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Summary

This thesis has addressed the assessment of the mushy zone permeability in equiaxed
aluminium alloys. The approach taken has been to experimentally determine the per-
meability of binary Al-Cu alloys as a function of a set of parameters describing the
microstructural morphology. Moreover, the morphology parameters have been experi-
mentally determined during solidification of binary Al-Cu alloys in order to evaluate
the morphology predicted by an equiaxed growth model commonly used in micro-macro
modelling. The thesis is presented as three free-standing articles.

In Article 1, a new experimental apparatus for measuring the mushy zone permeability
of aluminium alloys has been presented. The apparatus is capable of detecting differences
in permeability resulting from very small differences in microstructural morphology. Per-
meahilities have been measured for high solid fractions (0.68 to 0.91) and different grain
morphologies. Characterisation of the microstructural morphology on both the intragran-
ular and extragranular length scales have been performed on the samples. The results are
in fairly good agreement with the predictions of the Kozeny-Carman relation and with
more recent theory that takes flow partitioning between intragranular and extragranular
regions into account. The validation of these permeability models is an important pro-
gress because models that predict the formation of casting defects are often very sensitive
to the permeability.

In Article 2, general principles and experimental difficulties associated with the meas-
urement of permeability in aluminium alloys have been discussed in order to ease a further
development of experimental methods suitable for such measurements. In order to avoid
the surface tension effects associated with Hquid/gas interfaces in the narrow channels of
the mushy zone, a flux melt can be used at the inlet of the permeameter. Electron-beam
welding has been shown to be a suitable method for ensuring a complete wetting between
sample and flux after remelting to the test temperature. Moreover, the influence of the
permeameter design and the experimental procedure on grain detachment, preferred flow
channel formation, and coarsening have heen revealed through microstructure images.

In Article 3, the morphology predicted by an equiaxed growth model recently presen-
ted elsewhere has been compared with quantitative experimental morphology measure-
ments on a range of Al-Cu alloys. In the experiments, the samples have been solidified
with uniform temperature and quenched from the mushy state at the instant when the
eutectic temperature was reached. The copper content and the amount of grain refiner
additions have been varied, resulting in both 'clover-leaf’ and dendritic equiaxed morpho-
logies. Morphology characterisation on both the intragranular and extragranular length
scales has been performed on the quenched samples. Average heat extraction rates, grain
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densities, and alloy compositions from the experiments have been used as input to the
equiaxed grain growth model, and the resulting morphology predictions have been com-
pared with the morphology measurements. For the morphologies observed in the present
study, the equiaxed growth model predicts higher values of the internal solid fraction than
observed experimentally. This has been indicated to be due to the failure of commonly
made modelling assumptions during the later stages of the solidification.

Because we lack a validated model for the development of the parameters at which
the permeability depend, we can not expect to have a very accurate prediction of the
permeability during solidification. The results from the experiments in this thesis indicate
that the accuracy of the permeability used in solidification models is, presently, limited by
the assumptions concerning the morphology development rather than by the assumptions
concerning the relation between the morphology and the permeability.
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Introduction

The objectives of this thesis work are to experimentally investigate (i) the relation
between the mushy zone permeability and the grain morphology, and (#) the devel-
opment of the grain morphology during equiaxed solidification of alumirium alloys. The
motivation for the work will be presented in this introduction along with an outiine of
the thesis.

1 Industrial motivation

Aluminium metal is produced either by electrolysis of alumina or by remelting of second-
ary aluminium. Both of these processes produce liquid metal that must in turn be solid-
ified in a casting process. In continuous and semi-continuous casting (DC casting, strip
casting, wire casting, etc.) and in shape casting, defects like macrosegregation, porosity,
and hot tears are often present. Macrosegregation denotes inhomogeneous distribution of
alloying elements at the scale of the casting. Such defects can require costly treatments
of the cast products prior to further processing (e.g., surface scalping of ingots prior
to rolling) and can have a fatal influence on the properties in the final products (e.g.,
rejection of a shaped casting due to hot tearing). Due to the large production volumes
involved in these casting processes, small reductions in the amount of defects can give
a large economical profit. Such improvements can in many cases be difficult to achieve
without a better understanding of the physical phenomena that control the processes.

The main industrial motivation for the present study is the need for a better under-
standing and quantitative predictions of macrosegregation formation during DC casting
of wrought aluminiwm alloys. A schematic view of the DC casting process is given in
Figure ! along with a typical macrosegregation pattern. The physical mechanisms re-
sponsible for macrosegregation formation in general with examples from DC casting of
aluminium ailoys are discussed subsequently.

2 Mechanisms for macrosegregation in DC casting

Due to the extensive use of inoculants in DC casting of wrought aluminium alloys and
the efficient grain refining effect of such additions, solidification generally occurs by the
formation of equiaxed grains. Equiaxed solidification of alloys can be illustrated by the
schemaltic binary phase diagram in Figure 2. A melt with a nominal composition wy that
is cooled to a temperature T in the mushy zone (i.e., between the liquidus, Ty, and the
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Figure 1: The DC casting process and commonly observed macrosegregation concentra-
tion profile in a cross-section of the cast ingot. From Reference [1].
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Figure 2: Schematic sketch of a binary phase diagram. The symbols are explained in the
text.

solidus, Thy) will experience a driving force for solidification. The thermodynamically
stable situation at T* is a mixture of solid with composition w, and liquid with compos-
ition w; in fractions given by the solute conservation. For a given undercooling, Ty, — 7™,
a number of nuclei will become active and grains with composition w, will start to grow
from the liquid. The rate of solidification is controlled by the heat extraction rate and
the rate of solute removal from the solid/liquid interface by diffusion in the solid and by
diffusion and convection in the liguid.

During equiaxed solidification, two different regimes can be distinguished: (¢) the free
crystal regime where the grains are small compared with their final sizes and free to move
in the liquid; and (#) the packed bed regime, where the grains have impinged on each
other so that the movement of a grain is Hmited by the movement of the neighbouring
grains {Figure 3). The transition between the two regimes is commonly referred to as
dendrite coherency [2,3].

In both regimes, macrosegregation can result from flow of liquid due to a spatial
variation in the liquid density, i.e., thermo-solutal convection. The density differences
cause a flow of liguid between regions of the mushy zone having different temperatures
and /or solute concentrations. In the free crystal regime, macrosegregation can result from
the transport of grains in the lquid due to {¢) density differences between the liquid and
the solid phases, and (i) the flow fields set up by natural or forced convection in the
liquid. For example, transport of equiaxed grains poor in solute can cause a region of
negative segregation at the centreline of a DC cast ingot [5}. In the packed bed regime,
macrosegregation can result from the flow of liquid in the coherent solid network due to
solidification shrinkage or forced convection. For example, in DC casting of aluminium
allays, solidification shrinkage can cause a region of positive segregation close to the cast
surface {inverse segregation). In addition, the pressure exerted on the mushy zone by the
metaliostatic head can cause forced convection and exudation of highly enriched liquid
through the cast surface in the air-gap between the casting and the mould [6,7].
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{a) The free crystal regime where the grains {b) The packed bed regime, where the grains
are small compared with their final sizes and have impinged on each other so that the
free to move in the liguid moverzent of a grain is limited by the move-

ment of the neighbouring grains

Figure 3: The itwo different regimes observed during equiaxed solidification. From Refer-
ence {4].



Figure 4: The as-cast morphology of the primary aluminium phase of aluminium alloy
A356. The dendritic morphology reveals the complex shape of the solid/liquid interface
in a typical casting process that complicates the specification of the boundary conditions

in microscopic solidification models. From Reference [8].

In order to systematise the knowledge and to study the effect of different physical
mechanisms on the macrosegregation formation, it is necessary to describe the casting
process by a mathematical model. As will be explained subsequently, the mushy zone
permeability and parameters describing the grain morphology are important quantities
in the mathematical description of the formation of macrosegregation and casting defects
in general.

3 Modelling of casting processes

3.1 Volume averaging

The microscopic balance equations for conservation of mass, momentum, energy, and
solute must be fulfilled at each point within a casting. In principle, these equations could
be solved within each phase present, which would give the velocity, the pressure, the
stress, the temperature, and the solute comtent of each phase as a function of space
and time. In reality, however, the complex shape of the phase interfaces present in most
solidification processes complicates the specification of the boundary conditions and the
front tracking in the mathematical problem (Figure 4).

In order to circumvent this problem, the microscopic conservation equations are com-
monly averaged over a macroscopic volume of the order of (1072-10~%) m, resulting in a
set of equations for each of the different phases present in the averaging volume [9]. The
temperature is commonly assumed to be homogeneously distributed within the averaging
volume, which is a good approximation for most casting processes involving aluminium
alloys because of the high thermal diffusivity of aluminium [9}.



3.2 Modelling of macrosegregation formation

In order to predict the macrosegregation formation during casting, the volume averaged
equations for conservation of momentum in the liquid and solid phases must be solved. In
the packed bed regime, which is the regime considered in this thesis, the solid velocity is
constant and the momentum equation in the solid phase vanishes. The volume averaged
equation for conservation of momentum in the liquid phase can be written (101

8 . . . L.
&(ngw;) +V - (matith) = -V + WV AgVa) + and — M, (1)

where @, pr, and g; are the local volume averaged liquid velocity, the local liquid pressure
and the volume fraction of liquid, respectively, and ¢ is the time. The quantities p, i,
and 7 are the liquid density, the liquid viscosity, and the acceleration due to gravity,
respectively. The left hand side of Eq. (1) represents the rate of change of the momentum
of the liquid phase contained in a volume element. On the right hand side, the first term
is the momentum change due to the local pressure gradient and the buoyancy forces; the
second term is the momentum change due to the viscous stresses: and the third term is
the momentum change due to the body forces (gravity). Finally, the fourth term, M,
is the solid/liquid interfacial drag caused by the stress interaction at the solid /liquid
interface. This term represents the momentum transfer across the solid/liquid interface
and can be expressed as:

W= | 7ofda (2)

Vo Ja,

where V4 is the averaging volume, A; is the solid/liquid interfacial area, #; is the unit
vector of the solid/liquid interface, and 7y is the deviatoric part of Cauchy's stress tensor
(the shear stress). Thus, M, is the tangential or friction force exerted on the liquid at the
solid/liquid interface.

Because the information about the interfacial geometry of the phases is lost in the
volume averaging process, the infterfacial fluxes such as the solid/liquid interfacial drag
must be described by constitutive models. As will be revealed subsequently, the solid/-
liquid interfacial drag in the packed bed regime can be modelled by introducing the mushy
zone permeability.

3.3 Modelling of the solid/liquid interfacial drag

In the packed bed regime, the solid/liquid interfacial drag causes a resistance to liquid
flow in the coherent solid network. By applying a porous medium approach, the drag can

't should be noted that the momentum change due to phase change as well as the dispersive fluxes
of momentum are neglected in Eq. (1).



be modelled by Darcy’s law:

-
Y4

= {3)

where K is the mushy zone permeability and V is the superficial velocity defined by
V = a(# - %) 4)

The term 7, is the local volume averaged solid velocity, which is a constant in the packed
bed regime.

Intuitively, the resistance to liquid flow in a solid network would depend at least on
the solid fraction and on the grain morphology. For example, a dendritic grain morpho-
logy with a large interfacial area would give a larger resistance than a globular grain
morphology with compact grains. As shown in Eq. (3), because the liquid viscosity is
commonly assumed to be a constant, the effect of the morphology must be accounted for
by the permeability. The permeability has often been expressed by the Kozeny-Carman
relation [11};

(1~ g

K=

(5)
where g, is the volume fraction of solid and S; is the solid/liquid interfacial area concen-
tration (solid/liquid interfacial area per unit volume). As pointed out by Wang et ol. [12],
the Kozeny-Carman relation is based or a single interfacial length scale, 57, which is
of the same order of magnitude as the secondary dendrite arm spacing [13]. In reality,
there are at least two length scales associated with equiaxed solidification: the second-
ary dendrite arm spacing and the grain size. In order to separate the effect of these two
length scales on the permeability, the concept of a grain envelope can been introduced:
the grain envelope is defined as a smooth surface connecting the outermost points of the
grain such that its arca is minimised [14] (Figure 5). The envelope sub-divides the liquid
phase into an intragranular liquid phase (inside the envelope) and an extragranular liquid
phase {outside the envelope). With this concept, three additional parameters that affect
the permeability can be defined: the volume fraction of grain envelopes, g., the envel-
ope/liquid interfacial area concentration, S., and the envelope form factor, ¢., which is
defined as the surface area of a sphere with the same volume as the envelope divided by
the actual surface area of the envelope [12]. As revealed in Figure 5, the parameters g,
and 9, characterise the morphology of the solid while the parameters g, and S, charac-
terise the morphology of the envelope. In the general situation, the permeability would
depend on all five parameters {gs, Ss, ge; Se, and ¢.), as revealed in Figure 5. Moreover,
in the limiting case of a completely dendritic morphology (g. = 1 and S, = 0), the
permeability would depend only on gs and S,; and in the limiting case of a completely
globular morphology (g, = g. and S5 = S.), the permeability would depend only on

7
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Figure 5: Left: Fluid flow in a mushy zone composed of equiaxed grains. The resistance
to flow depends both on the morphology of the intragranular zoue (inside the envelope)
and on the morphology of the extragranular zone (outside the envelopes). Right: The
concept of a grain envelope and the definition of the intragranular and extragranular
liquid phases.

ge and S.. Recently, Wang et al. [10] suggested an analytical model for the correlation
between the permeability and the five morphology parameters mentioned previously. As
opposed to the Kozeny-Carman relation, this model suggested by Wang et ol [10] has
been developed to be valid in both the free crystal and packed bed regime.

In order to implement a constitutive relation between the permeability and parameters
describing the grain morphology in a macrosegregation model, some assumptions must
be made concerning the development of the grain morphology. In purely macroscopic
macrosegregation calculations, where the sclidification path is prescribed or calculated
by assuming a complete mixing of solute in the liquid phase, the specific surface area
Sy = S¢/g, is commonly assumed to be a constant. Thus, the Kozeny-Carman relation
can be applied by expressing the permeability as a function of the solid fraction alone:

3
K(g:) = Kg'{‘}-";zﬂ where K= g‘é—g— (6)

The constant K, can be estimated from the as-cast secondary dendrite arm spacing by

g

assuming a plate-like or cylindrical shape of the secondary dendrite arms. Alternatively,
Ky can be determined by fitting the calculated macrosegregation to macrosegregation
measurements for a given case.

In micro-macro modelling of macrosegregation, the development of the parameters
describing the grain morphology is commonly estimated by models that describe the
solidification as a result of micro-scale phenomena {14-18). Thus, the Kozeny-Carman re-
lation in the form given by Eq. (5) or the permeability model suggested by Wang et al. [10]
can be used to calculate the permeability from the predicted morphology.

8



4 Objectives and survey of the articles

As explained in Section 3.3, different relations between the mushy zone permeability and
the grain morphology have heen suggested in the literature. Due to a lack of reliable
measurements of the permeability for aluminium alloys these relations have not been
validated. Moreover, there is a lack of measurements of the development of the grain
morphology parameters during equiaxed solidification of aluminiam alloys. Thus, two
uaknown errors are induced in the permeability used in macrosegregation calculations: ({)
the error in the permeability relation itself, and (1) the error in the predicted morphology
parameters, which indirectly gives a shift in the calculated permeability. The purpose of
this thesis work is to shed light over this uncertainty in the permeability predictions by
experimental investigations of (7) the relation between the mushy zone permeability and
the grain morphology, and (i7) the development of the grain morphology during equiaxed
solidification of aluminiurm alloys.
The articles included in the present work are:

Article 1: 'BExperimental determination of mushy zone permeability in aluminium-
copper atloys with equiaxed microstructures’, by 3. Nielsen, L. Arnberg, A. Mo,
and H. Thevik. Metallurgical and Materials Transoctions A, Vol. 30A, pp. 2455-62,
1999.

Article 2: 'Experimental difficulties associated with permeability measurements in ali-
minium alloys’, by @. Nielsen and L. Arnberg. Submitted to the Metellurgical and
Materials Transactions, March, 2000.

Article 3: "Measurements and modelling of the microstructural morphology during equi-
axed solidification of Al-Cu alloys’, by @. Nielsen, B. Appolaire, H. Combeau, and
A. Mo. Submitted to the Metallurgical and Materials Transactions, January, 2000.

The objective of the work presented in Article 1 is to develop a new experimental
method for permeability measurements in aluminium altoys and to perform measure-
ments at high solid fractions, where very few other measurements exist. The purpose
15 to compare the measurements with permeability models in the literature in order to
evaluate the validity of using these models in macrosegregation modelling. A literature
study of previous permeahility measurements is given. The new permeameter and ex-
perimental method are described, and permeability measurements on equiaxed Al-Cu
ailoys with different grain morphologies are presented. A new metallographic technique
for the separation of length scales in equiaxed microstructures is alse presented along with
quantitative morphology characterisation on the intragranular and extragranular length
scale of the samples. Thus, the measurements can be compared with the predictions of
the permeability model suggested by Wang et al. [10] as well as with the Kozeny-Carman
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relation. This work has also been presented at the Third International Conference on
Solidification and Gravity in Hungary, 1999 [19].

The objective of Article 2 is to reveal and discuss experimental difficulties associated
with permeability measurements in aluminium alloys. There is still a need for permeab-
ility measurements for a large range of alloys and morphologies. However, in order to
obtain permeability measurements that can be compared with relations between the per-
meability and the grain morphology, the experimental concept and permeameter design
must be carefully chosen. General experimental principles are discussed, and a more thor-
ough description of some of the experimental difficulties and solutions associated with
the development of the permeameter in Article 1 is given,

The objective of Article 3 is to measure the grain morphology parameters at which
the permeability depends at certain instants during equiaxed solidification of aluminium
alloys. The purpose is to compare the measurements with morphology predictions ob-
tained with an eguiaxed growth model commonly used in micro-macro modelling, in
order to evaluate the accuracy of the predictions and the corresponding error induced in
the permeability predictions. The problems associated with quenching experiments for
the purpose of assessing the grain morphology during growth of the primary aluminium
phase is discussed. The grain morphology of Al-Cu alloys is revealed by quenching of
the solidifying sarople at the instant when the sample reaches the eutectic temperature.
The metallographic method presented in Article 1 is further developed. The measured
morphologies are compared with the predictions of the equiaxed growth model developed
by B. Appolaire at INPL, France [14].
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Article 1:

Fxperimental determination of mushy zone
permeability in aluminium-copper alloys

with equiaxed microstructures

@, Nielsen*  Lars Arnberg®  Asbjgrn Mof  Havard Thevik}

Abstract

An experimental apparatus for measuring the mushy zone permeability of alu-
minium-copper alloys with equiaxed microstructures has been constructed. Per-
meabilities have been measured for high solid fractions (0.68 to 0.91) and different
dendrite morphologies. Microstructure characterisation on both the interdendritic
and extradendritic length scales have been performed on the samples. The resuits
are in fairly good agreement with the predictions of the Kozeny-Carman relation
and with more recent theory that takes flow partitioning between interdendritic
and extradendritic regions into account.
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1 Introduction

Mathematical modeiling of melt flow phenomens during solidification of alloys requires
that the macroscopic equations for conservation of momentum accounts for the solid-
liquid interfacial drag. Below the dendritic coherency temperature, i.e., when the solidified
grains constitute a coherent network, this drag term can be modelled by introducing the
mushy zone permeability. For equiaxed dendritic solidification, the permeability, K, has
often heen expressed by the Kozeny-Carman relation [1]:

(1 _ 95}3
K= TG {1
where g, is the volume fraction of solid and S; is the solid-liquid interfacial area concen-
tration {solid-liquid interfacial area per unit volume).

Piwonka and Flemings [2] measured the permeability of Al-4.5 wt pct Cu by forcing
liquid lead or gaseous nitrogen through a solidifying sample contained in a U-shaped
tube. However, displacing the residual liquid with a different metal or alloy can cause
local constitutional remelting/solidification, which invalidates the assumption of a uni-
form solid fraction in the sample. An experimental setup in which the residual liquid is
displaced by a gas was also applied by Paradies et al. [3]. The surface tension associated
with the gas-liquid interface within the mushy zone, however, causes a significant pressure
drop which was not taken into account in References 2 and 3.

These problems were not present in the experimental setup presented by Streat and
Weinberg [4]. They remelted a cylindrical sample of a lead-tin alloy to a temperature just
above the eutectic and added a metallostatic head of eutectic lead-tin alloy to one end
of the sample. Thus, the liquid flowing into the mushy zone had the same composition
as the residual liquid. This principle has been used in several more recent works {5-9], as
well as in the present study.

Murakami and Okamoto [5] measured permeability on borneol-paraffin allays with
globular grains at low solid fractions {0.52 t0 0.73)}. In addition to the solid fraction, they
measured the solid-liquid interfacial area concentration and reported a fairly good agree-
ment with the Kozeny-Cariman relation. Poirier and Ganesan [6] measured permeability
on dendritic Al-15.6 wt pet Cu alloys, which coarsened to dendritic-globular or globu-
lar microstructures during the experiment. They calculated a dimensionless permeability
based on measurements of the specific surface area (solid-liquid interfacial area per unit
volume of solid). Poirier and Qcansey (7] measured permeability on dendritic alloys at low
solid fractions (0.51 to 0.69) by using Pb-5n alloys with microstructures less subjected to
coarsening. Ocansey et ol. [8] performed one permeability measurement at a solid fraction
of 0.917 using the procedure described in Reference 6. Viswanathan et ol [9] measured
the variation of permeability with holding time at constant solid fractions (0.662, 0.678,
and 0.871) for binary Al-Cu alloys. Separate coarsening experiments were performed to
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correlate permeability with the solid-liquid interfactal area concentration, and the results
compared favourably with the Kozeny-Carman relation.

The Kozeny-Carman relation, Eq. (1), is based on a single interfacial length scale,
51, which is of the same order of magnitude as the secondary dendrite arm spacing {10].
In reality, there are at least two length scales associated with equiaxed dendritic solidifie-
ation: the secondary dendrite arm spacing and the grain size. Recently, Wang ef al. [11]
suggested a constitutive relation for the permeability that takes hoth these length scales
into account. By introducing a partitioning between liquid fiowing through the dendritic
grains (interdendritic} and between the grains (extradendritic), they related the permeal-
ility to five parameters characterising the solid morphology. Experimental validation of
this relation in the regime where the solid forms a ccherent network, however, is lim-
ited [11]. No measurements of all the relevant morphology parameters have as yet been
presented.

The purpose of the present paper is to present a series of permeability measurements
at high solid fractions with corresponding solid morphelogy characterisation on both the
interdendritic and extradendritic length scales. The results are compared with Eq. {1)
and with the theoretical work presented by Wang et ol {11]. Furthermore, random and
systematic errors associated with the experiment are discussed.

2 Experimental

2.1 Samples

Binary Al-Cu samples were prepared from pure aluminium (39.86 wt pct) and copper.
As shown in Table 1, seven alloys with different compositions were made and cast either
as cylindrical rods in a graphite mould (14-mm diameter) or as a block (7x7x15 cm?).
Different amounts of commercial Al-b wt pct Ti-1 wt pet B rod master alloy were added
to achieve a variety of microstructures. Parts of the castings were chosen and machined
to eylindrical samples with lengths of 60 mm and diameters of 13 mm.

The flux alloy, Al-Cu of eutectic composition, was prepared, cast as cylindrical rods,
and machined to flux cylinders with a length of 30 mm and a diameter of 13 mm. Each
of the previously mentioned cylindrical samples was then joined to a flux cylinder by
electron beam welding in order to facilitate a complete wetting between sample and flux.
Finally, each joined cylinder was machined to a diameter of 9.95 mm and cut on each
side of the weld to give a flux length Hy=15 mm and a sample or mushy zone length of
50 mm.



Table 1: The as-cast mushy zone samples characterised by the chemical composition and
approximate values for the grain size (d) and the secondary dendrite arm spacing (As).
The compositions were measured using spectroscopic chemical analysis.

Number | Wt pet Cu | Wt pet Ti | d{pm) | As(pm)
1 15.8 0.02 60 15
2 12.9 4.005 800 15
3 13.1 0.014 110 30
4 10.1 0.006 70 15
5 15.8 0.009 200 50
6 10.0 0.009 250 50
7 6.2 0.007 230 60

2.2 Permeameter

A schematic sketch of the experimental setup is shown in Figure 1. The permeamseter is
a graphite cell with outer dimensions of 3.5x2x9 cm3. The flow channels are cylindrical
with diameters of 10.0 mm for the two vertical channels and 5.0 mm for the horizontal
one. As shown in Figure i, the welded cylinder of sample and flux was placed in the cell
with a thin layer of salt powder (KCl-44.5 wt pct LiCl) on top of the flux to prevent
oxidation. The main driving force for the flow was an argon pressure supplied through
a vertical tube sealed to the permeameter with a ceramic cement. The applied pressure
was adjusted with a needle valve and measured continucusly using a transducer with a
range of 0 to 350 mbar.

The graphite float resting on top of the exuding melt was attached by a thin metal
wire to a displacement transducer with a range of 0 to 20 mm. Thus, the height of the
exudate could be measured continuously as a function of time. The temperature in the
sample was monitored with 1-mm thermocouples through holes in the graphite cell. The
signals from the measuring devices were recorded using a 16-bit PC data acquisition card
giving resolutions better than the general noise experienced during a measurement.

2.3 Procedure

The permeameter assembly was heated in a cylindrical resistance furnace to 1°C to 3°C
above the eutectic temperature of the Al-Cu system (548°C). At this temperature, the
eutectic flux remelted completely and the sample remelted to a liquid fraction equal to
the eutectic fraction. A constant argon pressure {20 to 80 mbar) was applied to the flux
surface, causing a melt flow through the coherent mushy zone into the horizontal channel
{(Figure 1). When the horizontal channel was filled, the float was lifted by the exudate,
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Figure 1. Schematic sketch of the permeameter.

and the level of the melt under the float was recorded as a function of time for about 50
seconds. The experiment was completed by releasing the pressure, lowering the furnace,
and quenching the permeameter in water.

Because the moving liquid has near-eutectic composition, it should be noted that
metallography on the quenched samples can easily distinguish between the phases that
were solid and liquid during the experiment. Consequently, image analysis can provide
an accurate description of the solid morphology during the experiment.

2.4 Metallography and image analysis

The quenched sample from each experiment was cut in various cross-sections, mechan-
ically ground, and polished down to 1 um. Etching in a 0.1 vol pct hydrogen fluoride
solution for 1 minute produced a clear contrast between the primary Al phase and the
Al-Aly,Cu eutectic (Figure 2a). For each experiment, five representative gray-scale im-
ages were recorded from the samples. The images were analysed nsing automatic image
analysis under the assumption that the eutectic corresponds to the liquid phase during
the permeability measurement. The following morphological quantities were measured for
each experiment: g;, Sy, ge, Se, and ¢o. These are defined subsequently. The quantities
are reported as the mean value of the measurements on the five images with the cor-
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(b)

Figure 2: (a) Typical microstructure of quenched sample showing the white Al phase
and the black Al-Al,Cu eutectic. Image used for estimation of g, and §,. (b} Manual
transformation of image (a}, used for estimation of g., S., and ¢@..

responding standard error in the mean. Measurements from five images were considered
sufficient, because increasing the number did not change the mean vatues significantly.

The volume fraction of solid in a sample, g,, can be estimated by the area fraction of
solid in an image, as shown by, e.g., Underwood [12] (Figure 2(a)}). The interfacial area
concentration, S,, is defined as the area of the solid-liquid interface per unit volume {11},
This quantity should be distinguished from the specific surface area of sclid, Sy, defined
here as the area of the solid-liquid interface per unit volume of solid, and related te 5,
by

SV = Ss/gs (2)

In stereclogy, S, is referred to as the surface-to-volume ratio ! and can be estimated from
an image by the formula [12)

Ss = (4/m)La {3)

where L4 is the pevimeter of the solid-liquid interface per unit image area®. I should be
noted that the perimeter measured by the auntomatic image analyser includes the part of
the image frame intercepted by solid. This contribution equals the total frame perimeter
multiplied by g, and mmust be subtracted from the measured perimeter in order to obtain
L.

The grain envelope is defined as a smooth surface connecting the primary and second-
ary dendrite arms. In order to measure g, S, and ¢, the grain-envelopes were drawn
manually, as shown in Figure 2(b). With this modified image, the volume fraction of

'n stereology and in References 5 and 9, the symbol Sy is used to denote the area of the solid-liquid

interface per unit volume, called §, in this study.
2The factor {4/x) in Eq. (3) appears to be neglected by some authors [6,13], while others do not

describe the procedure used for measuring S, or Sy [7,9}
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Table 2: Values for acceleration due to gravity, viscosity, and density of flux melt.

Symbol Value Reference
L 0.0023kg/ms [14]
o 3123kg/m?® [15]
g 9.82m /s -

envelope, g., and the corresponding interfacial area concentration, S, were measured in
the same way as g, and 5, described previously.

The sphericity, ¢., of a grain-envelope is defined as the surface area of a sphere with
the same volume as the envelope divided by the actual surface area of the envelope {11].
For a given grain-envelope in a two dimensional image, the sphericity was taken as the
perimeter of a circle with area equal to the envelope area divided by the actual perimeter
of the envelope. The sphericity in each image is then simply the average over three to five
grain envelopes. This approach was considered to be sufficient because the permeability is
much less sensitive to changes in the sphericity than to changes in the other morphological
quantities [11]. Tn other words, only a crude estimate of ¢, is needed.

For each experiment, cross-sections of the quenched cylindrical samples were invest-
igated for preferred fiow channels. In cases where the applied pressure was high, these
could sometimes be observed as small pools of eutectic. In addition, the exudate was
investigated for grain fragments teared off by the forced convection. Experiments were
discarded when one or both of these problems were observed.

3 Data analysis

As shown in Appendix A, the flow in the permeameter can be described as being one
dimensional with a permeability given by

}u'fVLe (4)
AP + pgLy,
where L,=47.5 mm and L,=56.4 mm are the effective height and effective length of the

K=

mushy zone, respectively. The quantities 1y and p; are the viscosity and density of the flux
melt, respectively, and ¢ is the acceleration due to gravity, all given in Table 2. The term
V is the superficial velocity (volume fraction of liquid times the local volume averaged
melt velocity), and AP is the pressure difference over the mushy zone. By taking into
account the initial height of the flux melt on the pressurised side, Ho=15 mm, the average
height, of the exudate during the flow, X, and the mass of the fioat system, m;=2.9 g,

the pressure difference can be written

AP = Py + pg{Hy — 2Xo — 2X) — msg/A (5)
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Figure 3: Float height and temperature in a mushy zone sample as a function of time
during a permeability measurement. Remelting of the eutectic starts at t ~ 500 s and
ends at t =~ 575 . Before quenching, the float movement can be represented by a straight
line {t ~ 640 to 680 s).

where P, is the applied gas pressure, Xo=>5 mm is the initial height of the float, and

A=T78.5 mm? is the cross-sectional area of the float channel. Furthermore, mass conser-

vation gives

dX (1)
dt

where X (t) is the height of the float as a function of time, {. A plot of X (#) from a typical

Vo=

(6)

experiment is shown in Figure 3 along with a plot of the temperature in the sample. It can
be seen that in the time period (~50 seconds) during which the float moves, X(t) is close
to a straight line. According to Eq. (6), V' is then approximately a constant equal to the
slope of a straight line fitted to X (t). With the value of V' determined, the permeability
for a given experiment can be calculated from Egs. {4) and {5).

4 Results and error estimation

Tahle 3 gives the complete results from the permeability measurements, and Figure 4
shows representative examples of the quenched microstructures. No measurements were
obtained for sample 4.

For samples 2, 3, and 5, repeated measurements were performed in order to estimate
the random error in the permeability. However, due to slightly diffevent coarsening of the
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Table 3: Results from the permeability measurements. The sample number is defined in
Table 1.

Exp | Number gs S[10%*m—Y Qe Se[108m™1] de K[0-12m%
{a) 1 ™ ge ~ 5, 0.680:£0.006 | 8.0440.08 | 0.90+0.0% 111

(b} 2 (.786:0.005 | 5.38+£0.05 | 0.969£0.003 | 0.9%0.09 (.69+0.04 0.36

(c) 2 (1.769:40.002 | 5.7240.05 | 0.957+0.003 1.340.1 0.75%0.04 0.52
{d) 3 0.738+0.005 | 4.72:£0.07 | 0.837%0.005 2.6+0.1 0.82:40.02 19

(e) 3 0.743+0.004 | 4.26£0.03 | 0.841-£0.004 | 2.39:£0.07 | 0.83£0.01 2.16

() 5 0.753%£9.007 3.1440.1 0.8330.006 1.940.1 0.84:0.01 3.4

() 5 0734001 | 32401 | 0824001 | 19401 | 0.84%0.01 42

(h}) § 0.828:£0.009 2.9:40.1 0.9067£0.006 | 1.51£0.07 | 0.6740.04 3.92

(i) 7 0.910+£0.007 2.1+0.1 0.961:0.005 | 0.97£0.09 | 0.8040.04 (.36

=

Experiment (d) Experiment (h)

Figure 4: Representative examples of quenched microstructures.
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initially identical samples, it turned out to be difficult to reproduce an experiment to
the extent that the morphological quantities of the quenched samples were equal within
errors. Such reproducibility was only achieved for two experiments on sample 3 in which
the measured permeabilities were 2.16x107%m? and 2.22x10""*m?, respectively. These
two values differ by 5 pct, which indicates that a permeability measurement is repro-
ducible provided that the morphology of the sample can be reproduced. Averaging the
morphological quantities and permeabilities for these two successfully repeated measure-
ments gives result {e) in Tahle 3. The accuracy with which the permeability values are
reported in Table 3 was chosen by assuming a relative error of 5 pct in each measurement.

The only measurable difference hetween the morphological quantities in experiments
(f) and (g} is the 3 pct higher g, in (f), which is seen to result in a 20 pct lower per-
meability. This is reasonable and proves that the apparatus and procedure are capable
of measuring the effect of very small morphology changes on the permeability.

For convenience, the test temperature was chosen to be 1°C to 3°C above the eutectic
temperature, resulting in a liquid fraction somewhat above the eutectic fraction. However,
because the liquid fraction, according to the lever rule, changes by approximately 0.003
per degree Celsius close to the eutectic point for the Al-Cu alloys used in this study, no
correction was made for this effect.

5 Discussion

A common way of presenting permeability measurements is to plot a dimensionless per-
meability, K82, vs g.. Figure 5 shows the results from Table 3 plotted in this form along
with the Kozeny-Carman relation (Eq. (1)) and results from the literature.

As shown in Figure 5, most of the results from the present work are for high solid
fractions, where very few other measurements exist. For the lower solid fractions, our
results are of the same order of magnitude as previous resuits [5--9). There is a large scatter
in previous results. This has been suggested to be due to coarsening of the microstructure
during the experiment, which makes it difficult to measure Sy corresponding to the time
at which K is measured [8,9]. It was shown in Reference 14 that coarsening can have a
significant influence on forced convection through a mushy zone. The analytical work by
Wang et al. [11] indicates that the variables g, and Sy alone cannot uniquely describe
the permeability because they only represent one length scale: the dendrite arm spacing,
Az ~ 85! [10]. Consequently, two samples can have different permeabilities even for equal
gs and Sy. This represents another possible explanation for the scatter in Figure 5.

A comparison between the measured data, the permeability relation suggested in
Reference 11 {listed in Appendix B), and the Kozeny-Carman relation (Eq. (1)) is given
in Figure 6. Using the measured morphological quantities in Table 3, the dimensionless
permeabilities, K S%, were calculated according ta these two relations and plotted ws g,
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Figure 5: Plot of the dimensionless permeability, K52, as a function of volume fraction

of solid, g,. Results of the present study are compared with other measurements and with
the Kozeny-Carman relation.
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Figure 6: Plot of the dimensionless permeability, K S%, as a function of volume fraction
of solid, g,. Results of the present study are compared with Eq. (1} and the relation in
Reference [11].

along with the experimental results. It should be noted that the values calculated by the
relation in Reference 11 can not be presented as a continuous curve because only one
of the five independent variables are included in Figure 6. The flow partition coefficient,
Ky, defined as the ratio between the liquid flow rate passing through the dendritic grains
(interdendritic) and the total flow rate through the system [11], can he calculated for
ecach experiment using Eq. (B6), as shown in Table 4.

As shown in Figure 6{a}, the permeability measured in experiment {a)} is equal to the
resuit predicted by the relation in Reference 11 and close to the Kozeny-Carman relation.
Since the sample was completely globular in this experiment (Figure 4, experiment {a)),
there was no interdendritic flow, and &, equals zero. In this limiting case (gs==g., Ss==5e),
the relation suggested by Wang et al. [11] reduces to a model presented by Happel [16],
which deviates from the Kozeny-Carman relation with less than 15 pct for g; > 0.3

Experiments (b) and (¢} are close to another limiting case, namely, g.=1, where all
the flow is through the interdendritic regions (&, eqnals 89 and 94 pct for (b) and (c),
respectively). It should be noted that the relation in Reference 11 reduces to the Kozeny-
Carman relation in this limit. However, as can be observed in Figure 4, experiment (b),
the microstructure has a very small but significant extradendritic liquid fraction, which
constitutes channels between the grains. These are actually narrower than many of the
interdendritic channels. Due to this, the permeabilities predicted by the relation taking
flow partitioning into account [11] are about 15 pct lower than those predicted by the
Kozeny-Carman relation for these experiments. As can be observed in Figure 6(b), this
tendency is confirmed by the experiment, although the measured permeabilities are lower
than both predictions.
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Experiments (d) through (g) are all in fairly good agreement with the relation in
Reference 11 and with the Kozeny-Carman relation {Figure 6). In these cases, the two
relations differ by less than 7 pct. It should, however, be noted that the relation in
Reference 11 is always closer to the experimental results. The microstructures in these
experiments all have low flow partition coefficients (4 to 6 pct), which indicates that the
interdendritic liquid is almost immobile. Thus, it is the fraction and length scale of the
envelope (g, and ;) that determine the permeability, rather than the fraction and length
scale of the solid phase (g. and Ss). This can be illustrated by setting gs=g. and S,=5,
for these experiments and thereby neglecting the interdendritic flow. Calculating the
permeability using the relation in Reference 11 for the resulting globular morphologies,
the vaiues are lowered by only 10 pet with respect to the values for the true morphologies.
It appears that the interdendritic liquid contributes very little to the total flow through
mushy zones with morphologies similar to those in experiments (d) through (g), at least
for solid fractions less than 0.75.

In the microstructure of experiment (h), the high solid fraction (g,=0.83) causes the
extradendritic channels to be only slightly wider than the interdendritic channels, as can
be observed in Pigure 4, experiment (h). For this morphology, the relation in Reference 11
predicts a flow partition coefficient of 14 pct and a permeability 20 pet lower than the
Kozeny-Carman relation. As seen in Figure 6(b), this prediction is confirmed by the
measured permeability.

Experiment (i) was the one successful out of three attempts to measure on sample 7.
This result is particularly interesting since it proves that liquid flow can occur in mushy
zones even when the solid fraction is as high as 0.81.

The Kozeny-Carman relation is commonly used in mathematical modelling of flow
phenomena during solidification, where the solid fraction is a field variable and the spe-
cific surface area of solid is assumed to be constant during solidification. However, the
analytical work in Reference 11 along with previous experimental validation and the
present work, indicates that a better description of the permeability in a coherent mushy
zone can be obtained by considering the effect of both interdendritic and extradendritic
flow. It should be noted that in order to improve the permeability model in macrosegreg-
ation models like that in Reference 16, an implementation of the relation proposed by
Wang et al. 11} has to be accompanied by a growth model describing the evolution of
the solid morphology.

Conclusions

e An experimental apparatus for measuring the mushy zone permeability of alu-
minium-copper alloys with equiaxed microstructures has been constructed. The
apparatus is capable of detecting differences in permeability resulting from very
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small differences in microstructural morphology.

¢ Permeability measurements were performed for high solid fractions on a series of
Al-Cu alloys with equiaxed microstructures.

e A microstructure characterisation on both the interdendritic and extradendritic
length scales accompanies each experiment, and the experimental resuits are com-
pared to results obtained by relations between the permeability and parameters
characterising the solidifying microstructure.

s The measurements constitute experimental validation of the model presented by
Wang et al. [11].
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Nomenclature

A cross-sectional area of float and sample channel, mm?

d  grain size, pm

D diameter of cylinder, mm

¢  acceleration due to gravity, m/s?

gs  volume fraction of the solid phase

ge  volume fraction of the grain envelopes
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H, initial metallostatic height of flux melt, mm

K permeability, m®

L, perimeter of the solid-liquid interface in an image, um
Le IDffective mushy zone length, mm

L, Effective mushy zone height, mm

my  mass of float-sensor system, g

P local pressure, Pa

P, applied gas pressure, Pa

AP pressure difference, Pa

Sv  specific surface area of the solid-liquid interface, m™—*

S solid-liquid interfacial area concentration, m=’

5. envelope-liquid interfacial area concentration, m™!
t time, s

V' superficial velocity, m/s

float position, m or mm

average fioat height during measurement, mm
Xo initial float position, mm

Ky flow partition cosfficient

Az secondary dendrite arm spacing, um

o melt density, kg/m?

i melt viscosity, kg/ms

¢,  sphericity of the grain envelopes

Appendix A: Analysing flow in the permeameter

As shown by Poirier and Ganesan [6], the one-dimensional form of Darcy's law genesally
provides a good description of the flow in this type of experiment hecause the flow is
creeping and the wall effect or Brinkmann term is negligible. However, the permeameter
design with the narrow horizontal outlet channel connected to the wider vertical sample
channel (Figure 1) chosen to efficiently hold the mushy zone piece in place during the
experiment complicates the situation somewhat. In the part of the mushy zone close to the
outlet, the average velocity of the flowing liquid changes direction 90 deg and converges
to the narrower horizontal channel. In order to account for this effect, the permeameter
geometry {see Figure 7(a}) was modelled by a quasi one-dimensional geometry consisting
of a vertical section with the length L,=47.5mm and the diameter D,=10.0mm with a
short marrower section with length L. and diameter D, attached to the outlet end, as
shown in Figure 7(b).
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For a one-dimensional system, Darcy’s law can be written

dr . ].LIV(:D)

where P is the local pressure and V is the superficial velocity. The quantities y; and p

are the viscosity and density of the flux melt, respectively, and g is the acceleration due
to gravity. Integrating Eq. (A1) for the geometry in Figure 7(b} from =0 to x=(L, + L),
assuming constant permeability, gives

1 Ly Ly+Le
AP = P(0) = P(Ly+ L) =% [ / Vo + f Vcdrn] — pgL, (A2)
0 v

where V and V., the superficial velocities in the long and short section, respectively, are
related due to mass conservation:

nD? 72
Ve—or=Ye (A3)
Eq. (A2) can now be written as
K
V= AP+ pgL, Ad
.U»r Lc( pgly) (Ad)

where L,=L,+(D?/D?)L. is the effective mushy zone length. Solving Eq. (A4) for K
gives Eq. (4) in Section 3.

In order to determine the best choice of the length, L., and diameter, D, of the short
section in Figure 7(b), a calculation of the two-dimensional flow field in the rectangular
geometry shown in Figure 7(a) was performed, using the model presented in Reference 16.
The width of the horizontal outlet channel was assumed to be 25 pct of the width of the
vertical channel, I),, because this is the ratio between the outlet cross-sectional area
and the vertical cross-sectional area in the real three-dimensional system. A case study
was defined by choosing a reasonable pressure difference and permeability. The two-
dimensional velocity field was calculated and the volume flow rate out of the mushy zone
was found by integrating the horizontal component of the velocity at the outlet. This
result is compared with the previously derived analytical solution for the one-dimensional
model in Figure 7(b). With the choice D.=7.5 mm and L,=5 mm, the volume flow rate,
(VaD2/4), for a given AP and K in the one-dimensional model is within 2 pct of the
result obtained with the two-dimensional model, which is considered satisfactory.

Appendix B: Permeability relation from
Reference [11]

Table 4 lists the equations in the permeability relation suggested by Wang et al. [11]. The
necessary input to the relation are gs, Ss, g, Se, and ¢, as defined in the Nomenclature.
The limit g, = 0.3 in Eq. (B5) is a rough estimate of the dendritic coherency point, i.e.,
the transition between freely moving crystals and a coherent solid network,
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(a)

Figure 7: {a) Permeameter geometry. (b) Quasi one-dimensional model used to represent

(a)-

Table 4: The equations in the permeability relation presented in Reference {11].

Permeability:

(General correlation:

Interdendritic permealility:

Eztradendritic permeability:

Grain shape function:

Flow partition coefficient:

)

K= b6

RS

= {!?é"Hﬁaf;l)?“]‘ s, 1= 0176 logyg Ba +0.275

}6 . 3% S,
4= [1=0.79:77F ®e 52

8= {8 244087 L 283 -wmnn(gaysa) |77
1§ 796 55,178 {5,270 5678 Tpl4.) 2B+ 1 —tanh(P)] Ba]

? D 03<ge <1

1.261og; (ﬁﬁ) D 0< g <0.3
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Article 2:

Experimental difficulties associated with

permeability measurements in aluminium alloys

@hyvind Nielsen® Lars Arnberg”

Abstract
General principles and experimental difficulties associated with the measurement
of permeability in aluminium alloys have been discussed in order to ease a further
development of experimental methods suitable for such measurements. In order to
avoid the surface tension effects associated with Hequid/gas interfaces in the narrow
channels of the mushy zoue, a flux meit can be used at the inlet of the permeameter.
Electron-beam welding has been shown to be & suitable method for ensuring a
complete wetiing between sample and flux after remelting to the test temperature.
Moreover, the inflzence of the permeameter design and the experimental procedare
on grain detachment, preferred flow channel formation, and coarsening have been

revealed through microstructure images.

*Department of Materials Technology and Electrochemistry, Norwegian University of Science and
Technology, 7491 Trondheim, Norway
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1 Introduction

The Kozeny-Carman relation along with more recent theory [1] are in fairly pood agree-
ment with the permeability measurements of equiaxed aluminium alloys presented in the
literature [2]. However, because the existing data are scarce, there is still a need for val-
idation of these relations for a large range of alloys and morphologies. The permeability
measurements have been presented with little or no discussion about the considerable
experimental difficulties associated with the experiments [2-5]. Therefore, it can be diffi-
cult for others to reproduce these measurements and to use the suggested experimental
methods to measure the permesbility for other alloys and morphologies.

In the present article we will discuss some of the experimental difficulties associated
with the measurement of mushy zone permeability in aluminium alloys, based on the ex-
perience gained through the work with the development of the experiment presented in
Reference [2]. General experimental principles are discussed. Furthermore, the concept of
a flux material is described, and the influence of the permeameter design and the experi-
mental procedure on grain detachment, preferred flow channel formation, and coarsening
is revealed through microstructure images.

2 Experimental principles

The interdendritic liquid flow through a mushy zone with a rigid or ’coherent’ solid phase
is commonly described by Darcy’s law. In differential form, this law can be written

oy

Vo= -0 g 1)
where p is the local pressure, V is the superficial liquid velocity {local volume averaged
liquid velocity times the liquid fraction), and K is the permeability. The quantities
and p; are the viscosity and the density of the interdendritic liquid, respectively, and &
is the acceleration due to gravity.

For a homogeneous mushy sample in a cylindrical container (Figure 1), integration of
the one dimensional version of Eq. {1) along the centreline of the cylinder yields

[VL lLLgVL

7
=205 pel or K= 2
Deat 5 gl o oL {2)

where pe.; is an applied pressure and L is the length of the mushy sample.! Figure 1 along

with Eq. (2) reveals the principle of a permeameter: if we set up a pressure difference
over a one dimensional mushy zone and measure the resulting superficial liquid velocity,
we can calculate the permeability from Eq. {2).

*If the cylinder is horizontally aligned, the texm containing § in Eq. (2) disappears.
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Figure 1: The general principle of a permeameter. The symbol p represents the applied
pressure, V' is the superficial liquid velocity, L is the mushy sample length, and g is the
acceleration due to gravity.

Measurement of the superficial liquid velocity in a permeameter requires a finite dis-
placement of the liquid relative to the coherent solid phase. Thus, a pressurised fluid, a
flux, must enter the mushy sample at one end of the permeatmeter, forcing the liquid to
exude on the other end. If a liquid flux is chosen, i.e., a flux melt, the surface tension
effects associated with liquid/gas interfaces in the narrow channels of the solid network
can be avoided. Moreover, i the flux melt has the same composition as the interdend-
ritic liquid, constitutional remelting/solidification is minimised. The use of other types
of fluxes could introduce errors in the permeability measurements if the effects of surface
tension and/or remelting/solidification are not accounted for in the data analysis.

A possible experimental goal is to measure the permeability of an alloy at a con-
stant temperature and to correlate permeability with microstructural quantities. In this
case, it is necessary to obtain a guantitative stereological characterisation of the solid
phase morphology. This has been achieved by quenching of the mushy sample during
the permeability experiment and subsequent metallography and image analysis which
distinguish between the phases which were solid and liquid during the experiment. It
should be emphasised that quenching of aluminium alloys only in special cases gives the
desired metallographical contrast between the solid and liquid phases [6-8). This is one
of the reasons why permeability measurements with corresponding morphology charac-
terisation are so far only reported for binary alloys where the interdendritic liquid has
eutectic composition [2-3].

Another possible experimental goal is to measure the permeability and the temperat-
ure of an alloy during solidification/remelting and to correlate the permeability with the
solid fraction, which can be estimated from the temperature-time curves. In this case,
the composition of the interdendritic liquid will vary throughout the experiment which
complicates the experimental design, the experimental method, and the data analysis.
This type of experiment along with a modelling concept capable of extracting reliable
permeahilities from the measurements has not been presented. Therefore, only constant
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temperature permeability measurements will be discussed in this article.

3 The experiment

3.1 The flux alloy

For a constant temperature permeability measurement, the composition of the interdend-
ritic liquid in the alloy sampte at the chosen test temperature can be estimated e.g., from
the phase diagram. If & flux alloy with this composition is used, the test temperature will
equal the liquidus temperature of this flux alloy.

Before the start of the measurement, the mushy sample must be brought to the test
temperature and be joined with the flux meit. Because the flux melt is to penetrate
into the mushy sample it is essential to obtain a complete wetting between the sample
surface and the flux melt. In the work with the development of the experimental setup
presented in Reference [2], this turned out to be a major technical problem due to the
formation of oxide layers on the sample and flux surfaces, which prevented the flow. The
problem was solved by electron-beam {EB) welding of the two alloys and remelting of the
Joined sample-flux piece to the test temperature. The details concerning the procedure
has recently been presented elsewhere [2], but some images of the welding zone will
be discussed subsequentiy in order to reveal why the electron-beam welding solution is
satisfactory.

Figure 2 shows the as-welded joint between the as-cast mushy sample and the flux
alloy prior to remelting. The welding zone varies in width from about 3 mm at the surface
of the sample to about 1 mm in the centre. The composition of the weld is between the
compositions of the sample and the flux alloy and the microstructure is very fine due to
the rapid cooling in the EB-welding process. Figure 3 shows the welded joint after the
permeability experiment in two different cases. For the large grained dendritic sample
(Figure 3{a)), the welding zone is completely washed away by convection in the flux melt
and can be seen as scattered globular grains in the upper left corner of the image. Thus,
in this case, the welding zone represents no resistance to the flow of flux melt into the
mushy sample. For the smaller grained sample (Figure 3(b)), the welding zone is only
partly washed away. However, large channels through the welding zone are formed by
which the flux melt can flow freely into the mushy sample.

3.2 Permeameter design

In order to be able to describe the flow in & permeameter by Darcy's law, the permeameter
design and the sample morphology must be such that: (i) movement of the solid phase
relative 10 the permeamaeter is avoided, and (77) the formation of preferential low channels
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Figure 2: The as-welded joint between the as-cast mushy sample

&
{bottom) and the flux
alloy (top). The welding zone varies in width from about 3 mm at the surface of the
sample to about 1 mm in the centre.

is avoided. These conditions will be discussed subsequently.

Different methods have been used in order to avoid movement of the solid phase rel-
ative to the permeameter. Poirier and Ganesan {3] used a horizontal sample held in place
only by a tight fit with the cylindrical channel, as shown in Figure 4(a). Duncan et al. 5]
used a threaded horizontal sample which was screwed into a channel and sealed with
ceramic cement o avoid preferential flow along the tapped wall (Figure 4(h)). Nielsen
et al. [2] used a vertical sample with a horizontal outlet from the sample end (Figure 4(c}).
Even though these solutions can prevent the movement of the coherent solid phase, they
can not prevent the detachment of grains at the outlet of the mushy sample. Examples of
the microstructure at the outlet in the experiment presented in Reference [2] are shown in
Figure 5. Grain detachment, is observed in samples with grains which are small compared
with the outlet and which have a globular morphology (Figure 5{(a)}. On the cther hand,
large grained samples with a dendritic morphology show little or no tendency for grain
detachment {Figure 5(b)).

For a given sample morphology, the tendency for grain detachment at the outlet and
formation of preferential flow channels along the permeameter wall and in the bulk of the
sample depends on the local pressure gradient. For a homogeneons sample, the pressure
gradient is equal to the ratio hetween the applied pressure and the sample length. In the
permeameter shown in Figure 4(c), preferential flow was observed for globular morpho-
logies when the pressure gradient exceeded a value of 50 kPa/m (Figure 6). For larger
grained dendritic of *clover-leaf’ morphologies, pressure gradients as high as 200 kPa/m
were used without problems.
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{a) A case where the grains of the welding zone are com-
pletely washed away from the sample/flux interface

(b) A case where a wide channel is formed through the
welding zone

Figure 3: The boundary between the mushy sample (bottom) and the flux alloy (top)
during the permeability measurement in two different cases.
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Figure 4: Different methods for avoiding movement of the solid phase relative to the
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{b)

Figure 5: The outlet of the permeameter for: (a) a globular mushy zone sample where
severe solid movement is observed, and (b) a dendritic mushy zone sample where no solid
movement is observed. Solid movement results in failure of the assumptions involved in
the application of Darcy’s law. The mushy zone extends towards the right and upwards
in both micrographs.
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Figure 6: Preferred flow channel formed at the container wall (upper left) during a per-
meability measurement.

3.3 Coarsening and globularisation in the mushy sample

In the constant temperature permeability measurements presented in the literature [2-5],
the samples were remelted and remained in the mushy zone for several minutes. The rate
of coarsening and globularisation during this time increases with decreasing grain size
and 'cell’ or secondary dendrite arm spacing {9)]. For the Al-Cu alloys used in Refs. {2-5},
a significant coarsening and globularisation was observed in all the cases. This is revealed
in Figure 7 for the experiment presented in Reference [2]. These microstructural changes
have at least two tmportant consequences which will be discussed subsequently.

For the modelling of interdendritic fluid flow in casting processes, we need permeabil-
ity measurements for the different types of morphology which forms during casting under
different conditions. Since the time available for coarsening and globularisation in the
experiments are much longer than in a typical casting process, the morphology in the
experiments will, however, be significantly different from the morphology which develops
during casting. Thus, the use of e.g., the Kozeny-Carman relation, which has been val-
idated by permeability measurements, in interdendritic fluid flow modelling involves an
extrapolation of the experimental results.

If the morphology did not change with time during an experiment, the as-cast mox-
phology could be correlated directly with the measured permeability. In reality, due to
the coarsening and globularisation, the sample must either be quenched during the ex-
periment to reveal the morphology, [2,3] or the microstructural changes with time must
be assessed from separate isothermal coarsening experiments. The latter method is, how-
ever, not reliable because the fluid flow during the experiment, which would not be
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{a) Left: As-cast microsiructure. Right: Microstructure during the per-
meability measurement.

(b) Left: As-cast microstructure. Right: Microstructure during the per-
meability measurement.

{c) Left: As-cast microstructure. Right: Microstructure during the per-
meability measurement.

Figure 7: The microstructures in the as-cast state and after a permeability experiment
In three different cases revealing the effect of the coarsening during the experiment.
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present in the separate isothermal coarsening experiments, has been shown to influence
the coarsening [3). The quenching method works weil provided that the interdendritic
liguid has eutectic composition, but the method is limited by the fact that only one data
point is obtained for each experiment.

As shown by Poirier and Ganesan [9], the coarsening rate in a typical Al-Cu alloy
used in the permeability experiments is very high daring the first minute after the start of
remelting and then decreases rapidly. This was utilised in Reference [2] where it was shown
that if (i) the measurement is started after the initial period of rapid coarsening, and
(i) the total measurement time is kept low (~50 s), the permeability remains constant
during the measurement.

Conclusions

General principles and experimental difficulties associated with the measurement of per-
meability in aluminium alloys have been discussed in crder to ease & further development
of experimental methods suitable for such measurements. The main results of the discus-
sion can be summarised as follows:

o In order to avoid the surface tension effects associated with liquid/gas interfaces in
the narrow channels of the mushy zone, a flux melt can be used at the inlet of the
permeameter.

# Electron-beam welding is a suitable method for ensuring a complete wetting between
sample and flux after remelting to the test temperature.

¢ By using a test temperature just above the eutectic temperature of the alloying
system, the grain morphology corresponding to the measured permeability can be
assessed by quenching during a measurement.

e Due to coarsening and globularisation of the sample during the permeability meas-
urement, the grain morphology corresponding to the measured permeability is sig-
nificantly different from the grain morphology which forms during solidification in
a typical casting process.
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Article 3:

Measurements and modelling of
the microstructural morphology
during equiaxed solidification of Al-Cu alloys

(. Nielsen*  B. Appolairef H. Combeau! A Mo

Abstract

The morphelogy predicted by an equiaxed growth model recently presented else-
where has been compared with quantitative experimental morphology measure-
ments on a range of Al-Cu alloys, In the experiments, the samples have been solid-
ified with uniform temperature and quenched from the mushy state at the instant
when the eutectic temperature was reached. The copper content and the amount of
grain refiner additions have been varied, resulting in both *clover-leaf’ and dendritic
equiaxed morphologies. Morphology characterisation on both the intragranular and
extragranular length scales has been performed on the guenched samples. Average
heat extraction rates, grain densities, and alloy compositions from the experiments
have been used as input to the equiaxed grair growth model, and the resulting
morphology predictions have been compared with the morphology measurements.
For the morphologies observed in the present study, the equiaxed growth model
predicts higher values of the internal solid fraction than observed experimentaily.
This has been indicated to he due to the failure of commonly made modelling
assumptions during the later stages of the solidification.
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1 Introduction

Because the quality of cast products is to a great extent controlled by the solidification
conditions, the production of good castings requires a basic knowledge of the mushy
zone. This zone is characterised both by its microstructural morphology and by prop-
erties observed on the macroscopic scale such as dendrite coherency and permeability
to interdendritic melt flow. The parameters entering on the micro and macro scales are
farthermore interrelated. An example is revealed in the mathematical modelling of mac-
rosegregation formation. In this case, the momentum equation contains a solid/liquid
interfacial drag term (i.e., the permeability) which has been suggested to depend on the
local morphology in terms of the volume fraction of solid, the specific surface of the solid,
the volume fraction and specific surface of the grain envelopes, and the average envelope
shape factor {1,2} The microstructural morphology is, on the other hand, influenced by
conditions given at the macroscopic level, such as the alloying, the inoculation, and the
cooling conditions.

In micro-macro modelling of equiaxed solidification of Al alloys (e.g., Refs. [3,4]}, the
development of the microstructural morphology is commaonly estimated by models which
describe the solidification as a result of micro-scale phenomena [5-10]. These models
rely on simplifications of the real microstructure and on the separation of different length
scales. Due to a lack of experimental investigations on equiaxed morphology development,
these micro-models have not vet heen quantitatively validated for Al alloys. Moreover,
a dendritic morphology is assumed in the modelling of the grain envelope growth and
of the solid surface development. A ‘clover-leaf’ morphology is, however, observed in
the as-cast microstructures of well grain refined Al alloys. This type of morphology has
heen suggested to result from some kind of cellular growth [11]. A comparison between
the morphology predicted by the models in Refs. [5-10] and experimentai morphology
characterisation for this type of equiaxed microstructure has not been reported.

A standard experimental technique for morphaology investigations is to interrupt the
solidification process by quenching. This procedure relies on the assumption that the
liquid remaining at the instant of quenching will solidify with a morphology sufficiently
different from the already solidified microstructure to be quantitatively distinguished by
metallography. In two recent works {12, 13}, the development of the solid fraction dur-
ing growth of primary aluminium was measured for different alloys using this quenching
technique. Compared to the Scheil equation, the lever rule, and DTA measurements, the
results systematically overestimated the calculated solid fraction, which indicate that
the change in the heat extraction rate at the quenching point did not produce an in-
stantaneous discernible change in the growth morphology. This tendency is qualitatively
confirmed by images of microstructures of industrial aluminium alloys quenched at dend-
rite coherency, as reported by Amnberg et al. [14]. Consequently, conventional quenching
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experiments can not be considered reliable for quantitative morphology characterisation.

The guenching method can, however, be considered reliable at the instant when the
remaining melt reaches the eutectic composition, as demonstrated in several works aiming
at correlating microstructural morphology with permeability for Al-Cu alloys [2,15-17].
When an Al-Cu alloy is quenched at this instant, the remaining melt will solidify as a very
fine Al-AL,Cu eutectic which is easily discernible from the primary Al phase. Thus, the
distribution of eutectic inside the grain envelopes {intragranular) and between the grain
envelopes {extragranular) can be measured and compared with modelling predictions.
It should be noted that even without quenching of the eutectic, an acceptable contrast
can be achieved, as utilised by Rappaz and Thévoz [5] for qualitative observations on Al-
7 wt.% 5i alloys. To the knowledge of the authors, quantitative morphology measurements
have not been presented.

The purpose of this article is to present a comparison between the morphology pre-
dicted by the equiaxed growth model recently presented in Refs. [9,10] and quantitative
experimental morphology investigations on Al-Cu alloys with different morphoelogies. In
the experiments, the Al-Cu samples solidify with uniform temperature and are quenched
from the mushy state at the instant when the eutectic temperature is reached. The cop-
per content and the amount of grain refiner addition are varied. The morphology of the
quenched samples is characterised on both the intragranular and extragranular length
scales. Average heat extraction rates, grain densities, and alloy compositions from the
experiments are used as input to the model, and the resulting morphology predictions
are compared with the experimental results. Furthermore, the effect of the predicted
morphology on the prediction of the mushy zone permeability is discussed.

2 Experimental

2.1 Procedure

Six binary Al-Cu alloys were prepared in melt batches of 0.5x1073m? from pure alu-
minium (>99.99%) and copper. Each melt batch was heated to 720°C and inoculated
with a certain amount of commercial Al-5 wt.% Ti-1 wt.% B rod master alloy. Prior to
each experiment, the melt was stirred with a graphite rod and a sample was taken for
spectroscopic chemical analysis.

A sketch of the experimental setup used for the solidification experiments is shown
in Figure 1. Prior to each experiment, a cylindrical graphite crucible with 13-mm inner
radius and 18-mm height, was pre-heated floating on top of the molten slloy for five
minutes. The crucible was then filled with melt and allowed to cool in surroundings at
room temperature while the temperature in the solidifying sample was recorded continu-
ously using a 1-mm steel-mantled thermocouple {type K) covered by boron nitride. The

46



~— Thermocouple

Graphite ___ 23.5mm
crucibie :

——— Insulation

22.5mm

Figure 1: The experimental sefup.

crucible and sample were quenched at the eutectic temperature (547.7°C) by pouring
cold water directly on the top surface of the sample. It was then possible to remove the
thermocouple from the quenched samples without remelting of the sample and without
destroying the thermocouple,

The thermocouple was calibrated by measuring the solidification plateau of pure alu-
minium (>99.99%). The platean temperature was defined to be 660.3°C and the deviation
of the thermocouple from this absclute scale was assumed to be constant over the solidi-
fication interval of the sample alloys used {547-649°C). The calibration routine was per-
formed before and after each experiment, showing that the measured plateau temperature
changed with less than (0.1°C. The same thermocouple was used in all the experiments,
The random error in the measuring system has been estimated to £0.5°C [18].

2.2 Metallography and image analysis

The quenched sample from each experiment was cut in a single section along the cylin-
der axis, mechanically ground, polished down to 1 um, and anodised. For each sample,
between 10 and 20 areas were randomly selected and two different grey-scale images were
recorded from each area:

1. abright field image to distinguish the quenched Al-AlyCu eutectic from the primary
Al phase (Figure 2a);
2. a polarised light image to distinguish neighbouring grains (Figure 2b).

From the image recorded with polarised light, the mean linear intercept, I, was measured
for each sample using the linear intercept method. The average centre-to-centre distance
between grains, d, is related to the mean linear intercept by [19]:

d= Al (1)

where A is a constant with a value between 1.13 and 1.78 depending on the grain shape
[19]. Because the grain shape is not readily measured from two-dimensional images, A =
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{c) Binary image (d) Modified binary image

Figure 2: Stages in the image analysis process.
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1.5 was applied in the present study. According to Fullman [20], this value corresponds
to a spherical grain shape. If we assume that the average available volume for each grain
is a sphere with a diameter d, the corresponding grain density, n, becomes:

4——1“_3 = —6—3 (2)
gy ™

From the bright field images (Figure 2a), a rough estimate of the average 'cell’ or
secondary dendrite arm spacing in each sample was found by counting the number of
‘cells’ or secondary dendrite arms per unit length on selected grains.

In order to quantify the microstructural morphology at the instant when the eu-
tectic temperature was reached, each bright field image was transformed into a binary
solid-liquid’ image (Figure 2c) using automatic image analysis (AIA}. From these bin-
ary images, the volume fraction of solid, g¥, and the amount of solid surface per unit
volume (solid/liquid interfacial area concentration), SZ, were measured using ATA. The
superseript I is used to represent values at the eutectic temaperature.

In order to separate the intragranular and the extragranular liguid phases, the grain
envelopes were drawn manually in each binary ’solid-liquid’ image. The identification of
grains from the individual grain fragments in a two-dimensicnal image was accomplished
by consulting the polarised light image along with the shape of the grain fragments. For
example, the large white region in Figure 2b was assumed to consist of two individual
graing, based on the shape of the corresponding grain fragments in Figure 2a. From the
resulting binary ‘envelope-extragranular liquid’ image {Figure 2d), the volume fraction
of the grain envelopes, g”, and the envelope/liquid interfacial azea concentration, SZ,
were measured using AIA.

The stereological assumptions and relations needed to calculate the morphological
quantities from the guantities provided by the AIA are described in Reference [2]. The
final results are reported as the mean value of the measurements on 10 to 20 images with
the corresponding standard error in the mean. The volume fraction of solid within the
grain envelope, gf = gZ /g%, hereafter called the internal solid fraction, is also reported
for each sample.

It should be emphasised that the image anatysis procedure relies on the use of anod-
ising and polarised light to distinguish between neighbouring grains. However, becanse
the anodising amplifies topography effects, obtaining the necessary high contrast bright
field images from the samples requires a very careful polishing, short anodising times,
and high magnifications.
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Table 1: The samples characterised by the nominal copper content, wyg, the titanium
and impurity content, the measured grain density, n®, a rough estimate of the 'cell’ or
secondary dendrite arm spacing, A, and the average heat extraction rate, Qemp.

Sample | wg [wt.% Cu] | wt.% Ti | wt.% others | nZ[10Mm™%] | AJium] | Qeapl1033/ (kg s)]
1 4.70 0.017 < 0.02 1.08:£0.08 - 5.6
2 10.0 0.00% < §.03 1.5:40.1 42 5.5
3A 14.9 £.004 < 0.02 0.5810.08 32 5.2
3B 15.6 (.025 < 0.03 2.3410.1 39 5.0
4A 20.1 0.003 < 0.03 0.18-£0.09 26 5.0
4B 19.7 0.009 < .03 1.184:0.08 36 4.7

3 Experimental results

The chemical compositions of the samples are given in Table 1 along with the measured
grain densities, the estimated ‘cell’ or secondary dendrite arm spacings, and the average
heat extraction rates. It should be noted that the letters A and B in the sample names
correspond to low and high grain densities, respectively. The average heat extraction
rates, Qem,, given in Table 1, are determined from the relation

h(Tew) ~ h(Tliq) - Cp(Teut - T}iq) - QEL

tcmp tca:'p

(3)

Qemp ==

where h is the specific enthalpy of the sample and ¢, is the time required to cool
the sample from the liquidus temperature, T, to the eutectic temperature, T, as
determined from the experimental temperature-time curves. The quantities ¢, and L
are the specific heat capacity and the specific latent heat of the samples, respectively
{Table 3}.

Table 2 shows the results from the morphology measurements along with calculated
results for the comparison with model predictions to be discussed in Section 5. It can be
seen that an increase in the copper content generally decreases the value of the internal
solid fraction, g7, in the quenched samples, while an increase in the grain density increases
gF. For the surfaces, SF increases with increasing copper content and grain density,
while S¥ increases with increasing grain density. The solid fraction, g¥, decreases with
increasing copper content as expected and i1s independent of grain density.

Figure 3 shows representative examples of the morphologies in the quenched samples.
Sample 1 {Figure 3a) has a nearly globular morphology (9f = 0.951) where individual
cells of some kind can be seen but can not be quantitatively distinguished. Samples 2
and 3B {Figure 3b and d), are also quite globular, but in these cases individual 'cells’ can
easily be distinguished, indicating a separate length scale in the growth mode within the
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(e} Sample 4A (f) Sample 4B

Figure 3: Representative examples of the microstructures of the samples quenched from
the mushy state. The light primary Al phase corresponds to the solid phase at the time
of quenching.
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Table 2: The experimental results from the morphology measurements (Exp) along with
calculations using spherical grain envelapes, the hemispherical tip model, and FDM dif-
fusion (Mod). The symbols are defired in the text and in the Nomenclature.

Sample Source 97 P10 m—Y) gF SE[10*m—Y) of
1 Exp | 0.906+0.003 4.5+0.1 0.953%0.003 2101 0.95140.004
4.70 wt.% Cu | Mod 0.89 2.1 0.89 2.1 1.0
2 Exp | 0.79140.006 | 5.82:0.05 | 0.871=0.006 | 3.114£0.06 | 0.808%0.009
10.0 wi.% Cu | Mod 0.75 2.1 0.79 2.1 i.0
3A Exp | 0.64440.005 | 6.9440.07 | 0.819+0.007 2.840.2 0.7860.009
4.9 wt.% Cu | Mod 0.61 2.1 0.63 1.4 0.96
3B Exp | 0.647+£0.005 | 6.14%0.03 | 0.7884+0.005 | 3.19+0.07 | 0.821%0.067
15.6 wt.% Cu | Mod 0.59 2.1 0.39 2.1 1.0
4A Exp | 0.499+0.064 | 7.26=X0.09 0.81£0.01 2.0+0.2 0.6140.01
20.1 wt.% Cu | Mod G.44 39 ¢.69 1.0 0.64
4B Exp 0.4940.01 6.4+0.1 0.706:£0.009 | 2.9340.04 0.69 £0.01
19.7 wt.% Cu | Mod (.46 4.4 .52 15 0.80

grain envelopes. However, preferred growth directions and differences between primary
and secondary arms typical for dendritic growth, are not discernible from these images.
Although rarely mentioned in the literature, this type of equiaxed morphology {’clover-
leaf’) is very often ohserved in the as-cast microstructure of well grain refined Al alloys,
Samples 3A and 4B (Figure 3¢ and f) are less globular and sets of arms or 'cells’ aligned
parallel to each other can be observed in addition to the 'clover-leaf’ equiaxed patterns.
In fact, at least in these limiting cases, the growth mode can not be determined from
two-dimensional images alone. Sample 44 is the only sample which has a clear dendritic
growth pattern in which primary and secondary dendrite arms can easily be distinguished
from each other in a two-dimensional image.

4 The model

The model nsed to calculate the development of the microstructural morphology in the
experiments was developed for the purpose of assessing the effect of the motion of the
crystals on their evolution. Because the model is described in detail elsewhere 9,1G], it is
only briefly summarised here along with some additional simplifications and assumptions
made in the present study. It is assumed that:

« there is no convection in the liquid phase and no crystal motion;
¢ the mass densities of the liguid and solid phases are equal;
s the specific heat capacities of the liquid and solid phases are equal;
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Table 3: Input parameters used in the equiaxed growth model

Quantity Symbol | Value Unit | Reference
Gibbs-Thompson constant r 2.4x1077 mK [21]
Diffusivity of the liquid Dy 3x10-¢ m?/s [21}
Diffusivity of the solid D 3x10718 1 m?/s [21]
Specific latent heat L 3.97x10° | J/kg [21]
Specific heat capacity Cp 1x10* | J/(keK)

o the material properties are constant (the thermophysical data used in the calcula-
tions are given in Table 3);

¢ the nucleation occurs at the single instant when the temperature reaches the k-
quidus temperature of the alloy;

s the solidification of the primary Al phase ends at the instant when the eutectic
temperature is reached.

The model is based on the models presented by Rappaz and Thévoz [5,6] and Wang
and Beckermann [22], and relies upon three main ideas:

L. It is assumed that the crystals contained in a volume where variations in the tem-
perature are negligible can be represented by a single unit sphere. The unit sphere
contains one representative crystal having an average behaviour. The volume frac-
tions of the different phases are defined relative to the total volume of this unit
sphere. Furthermore, if the grains are assumed not to move relative to the solidify-
ing sample, the diameter of the unit sphere can be set equal to the local final grain
diameter, which can be related to the local grain density (Eq. (2)).

2. A virtual envelope is defined which connects the outermost points of the crystal
in such a way that the envelope surface is minimised. The volume fraction of solid
within the envelope, g;, provides information zbout the global morphology: when
gi < 1 the crystal is porous {dendritic or ‘clover-leaf’); when g = 1 the crystal
is compact (globular). Thus, the change in morphology can be assessed without
tracking the real complex solid/liquid interface.

3. In the modei, the crystal evolution is controlied by the kinetics of the envelope
and by solidification of the intragranular liquid phase (i.e., the liquid inside the
envelope). These two driving phenomena are assumed to be independent of each
other. Hence, during growth, the morphology results from the competition between
the growth of the envelope and the solidification inside the envelope.
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Figure 4: The Al-Cu binary phase diagram [23].

4.1 Mathematical formulation

The solidifying sample was assumed to have a uniform temperature. This is reasonable
because the Biot number of the sample is in the order of 10~? « 1. This has two
consequences: {1} a single unit sphere can be assumned to represent the whole sample; {if)
the temperature, T, can be related to the fraction of solid through the energy balance of

the unit sphere, i.e.
O=c L %
P dt

where () is the heat extraction rate and ¢ is the time.

(4)

Due to the low titanium and impurity contents (Table 1), the samples were treated
as binary Al-Cu alloys in the calculations. We have assumed local thermodynamical
equilibrium and negligible curvature effects at the solid /liguid interface. Hence, the solute
concentration at the interface both in the solid, w], and in the ligquid, w}, was related
to the temperature through the Al-Cu phase diagram as explained in Appendix A. The
phase diagram was obtained from the ThermoCalc database [23] and is given in Figure 4.

For the sake of simplicity, the grain envelope was assumed to be either a sphere or
an octahedron. Furthermore, the envelope shape was assumed to be preserved during the
grain growth. For dendritic growth, this relates the velocities of the secondary dendritical
instabilities to those of the primary dendrite tips in a simple manner. The envelope/liquid
interfacial area concentration is given directly in terms of the grain density and the grain

fraction: |

T b

where ¢, is the average shape factor or sphericity of the grain envelope defined as the

Se = ——(36mn)}/°gll* (5)
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surface area of a sphere with the same volume as the envelope divided by the actual
surface area of the envelope [1]. For a spherical envelope, ¢, = I and for an octahedral
one, ¢, = 0.85 [9,10].

The envelope growth rate was assessed in two different ways depending on the value
of the internal solid fraction: (¢) for g; < 1

dg.
e SV {6)
where V,, is the average normal velocity of the envelope; (4} for g; = 1:
dge _ dgs
o = Mmax (Sch, o ) (7)

In the case of a spherical envelope, V,,, equals the velocity of a free dendrite tip, V.
In the case of an octahedral envelope, V,, = 14/ V3. The velocity of the free dendrite
tips, Vi, was assessed from dendrite tip growth models. These models are composed of
two ingredients: (i) the solution of the solute diffusion equation around a tip with a
given shape (paraboloidal or hemispherical [21]}, and (#) the marginal stability criterion
proposed by Langer et al. [24].

The solidification inside the envelope was described by solute balances at the scale of
the grain. In the solid phase:

2 (au0) = 5.7, + 0y 5 )
where w, is the average solute concentration in the solid phase, and J; is the diffusive
solute flux across the solid/Hquid interface into the solid phase. In the intragranular liguid,
a complete solute mixing was assumed: the solute concentration in the intragranular liquid
is then equal to the concentration of the liquid phase at the solid/liquid interface. The
golute balance becomes:

. dgs dur}
wy (1 - k)“&% = —Seds — St + (gc - Qs) d; 9)

where J; is the diffusive sclute flux across the envelope into the extragranular liquid

(outside the envelope). In the extragranular liquid:

D10~ o) = 8o~y 2

where w, is the average solute concentration in the extragranular liquid,
The diffusive sclute flux across the solid/liquid interface into the sclid phase, J,, was

found by a collocation method in which J; is related to w?, w, and to a characteristic

length of the solid microstructure (see Refs. [9,10] for more details). The diffusive solute

flux across the envelope into the extragranular liquid, J;, was found by one of the following

two methods: (i) A boundary layer approach where J; can be expressed as:

(10)

w] — w
Jy = D fé d (it)
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where D, the solute diffusivity in the liquid. The boundary layer thickness, §, was set
equal to the ratio between D, and V,, (this method is called D/V diffusion in the present
paper). (if) A solution of the solute diffusion equation in the extragranular liquid assum-
ing spherical symmetry and using a finite difference scheme and a Landau transformation
(see Refs. [10,25]) (this method is called FDM diffusion in the present paper).

in order to solve the set of equations, the solid/liquid interfacial area concentration,
S,, must be specified. Appolaire et al. [9] suggested a relation for S; which can be written
in terms of the morphological quantities defined in Section 2.2:

4
S, = ;\;g:%(l - g7) + g*S. (12)

where p is a parameter and A; is the secondary dendrite arm spacing calculated from
the expression proposed by Mortensen [26]. For low values of g;, the last term on the
right-hand side of Eq. {12) is negligible and S, == g / gge /A2, which can be deduced by
assuming a dendritic structure with cylindrical secondary arms 9, 10}. For values of g;
close to 1, the first term on the right-hand side of Eq. (12) is negligible and 5, tends
towards S..

4.2 Solution procedure

In addition to the material properties (Table 3), the input parameters of the model are:

o The grain density which was set equal to the experimental value (Table 1) obtained
as described in Section 2.2,

e The heat extraction rate which was assumed to be a constant given for each sample
by the values in Table 1 (deduced from the experimental temperature-time curves).
The validity of assuming a constant heat extraction rate in the calculations is
discussed in Appendix B,

o The exponent p which appears in Bq. (12). In order to estimate the value of this
exponent, it was calculated for each sample by inserting the measured morphology
parameters in Eq. (12) and solving for p. The resulting values are shown in Table 4,
The mean value p = 6 was used in all the calculations; Table 5 reveals the error
induced by this simplification. It should be emphasised that Eq. (12) probably
represents a quite crude estimate of S; which was used dne teo lack of experimentally
validated relations.

For the full details of the solution procedure, the reader is referred to Reference [10].
The procedures involved in the use of the phase diagram data from ThermoCalc [23] aze,
furthermore, described in Appendix A. In particular, this concerns the use of a liquidus
siope and a partition coefficiens which vary with the temperature. The calculation time
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Table 4: The value of the exponent p in Eq. (12) calculated from the measured morphology

parameters for each experimental case.
Sample | 1| 2 | 3A | 3B | 4A | 4B | Mean

p | ~188[45(65]24/78] 60

Table 5: Comparison between the solid/liquid interfacial area concentration, Sy, obtained
experimentally (Exp) and calculated by Eq (12) using p = 6 and the experimental values
of the other morphological quantities. All values are reported in 10* m~1.

Sample 1 2 3A | 3B | 4A 1 4B
S, Bxp 451582694 |6.14 726164
SeEq(l2)| - | 52 {76 1601 93 |62

step was set 0 1072 s in order to prevent numerical divergence. 500 nodes was used in
the extragranular liquid in order to obtain sufficient accuracy in the calculation of the
diffusive solute flux at the envelope (FDM diffusion}.

5 Comparison between modelling predictions and

the measured morphology

With the growth model described in Section 4, different resuits are obtained dependent
on the choice of the main model assumptions: the grain envelope shape, the model for the
sofute diffusion in the extragranular liquid, and the model for the dendrite tip growth. In
this Section, the effect of changing these model assumptions in a typical case (Sample 3A)
is discussed. Furthermore, modelling predictions for the different experimental conditions
discussed previously are presented along with possible explanations for discrepancies
between the predictions and the measurements.

5.1 The effect of the envelope shape

In order to estimate the grain density from the linear intercept measurements, as shown
in Section 2.2, it is necessary to assume an envelope shape. Therefore, a calculation of
the envelope shape factor, ¢F, using Eq. (5) based on the measured values of SZ n¥| and
9F, would be spurious. A rough estimate of ¢Z can, however, be obtained from the two-
dimensional images using the procedure suggested in Reference {2]. With this procedure,
the value of ¢F was estimated to be between .78 and 0.82 for the samples in this study.

A spherical envelope shape minimises the surface to volume ratio of the grains. Be-
cause the true value of ¢, is less than 1, the assumpiion of spherical envelopes will under-
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Figure 5 The effect of the envelope shape on the development of the internal solid

fraction, g; (Sample 3A, hemispherical tip model, and FDM diffusion}. The open square
represents the experimental value and the closed squares represent the end points of the

calculated curves.

estimate the measured values of SF. An envelope shape with a lower shape factor (e.g.,
the octahedral shape) would decrease this discrepancy. However, such a choice would
increase the value of S, throughout the calculation, and thereby increase the solute flux
at the envelope. In turn, this would result in lower undercoolings and more globular mor-
phologies than observed experimentally. This effect is revealed in Figure 5, where it is
shown that a spherical envelope shape gives the best prediction of the internal solid frac-
tion. It should be noted that a spherical envelope shape is consistent with the assumption
of spherical symmetry in the estimation of the grain densities from the linear intercept
measurements as well as in the solution of the diffusion equation in the extragranular
Hquid.,

5.2 The effect of the tip model

It is generally accepted that the shape of a freely growing primary dendrite tip is well
approximated by a paraboloid of revolution. For the morphologies observed in this study,
however, it turns out that choosing a hemispherical shape gives a better agreement
between the modelled and the experimental results. Figure 6 reveals the differences in
the development of the internal solid fraction, g;, using hemispherical and paraboloidal
tip models. The higher tip velocity associated with a hemispherical tip increases the en-
velope growth rate during recalescence. Thus, the minimum in the g;(t) curve cccurs at a
lower value of g; using the hemispherical tip model than using the paraboloidal tip model.
Using the hemispherical tip model, the solidification in the intragranular region does not
complete (9F < 1) before the eutectic temperature is reached. However, the modelling
prediction of gF = 0.96 corresponds to a more globular morphology than the measured
one (g€ = 0.786, Figure 3(c)}. With a paraboloidal tip model, the modeled morphology
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Figure 6: The effect of the tip model on the development of the internal solid fraction,

¢; (Sample 3A, spherical envelopes, and FDM diffusion). The open square represents
the experimental value and the closed squares represent the end points of the calculated
curves. With a parabeloidal shape, the modeled morphology becomes globular already at
a solid fraction g, = 0.1 for Sample 3A, which does not comply with the experimentally
observed morphology (Figure 3(c)}.

becomes globular aiveady at g, ~ 0.1 for the case in Figure 6.

Physically, it is not clear why the best agreement is achieved using the hemispher-
ical tip model. However, a visual inspection of the images in Figure 3 indicates that
many of the tips appear more like hemispherical needles than like paraboloids. For the
dendritic Sample 4A (Figure 3(e)), this tendency is less clear. As opposed to the other
samples, choosing the paraboloidal tip model for Sample 4A does not result in a com-
pletely globular modelled morphology. However, even for this dendritic sample, using the
hemispherical tip model gives predictions that are closer to the experimental results than
predictions obtained by using the paraboloidal tip model. Anyway, the choice of the tip
model is revealed to have a large effect on the modelled morphology development.

5.3 The effect of solute diffusion in the extragranular liguid

During the course of solidification, diffusion of solute from the intragranular to the ex-
tragranular liquid acts to reduce the constitutional undercooling. The tip growth and
thereby the envelope growth rate is very sensitive to this undercooling. As a result, the
modelled morphology becomes sensitive to the way the diffusion in the extragranular
liquid is modelled.

Tt has, however, been pointed out in Reference [8] that the prediction of the cooling
curve by the type of equiaxed growth model used in the present study is relatively in-
sensitive to the choice of the diffusion length in the extragranular liquid at the envelope.
For this reason, it is common in micro-macre modelling to introduce the simplification
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that the diffusion length & in Eq. {11} is equal to D;/Vi,. In this case, the solute balance
in the extragranular liquid phase (Eq. (10)} becomes

dlw

=t=0 (13)

(1 ge)

where wy is the average solute concentration in the extragranuiar liquid, Eq. (13) shows
that there will be no enrichment of the extragranular liquid (i.e., dwy/dt = 0} as long as
ge < 1. Thus, with this diffusion length, there is no reduction of the undercooling due
to diffusion, and the grains grow quickly to fill all available space (Figure 7). This result
is not consistent with the situation in the experiments presented in this study, where a
significant extragranular liguid fraction, (1 — g,), is observed in ali the cases.

Solving the diffusion equation in the extragranular liquid at each time step is more
time consuming, but with this procedure the growth model dees not suffer from the
shortcoming expressed by Eq. (13). In this case, diffusion causes a solute fiux across the
envelope surface, which in turn leads to a reduced undercooling and a decrease in the
envelope growth rate, dg./dt, as shown in Figure 7. Physically, the reduced undercooling
is caused by the gradual overlapping of the diffusion fields of neighbouring grains.

5.4 Modelling predictions for the different experimental condi-~

tions

The modelling results which give the best overall fit with the experimental results are
obtained using spherical grain envelopes, the FDM solution of the diffusion equation in
the extragranular liquid, and the hemispherical tip model. Modelling results are shown
in Table 2.

The predicted solid fractions in this calculation are lower than the measured values for
ail samples, with a maximum discrepancy of about 0.05. A possible explanation for this
discrepancy is the modelling assumption of equal solid and lquid densities introduced
to avoid changes in unit sphere volume. This is seen by applying the lever rule and the
solid and liquid densities suggested by Ganesan and Poirier [27] to calculate the mass and
volume fraction of solid for the alloys in this study. The resulting discrepancies between
the mass and volume fractions are then in the same direction and of the same order of
magnitude as the discrepancies between the measured volume fractions of solid and the
calculated solid fractions in Table 2.

The prediction of the solid/liquid interfacial area concentration, S, is determined by
the values of the other morphological parameters along with the exponent p (Eq. (12)).
For Sample 1, 2, and 3B, globular grains are predicted (gf = 1) and thus 5F = SF
(Table 2). It should be emphasised that a small deviation from globularity (e.g., gF =~
0.95) gives a large deviation in S¥ because even very narrow spaces between the ‘cells’
or secondary dendrite arms are associated with quite considerable interfacial area, Con-
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Figure 7: The effect of two different ways of modelling the solute diffusion in the extra-
granular liquid on (a) the internal solid fraction and (b) the solid fraction and the grain
fraction. With a diffusion length equal to Di/V, (D/V}, the envelope grows quickly to fill
all available space (g, = 1 = g; = g,). With a solution of the diffusion equation outside
of the grain (FDM), the envelope growth slows down due to overlapping of the diffusion
fields of neighbouring grains. The open symbols represent the experimental values and
the closed squares represent the end points of the calculated curves.
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sequently, the prediction of S is very sensitive to the prediction of gF. However, even
in a case where the modelling prediction of g¥ is good (e.g., Sample 4A), the calculated
value of SZ can be considerably lower than the measured one. This is partly due to the
fact that the value of SF is underestimated. In addition, the use of an average value of
the exponent p in Eq. (12) can increase the discrepancy because the value of the expo-
nent varies from p = 2.4 for Sample 4A to p = 8.8 for Sample 2 (Table 4}. In a typical
modelling case, the value of S¥ changes by a factor of 2 when the value of p is changed
from 2.4 to 8.8. It should be noted that changing the value of p in the model does not
affect the other morphology parameters.

As shown in Table 2, the modelling predictions of the internal solid fraction, gF,
overestimate the measured valnes for all the experimental cases. For Sample 4A, which
has a dendritic morphology, the discrepancy is small, but for all the other samples, the
error is considerable, The too rapid globularisation (dg;/dt > 0) is a result of the reduced
envelope velocity as well as the continuing removal of sclute by diffusion across the
envelope into the extragranular liquid. The relation between the velocity of the envelope
and the undercooling is based on the assumption that the tips grow independently of
each other, in the sense that the diffusion fields ahead of each tip is not influenced by the
diffusion fields ahead of the neighbouring tips. This assumption is hardly fulfilled after the
start of the overlapping of the diffusion fields of neighbouring grains: at this stage, the tips
grow to fiil the extragranular spaces between the grains and the probability to interact
with neighbouring tips is high. Moreover, the morphologies in Figure 3 (e.g., Sample 2
and Sample 3B), indicate that enriched liguid can be trapped inside the grain envelopes
(i.e., the tragranular liquid is no longer well mixed). If this entrapment reduces the
diffusion of solute across the envelope, the undercooling and thus the envelope growth
rate would reduce more slowly which would prevent globularisation. More experimental
results as well as modelling efforts are needed in order to improve the understanding of
how the internal solid fraction develops during solidification of Al alloys.

The prediction of the envelope/liquid interfacial area concentration, S, relies on the
prediction of g,, the measured value of the grain density, and the choice of the envelope
shape (Eq. (5)). Table 2 shows that the predicted values of SF are low compared with
the measured values. This is due to the choice of a spherical envelope along with the
underestimation of g7, as discussed previously.

6 Prediction of the mushy zone permeability

In mathematical modelling of casting processes, the morphology dependent macroscopic
mushy zone properties are calculated through constitutive relations. For example, in mac-
roscopic fiuid flow calculations, the mushy zone permeability can be caleulated by the
Kozeny-Carman relation or by the more elaborate model suggested by Wang & Beck-
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Table 6: Mushy zone permeability values for the measured (Exp) and for the predicted

(Mod) morphology parameters in Table 2 calculated by the relation suggested by Wang

& Beckermann [1]. All the values are reported in [m?].

Sample 1 2 3A 3B 4A 4B
Exp Tx1071 [ 6x1071F | 2x10742 | 3x10712 | 7xi0~12 | Ox 1022
Mod | 7x107% | 8x1071% | 6x107 | 3x10M | &= 1071 | 1x10™0

ermann [1}. Even if these relations provide a good description of the permeability as a
function of a set of morphology parameters, an error in the predicted morphology can
induce a large uncertainty in the predicted permeability.

The accuracy of the mushy zone permeability predictions can be estimated from the
magnitude of the discrepancy between the morphology measurements and the modelling
predictions observed in the present study. The permeability for the measured and for the
predicted morphology parameters in Table 2 was calculated by the relation suggested by
Wang & Beckermann {1]. The results are presented in Table 6, where we can see that
the predicted morphology parameters overestimate the permeability by a factor of 10 to
30 for the different samples. Consequently, in micro-macro modelling of casting processes
involving the type of grain morphology observed in the present study, the relative etror
in the calculated permeability could be around one order of magnitude.

Conclusions

For the purpose of testing the predictions of an equiaxed growth model recently presen-
ted elsewhere [2,10], the microstructural morphology of equiaxed Al-Cu alloys has been
assessed at a single point during solidification by quenching solidifying samples at the
instant when the eutectic temperature is reached. A recently developed metallographic
method has been used to distinguish between the intragranular and extragranular length
scales in the microstructure. For the equiaxed morphologies observed in the present study,
the growth model {9,10] predicts higher values of the internal solid fraction than observed
experimentally. This has been indicated to be due to the failure of commonly made mod-
elling assumptions during the later stages of the solidification. The discrepancies has
been shown to have a large effect on the calculation of the mushy zone permeability,
which in turn can induce errors in micro-macro modelling. More experimental results as
well as modelling efforts are needed in corder to improve the understanding of how the
internal solid fraction and the interfacial area concentrations develops during equiaxed
solidification of Al alloys.
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Nomenclature

A stereological constant
cp specific heat capacity, J/(kgK)
d  saverage centre-to-centre distance between grains, m
D, diffusivity in the liquid, m?/s
D, diffusivity in the solid, m?/s
gs volume fraction of the solid phase
9. volume fraction of the grain envelopes
volume fraction of solid within the grain envelopes
specific enthalpy, J/kg
diffusive solute flux across the envelope into the extragranular liguid phase

partition coefficient

9i
h
Ji
J, diffusive solute flux across the solid/liquid interface into the solid phase
k
I mean linear intercept, m

L

specific latent heat, }/kg
m  slope of the liquidus line, °C/wt.%
n  grain density, grains/m?
p  exponent in solid/liquid interfacial area concentration relation
@ heat extraction rate, J/kgs
Qmpaverage experimental heat extraction rate, J/kgs

surface to volume ratio of sample, m~?
1

S
5, solid/liquid interfacial area concentration, m™
5 1

. envelope/liquid interfacial area concentration, m~
t time, s
tezp measured solidification time, s
T temperature, degrees Celsius
T..t eutectic temperature, degrees Celsius
T, temperature in the graphite crucible, degrees Celsius
Ty liquidus temperature, degrees Celsius
Vin average normal velocity of the envelope, m/s
V;  velocity of a free dendrite tip, m/s
wp nominal copper concentration in a sample, wt.%
wy average solute concentration in the extragranular liguid phase, wt.%
w} solute concentration in the liquid at the solid/liguid interface, wt.%
w, average solute concentration in the solid phase, wt.%
solute concentration in the solid phase at the solid/liquid interface, wt.%
Qg heat transfer coefficient at graphite-air interface, J/(kgKs)
Ormg heat transfer coefficient at metal-graphite interface, J/(kgKs)
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§  solute diffusion length at the envelope in the extragranular liquid phase, m
At calculation time step, s

I'  Gibbs-Thompson constant, mK

Aq  cell or secondary dendrite arm spacing, pm

¢. shape factor of the grain envelopes
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Appendix A: Accommodation procedure for

the phase diagram data
In the present study, the liquidus curve was expressed as:
T = qyw;” + agw; + ag (A14)

where wy is the solute mass fraction of the liguid phase at thermodynamic equilibrium,
and the coefficients a;, ¢ = 1..3, given in Table 7, are based on a polynomial fit performecd
on coordinates for the liquidus curve of the Al-Cu diagram obtained from the ThermoCale
database [23] (Figure 4).

In a similar way, a linear expression for the partition coefficient has been determined
from a linear least squares regression on partition coefficients obiained from the phase
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Table 7: Thermodynamical data used in the equiaxed growth model.

Quantity Symbol Value Unit Reference
Eutectic temperature Tour 547.7 °C (23]
Coefficients in Eq. (A14) ay -0.0343726 | °C/(wt.%)? (23]

as -2.16885 °C/wt.% (23]

as G659.4 °C [23]
Coefficients in Eq. (A17) b 1.4x1073 1/wt.% 23]

by | 9.45x1072 23]

diagram [23]:
k= bw + by (AI5)
In order to keep the solution procedure of the model which handles constant liquidus

slope, m, and partition coefficient, k£, we have supposed that m and k were constant
during a calculation time step, At, and equal to their values at the previous time step:

m{t) = (;i;) - 261’11);(7‘,) -+ ao {Alﬁ}
k() = Z;sg = byw] (t) + by (A17)

where w? is the solute mass fraction of the solid phase at thermodynamic equilibrium.
Hence, the sample temperature, T, at the new time step, ¢t + At, was written as:

Tt + At) = T(t) + m(t)|w} (t + At) — w}(2)] (A18)

At the end of a new time step, w;(t + At) is known, and the m and k can be updated
by Egs. (A16-A17).

Appendix B: The heat flow in the experiment

In the modelling of the heat flow in the type of experiment performed in this study, it
is often assumed that the heat extraction rate, Q, is a constant which can be estimated
e.g., from the cooling rate, T, prior to the start of solidification by Q = c,,T. However,
in the present work, the measured solidification times lead to average values of @ {cf.
Eq. (3)), that are about a factor of two higher than the values obtained from the cooling
rate prior to solidification. This means that ) increases during solidification, and it was
decided to use the constant average heat extraction rates obtained from Eq. (3) in the
calculations.

In order to check whether or not the assumption of a constant heat extraction rate
is reasonable, a varying Q with time during solidification was studied in a simple heat
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(b) A typical modelling result

Figure 8: Results from a heat flow model of the solidification experiment. The temperature
in the metal sample, T, and in the graphite mould, T, was assumed to be uniform while
the surrounding air remains at room temperature, Ty, Q and Q(avr) denote the time
dependent heat extraction rate calculated by Eq. (B19) and the average heat extraction
calculated by Eq. (3), respectively. o, and og, denote the heat transfer coefficients at
the metal-graphite and graphite-air interfaces, respectively.
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flow model. It was assurned that the metal sample and the graphite mould each has a
uniform temperature and that the surrounding air remains at room temperature during
the experiment. Furthermore, the heat transfer at the two interfaces {metal-graphite and
graphite-air) was modelled by two constant heat transfer coefficients. The solidification
path was given by the enthalpy as a function of the solid fraction, h = ¢,T" + L(1 — gs).
This path was calculated by the growth model using a constant value of Q). Thus, the
temperature in the sample, T', and in the mould, T, were calculated as functions of time,
along with the heat extraction rate given by:

Q) = Scumg(T(t) — Ty(2)) (B19)

where S is the surface to volume ratio of the sample and oy, is the heat transfer coefficient
between the sample and the graphite mould.

As shown in Figure 8, the evolution of latent heat right after the start of the solidi-
fication reduces the cooling rate of the sample (d7'/df) more than it reduces the cooling
rate of the mould (d7,/dt). Thereby, the temperature difference {7 — T}) between the
sample and the mould increases, which causes an increased @ from the sample due to
Eq. (B19). The calculated Q(#) curve was implemented in the equiaxed growth model by
evaluating the value of ((t) at each time step. Figure ¢ shows the temperature and the
development of the internal solid fraction in modelling cases with constant and varying
(). With a varying Q, recalescence occurs at a lower undercooling because the instantan-
cous () is lower than the average value in this region. However, during recalescence, the
instantaneous () increases above the average value and the undercooling becomes higher
for the case with a varying (). As shown in Figure 9, these two counteracting effects result
in a development of the morphology which is not significantly different in the two cases.
This was found to be true for all the samples, which indicates that even if the assumption
of a constant heat extraction rate is not strictly correct, the use of this assumption in
the present context does not influence the predicted resulis significantly.
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Figure 9: The effect of a varying and constant heat extraction rate, Q, on the predicted
temperature, T, and on the development of the internal solid fraction, g;. {b) is a close-up
of (a) in the first 5 seconds.
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Concluding remarks and future challenges

This thesis has addressed the assessment of the mushy zone permeability in equiaxed
aluminium alloys. The approach taken has been to experimentally determine the per-
meability of binary Al-Cu alloys as a function of a set of parameters describing the
microstructural morphology. Moreover, the morphology parameters have been experi-
mentally determined during solidification of binary Al-Cu alloys in order to evaluate
the morphology predicted by an equiaxed growth model commonly used in micro-macro
modelling.

An important outcome of the thesis work is the development of the experimental
method and apparatus for permeability measurements presented in Article 1 and Art-
icle 2. In particular, the electron-beam welding of the flux alloy and sample prior to
remelting in the permeameter was an important break-through that contributed to the
reproducibility of the experiment and to the high accuracy in the measured permeability
compared with previous works. Furthermore, the method developed for the quantification
of the grain morphology of the samples on multiple length scales increases the value of
the permeability measurements because the measurements can now be compared with
the most recent permeability models available in the literature.

The permeability measurements presented in this thesis indicate that both the Kozeny-
Carman relation and the more recent model used in Article 1 provide good descriptions
of the permeability of the mushy zone. For the experimental cases in Axticle 1, the models
apply even at solid fractions as high as 0.91. The validation of these permeability models
is an important progress hecause models that predict the formation of casting defects are
often very sensitive to the permeability.

At present, permeability measurements for aluminium alloys with a corresponding
morphology characterisation have been restricted to Al-Cu alloys, eutectic composition
of the interdendritic liquid, and remelting of the sample. In order to check the assumption
that the permeability depends solely on the solid fraction along with parameters describ-
ing the grain morphology, measurements should be performed on other aluminium alloys.
For example, the experimental method presented in Article 1 could be used to measure
the permeability of a mushy zone with a morphology formed during eutectic solidific-
ation. Moreover, in order to validate the permeability models for relevant solidification
conditions, the permeability should be measured during solidification rather than during
remelting. The experimental difficulties associated with these future challenges have been
found to be considerable, as discussed in Article 2. These chaillenges could be met by a
further development of the permeameter used in this thesis, as well as by completely new

concepts for permeability measurements.
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As reported in the literature, problems were encountered when trying to quantify the
grain morphology during solidification by quenching experiments. Therefore, the meas-
urements reported in Article 3 were restricted to the instant when the interdendritic
liquid reaches the eutectic composition. In spite of this limitation, it should be noted
that measurements of morphology parameters at two length scales have not been repor-
ted earlier for equiaxed aluminium alloys. The comparison between the equiaxed growth
model and the measurements shows that the model predicts higher values of the internal
solid fraction (i.e., a more globular morphology) than observed experimentally. This has
been indicated to be due to the failure of commonly made modelling assumptions during
the later stages of the solidification. Mozre experimental results as well as modelling efforts
are needed in order to improve the understanding of how the internal solid fraction and
the interfacial area concentrations develops during equiaxed solidification of alumininm
alloys. In addition, the physical mechanisms responsible for the development of dendritic
and ’clover-leaf” morphologies should be investigated.

In purely macroscopic solidification models that take fluid flow in the mushy zone
into account, the specific surface area that appears in the Kozeny-Carman relation is
commonly assumed to be a constant. Due to the problems with assessing the morphology
development during solidification, as discussed in Article 3, this assumption has not been
validated. Because the existing models for equiaxed growth indicate that the assumption
of a constant specific surface area is in fact not valid, this assumption is likely to induce
a large error in the permeability even though the Kozeny-Carman relation by iself is a
good madel. The same argument applies to the more recent permeability model used in
Article 1: The model seems 10 represent a very accurate description of the permeahbility
as a function of a set of morphology parameters. However, because we lack a validated
model for the development of the parameters at which the permeability depend, we can
not expect to have a very accurate prediction of the permeability during solidification. For
the samples in Article 3, the comparison between measured and modelled morphologies
indicates that the permeability is overestimated by a factor of 10. Thus, presently, the
accuracy of the permeability used in solidification models is limited by the assumptions
concerning the morphology development rather than the assumptions concerning the
relation between the morphology and the permeability.
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