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Abstract

The thermo-physical and physical properties of the liquid and
solid phases are critical components in casting simulations. Such
properties include the fraction solid transformed, enthalpy release,
thermal conductivity, volume and density, all as a function of
temperature. Due to the difficulty in experimentally determining
such properties at solidification temperatures, little information
exists for multi-component alloys. As part of the development of
a new computer program for modelling of materials properties
(JMatPro) extensive work has been carried out on the
development of sound, physically based models for these
properties. Wide ranging results will presented for Al-based
alloys, which will include more detailed information concerning
the density change of the liquid that intrinsically occurs during
solidification due to its change in composition.

Introduction

Casting of Al-alloys is one of the most important features of Al
technology and the increasing use of process modelling software
to design and optimise castings makes it important that the
thermo-physical and physical properties of Al alloys are well
characterised, as they are critical input for almost all types of
process models. Obtaining these properties at low temperatures
can be a time-consuming and expensive procedure if all relevant
properties are considered. Experimental measurement becomes
more problematical at high temperature, especially if the liquid
phase is involved. To this end it is highly desirable to calculate
thermo-physical and physical properties over the whole
solidification range for as wide a range of alloys as possible.

The present paper describes a general methodology to calculate
properties such as density, thermal conductivity, specific heat
(Cp). solidification shrinkage etc. for multi-component alloys.
The property models that are described in the present paper have
also been linked to the simulation of non-equilibrium
solidification based on the Scheil-Gulliver (SG) model. Hence it
is possible to directly input calculated values into casting
simulation packages.

The current work forms part of the development of a more
generalized software package (JMatPro) for the calculation of
wide ranging of materials properties [1]. A feature of the new
program is that great store has been placed on using models that,
as far as possible, are based on sound physical principles rather
than purely statistical methods. Thus many of the shortcomings
of methods such as regression analysis can be overcome. For
example, the same model and model parameters are used for
density calculations for all alloy types, whether it is for a
commercially pure Al or a complex Ni-based superalloy.

The paper will describe the SG solidification model that directly
calculates fraction solid, Cp, enthalpy and latent heat of
solidification. Details concerning the creation of a molar volume
database that enables a variety of properties to be calculated, such
as solidification shrinkage, density, thermal expansion coefficient,
will then be presented. The calculation of thermal conductivity
will also be discussed. Examples of the linking of the
solidification models with the physical property calculations will
be made and properties during solidification will be calculated for
a series of Al-alloys and the results presented. A significant
advantage of the current method is that properties for each phase
are calculated so fine detail can be obtained; for example the
density change of the liquid during the solidification, which is
governed both by an intrinsic change as the temperature is
changed and also by the composition changes that accompany
solidification.

Background

Solidification modelling

Recently the application of so-called 'Scheil-Gulliver' modelling
via a thermodynamic modelling route has led to the ability to
predict a number of critical thermo-physical properties for a
variety of alloy types [2,3.4,5,6,7] during solidification. Such
calculations can be computationally very fast and are currently
used within solidification packages such as ProCAST [2].

For equilibrium solidification described by the lever rule and with
linear liquidus and solidus lines, the composition of the solid (Cy)
as a function of the fraction solid transformed (f) is given by

C. - kC,
f.(k—1)+1

where k is the partition coefficient and C, is the composition of
the original liquid alloy. This can be re-arranged to give

. ( 1 j[TL - Tj

: 1-k/\T; =T
where T; and T; are the equilibrium liquidus and solidus
temperatures. A complementary limiting case to equilibrium
solidification is to assume that solute diffusion in the solid phase
is small enough to be considered negligible and that diffusion in

the liquid is extremely fast, fast enough to assume that diffusion is
complete. In this case eq.1 can be re-written as

C, =kC, (1)~ .3
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and eq.2 as obtained from continuous cooling. A further and very significant
1 advantage of using a thermodynamic approach is that the heat
T, -T {kfl} evolution during solidification is a straightforward product of the
f=1- ﬁ ----- C)) calculation. The limit to the SG simulation is that some back
£

diffusion will take place. However, if the degree is small, good
results will still be obtained and comparison of experimentally
determined solidification behaviour and SG calculations for
Al-alloys match very well [6,8].

The treatment above is the traditional derivation of the Scheil
equation but it has quite severe restrictions when applied to multi-
component alloys. It is not possible to derive this equation, using
the same mathematical method, if the partition coefficient, k, is
dependent on temperature and/or composition. The Scheil
equation is applicable only to dendritic solidification and cannot,
therefore, be applied to eutectic alloys that are common type for
Al-alloys. Further it cannot be used to predict the formation of
intermetallics during solidification.

The Calculation of C,, Enthalpy and Latent Heat of Solidification.

As mentioned above, an advantage of using the CALPHAD
methodology for solidification modelling is that as well as
calculating the fraction solid transtormed, the phases formed
themselves and their amounts, heat evolution is calculated. This
is critical input to casting simulation software. Figures 2 & 3
show respectively the fraction solid transtformed and the enthalpy
of a 356 alloy during casting.

Using thermodynamic modelling all of the above disadvantages
can be overcome. The process that physically occurs during
'Scheil' solidification can be envisaged as follows (Fig.1). A

liquid of composition C, is cooled to a small amount below its 10
liquidus. It precipitates out solid with a composition Cg; and the i
liquid changes its composition to Cp;. However, on further 0.9 1
cooling to the initial solid cannot change its composition due to = 081
lack of back diffusion and it is effectively ‘isolated’. A local E 07 4
equilibrium is then set up where the liquid of composition Cy; <
transforms to a liquid of composition Cp, and a solid with S 06 1
composition Cg,, which is precipitated onto the original solid with 9 05 -
composition Cg;. This process occurs again on cooling where the S 04
liquid of composition Cp,, transforms to a liquid of composition "3 '
Crs, and a solid with composition Cg; grows on the existing s 0.3 1
solid. This process occurs continuously during cooling and when L 02 A
k<1 leads to the solid phase becoming lean in solute in the center 01 -
of the dendrite and the liquid becoming more and more enriched 00 . . . .

in solute as solidification proceeds. Eventually, the composition
of the liquid will reach the eutectic composition and final 540 560 580 600 620 640
solidification will occur via this reaction.

Temperature (°C)
Figure 2. Calculated fraction solid vs. temperature for
a 356 alloy during solidification
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Any appearance of secondary phases can be easily taken into o
account in this approach with the assumption that no back Temperature ("C)
diffusion occurs in them. Therefore, all transformations can be
accounted for, including the final eutectic solidification. The Figure 3. Calculated enthalpy vs. temperature for a 356
approach described here is based on an isothermal step process alloy during solidification

but as the temperature step size becomes small it provides results
that are almost completely equivalent to that which would be
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Figure 4. Cp vs. temperature calculated for a 339-1 Al-
alloy during solidification

Ditferentiation of the enthalpy curve then provides the Cp values
(Fig4). At the completion of solidification, information
concerning the solid phases formed during solidification is
retained and their properties extrapolated below the solidus. This
is particularly useful as, within a finite element mesh, the
temperature can range from well below the solidus near the mould
wall to above the liquidus in the feeders. Utilising modulus
calculations, also provided by JMatPro, it is then possible to
consider residual stresses in castings.

Molar Volume Calculations

A major achievement of the JMatPro development project has
been the development of an extensive molar volume database that
can be linked to its thermodynamic calculation capability and
hence provide volume data for the phases involved in the
calculation. Presently, an extensive database of parameters exists
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Figure 5. Calculated volumes of solid and liquid
phases of Al as a function temperature.

for most of the major phases in Al-, Fe-, Mg-, Ni- and Ti-alloys,
which has been tested extensively in the solid state against lattice
parameter measurements (both at room temperature and where
available at high temperatures) and experimentally reported linear
expansion data. Volume calculations are linked such that, once a
thermodynamic calculation is made, the volume of the various
phases that are formed can be directly calculated.

For pure aluminium both the behaviour of the liquid and solid
phases can be readily modelled using linear expansion
measurements combined with a molar volume calculated from
lattice parameter or density measurements.  The volume
difference on melting is well characterised, as is the change in
density of the liquid as a function of temperature [9]. Figure 5
shows the calculated molar volume of the FCC and liquid phases
as a function of temperature.

The volume of the liquid and solid phases is represented by
simple mixture models, similar to those used for modelling of
thermodynamic excess functions in multi-component alloys [10]
and further detail will be presented in another paper [11]. As well
as the Al and liquid phases, extensive work has been done to
characterise the properties of the intermetallic phases. This has
involved validation against volumes determined from lattice
parameter measurement alongside a simple and self-consistent
extrapolation method for modelling their linear expansion. This
method assumes that the linear expansion is an “ideal” mixture of
those of the elements in the compound. This provides calculated
solid state expansion coefficients in good agreement with
experiment.

Little information exists on the volume of the liquid, even in
binary alloys. Information is reported by the Auburn
solidification design center for three commercial alloys [12] and it
is possible to compare the shrinkage volume of binary Al-Si
alloys [9]. Fig.6 shows the comparison with the commercial
alloys and for the case of Al-Si alloys a eutectic alloy would have
a shrinkage of ~3.25% while the calculation provides a value of
3.38%. The agreement is very encouraging
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Figure 6. Comparison between calculated and reported
densities of three commercial Al-alloys.
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Linking the volume database to the SG calculations now means
that a number of solidification properties can be calculated. Fig.7
shows the calculated shrinkage during casting of a 319 alloy. Itis
noted that there are two parts to the shrinkage. There is the
natural shrinkage that occurs on cooling of the liquid and solid
phases and also the shrinkage that occurs due to the liquid to solid
transformation itself. Note that for this case, and subsequent
solidification calculations, calculated properties below the solidus
are also shown.
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Figure 7. Calculated volume change for a 319 Al-alloy
during solidification

While Fig.7 shows the overall change in volume during casting, it
is straightforward to gain more detail by looking at the density
change of the alloy and, in particular, the density change of the
liquid. In this case we have plotted the density of the liquid in the
mushy zone as well as in the fully liquid state (Fig.8).
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Figure 8. Calculated density change for a 319 Al-alloy
during solidification.

What is apparent is that the liquid density is changing much more
rapidly than the total density in the mushy zone. This can be
understood by analysing the composition changes in the liquid,
which show substantial enrichment of Cu as its composition
changes to that of the final eutectic.

A corollary calculation made from volume calculations is to
obtain the thermal coefficient of expansion and this is shown for a
339-1 alloy in Figure 9.
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Figure 9. Calculated thermal expansion coefficient for a
339-1 Al-alloy during solidification

Thermal Conductivity Calculations

The calculation of thermal conductivity is a complex physical
phenomenon. There are sharp changes on alloying in the solid
state and the behaviour, in terms of mixing models, is more
difficult to match. On alloying, a “bath tub” shape is often seen,
where the thermal conductivity falls sharply in the dilute range
and then forms a fairly flat plateau in the concentrated region [13].
Because of the lack of information concerning the thermal
conductivity of binary liquid Mg-alloys alloys we cannot directly
assess coefficients for alloying effects in the liquid. However,
information does exist for thermal conductivity in the liquid state
in pure elements and we have evaluated parameters using this
information [14,15] as a first basis.
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Figure 10. Calculated and experimental thermal
conductivities of Al-Mg alloys at 100°C.
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Fig.10 shows the calculated thermal conductivity in Al-Mg solid
alloys with measured [16] thermal conductivities for the Al and
Mg solid solutions shown for comparison. In this case we have
assumed that the thermal conductivity of the FCC and HCP forms
are the same and can be represented using one curve. A “bath
tub” curve is clearly seen, but of interest is that an “ideal”
extrapolation of the liquid thermal conductivity at this temperature
provides thermal conductivities rather close to those in the plateau
region. To obtain the usually observed result for metals, in that
the thermal conductivity of the liquid should be less than that of
the solid, only a small negative interaction coefficient is needed.
We have invariably found this result in our assessment work and
we have evaluated interaction terms based on this principle.
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Figure 11. Comparison between -calculated and

reported thermal conductivities [12] of 3 commercial
Al-alloys.

We have compared calculated conductivities with Al alloys
reported by the Auburn solidification group [12] and the results
are shown in Fig.11. The agreement is rather good for the case of
319 and 356. However, there are clear differences with 201. In
this case we rather trust the calculated values because one might
generally expect the thermal conductivity to decrease when alloy
elements are added in dilute solution. This is the case for 201
whose main addition is ~2at% Cu. To match experiment would
require a quite sharp increase in thermal conductivity on alloying
and it’s further noted that, in the solid state, the opposite is true —
there is a very sharp drop in thermal conductivity.

Combining with the SG calculations allows the thermal
conductivity to be calculated during solidification and this is
shown for a 356 alloy in Figure 12. Application of the
Wiedemann-Franz-Lorenz law [14] then allows electrical
conductivity to be calculated (Fig.13).

Summary and Conclusions

Models have been developed for the calculation of the various
thermo-physical and physical properties with the aim of providing
thermo-physical and physical properties for various types of
multi-component-alloys during solidification. The present paper
describes how a Scheil-Gulliver solidification model has been
combined with physical property calculations to provide

180
170 -
160 -
150 A
140 -
130 ~
120 -
110 A
100 -
90 -
80 T T T T
200 300 400 500 600

Thermal conductivity (W m 1 K'1)

700
Temperature (°C)

Figure 12. Calculated thermal conductivity for a 356
alloy during solidification.
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Figure 13. Calculated electrical conductivity for a 356
alloy during solidification.

calculations for fraction solid, enthalpy, Cp, thermal and electrical
conductivity, density, linear expansion coefficient and volume
shrinkage during solidification in a series of multi-component Al-
alloys

Work is currently undergoing to model viscosity that will
complete a very comprehensive set of properties of value to
process modellers of all types. A further, significant advantage of
the approach described here, is that it is possible to obtain
important properties for each phase individually. For example,
the density of the liquid phase during the solidification process is
automatically calculated.
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