PROCEEDINGS OF THE 2003 INTERNATIONAL SYMPOSIUM ON LIQUID METALS

JOURNAL OF MATERIALS SCIENCE 39 (2004) 7237-7243

Modelling of the thermo-physical and physical
properties for solidification of Ni-based

superalloys

N. SAUNDERS, A. P. MIODOWNIK, J.-PH. SCHILLE
Sente Software Ltd., Surrey Technology Centre, The Surrey Research Park, Guildford,

Surrey GU2 7YG, UK
E-mail: nigel.saunders@thermotech.co.uk

The thermo-physical and physical properties of the liquid and solid phases are critical
components in the modelling of 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 programme 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 Ni-based alloys,
which will include more detailed information concerning the phases formed during
solidification and their composition and the density change of the liquid that intrinsically
occurs during solidification due to its change in composition. © 2004 Kluwer Academic

Publishers

1. Introduction

Previous modelling work [1-8] has shown that excel-
lent results can be obtained for the phases formed on
solidification, and their composition, by using ther-
modynamic modelling based on the CALPHAD [9]
methodology. In particular, CALPHAD methods have
been applied to Ni-based Superalloys and results
checked in detail against experiment [5—8]. However,
although useful in their own right, both for process mod-
elling and modelling of microstructures, such calcula-
tions fall short of supplying physical property data for
the phases, which is critical for successful simulation of
solidification. At low temperatures, physical properties
can be readily measured, although it may be a time-
consuming and expensive procedure to obtain all rel-
evant properties. Experimental measurement becomes
far more problematical at high temperature and espe-
cially if the liquid phase is involved. To this end, it is
highly desirable to calculate thermo-physical and phys-
ical properties over the complete relevant temperature
range for as wide a range of alloys as possible.

The present paper describes a methodology that ex-
tends the existing CALPHAD models to further cal-
culate properties such as density, thermal conductiv-
ity, specific heat (Cp), solidification shrinkage etc.,
and applies it for Ni-based multi-component alloys.
A significant advantage of the current method is that
properties for each phase are calculated, so fine de-
tail can be obtained; for example the density change
of the liquid during the solidification, which is gov-
erned both by an intrinsic change with tempera-
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ture and by the composition changes that accompany
solidification.

The current work forms part of the development of
a more generalised software package (JMatPro) for the
calculation of a wide range of materials properties [10].
A feature of the new programme 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 be for a commercially pure Al-alloy or a complex Ni-
based superalloy.

The paper will discuss briefly the Scheil-Gulliver
solidification model that is used to directly calculate
phase amounts, Cp, enthalpy and latent heat of solid-
ification. 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 and modulus
will also be discussed. Examples of the linking of the
solidification models with the physical property calcu-
lations are made and properties calculated during so-
lidification will be presented.

2. The Scheil-Gulliver (SG) solidification
model

Recently the application of so-called ‘Scheil-Gulliver’

modelling via a thermodynamic calculation route has
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led to the ability to predict a number of critical thermo-
physical properties for alloys. Such calculations can be
computationally very fast and used within solidifica-
tion modelling packages [5]. The model assumes 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. Such a process is quite simple to model us-
ing thermodynamic calculations based on the so-called
CALPHAD method.

For equilibrium solidification described by the lever
rule and with linear liquidus and solidus lines, the com-
position of the solid (Cs) as a function of the fraction
solid transformed ( fs) is given by

kC,

C=fk—n+l

o))

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

= 1 L.—T )
U\l =k J\Tr-T

where T is the temperature below the liquidus and T,
and T are, respectively, 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 con-
sidered negligible and that diffusion in the liquid is

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

Cs = kCo(1 — f)*! 3)

and Equation 2 as

B Ty — T \71)
fs_1_<Tf—TL> @

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 can-
not, therefore, be applied to eutectic alloys, which are
commonplace for Ni-based alloys. Further, it cannot be
used to predict the formation of intermetallics (e.g., the
Laves phase) during solidification.

Using thermodynamic modelling, all of the above
disadvantages can be overcome. The process that phys-
ically occurs during ‘Scheil-type’ solidification can be
envisaged as follows (Fig. 1). A liquid of composition
C,, which in equilibrium would solidify as a complete
solution, is cooled to a small degree below its liquidus.
It precipitates out solid with a composition Cs ; and
the liquid changes its composition to Cy ;. However,
on further cooling, the initial solid cannot change its
composition due to lack of back diffusion and it is ef-
fectively ‘isolated’. A local equilibrium is then set up
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Figure I Schematic representation of solidification occurring under
Scheil-Gulliver conditions.

where the liquid of composition Cy, ; transforms to alig-
uid of composition Cp,, and a solid with composition
Cs.2, which is precipitated onto the original solid with
composition Cs ;. This process occurs again on cool-
ing where the liquid of composition Cy , transforms
to a liquid of composition C1, 3, and a solid with com-
position Cs 3 grows on the existing solid. This process
occurs continuously during cooling and when k£ < 1
leads to the solid phase becoming lean in solute in the
center of the dendrite and the liquid becoming more
and more enriched in solute as solidification proceeds.
Eventually, the composition of the liquid will reach the
eutectic composition and final solidification will occur
via this reaction.

Any appearance of secondary phases can be taken
into account in this approach, with the assumption that
no back diffusion occurs in them. Therefore, all trans-
formations can be accounted for, including the final
eutectic solidification. The approach described here is
based on an isothermal step process but, as the tem-
perature step size becomes small, it provides results
that are almost completely equivalent to that obtained
from continuous cooling. A further and significant ad-
vantage of using a thermodynamic approach is that heat
evolution during solidification is a product of the calcu-
lation. It is known that some back diffusion will occur
but, in many cases, it is sufficiently limited such that the
“Scheil-Gulliver” assumption leads to good results for
much of the solidification range and can been used to
obtain high quality input for casting simulations [11].

Fig. 2 shows the calculated fraction vs temperature
plot for alloy 706, while Table I shows the comparison
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Figure 2 Calculated fraction solid vs. temperature plot for solidification
of alloy 706.
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TABLE I Comparison between experimentally determined DTA re-
sults [6] and a Scheil-Gulliver simulation for a 706 alloy

Solidification
Liquidus MCstart Laves start nstart end

Centre (DTA) 1381 1240 1164
Edge (DTA) 1388 1261

Calculated 1388 1256 1168 1144 1128
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Figure 3 Enthalpy of alloy 706 during solidification.
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Figure 4 Calculated segregation patterns in the y phase after solidifica-
tion of a 706 alloy.

between calculated and experimentally determined
transformation temperatures. It is noted that 5 is ob-
served in solidified 706, though its formation tempera-
ture could not be discerned. At the completion of solid-
ification, JMatPro retains information about the solid
phases formed during solidification and extrapolates
their properties below the solidus. Hence calculation of
properties can be continued to low temperatures, en-
abling properties to be supplied to the whole mesh in
a simulation (not just in the liquid and mushy zone).
For example Fig. 3 shows the calculated enthalpy from
the casting temperature down to 600°C for alloy 706.
Fine detail can be obtained, for example, Fig. 4 shows
the segregation profiles in the as-solidified the Ni solid
solution (y) (fs = O is the centre of a dendrite while
fs = 1 indicates interdendritic region).

3. Physical property calculations

A major achievement of the JMatPro software project
has been the development of an extensive molar vol-
ume database that can be linked to its thermodynamic
calculation capability and hence provide volume data
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Figure 5 Calculated molar volumes for FCC and Liquid Ni.
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Figure 6 Comparison between experimentally determined and calcu-
lated density of liquid Ni.

for the phases involved in the calculation. Presently, an
extensive database of parameters exists for most of the
major phases in Al-, Fe-, Mg-, Ni- and Ti-alloys and
has been tested extensively in the solid state against
lattice parameter measurements (both at room temper-
ature and where available at high temperatures) and
experimentally reported linear expansion data. Volume
calculations are linked to the thermodynamic models
such that, once a thermodynamic calculation is made,
volume can be directly calculated.

The solid information can be directly linked to cal-
culations for the liquid phase by comparison with mea-
sured liquid densities to provide volume changes on
freezing, which are quite well documented for pure el-
ements. Fig. 5 shows a plot of the molar volumes of
the stable FCC and liquid phases in Ni. Also shown for
comparison are values estimated by Sung et al. [12].
The density of liquid Ni has been evaluated from ex-
perimentally measured values reported in the literature
[13-16] (Fig. 6) and combined with a model that ex-
trapolates its properties to low temperatures.

The principle of the extrapolation method is based
on the fact that the transition from the solid to lig-
uid/amorphous state will be accompanied by an in-
crease in volume associated with the larger volume of
the liquid/amorphous phase in comparison to that of the
crystalline structure [17]. This means that the volume
of the liquid should never reach that of the solid. We
have also assumed that at a temperature close to the
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glass transition temperature T, (assumed ~0.3T;, for
metallic elements) the difference in volume will tend
to reach a minimum and below 7, the volume differ-
ence will be fairly constant. We have found that quite
simple temperature functions give both a good fit to the
temperature dependence of the density at high temper-
atures and a reasonable low temperature extrapolation
based on the above principles.

We have considered the volume of the liquid and
solid phases in multi-component systems as being rep-
resented by simple pair-wise mixture models, similar to
those used to model thermodynamic excess functions
in multi-component alloys [9]

P=> %P+ Y xixj ) Qxi—x)" (5)

i j>i v

where P is the property of the phase, P° is the prop-
erty of the phase in the pure element, 2, is a binary
interaction parameter, x; and x; are the mole fractions
of elements i and j in the phase. It is also possible to
include ternary or higher order effects if required. In
some alloys, the stable crystal structure of the element
in solid solution may be different to that of the solid
solution itself. For metallic solutes we have assumed
the molar volume of the metastable state is the same as
that for the stable structure. We have invariably found
that if there is a deviation from “ideal mixing” a vol-
ume contraction is involved and that the magnitude of
contraction is strongly governed by the magnitude of
the thermodynamic interaction.

There have been few systematic investigations of al-
loying effects on the density of liquid alloys. An ex-
ception is the work of Lucas [18] who directly mea-
sured the density of pure Fe and a series of binary Fe-
alloys as a function of temperature and composition.
Other than this, little information is available. Similarly,
for multi-component alloys, there are very few direct
measurements available and, therefore, the authors are
slightly wary of comparing calculations with estimates
based on indirect correlation. However, it is instructive
to compare calculated values with those reported in the
open literature and Fig. 7 shows such a comparison. The
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Figure 7 Comparison of calculated and reported densities [12, 19] for
various multi-component alloys.
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Figure 8 Calculated volume shrinkage for a Mar-M002 Ni-based super-
alloy during solidification.

figure includes results for various alloys including Al-,
Fe- and Ni-based alloys to demonstrate the general ef-
fectiveness of the models used and to emphasise their
generality of application. Two main sources of informa-
tion have been used. (1) from the Auburn solidification
design centre [19], which are mainly estimations and
(2) from literature citations by Sung et al. [12] for Ni-
based superalloys. In the latter case it is not always clear
if density has been directly measured or estimated in
some other way.

Overall, there is good agreement except for the Ni-
based superalloy PWA 1484 and cast irons where there
is a clear discrepancy (~10%) between calculated den-
sities and reported values. For the case of PWA 1484 the
present result is rather similar to that found by Sung et
al. [12] who concluded that re-measurement was prob-
ably necessary for this alloy. For the case of cast irons
the Auburn group provide only estimated values. Based
on the direct measurements of Lucas [18] for Fe, Fe-C
and Fe-Si alloys, all as a function of temperature, it is
difficult to see that such low reported values for the den-
sity of liquid cast irons are accurate. In this case, we
believe the current calculations provide answers that
are more consistent with actual behaviour.

It is now possible to combine the SG model with the
volume database to make calculations for solidification
of various alloys. Fig. 8 shows the calculated shrink-
age for a Mar-M002 Ni-based superalloy on casting. It
should be 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, properties are also calculated below the
solidus so that the shrinkage occurring in the solid state
can be accounted for.

Fig. 9 shows a plot of density vs. temperature for a
SRR99 single crystal Ni-based superalloy and, because
we calculate the density for each phase, we have also
shown the density of the liquid in the mushy zone. In
this case, the heavy element Ta segregates to the lig-
uid. W is depleted and additionally the light elements
Al and Ti partition to the liquid. This combination of
partitioning leads to the density inversion. It is not pos-
sible to directly measure the density of the liquid in
the mushy zone and it is of particular interest because
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Figure 9 Calculated density of a SRR99 single crystal superalloy during
solidification. Bold line shows density of the liquid in the mushy zone.

a density inversion is an important factor in determin-
ing susceptibility to freckle formation [20]. Generally
speaking the density of the liquid in the mushy zone is
important for other reasons, for example in modelling
of macrosegregation and various defects. The ability
to self-consistently calculate this property at will is a
potentially powerful tool in achieving true predictive
modelling of defects.

Another important physical property, particularly for
casting simulations, is the thermal conductivity. The
calculation of thermal conductivity is more problemat-
ical in that it is a more 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 of-
ten seen, where the thermal conductivity falls sharply
in the dilute range and then forms a fairly flat plateau in
the concentrated region [21]. The current mixing mod-
els have been able to match this behaviour to a rea-
sonable extent and extensive validation of solid state
multi-component alloys shows good results, see for ex-
ample ref. [10] for Ti-alloys.

Because of the dearth of information concerning the
thermal conductivity of binary liquid alloys we can-
not 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
[22, 23] as a first basis. An invariable finding arising
from the current assessment work is that to obtain the
usually observed result in metals, i.e., that the thermal
conductivity of the liquid is less than that of the solid,
the interaction coefficient for the liquid phase needed
in Equation 5 is either zero or only slightly negative
[24]. Evaluated interaction terms have therefore based
on this principle.

In general, where results are available for multi-
component liquid alloys, good agreement is usually
found. Fig. 10 shows comparison with results from the
Auburn University Centre for materials measurements
for various cast irons, steels, Al-alloys and Ni-base
superalloys. The agreement is rather good, except for a
201 Al-alloy. 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 [21], whereas to match
experiment in A201, whose main alloying addition is
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Figure 10 Comparison between calculated and experimental [19] ther-
mal conductivities (W m~'K~!) in multi-component alloys.
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Figure 11 Comparison between calculated and experimental [19] ther-
mal conductivity for a 718 Ni-based superalloy (on heating).

~2 at% Cu, would require a quite sharp increase in
thermal conductivity on alloying. An example of cal-
culated thermal conductivity on heating into the liquid
state for a 718 Ni-based superalloys is shown in Fig. 11
with experimental results [19] shown for comparison.

An interesting extension of work previously reported
for solid state applications [10] is to include Young’s,
shear and bulk moduli and Poisson’s ratio in the mushy
state. Moduli calculations in the solid state, in combi-
nation with the volume calculations, are immediately
useful for modelling of residual stresses in castings.
However, when considering liquid metal processing
and casting, the properties of the liquid need to be con-
sidered when modelling the mechanical properties in
the semi-solid state. The position is such that the solid
phases, which have finite shear and Young’s moduli,
co-exist with the liquid phase where these values are
zero. When phases have such widely differing proper-
ties, it is well understood that a simple rule of mixtures
should not be applied. More generalised, non-ideal mix-
ture models are required. JMatPro uses a model for the
physical properties of multi-phase mixtures after Fan
et al. [25, 26]. The approach allows for effects such as
amount of phase, contiguity, anisotropy as well mor-
phology to be considered. The model originally con-
sidered two-phase materials but has been extended in
JMatPro to include multi-phase alloys.

Figs 12 and 13 show, respectively, the fraction solid
vs. temperature and the calculated shear modulus in the
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Figure 12 Calculated fraction solid vs. temperature plot for a Hastelloy
C Ni-based superalloy.
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Figure 13 Calculated shear modulus for a Hastelloy C Ni-based super-
alloy during solidification, showing the effect of ideal and non-ideal rules
of mixing.

mushy zone of a Hastelloy C Ni-based superalloy. If a
simple rule of mixtures is used, then the shear mod-
ulus plot would closely mirror the fraction solid plot,
which is shown by the dashed line in Fig. 13. However,
this would not be expected in practice. In the current
model, while the fraction solid curve increases sharply
justbelow the liquidus, the shear modulus remains close
to zero for the first 20-30% of transformation, which
would provide a reasonable answer if the dendrite net-
work becomes interconnected above 20-30%. The cur-
rent model assumes the mixture is isotropic and ran-
domly distributed and that a small continuous fraction
of solid exists in the very early stages of solidification.
This scenario may not be ideally suited to solidification
and knowledge of when the dendrite network becomes
continuous should be an input. However, the purpose of
the exercise is not to demonstrate accuracy of the cur-
rent microstructural assumptions, but to demonstrate
that microstructure sensitive, non-ideal rules of mixing
can be considered and which can be tailored for specific
cases of mushy zone morphology if required.

4. Summary and conclusions

Models have been developed for the calculation of
thermo-physical and physical properties of metallic al-
loys at solidification temperatures. Comparison with re-
ported experimental behaviour is generally very good.
Where significant discrepancies occur, clear questions
arise as to the validity of the experimental result. The
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present paper describes calculations for a wide range of
thermo-physical and physical properties for Ni-based
superalloys including fraction solid, enthalpy, density,
shrinkage, thermal conductivity and modulus. Using
known relationships between various properties it is
also possible to expand on these properties to pro-
vide an almost complete set of parameters that can
be used for most types of modelling of casting and
solidification. Work is currently undergoing to model
viscosity to complete the comprehensive set of prop-
erties already available. A further, significant advan-
tage of the approach described here, is that it is pos-
sible 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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