or unaccounted for. In particular, this meant that the solid
transport which is known to form negative base segregation
in ingots was not calculable and model results were com-
monly at odds with experiment.’” The first studies which
attempted to ac- count for solid advection used two
approaches. The first used a single momentum equation in
which the velocity of a volume element of mush was
switched at a certain stage of solidification®*® or through a
continuously-varying function.®® The other approach,
developed by Ni and Beckermann, involved the use of a
‘two-phase’ model in which separate volume-averaged con-
servation equations were used for the solid and liquid phases
and included interfacial transfer terms.®*®® The relative
movement of solid and liquid (and momentum transfer
between them) was accounted for by using an effective solid
viscosity, the value of which changed according to the local
solid fraction. If the solid formed a continuous structure, the
solid viscosity was set to infinity - i.e., the solid was assumed
perfectly rigid - or if the solid did not form a continuous
structure, solid viscosity was varied between zero and infin-
ity depending on the nature of the solid environment.

The strength of the two-phase approach is that liquid/sol-
id velocity relationships don’t have to be imposed and that
phenomena such as the settling of free solid grains can be
modelled. Furthermore, it can predict liquid and solid inter-
facial com- positions and temperatures, and can also incor-
porate nucleation and grain-growth calculations.”” Wang
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Fig. 6. Representation of a grain by an envelope containing a solid

skeleton and interdendritic liquid. Adapted from Combeau
et al )

and Beckermann utilised a two-phase model to examine
features of equiaxed dendritic solidification, including the
settling of equiaxed grains and the columnar-to-equiaxed
transition (CET) commonly observed in steel ingots.**?) A
key feature of their approach was the introduction of a grain
envelope, Fig. 6, a fictitious surface which acted as an arti-
ficial boundary between the interdendritic and extradendrit-
ic liquid. Across the envelope interface, microscopic equa-
tions describing grain growth and liquid composition could
be linked to macroscopic terms.

3.3.2. Extension to Multi-Component Systems

Most metals of commercial interest are not idealised bina-
ry systems, but are multi- component alloys which can have
complex solidification paths. From the mid-1990s, mac-
rosegregation modellers began to adapt their continuum for-
mulations to deal with multicomponent systems of varying
complexity. Difficulties arise when moving to three or more
system components that are not found with binary alloys -
a given liquidus temperature can be reached through more
than one alloy composition, and significant variations in
partition coefficients and liquidus slopes can occur. Schneider
and Beckermann presented the most comprehensive early
multicomponent two-phase model and applied it to a low-
alloy steel ingot.”” They solved species conservation equa-
tions in the liquid and solid for each system component, and
coupled the energy and species conservation equations
through thermodynamic equilibrium requirements at the sol-
id/liquid interface. The model was not restricted to either
lever or Scheil partitioning, but accounted for varying levels
of solid-state diffusion. It was later applied to freckle for-
mation in Ni-based superalloys producing one of the earliest
studies in three dimensions.”>”® Other multicomponent
approaches were presented by Vannier et al.*® and Krane
and Incropera,” ! but have not been widely used.

3.3.3. 2l1st Century Developments

Following on from the pioneering two-phase models of
Beckermann et al., many studies in the past decade have
focused on the generation, growth and movement of equi-
axed grains in convecting melts, and in particular the CET.
Beckermann highlighted the need for such research in
2000,'°D and it is certainly key for the prediction of negative
base segregation in ingots. One would suppose that such
models would also be an essential starting point for the pre-
diction of V-segregation, and would be useful to those pre-



ISIJ International, Vol. 53 (2013), No. 6

dicting the location of A-segregates (A-segregation is not
found in equiaxed zones).

Investigations during the 21st century included the exten-
sion of two-phase models®>""19 for instance to account for
the different behaviours of globular and dendritic equiaxed
grains, as well as generation of new formulations,'*!*%
such as the three-phase treatment of Ludwig, Wu et al. (the
phases were stationary columnar solid, equiaxed solid and
parent melt).'”"'%” Martorano et al. examined the viability
of a CET criterion based on the arrest of columnar solidifi-
cation by the solute field of growing equiaxed grains ahead
(so-called ‘soft- blocking’).!'® This was compared to the clas-
sical mechanical blocking criterion, in which equiaxed grains
ahead of a columnar front physically impede its progress.

The group of Wu, Ludwig ef al. later drew on the ideas of
two previous equiaxed solidification models by using a two-
phase method to compute the velocities of so-called “hydro-
dynamic phases”, whilst solving for mass transport and solute
over three phase regions, the so-called “thermodynamic
phases” 390197119 The interdendritic melt and the solid den-
drites, confined in a grain envelope, were regarded as one
hydrodynamic phase sharing the same velocity, with the oth-
er being the extradendritic liquid. The three distinct thermo-
dynamic phase regions were the solid dendrites, the inter-
dendritic melt and the extradendritic melt. This model was
subsequently extended to mixed columnar-equiaxed solidi-
fication which required five thermodynamic phase regions:
solid dendrites in equiaxed grains, the interdendritic melt
between equiaxed dendrites, solid dendrites in the columnar
zone, the interdendritic melt between columnar dendrites,
and the extradendritic melt and three hydrodynamic phases
(the same as in their original three-phase treatment).''*!!%

Recently, Ludwig et al. have used their original binary
three-phase model to compute macrosegregation in a 2.45
tonne steel ingot.!*"'® When compared to two-phase model
results and experimental measurements, it was found the
results of the two and three phase simulations were signifi-
cantly different, and the simplified columnar-only two-phase
scheme more accurately reproduced experimental findings.
It was suggested that the three-phase approach could have
introduced too many equiaxed grains, or that the experimen-
tal ingot had undergone mostly columnar solidification.

Other studies in the past decade or so have examined the
optimisation of numerical solution methods and solution
schemes''”"'?® (following on from Ahmad et al. in 1998)'*%
as well as the incorporation of mechanical stresses into sim-
ulations.'?>!?® A significant body of work, however, has
been completed using highly-simplified binary single-phase
simulations.'?”"*" This is almost certainly because of the
complexities and excessive computing times associated with
large multiphase simulations, as will be discussed in the fol-
lowing section.

4. Macromodel Shortcomings

There seems to be a general consensus amongst macro-
modellers that it would be unwise to rely on even the best
macrosegregation models of ingot casting for quantitative
results, and that basic trends are often not predicted reliably,
particularly in commercial codes.'**!** The reasons for this
appear to stem from two sources: the computational require-
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ments of complex macromodels (which in turn impose con-
straints and compromises on models), and uncertainties
associated with input parameters and auxillary models.

4.1. Computational Requirements

In 1999 Gu and Beckermann'*¥ utlised the multicompo-
nent two-phase model of Schneider and Beckermann® to
predict macrosegregation patterns in a large cuboidal 65 t
commercial ingot measuring 1.016 x 2.083 x 2.819 m. It was
recognised, however, that in order to predict A-segregates,
computing times would have been prohibitively long (years)
for the required mesh size, despite the reduced geometry
used. In relation to this problem, a year later Beckermann
predicted that macromodels which included the generation,
growth and settling of equiaxed grains, with sufficiently
small mesh sizes to resolve flow patterns associated with A-
segregates (i.e., on a scale of a few millimeters) for large
ingots would be unavailable for at least the next decade.'’
Today, some twelve years on, macromodels which include
equiaxed grain motion are restricted to binary systems and
small geometries struggle to resolve A-segregates, and are
too computationally expensive for use in industry.*19116)
According to Voller et al., models which solve equations on
the nanometre scale and coupled them to macroscopic heat
and mass transfer terms will not be computationally feasible
until at least 2050.'%

The computational demands of macrosegregation models
have often led modellers to reduce the size of the system
modelled, to increase mesh sizes or introduce significant
simplifications. This is particularly evident in studies intro-
ducing new theory or examining model sensitivity to certain
parameters. The CET investigations referred to above used
only binary systems and small geometries, and the model of
Ludwig et al., for instance, was incapable of predicting

(C = Co)/Co
0.08
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-0.04

-0.08

Fig. 7. Effect of the grid density on the predicted carbon macroseg-
regation for an ingot. Model used a fixed solid phase. Left:

fine grid. Right: coarse grid. Adapted from Combeau et al.>V
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channel formation.'®” Indeed, many recent studies have
resorted to the original treatments by Bennon and Incropera
and Beckermann et al. to deliver their predictions.'*13?

Reducing the size of the model system can drastically
reduce times, and using symmetry is certainly essential, but
results can only be scaled up to larger problems with caution
(macrosegregation will not normally arise in small ingots,
see later). Increasing mesh sizes often means that certain
features, such as A-segregates, are not resolved and changes
can significantly affect computed segregation patterns, see
Fig. 7.3V To resolve channel segregates, mesh sizes need to
be smaller than channel widths (usually of the order of a few
millimetres) and need to be even less if results are to be
mesh independent.>¢%-9293-17:130) Introducing too many sim-
plifications can also gravely impact a model’s predictive
power. Commercial software packages are often guilty of
making significant simplifications in order to deliver sensi-
ble computing times in an industrial setting, and as a result
neglect key macrosegregation phenomena, such as equiaxed
grain sedimentation.!'®!%137-140) Consequently, their results
often appear to provide little predictive insight.

4.2. Input Parameters and Auxillary Models

Another issue which continues to plague macrosegrega-
tion models is their dependence on the input parameters and
auxillary models fed into them, which are them- selves top-
ics of investigation and development. Examples of typical
input parameters include density-change coefficients, parti-
tion coefficents, liquidus slopes, conductivities, dendrite-
arm spacings, heat capacities, latent heats and densities of
equiaxed- grain nuclei. Slight variations in such values have
been found to influence (often significantly) model
results, 9210511110 apnd although there are software packag-
es which are able to deliver some of these parameters in
steels,'*! outputs from them can be limited in their current
form (for instance, only values for equilibrium solidification
are calculated) and certain parameters, such as those relat-
ing to equiaxed grain nucleation, can only be determined
experimentally.'*? Clearly this is not an ideal situation for
those wishing to compare alloys quickly. Similar uncertainty
surrounds the auxillary models of microsegregation and per-
meability which must be supplied to macrosegregation sim-
ulations.

4.2.1. Microsegregation Models

Microsegregation models are of utmost importance to mac-
rosegregation investigators. It is the microsegregation of ele-
ments on the dendritic scale which ultimately leads to enrich-
ment of the liquid and macro-scale advection of species. It is
obvious that different results should be expected if one uses
an equilibrium lever rule microsegregation model and com-
pares it to a non-equilibrium Scheil treatment,*'~** but there
is a huge range between these two extreme cases (character-
ised by incomplete solute diffusion in the solid) which is not
so easily modelled. Furthermore, microsegregation in steels
often falls in this intermediate area due to the mixture of
interestitial and substitutional elements present and the range
of solidification times given by various casting processes.

Notable analytical or semi-analytical treatments of this sol-
ute redistribution problem have been presented by Brody and
Flemings, Clyne and Kurz, Ohnaka and Kobayashi;'**~14®
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Fig. 8. Liquid fraction vs temperature plots for a 0.5C-3Mn—-3Mo

(wt%) alloy found using various microsegregation models.
Partition coefficients were obtained from binary phase dia-
grams. Where needed, the secondary dendrite arm spacing
used was 750 4m and the solidification time 5000 seconds
(to reflect large ingot solidification). Diffusion information
was taken from Fridberg er al.'® Note that the Brody-
Flemings treatment is known to give erroneous results for
long solidification times.

the Clyne-Kurz-Ohnaka models were later modified by
Ganesan and Voller and Beckermann.'*”'*® Their resulting
liquid fraction profiles for a 0.5C-3Mn—-3Ni (wt%) alloy are
compared to the standard lever-rule and Scheil cases in Fig.
8, from which it is clear that microsegregation model selec-
tion can significantly influence the predicted solidification
behaviour. Despite their attractiveness in terms of calcula-
tion speed (neglecting Kobayashi’s treatment'*”), these
somewhat simplified approaches are not readily applied to
steels which can exhibit complications such as the peritectic
transition and the effects of multiple alloying additions.
Instead, finite-difference approaches have often been used
to better predict the onset and effects of the peritectic and
other transitions. Ueshima et al."*” predicted the start of the
peritectic using empirical relationships based on local solid
concentrations, whilst Howe et al.'*"15? introduced ‘carbon
equivalents’ for alloying elements such that the effect of
each partitioned species on the peritectic temperature was
accounted for in a pseudo-binary model. More recently the
use of thermodynamic databases in steel microsegregation
models has become popular'31%® and kinetic effects have
also been incorporated into models''"1*""1%) Nevertheless,
adding such complexity into macrosegregation models often
comes at great computational expense, and consequently
there has been some development of rapid microsegregation
models for incorporation into macromodels.'®® For those
seeking further details on microsegregation models, the
review by Kraft and Chang'® is a useful starting point.

4.2.2. The Permeability Problem

In order to accurately predict fluid flow through the
mushy zone, its permeability, K, must be known. K is a sec-
ond-order tensor by definition, such that it depends on the
direction of fluid flow relative to a porous geometry, but
experimenters and macromodellers have usually assumed it
to be isotropic or to comprise only two components (in
directions parallel and perpendicular to primary dendrite
arms). Nevertheless, the development of models for K has
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represented a formidable challenge for many years, and
rightly so. It depends strongly on factors such as local liquid
fraction, dendrite arm spacings and dendrite morphologies,
and hence not only varies continuously within a mushy
zone, but can also vary from alloy to alloy. Estimations of
permeability functions have been made by approximating
the geometry of the mushy zone and using specialist forms
of Darcy’s law, such as the Hagen-Pouseuille model for flow
through a bundle of capillary tubes or the Blake-Kozeny
(also known as the Carman-Kozeny) model for flow through
a packed bed of solids. Many studies have sought to exper-
imentally verify these models, 231677169 byt another
common approach has been to find functions by fitting
experimental results directly to Darcy’s law.'¢%170-174)

At high liquid fractions, in excess of 0.7, flow is no longer
within an interconnected dendritic network but between
dendrite arms. Experimental studies tend to fail in this
regime due to the ripening and fragility of dendrites, yet
flow here is still of great importance. To avoid these practical
constraints, studies by McCarthy, Poirier and coworkers, and
others have predicted permeabilities using computer simula-
tions of flow parallel and perpendicular to primary dendrite
arms, often through a finite-element Navier-Stokes solver
with idealised or experimentally-determined meshes.!”>"'%%
Many of these studies used the specific surface area (i.e., the
surface-area-to-volume ratio) of the dendritic mush in their
permeability relations in an effort to capture the effect of
dendrite morphology more completely.!”®!""1" More fun-
damentally, some authors have suggested that changes must
be made to momentum equations to accurately capture
flows at high liquid fractions (that Darcy’s law on its own
is not sufficient).®’:1®

As regards incorporation into macromodels, researchers
have typically taken two approaches, either using a single
permeability relation approximate for all liquid fractions
(e.g., a Blake-Kozeny function) or switching between func-
tions based on the local fraction liquid (often a Blake-
Kozeny relationship is used at low liquid fractions and at
high fractions a suitable relationship based on computer
simulations).”' 74929497169 Results of macromodels have
demonstrated that the use of different mushy-zone permea-
bility functions, and neglection of permeability anisotropy,
can have a significant effect on the macrosegregation pre-
dicted, including the number, length and orientation of chan-
nel Segregates'7l,99,l27,]28,184)

The treatments described above have considered only the
permeability of mushy zones during columnar solidification,
yet it is clear that a significant proportion of solidification
(and segregation) in large steel ingots occurs in the equiaxed
regime. Wang et al. examined the permeability of equiaxed
structures in the mid 1990s, finding that fluid drag was a
function of various terms including arm spacings and grain
densities, but recently this complex subject appears to have
received little attention.'®® It is evident that an improved
understanding of grain growth and motion in a convecting
melt would only better the predictive power of multi-phase
models.'""

4.2.3. Dendrite-Arm Spacings
Permeability relations are typically functions of both pri-
mary and secondary dendrite arm spacings (understandably,
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Fig. 9. Experimental data for secondary dendrite arm spacings in

commercial steels containing 0.1-0.9 wt% C. Adapted from
Suzuki et al.'®® Primary-arm spacings follow a similar
exponential relationship with cooling rate.!*”

it is usual to find expressions for flow perpendicular to pri-
mary arms to be more dependent on secondary-arm spacings
than those for flow parallel), and this can lead to further com-
plications when using them in calculations. In many different
ferrous and non-ferrous alloys, both primary- and second-
ary-arm spacings have been shown to exhibit a striking rela-
tionship with cooling rate over several orders of magnitude,
see Fig. 9 for secondary-arm spacings in steel. An increase
in cooling rate leads to a decrease in both primary- and sec-
ondary-arm spacings. Yet despite this clear trend, there are
still issues associated with the prediction of arm spacings.

The cooling rate during solidification can be expressed as
a product of the temperature gradient, G, and the growth
(isotherm) velocity R, and hence on the basis of graphs such
as Fig. 9 expressions for arm spacings using a single expo-
nent were developed:

A=a(GRY? =aT™

where A is the arm spacing (subscripts 1 and 2 usually added
for primary and secondary spacings, respectively), a and b
are constants, and 7" is the local cooling rate. Although it is
true to say that G and R can have different effects on arm
spacings when varied independently,'®”'°? in ingots G and
R are coupled by heat flow, and as such they can be com-
bined into a single variable with a single exponent. Expres-
sions which have been developed for dendrite arm spacings
in steels have often taken this form,>!871%37199 gee the selec-
tion presented in Table 1. By evaluating these expressions
for typical casting conditions, it is readily found that the sec-
ondary-arm spacings calculated match reasonably well,
whilst primary-arm spacings can vary considerably. This is
problematic, as even small variations in arm spacings will
significantly affect the results of permeability models which
rely on primary spacings. There is currently a lack of pri-
mary-arm spacing relations that account for the effect of
alloying elements other than carbon, and which also assess
the potential influence of primary solidification phase
(whether it be delta ferrite or austenite).

For secondary-arm spacings, despite the agreement that
can be obtained between relations, it evident that these mod-
els do not truly reflect the more complicated behaviour of
secondary-arm spacing observed in reality. Secondary-arm
spacings, unlike primary spacings, are known to change
moving through the mushy zone due to coarsening (Gibbs-
Thomson effect), with kinetics that are likely to vary with

© 2013 ISJ



ISIJ International, Vol. 53 (2013), No. 6

Table 1. Expressions for primary and secondary dendrite arm spac-
ings in steels. C; is the concentration of element 7 in wt%.
Source Expressions (in #m) Notes
Suzuki et al.'®® A, = 1467 0386 Found by fitting data for
low- alloy steels given in
Fig. 9. Valid for 0.14<Cc¢
<0.88.
Jacobi et al."¥? A= 283770% Found for a 0.59C—-1.1Mn
- —0.44 (Wt%) alloy.*
A, =109T
El-Bealy'™® ) _ 979770206 -0019-0492C. Found by fitting data for
! ¢ various low-alloy steels.
2, =1097 % ; ‘

2 = A1 expression only valid
for 0.15<C¢<1.0, 4, only
for C¢ <0.53.*

Won et al."®¥ A, = 143.97 7036 C. 0-550-1.996C; Eound by fitting data for
various low-alloy steels.
Only valid for 0.15<C¢*

Cicutti et al.!" A, =11377%% Found by fitting data

from Jernkontoret?*®
for C¢=0.15.

*Other expressions are also given in these references for different composi-
tional ranges.

composition, 187 18#193-195.197203) Accounting for this coars-
ening is very important in both microsegregation and per-
meability models, which can be implemented at any location
within the mushy zone. Theoretical secondary-arm relations
which account for coarsening have been developed,’****!
but they are often more complicated and require many more
input parameters (hence, they can deliver very different
results to the expressions in Table 1). There are a number of
microsegregation models which have accounted for second-
ary-arm coarsening directly, see Voller and Beckermann'*®)
for example, but the affect on permeability has not been
dealt with in great detail, and studies usually work with an
approximate secondary spacing that is kept constant. Clearly
further study of dendrite-arm spacings in steels is required.
These investigations may also wish to assess the effect of
fluid flow on spacings.'®”

5. Simplified Approaches

It is clear that the computation times required for current
macrosegregation models of large ingots are excessive and
that the corresponding results often fail to predict well-
known trends. Development of these macromodels should
still be an important aim of the macrosegregation-modelling
community, particularly in anticipation of greater computa-
tional capacity, but at present there is a need for simplified
approaches which can be rapidly implemented whilst still
making realistic predictions. Users in industry don’t want to
spend time running a lengthy macromodel, especially if its
results are not likely to be useful.

It has been demonstrated that making certain simplifi-
cations to models can reduce computing times whilst still
delivering similar results - for instance, Schneider and
Beckermann demonstrated that when the number of system
components was restricted only to those which segregated
and influenced buoyancy most critically, similar results
were found to when a full set of components was used.””
Nevertheless, even when binary alloys are considered in
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fairly simplistic commercial codes (such as MAGMA,"*
THERCAST,"” ProCAST'?) full macrosegregation calcu-
lations can still take days or weeks to run on the small com-
puter clusters used in industry.

In order to reduce macrosegregation, manufacturers are
often able to alter a number of processing parameters (i.e.,
melt superheat, head height, mould design) and make small
changes to the alloy composition. Consequently, there is a
need to compare castings conditions and their likely effects
on macrosegregation quickly. This can be accomplished
using criterion models, which although simple, are based on
sound theory. These include the Niyama criterion for poros-
ity, and Rayleigh-number and Suzuki criteria for channel
segregate formation. The assessment of these numbers can
be accomplished simply through the manipulation of the
results of a ‘purely- thermal’ computation, i.e. one which
computes only the temperature field and ignores fluid flow
and macrosegregation. Conveniently, it has been found that
the temperature fields predicted by simple heat conduction
analysis are nearly identical to those predicted in a fully-
coupled macrosegregation simulation.'*%

5.1. The Niyama Criterion

The Niyama criterion is a good example of a simplistic
treatment which has allowed industry modellers to rapidly
predict shrinkage porosity in ingots. Although porosity is
not a topic of this review, the treatment is certainly worth
examining as an illustration of how simple criteria can be
formulated and applied. It is given below written as a con-

dition for pore formation:**>

N AT/ e
VT 7de N\ Ap,,

where Ny is the Niyama number, Ap. is some critical pres-
sure drop across the mushy zone, and ¢ is a constant. This
relation is found by simple manipulation and integration of
Darcy’s Law in one dimension to find the pressure drop due
to incomplete shrinkage flow. Pores are nucleated when this
pressure drop exceeds a critical value (note that this criteri-
on is only valid to predict shrinkage porosity and not the
porosity which arises due to dissolved gases). The value
for ¢ can be found by intergration, but the value of Apcris
must be found experimentally for each alloy (For Fe—C steels
Ny ~ 0.7). Nevertheless, even if Apc; is not known, the cri-
terion is still able to highlight regions most susceptible to
porosity: Niyama values are readily mapped onto an ingot
geometry and their relative magnitudes compared.?*®

5.2. The Suzuki and Rayleigh-Number Criteria

As discussed above, channel segregates are common in
various casting processes and it is useful to be able to pre-
dict the likelihood of their formation in a given region, even
if their precise location cannot be determined. A number of
criteria for the prediction of A-segregates can be found in
the literature, most relating to freckle formation in Ni-based
alloys, and they are typically some function of the thermal
gradient, G, and isotherm velocity, R:'*2072%%

where d, e and fare constants. Channel-segregate formation
depends on the complex interplay of a number of factors,
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which may appear separate from G and R, including the per-
meability of the mushy zone and the liquid-density changes
due to solute partitioning. However, relations like Eq. (7)
have been shown to be effective because many of these fac-
tors depend in some way on G and R. For instance, the per-
meability is typically a function of dendrite-arm spacings,
and these are known to depend on the cooling rate, 7" (see
above), which is the product of G and R. For static steel
ingots with carbon concentrations around 0.7 wt%, Suzuki
and Miyamoto found that d =1, e = 2.1 and f= 8.75;*® this
‘Suzuki criterion’ has since been used in a number of com-
mercial software packages.

However, there is a key problem with the Suszuki crite-
rion, and that is that the constants d, e and f are not alloy
independent, and have been shown to vary significantly
from steel to steel.”’” For accurate implementation, these
constants would need to be determined for each alloy
through experimentation, which restricts its predictive capa-
bilities. A promising alternative to Suzuki-like criteria is the
use of a criterion based on a dimensionless Rayleigh
number.?'*?!? Rayleigh numbers measure the ratio of the
buoyancy forces driving convective fluid flow to the retard-
ing frictional forces inhibiting it (classically, if a Rayleigh
number is below a critical value for a fluid, heat transfer is
mainly through conduction, if above, it is mainly through

Simple thermal model

Temperature information <—
(ii)
(ii)

Liquid
Liquid concentration
fraction
Dendrite-arm (iv) (iv)
spacings
(iii) Liquid
(iii) Liquid viscosity
density
Mushy-zone \
permeability
Rayleigh-number
criterion
Fig. 10. Possible route of Rayleigh-number calculation from

results of simple thermal simulation. (i) is a dendrite-arm
spacing relationship, e.g. Eq. (9) in Rappaz et al.,”®” (ii) is
a microsegregation model, (iii) is a permeability model,
e.g. Blake-Kozeny or an empirical expression, and (iv) is
a suitable materials-property software package - e.g.
JMatPro™" or empirical relation (e.g. parameters and Eqs.
(3) and (7) in Fujii et al.>” Note that not always are all
inputs provided - for instance temperature information
will feed directly into liquid density calculations along-
side concentrations.
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convection). Rayleigh numbers for channel-segregate pre-
diction explicitly account for the effects of liquid-density
changes due to segregation and mushy-zone permeability,
and have already been successfully developed for freckling
in directionally-solidified alloys, see the following:*'**'!

_ (Ap, /Po)gKh

T s
oV

Ra

where Raj is the mean value of the Rayleigh number over a
height /4 of the mushy zone, K is the mean permeability,
(Api/po) the fractional density change, g gravity, o the ther-
mal diffusivity, and v the kinematic viscosity.”'*'? By fol-
lowing a small number of steps, calculation of this Rayleigh
number may be achieved relatively quickly from results of
a purely-thermal calculation (see Fig. 10).

There are some potential problems with the application of
Rayleigh-number criteria, however. Principal amongst these
is that they are often highly dependent on the dendrite-arm
spacing values used in assessing K. As highlighted above,
there are significant issues associated with predicting both
primary- and secondary-arm spacings. Other issues include
the errors associated with microsegregation models used to
calculate Ap;, as well as the suggestion that the consideration
of a Rayleigh number alone is not enough to predict the for-
mation of channel segregates (it has been suggested that the
stability of channels must be determined from the resulting
flow/solidification interaction”'?). Also, a Rayeligh-number
criterion does not take into account the formation of an equi-
axed zone at the ingot centre, in which no A-segregates can
form (hence, it may erroneously predict their formation here).

One might reasonably argue that simply minimising the
driving force, Ap;, would be a sufficient aim to prevent A-
segregates, and that the evaluation of the full Rayleigh
number simply introduces more error through inclusion of
the permeability term. However, this ignores that fact that
reducing the driving force to zero is practically impossible
in most cases due to the restrictions of alloy specifications.
For ingot manufacturers, then, a Rayleigh-number criterion
is perhaps the best available method to rapidly compare
casting scenarios, and alter these to minimise A-segregate
formation. It is hoped that this will soon become possible
through a Rayleigh number developed specifically for steel
ingots and casting, which will shortly be presented.'*®

6. Measuring Macrosegregation in Steel Ingots

It is often the case in the macrosegregation modelling lit-
erature that results are given without comparison with
experimental measurements, or at least not in any greater
detail than a qualitative appraisal. A principal reason for this
is the lack of appropriate good-quality experimental data.
There are a number of problems associated with obtaining
macrosegregation measurements and other related quantities
from cast products, which include the great cost of produc-
tion and analysis (particularly for large ingots), lack of suit-
able test material (idealised Fe—C binary alloys are so often
used in studies but rarely used in industry) and the immense
difficulties associated with sectioning ingots and accurately
measuring their characteristics. It is quite clear than not only
are more reliable materials property data and greater model
computability required, but there is also a great need for
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first-rate case studies - validation is very much part of the
macrosegregation modelling problem.

Reducing the size of ingots used for macrosegregation
studies can cut the great expense and time required for anal-
ysis of large ingots. This must be done with great care,
however, as small ingots typically do not display macroseg-
regation to the same extent as larger castings due to the
reduced cooling times. Researchers have employed sand
moulds and other artificial means to help impose large-ingot
cooling rates on small ingots, but a comparison has not been
made between small controlled-rate ingots and their larger
counterparts,>>2%8214)

There are a range of standard processes available for
qualitative assessment of steel ingots, including macroetch-
ing and sulphur printing, which are comprehensively sum-
marised by Vander Voort.?'>?'® These provide a useful
insight into ingot features which may be compared with
model results, such as grain structure and segregate distri-
bution and morphology. It should be noted, however, that the
power of sulphur print methods has been somewhat dimin-
ished in modern steels by their low sulphur contents.*'”
Radioactive isotopes have also been used in various studies
to examine fluid-flow patterns.?'®??% Nevertheless, the ulti-
mate aim for macrosegregation models is for them to be able
to make quantitative predictions. It is, after all, the chemis-
try of segregated areas and their response to heat treatment
which determines mechanical properties.

Following sectioning, quantitative chemical analysis on
ingots has usually been accomplished through trepanning
samples in a set array and then subjecting them to chemical
analysis. This was very common in pre-1950 studies, when
the wet chemical analysis techniques were popular, and is
still is use today.*"!'®” alongside various other chemical
analysis techniques including combustion analysis and
atomic absorption spectroscopy.’*" Milling chips have also
been used to assess segregation in a similar way to tre-
panned material."® There are two problems with this char-
acterisation scheme, however. Firstly, the chemical analysis
step is laborious and expensive, even with relatively
straightforward techniques such as energy-dispersive X-ray
spectroscopy (EDX) and electron-probe microanalysis
(EMPA). Secondly, the way in which results have been used

Fig. 11. Schematic of (a) trepanning scheme (sampling points
marked by dots) and (b) extrapolation of carbon concen-
tration results in large 180 tonne ingot. Adapted from
Maidorn et al.””
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has often been questionable - there are examples of grid
results being extrapolated to create contour maps,”’" see
for example Fig. 11. Although this gives an overview of
macro-trends, it provides little detail of the finer-scale seg-
regation patterns which are observed, and cannot be relied
upon to give upper and lower bounds for segregation sever-
ity (strangely, trepanning does not seem to have been guided
by the results of macroetching).

There are techniques, however, which may have the abil-
ity to map segregation in greater detail, such that individual
A-segregates can be analysed. Miyamura et al. utilised a
scaled-up EMPA process which was capable of analysing
macro sections, but it was restricted to 30 x 10 cm slabs.?'?
A promising avenue seems to be that of X-ray flourescence
spectroscopy (XRF), first utilised in macrosegregation stud-
ies by Flemings et al.,***'*? used in an automated mapping
capacity, see Fig. 12. This technique is already common-
place in geological core logging, and can be quantitative and
highly sensitive if properly calibrated.”?? A limitation of this
technique is that it fails to measure carbon (so often an issue
for steel researchers), but it is likely that this can be circum-
vented by measuring carbon at a few select points and care-
fully inferring concentrations elsewhere from the segregation
of other elements. Other alternative techniques for validation
purposes include dump testing ingots (removing the liquid
before full solidification and analysing solid structure and
liquid chemistry'?) and direct liquid sampling during
solidification,”2% but these have their own complications.

Any investigator planning to perform a macrosegregation
case study must remember that quantitative results are of lit-
tle use if they aren’t accompanied by the appropriate casting
data, such as mould temperature profiles during solidification,
mould design and alloy chemistry. However, if these are
presented alongside accurate segregation measurements and
qualitative macrostructure findings, the resulting report would
provide an excellent validation tool for future modellers.

Mn /ppm

13300 13700 14100 14500

14900 15300
I ]

(a) Preliminary results of an automated XRF mapping tech-
nique used to analyse manganese concentration in a 0.2C—
1.3Mn—0.7Ni—0.5Mo steel (nominal Mn content = 13 300
ppm). (b) the area of the plate shown in Fig. 3 analysed.?®
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7. Summary and Future Prospects

Our understanding of macrosegregation in steel ingots
has progressed immensely over the passed century. Particu-
larly since the advent of macrosegregation modelling in the
1960s, our ability to predict macrosegregation has led to sig-
nificant advances in our comprehension of the defects that
can arise in ingots and our ability to mitigate them.

Modern-day multiphase models couple together conser-
vation equations for mass, species, momentum and energy,
alongside many auxillary relations, in schemes which have
the capability to predict inhomogeneities like A-segregation
and base segregation. Theoretical treatments of the complex
behaviours present in solidifying ingots, such as equiaxed
grain growth and movement, are advancing. Nevertheless,
much of the predictive power of macromodels is still inac-
cessible or of limited use for a number of reasons, especially
in the case of large multicomponent steel ingots. Principle
amongst them is the impractical computational demands
that complex macromodels require - on a small computer
cluster even the simplest commercial codes can take weeks
to run a macrosegregation model for a binary alloy ingot of
moderate size. In order to make computation times manage-
able, modellers often introduce simplifications, reduce mesh
sizes and decrease system sizes, but this in turn can mean
the models are unable to resolve key phenomena and deliver
results which are significantly departed from experimental
measurements. Further issues are associated with input
parameters and auxillary models, such as permeability func-
tions and dendrite arm spacings. All of these taken together
mean that for most practical purposes, macrosegregation
models cannot be relied upon to give quantitative results for
ingots and may not even be suitable for qualitative predic-
tions. Issues associated with experimentally measuring mac-
rosegregation and generating case studies for validation are
only compounding modelling problems. For manufacturers
and researchers aiming to rapidly assess the effect of casting
conditions and alloy compositions on macrosegregation, it
seems that more simplistic approaches are worth pursuing at
present, such as using a Rayleigh-number criterion for A-
segregate prediction. The required variables for such a cri-
terion can be quickly estimated through empirical relations
and other models, e.g. Howe’s microsegregation model'®?
or software packages like JMatPro,'*" and mapped onto the
results of a simple thermal macromodel.

The difficulties associated with macrosegregation mod-
elling are so often formidable, but novel solutions which
comprise reduced complexity whilst delivering accurate
predictions are a promising alternative. Presently, the need
for such treatments for steel ingots is paramount as manu-
facturers deal with increased demands from the growing
power-generation industry.
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