
Modelling of grain size transition with alloy concentration
in solidified Al–Si alloys

Xiangdong Yao Æ Arne K. Dahle Æ Cameron J. Davidson Æ
David H. StJohn

Received: 11 October 2006 / Accepted: 17 July 2007 / Published online: 21 August 2007

� Springer Science+Business Media, LLC 2007

Abstract The transition in grain size with Si content in

Al–Si alloys has been systematically investigated by the

Cellular Automaton-Finite control Volume Method

(CAFVM) to understand the operating mechanisms for this

behavior. Three aspects: growth restriction factor (GRF),

the chemical driving force (CDF) and the constitutional

undercooling (DTC) have been demonstrated to affect the

microstructure formation, and among them the DTC plays

the most important role. Furthermore, it is also shown that

the surface modification of the nucleant particles by silicon

significantly influences the grain formation. However, the

combined effects of the investigated factors on the grain

size were not sufficiently strong to cause a grain size

change similar to that observed experimentally. This

implies that there could be other mechanisms that control

the transition.

Introduction

Alloy composition has a significant effect on the size and

morphology of equiaxed grains, as well as influencing the

columnar-to-equiaxed transition (CET) during solidifica-

tion [1–4]. The effect seems to be quite complex. It has

been reported in Al–Si alloys [5–7] that the grain size first

decreases with increasing alloy silicon concentration and

then, after approaching a minimum, the grain size increases

with further silicon additions. Backerud and Johnsson [5]

suggested that a cellular-dendritic transition in the growth

of equiaxed crystals is responsible for the transition and

they proposed that the transition occurs at a growth

restriction factor (GRF) of * 20. However this hypothesis

is not supported by other experimental observations [6],

which show that the equiaxed microstructures for all

investigated alloy concentrations are of dendritic mor-

phology. Backerud and Johnsson [5] also proposed another

possible mechanism where it is suggested that the sharper

dendrite tip in high concentration melts could penetrate

through the solute layer in front of the growing tip and then

grow very rapidly because of the large undercooling in the

constitutional zone. This mechanism also lacks support.

Furthermore, a transition in grain size with increased solute

content is not observed in Al–Zn and Al–Cu alloy [8]

systems when the GRF varies across a large range

including 20, and this suggests that the GRF is not the

reason, or it is at least inadequate, to explain the grain size

transition.

Additionally, Backerud and Johnsson [5] stated that

altering the cooling rate had no significant effect on the

transition. However, Hutt et al. [9] reported that varying

mould preheat temperature (i.e., cooling rate) considerably

shifted the transition point. In the present research, the

effect of silicon concentration on nucleation from three

aspects, e.g. the GRF, CDF and DTC, has been systemati-

cally investigated by Cellular Automaton-Finite control

Volume Method (CAFVM), to clarify the effect of silicon

on grain formation in solidified Al–Si alloys, and to
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investigate the possible mechanisms responsible for the

transition of grain size. We also developed an analytical

model which quantitatively predicts the effect of solute

redistribution on the chemical driving force (CDF) and the

constitutional undercooling (DTC) for equiaxed nucleation

[10]. The relationship between the nucleation undercooling

and the silicon concentration used in these calculations is

derived from the model developed [10].

Model description

In order to verify present experimental data, modelling of

grain formation has been performed under solidification

conditions similar to those in the experiments within

graphite crucible by Lee et al. [6] and Dahle et al. [11]. As

the complexity of the treatment for modelling with con-

sideration of the effect of convection on microstructure

formation during solidification, the present model will not

include the contribution of convection. However, as the

samples together with the graphite crucible were held at a

constant temperature of 800 �C, the natural convection

would be very weak to influence the grain formation. In

addition, there would be no ‘‘chilling crystals’’ on the wall

of mould that could increase the nucleation sites by the

convection.

In this specific problem, the finite volume method

(FVM) is the best selection of numerical methods for cal-

culation of heat transfer due to the very simple geometry of

the casting, and we can just consider half of the 2-dimen-

sional domain for simulation of microstructures. The

considered domain is divided into 100 · 50 square finite

volumes with the side length of each volume,

Dx = 500 lm.

Heat transfer calculation

The governing equation for heat transfer, including the

liberation of latent heat, is given by

qCV
oT

ot
¼ rðkrTÞ þ qL

ofs

ot
ð1Þ

where q is the density of the alloy, CV is the specific heat, k
is the thermal conductivity, L is the latent heat of the alloy,

T is the temperature, t is the time and fs is the fraction of

solid.

Equation (1) can be rewritten as

q CV � L
ofs
oT

� �
oT

ot
¼ rðkrTÞ ð2Þ

with initial and boundary conditions

T t¼0j ¼ T0 ð3Þ

oT

ox
x¼0 ¼j 0 ð4aÞ

T
x¼Xmax

y ¼ 0

y ¼ Ymax

�����������
¼ Tair ð4bÞ

where T0 and Tair are the temperatures of the melt just before

the start of the calculation and the temperature of air around

the mould, respectively qfs/qT can be calculated from the

relationship between fs and T derived from the models of

solute diffusion. For volume i, j, discretized the governing

equation for heat transfer with application of a fully explicit

scheme, the new temperature of the volume at the time

t + dt (dt is the time step for calculation), Tt + dt, the old

temperature, Tt, and the variation of heat, dH, in the volume

during one time-step of dt, obey the following equation

Ttþdt
i;j ¼ Tt

i;j þ
oT

oH

� �t

i;j

� dHi;j ð5Þ

Cellular Automaton (CA) algorithm

A 2-dimensional Cellular Automaton (CA) technique is

being used to model the microscopic phenomena such as

nucleation and growth. Firstly, each volume is divided into

20 · 20 square CA cells, thus resulting in a resolution of

dx = 25 lm. It should be noted that this value is of the order

of one secondary dendrite arm spacing and is thus well

adapted to the modelling of the extension of grains by

branching mechanisms. A small modification of the original

CA algorithm has been performed to improve the resolution

of microstructure by considering not only the four N, S, W,

E nearest-neighbour cells of a site location, but also the four

cells in the direction of NE, NW, SE, SW. Therefore, with

this small modification to the CA algorithm, the same

microstructure predictions as those calculated from the

original CA model can be obtained with much fewer cal-

culated CA cells, thus improving highly the computational

efficiency and computational time.

Nucleation

For heterogeneous nucleation, the continuous nucleation

model developed by Rappaz et al. [12] is adopted. The
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nucleation distribution and the nucleation parameters are

defined same as Rappaz et al. [12]. During one time-step,

dt, the temperature of the considered cell decreases by an

amount, dT, and thus the undercooling increases by an

amount d(DT). Accordingly, the density of new grains

which are nucleated in the cell of the liquid metal is

given by

dn ¼
Z DTþdðDTÞ

DT

dn

dðDT 0Þ dðDT 0Þ ð6Þ

Deducing a Gaussian distribution of nucleant potency [12]

dn

dðDTÞ ¼
nffiffiffiffiffiffi

2p
p

DTr
� 1

2

DT � DTmax

DTr

� �2
" #( )

ð7Þ

where DTmax is the average nucleation undercooling, DTr

is the standard deviation, and n is the density of potential

nuclei in the bulk liquid. dn can then be calculated by

combining Eqs. (6) and (7).

Growth

As a nucleus appears, it grows according to its growth

kinetics. This growth law, m(DT), can be calculated by the

KGT model [13]. Then the growth length of the dendrite

tip, L(t), during one time step is given by [12]

LðtÞ ¼ vðDTÞ � dt

ðcos hþ sin hj jÞ ð8Þ

where h is the angle of the preferential growth direction,

<100>, with respect to the cell horizontal direction. When

L(t) is greater than the length of the CA cell, which means

that the growing dendrite tip from the solid cell touches the

centre of its neighbouring liquid cell, the entrapment of the

nearest-neighbouring cell occurs, and the dendrite in this

cell grows in the same direction.

Coupling of macroscopic (FVM) and microscopic (CA)

models

The term oT
oH

� �t
dH in Eq. (5) gives the variation of tem-

perature of the nodes of the finite volume during a time

step, dt, and this variation would increase the volume

fraction of solid which is calculated quantitatively using

the CA model. In each time step, the temperature of each

cell which belongs to the finite volume is calculated by

using the linear interpolation method. Therefore, the vari-

ations of temperature, dT, of these cells during one time-

step, and thus variations of the local undercooling, d(DT),

are deduced to calculate the variation of the local volume

fraction of solid of the cells, dfs,cell, using microscopic

models (nucleation models). The latent heat contribution of

each cell is then fed back to the nodal points of the finite

volume, also using linear interpolation, in which the

interpolated coefficient is a reciprocal of that of the tem-

perature interpolation of the cell. Total contributions to

each nodal point of all the cells associated with the nodes

of the finite volume would increase the temperature of the

nodal point by oT
oH

� �t
dHin which dH is the sum of total

latent heat contributions to each node.

Calculation of time step

Two time-step schemes, one for macroscopic heat transfer

calculation with FVM, Dt�Dx2=4k, and one for micro-

scopic microstructure formation simulation with CA,

dt� dx2=4k, respectively, have been used in this simple

coupled CAFVM algorithm to reduce computational time.

Determination of the nucleation parameters

There are no big differences for the most nucleation

parameters from those determined in Ref. [14]. Only the

nucleant particle density has been changed from

2.06 · 1010 to 1.28 · 1010, because the calculated results

will be compared with experimental data from Dahle et al.

[6, 11] which have some differences by Easton and StJohn

[15] from which their experimental data was used for

determination of the nucleation parameters for grain

refinement. For example, the average grain size for pure

aluminium is 1,000 lm by Easton but about 1,300 lm for

Al-1%Si (the grains should be finer than those for pure

aluminium) by Dahle et al. [11]. The difference in the

experimental data is reasonable to be accepted because the

raw materials of aluminium from different companies may

be of different impurity contents. Therefore, it is expected

that a less particle density is assumed in the materials used

by the experiments of Dahle et al. [11]. The value of

1.28 · 1010 can be derived by fitting the calculated result

with the experimental data with an Al-3%Si alloy, and it is

assumed that the particle density remains unchanged with

variation of silicon. Then, this assumption can be tested to

be reasonable or not by comparing the calculated and

experimental data in Al–Si alloys with 1% and 2% silicon

concentrations in which the content of Si is small enough to

have no significant effect on the grain size transition

according to the experiments. The nucleation site distribu-

tions at the mould surface and in the bulk liquid for present

calculations are shown in Fig. 1. The growth kinetics is

deduced from the KGT model [13], and the investigated

levels of the six nucleation parameters in the Gaussian
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nucleation distribution are shown in Table 1 [12, 13]. The

thermophysical properties and solidification parameters

used in the present calculation are shown in Table 2.

Results and discussion

Effect of the GRF

Figure 2 shows predicted microstructures for Al–Si alloys

with 1, 2, 3, 4, 5 and 8% Si concentrations. It is readily

apparent that the silicon content has a significant effect on

grain formation during solidification of Al–Si alloys. The

results indicate that the columnar zone decreases rapidly

with increasing silicon concentration, which means that the

silicon greatly enhances the CET during solidification.

Meanwhile, the domain of the equiaxed zone is increased

and equiaxed grains become considerably finer with

increasing Si. The variation in calculated average grain size

and columnar grain length with the silicon concentrations

is shown in Fig. 3. Both the average grain size and the

length of columnar grains decrease sharply with low levels

of silicon concentrations (less than 3%), but this change

becomes flat with further higher silicon content. There is a

similar tendency to the results for titanium additions

studied experimentally by Easton and StJohn [15], which

suggests that the silicon has a similar effect on grain for-

mation to that of titanium, but the magnitude of extent is

different due to the differing values of the GRF.

The results in Fig. 3 also show that the calculated grain

size is considerably different from the experimental data by

Dahle et al. [11] because only the effect of GRF on the

thermal undercooling (by changing the rate of latent heat

released) has been considered. According to the analytical

study, however, two other effects of the silicon concen-

trations on grain formation should be taken into account to

properly predict the solidified microstructures: the effect on

CDF [10] and effect of the constitutional undercooling. The

growth rate varies with the GRF resulting in variation of

the solute redistribution ahead of the interface to change
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Fig. 1 Nucleation site distributions at surface of the mould and in the

bulk liquid used in the present calculations, DTs,max = 1.0 K,

DTv,max = 3.2 K, DTs,r = 0.1 K, DTv,r = 0.5 K, ns = 2.5 · 108,

nv = 1.28 · 1010

Table 1 Growth kinetics and nucleation parameters

Growth kinetics: vðDTÞ ¼ k1DT2 þ k2DT3 k1 ¼ 39:2� 10�6ms�1K�2

k2 ¼ 4:7� 10�6ms�1K�3

Nuclear law: dn
dðDTÞ ¼

n0ffiffiffiffi
2p
p

DTr
� 1

2
DT�DTmax

DTr

	 
2
� �� �

DTs,max DTs,r ns DTv,max DTv,r nv

0 0.1 1.25 · 108 3.2 0.5 1.28 · 1010

Units: ns,max (m�2), nv,max (m�3), DT (�C)

The site densities, ns,max (m�2), nv,max (m�3), which are listed in this table apply to 3-dimensional geometries. The following stereological

relationships were used to deduce the corresponding values, n�s;max(m�1), n�v:maz(m
�2), for the two dimensional CA calculations

ns ¼ ðp=4Þ½n�s �
2

and nv ¼
ffiffiffiffiffiffiffiffi
p=6

p
½n�v �

3=2

Table 2 Thermophysical properties of Al–Si alloys3 and the solidi-

fication conditions

TAl
m (K) Teut (K) Ceut (wt.%) k0 (�)

933 850 10.77 0.117

q (kg/m3) Cp (J/kg K) k (W/m K) ml (�C/%)

2,720 1,086 192.5 �6.5

Dl (m2/s) Ds (m2/s) DHV (J/m3) C (K m)

3 · 10�9 1 · 10�12 1.107 · 109 0.9 · 10�7

Ti (K) Tm (K)

1,073 1,073

where TAl
m —melting point of pure Al; Teut—eutectic temperature of

Al–Si alloy; Ceut—eutectic concentration of Al–Si alloy; k0—solute

partition coefficient; q—density of the alloys (assuming no difference

between the solid and liquid for the investigated range of concen-

tration); Cp—thermal capacity; k—thermal conductivity; ml—the

liquidus slope; Dl—diffusion coefficient in the liquid; Ds—diffusion

coefficient in the solid; DHV—the latent heat; C—Gibbs-Thompson

surface energy; Ti—the initial temperature of the melt; and Tm—the

preheat temperature of the mould

J Mater Sci (2007) 42:9756–9764 9759

123



the constitutional undercooling zone. It should be noted

that the constitutional undercooling is related to the GRF

but can be considered separately when dealing with the

nucleation and growth of grains in the remaining melt [10].

Effect of the chemical driving force (CDF)

As proposed in Ref. [10], the entropy of fusion, DSf, for

liquid/solid phase transformation in Al–Si alloys decreases

with increasing the silicon concentration. The CDF for

nucleation, DGV = �DSfDT, therefore increases with

increased silicon content. Comparing 1% and 9% Si con-

centrations, there is about 20% difference in the CDF at a

given undercooling. Thus, if the potency of a nucleation

particle is fixed (that is, properties such as liquid/particle

interface energy and the wetting angle do not vary with Si

content), a smaller undercooling is required to activate the

particle at higher silicon content. This result is shown

in Fig. 4 for the nucleation particle characteristics of

hsl = 14.4�, rn = 5 lm and rsl = 0.1 J/m2 at the liquidus

temperature appropriate to each silicon level, where hsl is

the wetting angle and rsl is the surface tension between the

liquid and the nucleant particle, rn is the diameter of the

particle, respectively. The nucleation undercooling

decreases monotonically with increasing silicon content

and the difference in the nucleation undercooling between

1 and 9% Si is about 0.45 K.

Assuming that only the mean undercooling of the

nucleation site distribution is changed by the calculated

nucleation undercooling with the silicon content, the cal-

culated microstructures for Al–Si alloys with 1, 2, 3, 4, 5

and 8% Si concentrations are shown in Fig. 5. The corre-

sponding calculated average grain size and length of the

columnar crystals are shown in Fig. 6. It is found that the

effect of CDF on the grain size and the columnar zone is

not very significant, but it would tend to decrease the grain

size with increasing silicon content. The difference

between the calculated and experimental data is still con-

siderable and there is no prediction of an increase in grain

size about 3% Si.

Fig. 2 Predicted

microstructures for Al–Si alloys

with 1, 2, 3, 4, 5 and 8% Si

concentrations, considering the

effect of the GRF
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Fig. 3 Variation of the average grain size (a) and the length of

columnar grains (b) with silicon content of Al–Si alloys, from the

model calculation shown in Fig. 2
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Effect of constitutional undercooling

For a given alloy system, the solute redistribution to create

the constitutional zone is time-dependent and is influenced

significantly by the growth rate. With a high growth rate,

the distribution of DTC is very sensitive to the time, i.e., big

difference in DTC is obtained with a very small variation of

time. The time-dependent DTC can be estimated by the

analytical model developed in Ref. [10] for various silicon

concentrations, although the actual DTC is difficult to be

accurately in-situ determined during solidification at the
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Fig. 4 Critical undercooling for nucleation with a potential nucleant

particle (hsl = 14.4�, rn = 5 lm and rsl = 0.1 J/m2) changes with

silicon additions by the effect of chemical driving force

Fig. 5 Predicted

microstructures for Al–Si alloys

with 1, 2, 3, 4, 5 and 8% Si

additions, considering the

combined effect of the GRF and

CDF
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crystals with silicon addition of Al–Si alloys, corresponding to Fig. 5
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time of nucleation because the time is hardly determined.

The DTC resulting from the redistribution of the solute

silicon for a dilute composition is proportional to the Si

content. At a high concentration of Si, it is assumed that the

DTC has no significant change with Si content because the

grain size remains unchanged in experimental observa-

tions. As the GRF and CDF at a high Si content have a very

little effect to decrease the grain size, the variation of DTC

is quite small. Therefore, under the proposed solidification

and alloy conditions, it is reasonable to assume that the

DTC keeps almost constant at high Si contents.

Accordingly, in the case of Al–Si alloy solidification, we

have inferred from the experimental data of grain size with

Si contents, which the DTC increases linearly with silicon

concentration between 0% and 3%, and is independent of

Si at concentrations above 3%. On this assumption, only

two values of DTC (at 0% and 3%Si) are required to

determine the parameter for all alloys in the range. Keeping

other nucleation parameters remain unchanged as given in

above calculations, only mean undercooling is changed to

calculate the average grain sizes for 0% and 3%Si Al–Si

alloys, respectively. The calculated results are then com-

pared with the experimental data. The mean undercooling

for the two alloys can be obtained, 4.08 K for 0%Si and

3.2 K for 3%Si of Al–Si alloys, respectively, when the

calculated and experimental data are fitted. The difference

in the value of DTC with pure Al and 3%Si is 0.88 K. The

values of DTC with 1% and 2%Si can be obtained by

interpolation. The result is shown in Fig. 7. DTC remains

constant when the Si concentration is larger than 3%. In

Ref. [10] we have given detailed discussion on the phe-

nomenon of why DTC does not significantly change above

a certain level of solute Si. The value of the DTC shown in

Fig. 7 can be then tested by comparing with the calculated

and experimental data for other silicon additions.

As a result, Figure 8 shows the calculated results for

different silicon contents and comparison with experi-

mental data. It is found that the calculated results with

consideration of a combined effect of the GRF, CDF and

DTC agree very well with the experimental data for 1% and

2%Si additions. This suggests that the above assumption of

the DTC is reasonable. However, considerable differences

between the calculated and experimental data remain for

silicon levels above 3%. which is so-called the grain size

transition. A possible mechanism will be investigated in the

last section.

Mechanism of the transition of grain size

Three possible mechanisms for grain size transition have

been presented. According to Johnsson [16], the grain size

begins to increase once again above the critical value, due to

a change in the growth mode of the dendrites—diffusion-

controlled growth to dendrite tip radius controlled growth.

However, little evidence is provided to support this mech-

anism to explain the transition. Moreover, other alloy

systems such as Al–Cu and Al–Zn do not show the transi-

tion under similar solidification conditions, which would

suggest that variation in dendrite tip morphology resulting

by the solute enrichment does not generally cause the

transition [8]. Spittle et al. [17] proposed that the potency of

nucleation particles decreased by particle surface modifi-

cation with silicon, thus higher critical undercooling for

nucleation was required during solidification. This mecha-

nism has been experimentally supported recently by Lee

et al. [6]. Another mechanism was also presented by

Johnsson [16] to state that the very sharp dendrite tip could

penetrate the solute layer to grow into the undercooling

melt, thus the huge growth rate would produce large grains.

In the CAFVM study, Spittle et al.’s hypothesis [17]

was tested by firstly assuming that the silicon increases the
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Fig. 7 Estimation of the constitutional undercooling variation with

silicon concentration in Al–Si alloy used in the CAFVM calculation
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nucleation barrier by modifying the nucleation particle

surface. The nucleation barrier refers to the mean und-

ercooling of the continuous nucleation model [12] used

here. Therefore, all other nucleation parameters can remain

unchanged, for calculating grain formation for Al–Si alloys

with 3 * 9%Si, respectively. The results are shown in

Fig. 9. The calculated average grain size can be agreed

very well with the experimental data by changing the mean

undercooling for the calculations. From the Fig. 9, each

mean undercooling for different silicon concentration in

the Al–Si system was required as shown in Fig. 10a to fit

the experimental data. Accordingly, variation of the wet-

ting angle between particle/liquid interfaces can be

calculated as shown in Fig. 10b. Figure 10a shows that the

mean undercooling increases with increasing silicon con-

tent and is well fitted by an equation shown in the Figure.

Figure 10b gives the corresponding wetting angle that

would be required in order to generate the fitted mean

undercooling values. As the mean undercooling with a high

solute concentration is very high, fewer nucleation particles

can be activated to form grains and the predicted grain size

is large. It should be noted that increased mean underco-

oling in the continuous nucleation model will increase the

extent of the columnar zone during solidification, thus, the

mean undercooling can not be sufficiently large to predict

the experimental grain size while retaining an equiaxed

grain structure. This means that the mean undercooling

predicted by Fig. 10a at high Si concentrations is not

available for calculating equiaxed grains because no

equiaxed grains will be formed. The fact that very good

agreement between the calculated and experimental data

shown in Fig. 9 is obtained with unrealistic parameters

suggests that a second mechanism (unknown) may control

the transition for the present solidification conditions, but

does not disprove the other two mechanisms.

Calculated results demonstrate that the calculated grain

sizes agree well with the experimental data for silicon

contents less than 3%. It is suggested that the grain for-

mation in Al–Si alloys lower than 3% Si is controlled by

the GRF, CDF and the constitutional undercooling, how-

ever, the Si surface modification and the unknown

mechanism do not take effect on grain size at this range of

Si content. Taken account the GRF, CDF and the consti-

tutional undercooling, and the Si surface modification as

well into the calculation, poor agreement as silicon levels

increased beyond 3% suggests that the unknown mecha-

nism for the transition besides the particle surface

modification by silicon should be the operating mecha-

nism for this unique grain size transition. Although the

dendrite tip growth into undercooled melt by penetrating

through the solute layer can be simulated by a modified

CA algorithm [18], this mechanism seems to be imprac-

tical in real solidification, because it is evident that Al–Si

alloys solidifying with high nucleant density have a ten-

dency to exhibit a less developed dendrite microstructure

[19]. This result also does not agree with the growth

mode mechanism proposed by Johnsson [4]. The operat-

ing mechanisms for the transition require further

investigations.
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Conclusions

Three aspects of grain structure formation have been

studied by CAFVM for Al–Si alloy solidification: the GRF

(growth-restriction factor); the CDF (chemical driving

force); and the constitutional undercooling. The CDF is

calculated by the model developed [10] and the constitu-

tional undercooling is estimated from experimental results

and the analytical model [10]. It is found all the three

factors influence the grain formation during Al–Si alloy

solidification but have more significant effect for low sili-

con contents.

However, no combination of these factors was found

that could explain the experimental observations of

increasing grain size with Si levels above 3%. The

hypothesis that increasing Si modifies the nucleant particle

surface to increase the nucleation barrier was tested by

modelling. It has been shown that this hypothesis is

insufficient to explain the magnitude of the results. This

suggests that other mechanisms cause the grain size tran-

sition for microstructure formation Al–Si alloys.
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