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Abstract The aim of the present study is to investigate the influence of thermal variables on the as-cast
microstructure of hypoeutectic and eutectic Al–Si alloys and to establish correlation between the solidifica-
tion thermal parameters and interparticle spacing for Al–12%Si alloy during the unidirectional solidification.
New relationships are suggested based on the image processing programs in order to accurately quantify the
microstructure evolution. A numerical approach is developed to quantitatively determine solidification thermal
variables such as growth rate (interface velocity), temperature gradient, cooling rate, and local solidification
time. The experimental microstructure measurements are combined with numerical solutions using finite dif-
ference (FD) and control volume (CV) methods, and models are obtained for this structure with solidification
parameters. Applying image processing program with relationships suggested in this study gives more accuracy
to compute interparticle spacing compared with conventional methods. For Al–12%Si alloys, which are widely
used, the dispersion of the phases must reflect both decreasing interface velocity and temperature gradient as
the microstructure is examined from the chilled surface towards the riser, thus, increasing coarseness of the
microstructure caused by both factors.
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List of Symbols
Cp Specific heat (J/kg K)
E Enthalpy (J/kg)
f Fraction of phase
G Temperature gradient (◦C/mm)
h Heat transfer coefficient (W/m2 K)
K Thermal conductivity (W/m K)
L Latent heat (J/kg)
R Cooling rate (◦C/s)
S Coefficient in Eq. (3)
T Temperature (◦C)
T* “Kirchhoff” temperature (factor) (W/m)
TL Liquidus temperature (◦C)
TS Solidus temperature (◦C)
t Time (s)
V Interface velocity “Growth velocity” (mm/s)
x, y, z Cartesian coordinates
α Thermal diffusivity (m2/s)
� Coefficient in Eq. (3)
λ Inter-particle spacing (mm)
ρ Density (kg/m3)

1 Introduction

It is well understood that the freezing front velocity (V) and the temperature gradient (G) are important solidi-
fication parameters that determine the structure of cast products. The ratio G/V determines the type of growth
morphology (dendritic, cellular, or eutectic). The control of interface temperature gradient (G) and interface
velocity (V) is therefore established as a design objective. This paper shows that how the eutectic solidifies and
the resulting morphology depends on many parameters. The effect of the thermal gradient and growth velocity
is important and has been studied extensively using directional solidification experiments with Bridgman-type
furnaces. Several models have been proposed to quantify the effect of cooling conditions on the eutectic micro-
structure and growth temperature [1]. The difficulty associated with the modeling of solidification processes
arises from both the morphological complexity, and the range of length- and time-scales [2,3].

This paper describes micro-structural modeling of irregular Al–Si alloys at eutectic compositions. Two
models, a finite difference-temperature model (FD-TM) and a control volume-enthalpy model (CV-EM), are
used to describe the thermal field and microstructure evolution for alloy systems as a function of interface
velocity (V), temperature gradient (G), and cooling rate (R). The accurate measurement of interface under-
cooling in anomalous eutectic solidification is made difficult by the need to impose a high temperature gradient
to produce an approximately isothermal interface. Borland and Elliot [4] specify a planar solid–liquid interface
and an almost zero temperature gradient so that the interface is highly isothermal, and at high gradients the
change of slope as the interface passes the thermocouple bead becomes imperceptible [5].

2 Governing Equations

2.1 Model (A): Finite Difference-Temperature Model (FD-TM)

The simulation of casting involves thermal and stress analysis. The thermal analysis requires the solution of the
energy balance equation (1). This equation must be solved for the casting and the mold to find the temperature
history at every point in the casting, T(x, y, z, t) [6].
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where: kX, kY, kZ are the thermal conductivity, Cp is the specific heat, ρ is the density, Q is the heat source,
VX is the flow velocity in X direction, VY is the flow velocity in Y direction, VZ is the flow velocity in Z
direction.
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We assume that if the flow of molten metal is not considered; all velocity terms are effectively zero. The
very small variation in the spatial terms on the right hand side of Eq. (1) justifies this approximation. In the
simulation, the latent heat is assumed to be released linearly between the solidus and liquidus temperatures.
Using these assumptions, Eq. (1) is simplified to Eq. (2) [7].

k
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)
+ Q = ρCP
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Q = ρL
∂ fs
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(2)

where fs is the solid fraction and L is the volumetric latent heat.
These equations are for the mushy region, and therefore are written without a source term (Q) for the solid

and liquid regions.
The primary difference between macro- and micro-models is in how the local fraction of solid (fs) is

computed [8].
To solve Eq. (2), a relationship between the field T and fs must be found. A simple and widely used

approach assumes that the fraction of solid fs depends only on the temperature T and not upon cooling rate
or growth rate. For pure metal or eutectic alloys, one can assume that fs = 0 above the melting point or the
eutectic temperature and that fs = 1 below the equilibrium temperature.

2.2 Model (B): Control Volume-Enthalpy Model (CV-EM)

For most of the process of alloy solidification, there is no clear boundary between the liquid and solid. Instead,
the mushy zone, which has a solid fraction from zero to unity, is present. For this case, the enthalpy method
is more appropriate. The conservation of energy equation in the enthalpy method is considered in terms of
enthalpy (E) instead of temperature [9], the governing equations are based directly on the model proposed by
Cao et al. [10]
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� = �(E), S = S(E), coefficients.
The energy equation has been transformed into a non-linear equation with a single dependent variable E.

The non-linearity of the phase change problem is evident in the above equation.
In the liquid region, Eq. (3) is reduced to the normal linear energy equation.
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Also, in the solid region Eq. (3) reduces to
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Enthalpies of the liquid and solid phases are given by: [6]

EL = CLT + EL0 (6)

ES = CST (7)

where EL0 is the reference enthalpy expressed as

EL0 = (CS − CL)Teut + Ef (8)

and Ef is the enthalpy of fusion at the eutectic temperature Teut. Using Eqs. (6), (7) and (8), the mixture
enthalpy is expressed in terms of temperature as:

E = fEL + (1 − f)ES = f [(CL − CS)(T − Teut) + Ef ] + CsT (9)
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The Linear rule is used to calculate the solid fraction and is given by

fs = 1 −
(

T − TS

TL − TS

)

3 Thermophysical Alloy Data

Most commercial casting simulation packages solve the equations of heat transfer to produce solidification
results. With this being the case, the most important simulation parameters are those which control heat transfer.
The important alloy parameters are the metal density (ρ), specific heat (Cp), thermal conductivity (k), latent
heat (L), and solid fraction (fs).

All of these parameters are a function of temperature. Some of these properties do not change appreciably
from one alloy composition to another, allowing the parameter to be generalized for a certain class of alloy
[11]. Table 1 shows constant thermophysical properties for Al–12%Si.

4 Experimental Methods

Al–Si eutectic alloys were selected, Table 2 gives the details of composition of the alloys.
Figure 1 shows the experimental setup. During metal cooling and freezing, the temperature was measured

in the casting at three different locations, 30, 50 and 90 mm from chill/metal interface. Typical experimental
results were compared to those numerically simulated by using finite difference (FD) and control volume (CV)
methods to verify the accuracy of the simulation results. The cooling curves were measured using three K-type
thermocouples. The thermocouples were calibrated at the melting temperatures of tin, lead, and aluminum.
The calibration graph is shown in Fig. 2.

4.1 Inter-Particle Spacing Calculation

To calculate inter-particle spacing for Al–12%Si, the following relationships can be applied:

λp =
√

Image . . . area

Particals . . . number
(Pixel) (10)

where λp is the inter-particle spacing in an image with pixel unit = 0.27 mm = 270 µm

Table 1 Constant thermophysical properties for Al–12%Si

Symbol Property Quantity Unit

ρL Liquid density 2,482 kg/m3

ρS Solid density 2,680 kg/m3

kL Liquid thermal conductivity 64 W/m K
kS Solid thermal conductivity 139 W/m K
CPL Liquid specific heat 1,190 J/kg K
CPS Solid specific heat 860 J/kg K
TL Liquidus temperature 575 (for FD) ◦C

–
TS Solidus temperature 565 (for FD) ◦C

577 (for CV)
TP Pouring temperature 650 ◦C
L Latent heat 413,000 J/kg
ko Partition ratio 0.132 /

Table 2 Composition of Al–Si alloys

Alloy type wt% Si wt% Fe wt% Cu wt% Mn wt% Mg wt% Zn wt% Ti wt% Al

Al–12%Si (Binary) 12 0.5 – – – – – Balance
A413 (LM6) 10.5–13.5 0.55 0.05 0.35 – 0.1 0.15 Balance
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Fig. 1 Experimental setup
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Fig. 2 Calibration curve for the K-type thermocouples

So that the real spacing is λ is:

λ = λp ∗ 270

M
(11)

where: λ is the real inter-particle spacing in µm, M is the magnification power.

4.2 Results and Discussion

A combination of numerical and experimental approaches is developed to quantitatively study the solidifica-
tion thermal parameters of interface velocity, temperature gradient, and cooling rates during unsteady-state
solidification of eutectic Al–Si alloys.

Studies of the effect of solidification variables on microstructure of casting are important because the
as-solidified microstructure dictates heat treatment and the final mechanical performance of the casting.
The interphase (inter-particle) and dendritic spacing are important micro structural parameters resulting from
the solidification process.

The results of the experimental thermal analysis of casting are compared with simulations using finite dif-
ference (FD) and control volume (CV) methods. A good agreement has been obtained between the simulation
curves and the experimental values. Figure 5 shows the validation for results from Al–12%Si alloy taken at
three locations −30, 50, and 90 mm in the casting from chill/cast interface.

The numerical models were applied to simulate the solidification eutectic alloys in a rectangular mold cav-
ity using a copper chill to obtain unidirectional solidification. These models are used to calculate solidification
thermal parameters such as: interface velocity (or tip-growth-rate) (V), temperature gradient (G), cooling rate
(R), and local solidification time (t f ). These are explicitly calculated at each time increment (0.01 s) of the
simulation. Figures 4, 5, 6 and 7 show typical numerical results for cooling curves, solidification parameters
as a function of position (p) from metal/chill interface, and temperature distribution in cavity with time.
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Fig. 3 The verification results, a at 30 mm from chill/cast interface, b 50 mm, c 90 mm

The relationship between these thermal features indicates a similar solidification process for both alloys
under analysis, with very close profile matches for these parameters as a function of position (P) from metal/chill
interface. The thermal variable power laws [V = f(P) and R = f(P)] which characterize solidification along
the castings are the same for eutectic Al–Si alloys, and the particle spacing is dependent on the thermal
solidification variables.

The cooling curve of the Al–12%Si alloy at different positions along the casting is shown in Fig. 3. It is
clear from this figure that the solidification time is very short near to the chill/cast interface and then the time
increases to the end of casting. The degree of difference in cooling curve behavior at different positions along
the casting is related to the differences in cooling rate.

As a result of using the copper chill, the cooling rate will be very high at the chill/cast interface region and
then will decreases until a distance of approximately 50 mm is reached, as shown in Fig. 4. The constancy
of cooling rate can be clearly seen beyond a distance of 50 mm. This increase in the cooling rate leads to a
modification in the microstructure of Al–12%Si alloy which in turn improves the mechanical properties.

The relationship between temperature gradient and distance at different positions along the casting is shown
in Fig. 5. It is important to notice that the temperature gradient is high in the region adjacent to the copper
chill. Figure 5 also shows that the lateral temperature gradient is very little changed at the mold wall compared
to the center of the casting. This is because the mold wall acts as an insulator during solidification. The mould
wall does not has the ability to act as a chill through all stages of solidification because of the greater thickness
of the insulative sand mould wall compared with the volume of the molten metal.

The effect of chill on the behavior of the interface velocity (Fig. 6) is the same as on the cooling rate, being
very high near the chill/cast interface region and then decreasing until a distance of approximately 50 mm is
reached.

Figure 7 represents the distribution of local solidification times. There is a linear relationship between local
solidification time and the distance from chill/cast interface toward the riser because of the verified directional
solidification for these alloys. This validates the application of the results of this simulation in micro structural
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Fig. 4 The distribution of cooling rate through the mid surface (X–Y)

Fig. 5 The distribution of temperature gradient through the mid surface (X–Y)

modeling for the Al–Si alloys used, as an alternative to conventional methods used in previous studies such
as the Bridgman furnace.

The use of this type of solidification simulation and the use of variable properties for each phase with
temperature, gives a significant improvement in accuracy.

The main advantage of a simulation model is that it facilitates calculation and clarifies the effect of each
variable. It is thus possible to plot curves which indicate the effect of varying the alloy properties upon the
inter-particle spacing.

Cooling curves at different locations of a middle (x, y) surface are calculated using a solidification simu-
lation program based on finite difference (FD) and control volume (CV) methods.

The predicted cooling curves are compared in Fig. 8 for different locations from chill/cast interface for
Al–12%Si alloy.
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Fig. 6 The distribution of interface velocity through the mid surface (X–Y)

Fig. 7 The distribution of local solidification time through the mid surface (X–Y)

From Figs. 3, 8 and 9, the enthalpy transforming model (i.e. CV-EM) proposed in this study proves to be
capable of handling complicated phase change problems occurring at a single temperature with fixed grids.
Comparisons made between the numerical results from the finite difference method and experimental results
show good agreement, showing that the present model can properly predict the phase change processes. The
advantage of this enthalpy based model is that it does not require an explicit description of the nature of the
phase change front.

4.3 The Study of Microstructure of Al–12%Si

The inter-particle spacing (λ) was measured from photographs. Figure 10 explains the sequence of image
treatment from original photo to final image using Al–12%Si as an example. Figure 11 shows the image pro-
cessing method, where λ was measured from a longitudinal section in different regions. Figures 12, 13, 14,
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Fig. 8 Cooling curves and heating curves for Al–12%Si. a Finite difference, b control volume

and 15 show the relationship of average inter-particle spacing (λ) obtained from image processing and thermal
parameters, which are obtained from the simulations.

It has been observed that there are differences in the measurements of the inter-particle spacing and the
relationship with practical and theoretical measured variables. These differences are related to the differences
in the method of measuring and numbers of particles measured.

It is to be expected that an increase in the number of calculated particles for, as an example, the linear
intercept method and taking the average, leads to greater accuracy, because of the random distribution and
size of particles in Al–Si alloys. In spite of difficulty of scanning every or even most of the particles on the
inspected surface, it has become possible, by using image processing of the type described here, to cover all
the inspected surface and to measure average inter-particle spacing, average size, and particle distribution.
Therefore it is to be expected that the method used in this study combined with solidification simulation gives
better results than those of the conventional method used in previous studies.

The reason why researchers refrain from studying irregular eutectics is the relationship between inter-par-
ticle spacing (λ) with solidification parameters (such as V, G, and R) is difficult to measure experimentally
over a sufficient area of the casting, because a very large number of thermocouples must be installed and read.
Some studies have used a special growth furnace or a Bridgman furnace to control growth rate or a small
number of thermocouples which may not cover a sufficient area of the casting.

We use simulation to obtain a temperature history for any region or node of the casting, thence solidi-
fication parameters (V, G, R) and local solidification time (tf) can be calculated. The accuracy of the sim-
ulation is verified by comparison with experimental data (T- t curve) as shown in Fig. 3. The comparison
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Fig. 9 Contours, surfaces, and solids temperature distribution in cavity shows the motion of the solid/liquid interface over time
for Al–12%Si. a 2 s, b 10 s, c 40 s

confirms simulation results, which effectively mimic the presence of thousands of thermocouples inside the
casting.

At lower velocities, the structure consists of thick Si plates, as shown in Fig. 11c, d, surrounded by a thick
Al halo. Much finer Si flakes grow in the depressions between the coarse plates: this structure is shown in
Fig. 11a, b. As the velocity increases the interface becomes more planar and the flake morphology dominates
the structure. However, the coarse silicon does not disappear completely from the structure even at velocities
greater than 500 μm/s and the silicon particles form a fibrous morphology. These observations show that the
interface structure is different at low and high velocities.

Eutectic growth calculations, using solidification simulation, indicate the following relationship of interface
velocity (V) with inter-particle spacing (λ) (see also Fig. 15):

λ = 0.0043V−0.3418.
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Fig. 9 continued

The influence of temperature gradient in the liquid is related to its effect on flattening the solid-liquid interface.
This makes solute rejection from the Si flake tip more difficult, promoting morphological instability, increas-
ing the frequency of branching and reducing the average interflake spacing. This reduced spacing promotes
diffusion.

However, as Fisher and Kurz [13] comment, the analysis is approximate, assuming a λ−V0.5 dependence
and containing many system parameters, and within the framework of the analysis, allowing for the under-cool-
ing to increase with temperature gradient. Unfortunately as yet, few structural observations and quantitative
measurements have been made as a function of temperature gradient, but the spacing does actually decrease
with increasing temperature gradient, as illustrated in Fig. 13.
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Fig. 9 continued

To further reinforce this conclusion, an attempt was made to correlate λ2V as a function of G. If a rela-
tionship of the form λ2V = constant Gn does exist, then a logarithmic plot of λ2V versus G should yield a
straight line with slope n. Figure 15 shows λ2V as a function of G. A linear regression analysis of this data
yielded a value of −0.7612 for n. Figure 15 shows a good agreement between the current study and results
from Toloui and Hellawell [12] and Fisher and Kurz [13]. The percentage difference in the results between
the present study and Fisher and Kurz is nearly 30% while the difference percentage in results between the
present study and Toloui and Hellawell [12] is nearly 10%. Both these percentages are acceptable differences
for time comparison.
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Fig. 10 Sequence of image treatment for distance 20 mm from chill of Al–12%Si alloy; a original, b sub select-1, c threshold,
d sub select-2, e final image after filtration and processing
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Fig. 11 Structure variation of Al–12%Si along the casting at the following distances from the chill, a 10 mm, b 30 mm, c 60 mm,
d 100 mm
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Fig. 12 Relationship between inter-particle spacing (λ) and interface velocity (V) for Al–12%Si

5 Conclusions

1. Applying image processing to examine the relationships suggested in this study improves the accuracy of
the calculation of inter-particle spacing for irregular Al–Si alloys compared with conventional methods.

2. A new model describes irregular eutectic spacing in Al–12%Si alloys. The spacing is a function of growth
rate and temperature gradient and the resulting equation after linear regression is:

λ2V = 5E − 06G−0.7612 (mm3/s).
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Fig. 13 Relationship between inter-particle spacing (λ) and temperature gradient (G) for Al–12%Si
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Fig. 14 Relationship between inter-particle spacing (λ) and local solidification time (t f ) for Al–12%Si
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Fig. 15 Inter-particle spacing (λ), expressed as λ2V, as a function of the temperature gradient G, for Al–12%Si compared with
previous studies

3. In the widely used Al–Si alloys the dispersion of the phases must reflect both decreasing growth rates and
temperature gradient as the microstructure is examined from the chilled outer surface towards the interior
of a casting. The increase in the coarseness of the microstructure is caused by both factors.

4. The lamellar spacing is strongly dependent on the interface velocity and an increase in growth rate causes
refinement of the microstructure.

5. Measurements of inter-particle spacing (λ) in an unmodified Al–Si eutectic are in good agreement with
the results of Toloui and Hellawell [12] and Fisher and Kurz [13].
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6. The enthalpy transforming model proposed in this study is capable of handling complicated phase change
problems occurring at a single temperature with fixed grids.
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