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Abstract
Part of the challenge of designing a new alloy is understanding the relationships between the alloy
chemistry, the processing, and the final properties of an in-service part made from that alloy. The
prediction of local mechanical and thermal properties is possible, to a degree, given knowledge of
the microstructure, phase fractions, and defects present in a metallic part. Multi-component micro
models of solidification, coupled with macro-scale thermal and fluid flow processing conditions,
including macrosegregation, have recently been coupled with computational thermodynamics in a
commercial software, ProCAST, to form the basis of this type of prediction. Subsequent solid state
transformations through heat treatment can also be taken into account.
Introduction
The improvement of alloy properties relies on an accurate prediction of the microstructure during
solidification, defect formation, and the microstructure evolution during solid phase
transformations, as might occur from heat treatment. It is critical to have accurate thermophysical
properties as input for reliable simulations of the complex solidification and solid phase
transformation processes. The thermo-physical properties can be calculated with the help of
thermodynamic calculations of phase stability at given temperatures and compositions
(CALPHAD). A comprehensive multicomponent alloy solidification model, coupled with a Gibbs
free energy minimization engine and thermodynamic databases, has been developed. The
computation can accurately predict microsegregation, macrosegregation, microstructure, and
defects such as porosity. A back-diffusion model is integrated so that the solidification conditions,
such as cooling rate, can be taken into account. A popular method for alloy strengthening is
precipitation hardening. Long tempering heat treatments frequently lead to coarsening, which
usually causes a lowering of the alloy yield strength and possibly its embrittlement. Therefore, it is
useful to develop models to predict the kinetics of precipitation in order to control and optimize
those properties.
Thermo-Physical Properties Calculation
Thermo-physical properties research is a very important part of materials science, particularly at the
current times because such data is a critical input for the simulation of metals processing. There is
little information about such properties for multicomponent alloys during solidification. An
extensive database for the calculation of thermo-physical properties has been developed which
utilizes the phase fraction information predicted with the minimization routines developed by Lukas
et al. [1] and extended by Kattner et al. [2]. These properties include density, specific heat, enthalpy,
latent heat, electrical conductivity and resistivity, thermal conductivity, liquid viscosity, Young’s
modulus, and Poisson’s ratio. The thermodynamic calculation is based on the thermodynamic
database from CompuTherm LLC (Madison, WI 53719 USA).

A simple pair-wise mixture model which is similar to that used to model thermodynamic excess
functions in multi-component alloys is used to calculate the properties [3].
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Where P is the phase property, Pi is the property of the pure element in the phase, Ω i is a binary
interaction parameter, and xi and xj are the mole fractions of elements i and j in that phase.
Thermal Conductivity
The thermal conductivity mainly depends on the chemical composition of an alloy. It also depends
to a lesser extent on the precipitates, bulk deformation, microstructures, and other factors [4][5].
These factors can usually be ignored in the calculation of conductivity for commercial alloys.
The thermal conductivity and the electrical resistivity are related according to the Wiedeman-Franz
law [6][7][8]
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where L is the Lorentz constant. L = 2.44 × 10 −11WΩK −2
An example of the calculated thermal conductivity of A356 is shown in Fig. 1 with experimental
results for comparison. Fig. 2 shows the comparison with results from Auburn University for
various alloys ( http://metalcasting.auburn.edu/data/data.html ). The agreement is good in general.
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Fig. 2 Comparison between experimental and
calculated thermal conductivity for different alloys

Liquid Viscosity
The liquid viscosity is a measure of resistance of the fluid to flow when subjected to an external
force. The viscosity of pure liquid metal follows Andrade’s relationship [9]:

η (T ) = ηo exp( E / RT )
Where E is the activation energy, R is the gas constant.

(3)

Fig. 3 shows an example of the calculated liquid viscosity of an IN718 alloy using the mixture
model compared with experimental results. Fig. 4 shows the comparison between experimental and
calculated results for various alloys at different temperatures.
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Density
A database has been developed containing molar volume and thermal volume coefficients of
expansion of liquid, solid solution elements, and intermetallic phases. This is linked to the
thermodynamic calculations mentioned above. The densities of the liquid and solid phases of
multicomponent systems are calculated by the simple mixture model [10][11]. Fig. 5 shows plots
comparing experimental values with calculations for the density of different alloys at different
temperatures. Fig. 6 shows a comparison between the calculated and experimentally reported
density for a Class 40 iron alloy.
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Solidification Simulation
Simulation technologies are applied extensively in casting industries to understand the aspects of
heat transfer and fluid transport phenomena and their relationships to the microstructure, the
formation of defects [14], and occasionally the final mechanical properties. The current model

includes the calculation of macrosegregation [17] and microstructure to predict multicomponent alloy
casting properties. This will help foundrymen not only to minimize the problems associated with
fluid flow, solidification and part distortion, by visualizing the entire casting process on the
computer, but also to optimize the process by prediction of properties.
Microstructure Formation
Microstructure during solidification of alloys is a very important factor for the control of the
properties and the quality of casting products [12]. Thermodynamic calculations are coupled with the
macro-scale thermal and fluid flow calculations. In addition to the grain size and dendrite arm
spacing, some other information can be accurately predicted, such as eutectic fraction. Fig. 7 shows
the predicted results of solidification of an Al-4.9%Cu alloy compared with experiment and other
model prediction results [13]. The calculated secondary dendrite arm spacing is shown in Fig. 8.
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Porosity
Porosity formed in castings leads to a decrease in the mechanical properties. The porosity is a
combined result of solidification shrinkage and gas evolution. Shrinkage and gas porosity can occur
simultaneously when conditions are such that both exist during solidification. The liquid densities
of many alloys are lower than that of the solid phase. Hence solidification shrinkage happens due to
the metal contraction during the phase change. The dynamic pressure within the remaining liquid in
the mushy zone at high solid fractions decreases because of the contraction and sometimes cannot
be compensated by the metallostatic pressure associated with the height of the liquid metal.
The decrease of pressure lowers the solubility of gas dissolved in the liquid. Once the liquid
becomes supersaturated, then bubbles can precipitate. Most liquid metals can dissolve some amount
of gas. The solubility of gases in the solid phase is usually much smaller than that in the liquid
phase. Normally the rejected gases during solidification do not have enough time to escape from the
mushy zone into the ambient air. Being trapped within the interdendritic liquid, the gas can
supersaturate the liquid and eventually precipitate as a pore if nucleation conditions are met.
The comparison of the value of percentage porosity against local solidification time and hydrogen
content for an aluminum alloy between simulation and experiment is shown in Fig. 9 [14]. It shows
that increasing solidification time and hydrogen contents increase considerably the percentage of
porosity. Numerical simulation results give excellent agreement with the measurements of

percentage of porosity. The results also show that local solidification time and initial hydrogen
content are very important factors influencing the formation of porosity.
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Fig. 9 The comparison between experiment (symbols) and calculation (lines)

Mechanical Properties
The ultimate goal of process modeling is to predict the final mechanical properties. There are four
general methods to increase the strength of materials [15]. They are cold working, refining the grain
size, solid solution strengthening, and precipitation hardening.
The standard Hall-Petch equation [20] is used to calculate the yield or proof stress of a solid solution
single phase alloy.

σ y = σ o + kd −1 / 2

(4)

Where σ y is the yield or proof stress, σ o is the intrinsic flow stress, k is the Hall-Petch coefficient,
and d is the grain size which is calculated from the solidification micromodeling.
The high temperature strengths of many Nickel based super alloys are obtained from the ordered
gamma prime (Ni3Al/Ti) precipitation. A model of solid solution strengthening with the effect of
gamma prime particles on dislocation motion for some Ni based alloys is presented in the
following.
Precipitation Nucleation
Nucleation is the process through which the smallest stable particle of a new phase is formed. The
nucleation rate is:

I=N

kT
G * + Q*
exp(−
)
h
kT

(5)

Where N is the number density of nucleation sites, h and k are the Planck and Boltzmann constants,
G * is the activation energy required to transfer atoms across the precipitation interface.

Precipitation Growth
The diffusion rate from the diffusion field around the precipitation particle determines the
precipitate growth rate. Fick’s second law is applied:
∂c
= D∇ 2 c
∂t

(6)

Zener [16] derived a solution to this diffusion equation for a spherical particle growth. The radius is:
r = α ( Dt )1 / 2

(7)

Where α is a growth parameter.
The diffusivity is calculated by:

D = Do e

(−

Q
)
RT

(8)

Where Q is the activation energy.
The particle size and volume fraction of gamma prime precipitation can be calculated by solving the
equations above.
Yield Stress:
It is easier to move the weakly coupled dislocation pairs by stress if the particle is small. The first
dislocation will bow out and still keep the second dislocation straight. The yield stress will be [19]:

YS1 = YS o + M

γ
2b

[ A(
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τ

(9)

Where YSo is the yield (proof) stress due to solution hardening calculated above, M is the Taylor
factor, γ is the APB (Anti-phase boundary) energy in the {111} plane, b is the Burgers vector of
dislocation, d is the particle diameter calculated from the growth model, f is the volume fraction of
gamma prime precipitates, and A is a numerical factor depending on the morphology of the particle.
τ is the line tension of the dislocation τ = 1 / 2µb 2 , and µ is the shear modulus.
When the particles become large, the coupling of the dislocation can be strong. Then the yield stress
can be calculated by [19]:

YS 2 = YS o + 1.72 M

τf 1 / 2
2bd

(1.28

γd
− 1)1 / 2
ωτ

(10)

Where ω is an empirical adjustable parameter.
For a given particle size, the yield stress is governed by the lower of the two value of YS1 and YS2.

From the formula above, it can be said that the strength of a gamma prime precipitation
strengthening alloy is a complicated function of volume fraction and the size of precipitation. Fig.
10 shows the calculated solidification results of an investment casting of an IN713 alloy.
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Fig. 10 Solidification of an IN713 alloy: a) Primary dendrite arm spacing (cm), b) Average gamma
prime particle radius (nm), c) Volume fraction of gamma prime, and d) Yield strength (Mpa)

Conclusion
A comprehensive multicomponent alloy solidification micro-model, which is coupled with thermalfluid macro-models, has been developed and implemented in a commercial software code,
ProCAST. The thermo-physical properties can be calculated automatically through a coupled

thermodynamics calculation. The model has been validated on different alloys. The mechanical
properties can be predicted by the results from the micro-modeling and by strengthening theory.
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