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RESEARCH PAPER

Distribution of Al in Al–Si Alloys during
electromagnetic continuous casting with
cylindrical open ended crucible

X. Bai*1, J. Li2, Z. Fu1, Y. Li2, B. Ban2, T. Zhang2, Z. Peng1, C. Wang1 and J. Chen2

Electromagnetic continuous casting (EMCC) exhibits great potential for silicon purification by

Al–Si method. Distribution of Al in Al–Si alloys with different aluminium contents during EMCC was

investigated. The macrostructure of the Al–Si alloy ingots reveals that the content of primary

silicon plates in hypereutectic alloys decreases from the bottom to the top of the ingots, and no

obvious primary silicon plate exists in eutectic alloy. The fitting results of aluminium distribution in

the alloys reveal two types of aluminium distribution patterns in hypereutectic Al–Si alloys: Scheil

model for high temperature solidification and initial transient model for low temperature one.

An apparent segregation coefficient of Al is proposed to characterise the solidification process,

which is ,0.83 in the hypereutectic alloys.

Keywords: Aluminium distribution, Al–Si alloy, Electromagnetic continuous casting, Solidification models, Apparent segregation coefficient

Introduction
Al–Si alloys are widely used in aerospace, automobile and
electronic industries due to their excellent wear and cor-
rosion resistance, low density, low coefficient of thermal
expansion and good strength and castability.1–4 Recently,
hypereutectic Al–Si alloy has been selected for solvent
refining of metallurgical grade silicon in industry5 and
further theoretically studied by others.6–8 For the past few
years, directional solidification was combined with the
solvent refining in the hypereutectic Al–Si alloy.9 In ad-
dition, the effect of electromagnetic stirring on the removal
of impurities in the Al–Si melt was reported by Morita
et al.10–12 and Yu.13 In the current work, electromagnetic
continuous casting (EMCC) was applied. This method has
the following advantages over normal directional solidifi-
cation: casting ingots of any length, electromagnetic stir-
ring of melt and no pollution to the ingots.

On the other hand, the Al distribution is important
because theproperties ofAl–Si alloys aredeterminedby the
local composition in a very large degree. For example,
Nikanorov14 studied the structure and the mechanical
properties of binary aluminium–silicon alloys of different
compositions. Peres15 investigated macrostructural and
microstructural development in Al–Si alloys directionally
solidified under unsteady state conditions. In addition, for
impurities removal, Morita reported that the segregation
coefficients of B and P decrease with increase in Al con-
tent.11 All these studies contribute to the understanding of
the effect of Al content on the properties and the removal
process of impurities in the Al–Si alloys. However, the

microstructure of the samples and the results presented in
these studies only give a qualitative description on the
solute distribution. The content of the primary silicon
phases in the hypereutectic alloys decreases from the
bottom to the top of the samples. However, the quanti-
tative distribution of Al and the effect of different Al con-
tents on its distribution in the hypereutectic Al–Si alloys
during directional solidification were not studied in the
literature. Additionally, mathematical models have never
been applied to describe the Al distribution in directional
solidification. In addition, it was found that there are two
different distribution types in the hypereutectic Al–Si
alloys during directional solidification in the present work.

In this work, three hypereutectic (60, 70 and 80%Al)
and one eutectic (87.4%Al) Al–Si alloys were prepared
by EMCC. The mass fractions of Al from the bottom to
the top of the ingots were calculated by measuring sili-
con fraction after removing eutectic aluminium by acid
washing. In addition, an apparent segregation coefficient
is proposed to characterise the solute distribution in the
directional solidification process of the hypereutectic
and eutectic alloys. The Scheil model and initial transi-
ent model are used to fit the experimental data, which
are compared with experimental results.

Experimental

Materials and equipment
Metallurgical grade silicon and commercial aluminium
were used as raw materials. The contents of the impurity
elements in these materials determined by inductively
coupled plasma optical emission spectrometer are listed
in Table 1.

Al–Si alloy ingots were melted in a SPZ-25
medium frequency induction furnace under Ar atmos-
phere. The schematic drawing of the furnace is shown in
Fig. 1.
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Alloys preparation
All the alloys were melted by the same continuous
casting process. Typical process is as follows. About
1500 g of raw materials of the nominal composition was
put in a graphite heater tube. The graphite tube is 80 mm
in inner diameter, 100 mm in outer diameter and
200 mm in height. Figure 2 displays the temperature–

time curves during processing and phase diagram of the
samples with different contents of Al. There are four
stages during alloy processing. In stage I, the graphite
tube was rapidly heated up to the temperature of
*300 K above the liquidus. In stage II, after the Si rocks
were completely melted, the temperature was held for
30 min and the melt was stirred with a quartz rod every
5 min to ensure homogeneous mixing. Then, in stage III,
the power of the furnace was reduced to lower the
temperature of the melt to 50–100 K above the liquidus.
The temperature gradient was measured by a K type
thermocouple at the end of this stage, and the results are
shown in Table 2. It should be noted that the tempera-
ture of 60%Al–Si alloy could not be measured because it
is beyond the measuring range of the thermocouple.
Finally, in stage IV, the alloy was solidified by pulling it
out of the heater tube at a rate of 3 mm min21, which is
approximately equal to the solidification rate. The
samples were maintained under Ar atmosphere during
the whole process.

Structure observation and composition
measurement
The ingotswere cut into twoparts along their vertical axis.
The cutting surface of one part was polished for structure
observation. A plate 10 mm in thickness was cut with a
saw from the other part and divided into 10 small
bricks from the bottom to the top, as shown in Fig. 3.

The obtained bricks were weighed and put in a beaker
with diluted hydrochloric acid to remove Al by their
reaction, leaving primary silicon flakes and eutectic
silicon powder. After the reaction was completed, the
primary silicon flakes and the eutectic silicon powder
were washed with deionised water, dried and weighed.
Finally, mass fraction of Al of each brick can be calcu-
lated by

Cn ¼ mtotal 2mSi 2mS

mtotal
ð1Þ

where Cn, mtotal and mSi are the mass fraction of Al,
total mass and Si mass of the nth brick from the bottom
to the top of the plate. In addition, ms is the mass of
solid solution Si in Al matrix, which can be obtained
from the Al–Si phase diagram.

Table 1 Impurity content in raw materials/ppmw

Impurity element Al Fe Ca B P Cu Mg

In silicon 2434 2818 37 25 43 35 8
In aluminium Bal. 14 152 111 1 26 28 60
Impurity element Mn Sn V Zn Ti Cr Ni
In silicon 105 7 351 1 437 7 154
In aluminium 41 4 171 47 33 18 49

1 Schematic drawing of furnace

a temperature T versus time t curves during processing; b Al–Si phase diagram
2 Temperature–time curves of different samples
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Results and discussion

Macrostructure of solidified Al–Si ingots
Figure 4 shows the macrostructure of the solidified Al–Si
ingots with different compositions. The diameter and
height of the ingots are 80 and 125 mm respectively.
It can be seen from this figure that the number of pri-
mary silicon plates decreases with increasing Al content.
There are a large number of the primary silicon plates in
60%Al–Si alloy (Fig. 4a) and 70%Al–Si (Fig. 4b) alloy,
mainly primary silicon grains in 80%Al–Si alloy (Fig.
4c), but no primary silicon in 87.4%Al–Si alloy (Fig. 4d).
In the as presented three hypereutectic Al–Si alloy ingots
(Fig. 4a–c), the quantity of the primary silicon plates
decreases from the bottom to the top initially, then
suddenly turns down to almost zero at a certain position
and finally increases slowly in the top part of the ingots.
In addition, tiny primary silicon plates can be seen near
the bottom and the side surfaces of these ingots. All
these facts indicate that the solidification of the hyper-
eutectic Al–Si alloys is mainly directional except on the
top of the ingot. In 87.4%Al–Si alloy (Fig. 4d), which is a
eutectic alloy, directional solidification has no significant
influence on the distribution of aluminium. The
nucleation mechanism of the primary silicon phase at
the top of the hypereutectic samples is that the impurity

phases or oxides act as the nucleation sites, while the
cooling argon gas, which was blown into the furnace
continuously, provides the temperature gradient to drive
it grow downward.

Moreover, it can be seen that there are two bulky
eutectic areas in 80%Al–Si alloy, but such areas become
smaller in 70%Al–Si alloy and even disappear in 60%Al–
Si alloy. This can be explained by the melt flowing
pattern during electromagnetic stirring as shown in
Fig. 5. The viscosity of the Al–Si melt correlates with the
temperature, as shown in equation (2)16

mðTÞ ¼ m0 exp
E

RT

� �
ð2Þ

where T is the absolute temperature, m0 a coefficient,
E the activation energy and R the universal gas constant.
When the temperature decreases, the viscosity of the
Al–Si melt increases. Thus, the amount of convection
and diffusion in the melt would be reduced. In the
hypereutectic Al–Si alloys, the liquidus temperature
drops when the Al content increases, so the amount of
convection decreases with increasing Al content. As a
result, in the hypereutectic Al–Si alloys, the higher the
Al content, the harder the mixing of the melt.

Distribution of Al in Al–Si alloys
If there is enough time for solute diffusion to proceed
to completion, the composition becomes uniform in
both solid and liquid. This is equilibrium directional
solidification, and three stages exist: initial
transient immediately after the solidification starts, in-
termediate and the end of solidification.17 In the
hypereutectic Al–Si system, however, once the primary
silicon phases are formed, they are hard to melt again
during the solidification process. If the solute diffusion
in the liquid is completed and the velocity of solidifica-
tion is slow enough, the primary silicon grains
could be formed at the bottom of the ingots and then
grows up gradually.18 Thus, the bottom with lower
temperature is monolithic silicon phase, and the rest is a
eutectic alloy.

However, in most cases during industrial production,
the velocity of solidification is too fast to allow mono-
lithic primary silicon grains grow at the bottom of the
ingots. So, the above presented case is not applicable.
As a matter of fact, at the beginning of solidification, the
composition of the solid follows equilibrium solidifica-
tion; as the solidification continues, the solute concen-
tration ahead of the solid/liquid interface increases,
forming a concentration gradient. In addition, the solute
concentration of the solid phase will increase until the
composition of liquid reaches the eutectic point. This
process follows the Scheil relation

CS ¼ kC0ð12 xÞk21 ð3Þ
where Cs, k0, C0 and x are the solute content in the
solid, segregation coefficient, the initial composition of
the alloy and the mass fraction of the solid respectively.
The assumption of Scheil model is that there is
no diffusion in the solid and complete mixing in the
liquid.

After the melt reaches the eutectic point, it remains at
this composition until the end of solidification. The
compositions from the bottom to the top of the ingots
were measured and calculated through the method

Table 2 Temperature gradient in melt

Composition/%Al 87.4 80 70
Top temperature/K 1070 1151 1275
Bottom temperature/K 950 1047 1193
Temperature gradient/K cm21 12 10.4 8.2

3 Sketch of cutting position of samples
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mentioned in the section on ‘Structure observation and
composition measurement’. The results are shown in
Fig. 6. From the experimental data shown in Fig. 6, it
can be seen that the distribution of Al in 60% and
70%Al–Si alloys agree with Scheil relation, which is
mainly due to the higher temperature and lower con-
vection in Al–Si melt as discussed in the section on

‘Macrostructure of solidified Al–Si ingots’. So, equation
(3) will be used to fit these two groups of data. The only
unknown parameter k in the equation can be calculated
by equation (4)

ða
0

kC0ð12 xÞk21dx ¼ Caa ð4Þ

a 60%Al–Si; b 70%Al–Si; c 80%Al–Si; d 87.4%Al–Si
4 Macrostructure of solidified Al–Si ingots with different compositions
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Then,

k ¼ log 12a 12
Caa

C0

� �
ð5Þ

where a and Ca are the mass fractions of the solid phases
at the point switching to the eutectic composition and
the average composition of 0,a respectively. Ca can be
calculated from the experimental data. For 60%Al–Si
alloy, a ¼ 0.75, C0 ¼ 0.6, Ca ¼ 0.5478 and thus
k ¼ 0.8328. For 70%Al–Si alloy, a ¼ 0.55, C0 ¼ 0.7,
Ca ¼ 0.6167 and thus k ¼ 0.8299.

The fitted Cs–x curves of these two alloys are illus-
trated in Fig. 7a and b. The curves consist of two parts:
one is Scheil relation part (0<x<a), and another is a
eutectic composition line Cs ¼ 0.874 (a<x<1). It can be
seen from these figures that the Scheil curves well reflect
the data trend, but the last few points in these two
figures are all below the eutectic composition line. There
may be three factors that might have a contribution for
this phenomenon. First, there are some primary silicon

phases formed near the side surface of the ingots because
of the lower temperature of the graphite support tube.
Second, the impurities such as Fe, Ti, Ca and oxides are
segregated to the top of the ingot. Third, because the top
surface of the melt was cooled down by the applied
argon gas filled into the furnace continuously, a few
primary silicon phases might crystallise from the top
surface into the melt. In addition, the third reason could
explain why the data points trend downwards. More-
over, it can be seen from these two curves that the Scheil
curve part as shown in Fig. 7a lasts longer than the one
in Fig. 7b, indicating that it is easier to reach the eutectic
point for the samples with higher Al content.

However, the distribution mechanism of Al in
80%Al–Si alloy is obviously different from those in the
above two cases. So, the Scheil relation would not be
applicable anymore. The liquidus temperature of the
present alloy is only ,970 K, which is much lower than
that of 60% and 70%Al–Si alloys. Moreover, because the
induction heating power was reduced to reach the low
melting temperature, the electromagnetic field intensity
and stirring in the melt were reduced as well. As a result,
mixing in this melt is very weak. Such alloy would just
finish the initial transient stage during the directional
solidification process. In addition, the solid reaches the
initial composition C0 and holds there until the compo-
sition of the melt is all eutectic. Finally, it solidifies as a
eutectic alloy. Under this condition, the process of solute
distribution follows the initial transient model as shown
in equation (6). The assumption of the model is that there
is no diffusion in solid and limited diffusion in liquid.

CS ¼ C0 ¼ 12 ð12 kÞ exp 2k
V

D
x

� �� �
ð6Þ

where V andD stand for the velocity of solidification and
diffusion coefficient respectively. Although these two
parameters are unknown in the experiment, they are all
fixed values in this case. So, if rewrite R ¼ V/D, then on
integration equation (6) becomes

ða
0

C0½12 ð12 kÞ exp ð2kRxÞ�dx ¼ Caa ð7Þ

Then,

C0 exp ð2akRÞ½12 k þ exp ðakRÞð21þ k

þ akRÞ� ¼ akRCa

ð8Þ

which is an implicit function about k and R, where
C0 ¼ 0.8, a ¼ 0.65 and Ca ¼ 0.7769.

A Cs–x curve for the experimental solute distribution
in 80%Al–Si alloy was fitted by least square method.
First, in the 60% and 70%Al–Si alloys, the value of the
apparent segregation coefficient k was set at,0.8, and R
can be calculated by equation (8). By iterative method,
the corresponding k and R of the present alloy were
determined to be 0.821 and 9.8 respectively. Finally,
the Cs–x curve can be drawn by equation (6) with the
values of k and R inserted. In addition, the fitted Cs–x
curve of the alloy is illustrated in Fig. 7c.

For 87.4%Al–Si alloy, the initial composition C0 is
eutectic, so the composition of the ingot solid can reach the
eutectic point at the beginning of the solidification. Inother
words, it may be regarded as k ¼ 1 in equation (6).
Figure 7d presents the Cs–x line of the alloy. From this
figure, it can be seen that only the last point is obviously

5 Schematic drawing of electromagnetic stirring

mechanism

6 Measured contents of Al in samples with different initial

compositions
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below the fitted line, which might be caused by the metal
impurities and oxides segregated there.

It should be noted that, from the above fitted curves, the
apparent segregation coefficient kwas calculated at,0.83
for the hypereutectic Al–Si alloys in this work. However,
the equilibrium segregation coefficient of Al in the Al–Si
system is only 0.0028, which is much smaller than the
apparent one. There are three factors responsible for the
phenomenon. First, the process of solidification in this
work is non-equilibrium. The velocity of the solidification
is much faster than that required by equilibrium solidifi-
cation, so the solute could not diffuse and be mixed
completely at the solid/liquid interface. Second, the
equilibrium segregation coefficient was calculated under a
hypothesis that the liquidus and the solidus lines in the
Al–Si phase diagram are all straight lines, which is
adaptable only in the case of pure siliconwith a little ofAl.
Finally, the temperature gradient at the solid/liquid
interface might not be set perfectly to keep the interface
flat. As a result, the equilibrium segregation coefficient
could not describe the solute distribution during
non-equilibrium solidification. On the contrary, the
apparent segregation coefficient proposed in this work fits
the situation well.

Conclusions
It was found that during the EMCC process, there are
two types of aluminium distribution patterns in the

hypereutectic Al–Si alloys: Scheil model for 60% and
70%Al–Si alloys with higher solidification temperature
and the initial transient model for 80%Al–Si alloy with
lower solidification temperature. An apparent segre-
gation coefficient of Al is proposed to characterise the
solidification process, which is *0.83 for the hyper-
eutectic alloys. However, Al distributes evenly in the
eutectic Al–Si alloy.
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