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Abstract: Distribution behavior of B and P during direc-
tional solidification of Al-20Si, Al-30Si and Al-40Si alloys
has been investigated. Macrostructure of the Al-Si alloy
ingots and concentration profile of elements B and P
reveal that the elements segregate to eutectic Al-Si melt
during growth of primary Si flakes, and P gradually
segregates to the top of the ingots during directional
solidification. An apparent segregation coefficient, ka, is
introduced to describe the segregation behavior of B and
P between the primary Si and the Al-Si melt and com-
pared with thermodynamic theoretical equilibrium coeffi-
cients. The apparent segregation coefficients of B and P
decrease with increase of solidification temperature.
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Introduction

Impurities removal from metallurgical-grade silicon
(MG-Si) by metallurgical method to produce solar-grade
silicon (SoG-Si) attract research interests [1–3]. As is well
known, the content of all kinds of impurities in SoG-Si
must be lower than 1 ppmw to manufacture solar cells
[4]. Metallic impurities in silicon with small segregation
coefficient (such as Fe, Ti, Al, and Ca) can be effectively

removed by directional solidification [5] or zone refining
[6], but these methods are not effective for removing
impurities with large segregation coefficient, such as
boron and phosphorous (kB = 0.8 and kP = 0.35 [7]).
Solvent refining is an active method of B and P removal
due to the much smaller segregation coefficients of B and
P between solid Si/melt than that between solid/liquid Si
[8, 9]. Fe [1], Cu [10], Ga [11], Al, etc. have been selected
as the solvent to refine MG-Si for years. And studies on Al
as the solvent attract the most interest of all, because
solvent refining with Al-Si alloy has cheaper raw material
and lower operating temperature.

Li [12, 13] reported that most of the impurities in Si can
be eliminated during Al-Si solvent refining process. Nishi
[14] found that the impurity elements could be efficiently
removed from the silicon phases to Al-Si melt by direc-
tional solidification. And the effect of electromagnetic stir-
ring on refinement of primary Si in hypereutectic Al-Si
alloy was studied by Lu [15] and Ban [16]. Directional
solidification or electromagnetic stirring force has been
used to enrich primary Si phases at the bottom part of
the ingots to separate the primary Si phase from the Al-Si
eutectic matrix [17, 18]. Models based on the experimental
results and simulation to describe the separation mechan-
ism of the primary Si from the hypereutectic Al-Si alloy
melts under alternating electromagnetic fields were pre-
sented by Xue [19]. All these indicate that high tempera-
ture, directional solidification and electromagnetic stirring
contribute to the impurities removal during solvent refin-
ing. In addition, Yoshikawa [8, 9] calculated segregation
coefficients of B and P in Al-Si alloys to reveal their
relationship with solidification temperature. It has found
that segregation coefficients of B and P decrease when
solidification temperature decreases. A concept of appar-
ent segregation coefficient was proposed by Li [20, 21] to
describe removal behavior of B and P under non-equili-
brium conditions in Al-Si alloys. The studies reveal that
the apparent segregation coefficients of B and P are much
larger than the equilibrium coefficients calculated by
Yoshikawa and more applicable to practical production.
Then Ban [16] reported that the apparent segregation coef-
ficients of B and P decrease when the strength of
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electromagnetic stirring increases. The solidification pro-
cesses of Yoshikawa’s were conducted in near equilibrium
conditions. Li and Ban solidified the Al-Si alloys at slow
cooling rates, which took a lot of time to remove B and P.
However, the distribution behavior and the apparent seg-
regation coefficients of B and P under regular solidification
rates are not clear.

In this paper, to determine distribution characteristics
of B and P in Al-Si alloys, directional solidification techni-
que was used to prepare the Al-Si ingots with an open-
ended crucible during the solvent refining process, and
the melt was heated and stirred by electromagnetic induc-
tion in all process (heating, holding, and solidifying). This
method has the following advantages over normal direc-
tional solidification: electromagnetic stirring of the melt,
reusable crucible and no pollution to the alloys. The macro-
structure of the ingots and the concentration profile of B
and P in primary Si flakes and eutectic Si powders were
observed and tested. The apparent segregation coefficient
of B and P in the Al-Si alloys solidification is then calcu-
lated. Finally, the effect of solidification temperature on the
apparent segregation coefficients is comparatively studied.

Experimental

MG-Si and commercial Al were used as raw materials.
The contents of the impurity elements in these materials
determined by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES) are listed in Table 1.
The Al-Si alloy ingots were melted in a SPZ-25 medium-
frequency induction furnace under Ar atmosphere. A
schematic drawing of the furnace is shown in Figure 1.

Three alloys (Al-20Si, Al-30Si and Al-40Si) were
melted and solidified under Ar atmosphere by the

same process. About 1500 g raw materials of the nom-
inal compositions were put in a graphite heater tube
(80-mm I.D., 100-mm O.D., 200-mm length). Figure 2

Table 1: Impurity content in raw materials (ppmw).

Impurity element Al Fe Ca B P Cu Mg

In silicon       

In aluminum Bal.      

Impurity element Mn Sn V Zn Ti Cr Ni
In silicon       

In aluminum       

Figure 1: Schematic drawing of furnace 1 quartz tube; 2 thermal
insulation tube; 3 induction coil; 4 graphite heater tube; 5 Al-Si
melt; 6 graphite bottom support; 7 graphite tube; 8 quartz sup-
porting tube; 9 stainless steel tube connected to pulling mechan-
ism; 10 gas inlet.

Figure 2: Temperature-time curves of different samples (a) Temperature (T) vs. time (t) curves during processing; (b) Al-Si phase diagram.
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displays the temperature–time curves of the process and
an Al-Si phase diagram of the alloys with different con-
tents of Si. In step I, the graphite tube was rapidly
heated up to the temperature about 300 K (°C) above
the liquidus temperature of the alloy to rapidly melt the
raw materials. In step II, after the Si rocks were com-
pletely melted, the temperature was held for 30 min and
the melt was stirred with a quartz rod in every 5 min to
ensure homogeneous mixing of the melt. Then, in step
III, the power of the furnace was reduced to lower the
temperature of the melt to 100 K (°C) above the liquidus
of the alloy. Finally, in step IV, the sample was solidi-
fied by pulling it out of the heater tube at a rate of
3mm/min.

The ingots were cut into two parts along their ver-
tical axis. The cutting surface of one part was polished
for macrostructure observation. A plate with 10mm
thickness was cut with a saw from the other part, and
then divided into five equal bricks from the bottom to
the top of the plate, which is shown in Figure 3. The
obtained bricks were weighed and put in beakers with
diluted hydrochloric acid to remove Al matrix by their
reaction, which left behind primary Si flakes and eutec-
tic Si powder. After the reaction was completed, the
primary Si flakes and the eutectic Si powder were
washed with deionized water, dried and separated.
Finally the content of B and P in the primary Si flakes
and the eutectic Si powder of each brick was measured
by ICP-OES.

Results and discussion

Effect of directional solidification

Figure 4 shows the vertical cross-section of the ingots
and the macrostructure of the marked areas. The mass
fractions of the primary Si flakes in five different parts
from the bottom to the top of each ingot are shown in
Figure 5.

It can be seen in Figure 4 that the primary Si phases
in Al-20Si (wt %) alloy are mainly in grainy shape, but
the primary Si phases in Al-30Si and Al-40Si alloys are
plate-like. The needle-like primary Si phases at the bot-
tom and the edge of the ingots indicate that the nuclea-
tion commences from these areas. In Figure 5, the content
of the primary Si flakes increases with increase of Si
content in these three samples and decreases from the
bottom to the top in each ingot, which was specifically
discussed in our early publication [22]. In addition, the
amount of the impurities B and P in the primary Si
flakes increases from the bottom to the top as shown in
Figure 6. All the above indicates the impurities removal
mechanism of directional solidification: Firstly, the pri-
mary Si flakes forms at the bottom end that has lower
temperature, and then the impurities are rejected to the
eutectic Al-Si melt when the primary Si flakes grow.
Finally, the directional solidification drives the impurities
to the top of the ingots.

There are interfaces between the parts with dense
and sparse primary Si phase, which are marked by dotted
lines in Figure 4. The same phenomenon is shown in
Figure 5, in which the mass fraction of the primary Si
flakes drops at the interfaces. The part with dense pri-
mary Si phases approximately accounts for 60% of the
ingots in Al-20Si and Al-30Si and 80% in Al-40Si.
Furthermore, the distribution of the primary Si flakes in
Figure 5 may be described by directional solidification
theory [23]. At the beginning of the solidification, the
primary Si flakes form and grow at the bottom of the
ingot. When the solidification continues, the Si concen-
tration ahead of the solid/liquid interface decreases,
forming a concentration gradient. Then the fraction of
the primary Si phases in the solidified part decreases
until the composition of melt reaches the eutectic point.
Finally, the concentration of the alloy remains at the
eutectic point till the end of the solidification. However,
the fraction of the primary Si phases at the top of the
ingots does not reach zero in Figure 5. Many primary Si
grains can be found in the top area of the ingots asFigure 3: Sketch of cutting position of samples.
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shown in Figure 4. This is caused by the influence of the
impurities, oxides and protective Ar atmosphere.

Distribution of impurities elements

To obtain distribution of B and P in the Al-Si alloys, the
concentration profiles of B and P in the primary Si flakes

and the eutectic Si powders along the ingot growth direc-
tion are constructed from the data of ICP-OES analyses,
which is shown in Figure 6.

The concentration of B in the MG-Si raw materials is
25 ppmw. After the Al-Si solvent refining, the B contents
in the primary Si flakes were generally less than
10 ppmw, and the content of B in Al-30Si is the lowest
in these three samples. This might be related to the TiB2

particles formed during the solidification process,
which needs further study. However, for the eutectic Si
powder, B contents were below 10 ppmw only in Al-20Si,
all others were about 20 ppmw, which have only
little purification effect. In addition, the content of B in
the primary Si flakes and the eutectic Si powders fluctu-
ates without obvious trend, which indicates that the
directional solidification does not strongly affect the
distribution of B.

On the other hand, the concentration of P gradually
increases from the bottom to the top of the samples,
which reflects the effect of the directional solidification.
And it is obvious that the content of P increases gradually
when Si content decreases from 40~20% in Al-Si alloys.
The concentrations of P are 43 and 26 ppmw in the MG-Si
and the Al of the raw materials, respectively. However, it
reaches above 43 ppmw in Al-20Si. This is due to the
formation of P containing particles and trapping of these

Figure 5: Mass fraction of primary silicon flakes in different parts of
ingots.

Figure 4: Photographs of vertical cross section of solidified Al-Si ingots. (a) Al-20Si; (b) Al-30Si; (c) Al-40Si; and their corresponding optical
microstructures (d), (e) and (f) of the marked area.
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particles by the growing primary Si phases at the low
solidification temperatures, which is suggested by Li [21]
and Ban [24].

The contents of B and P in the primary Si flakes and the
eutectic Si powders are less than that in raw materials MG-
Si. It can be concluded that B and P are segregated to the Al-
Si melt during the forming and growing of the primary Si
flakes, and P gradually segregates to the top of ingots dur-
ing directional solidification. In addition, the contents of B
and P have different trends with both Si content in the Al-Si
alloys and directional solidification. This could be caused
by the following mechanism. The raw materials MG-Si con-
tain some metal element Ti. AlP and TiB2 particles can form
before the primary Si formation during the refining process
[24, 25]. The AlP particles can act as nucleation sites for Si
phase growth [24], but the TiB2 particles cannot [25]. So, the
alloys with lower solidification temperature contain higher
amount of P than B.

Segregation coefficient

An apparent segregation coefficient, ka, is used to charac-
terize the segregation behavior during the directional

solidification process. Assuming that there is a complete
mixing of elements in the Al-Si melt and no diffusion
in the solidified primary Si flakes, which meets the basic
requirement of Gulliver-Scheil model. The content of B and
P in the solidified Si can be described by Scheil equation:

Cs = kaC0 1− fsð Þka − 1 (1)

where Cs, C0 and fs are the impurity content in the pri-
mary Si flakes, the initial impurity composition in the
melt and the fraction of solid, respectively. Considering
the law of mass conservation that the total amount of
solute in the solid must be equal, the formula is obtained
by integration of eq. (1)

ðfs
0

kaC0 1− xð Þka − 1dx =Csfs (2)

then,

ka = log1− fs 1−
Csfs
C0

� �
(3)

where Cs and fs are the average composition of the
impurity element in the primary Si and the fraction of
the primary Si in the alloy which can be obtained from

Figure 6: Distribution of B and P in five different parts from bottom to top of ingots. (a) B in primary Si flakes; (b) B in eutectic Si powders;
(c) P in primary Si flakes; and (d) P in eutectic Si powders.
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Al-Si phase diagram, respectively. In this work, the
primary Si flakes mainly gather at the bottom 3/5 of
the ingots as shown in Figure 4, so Cs could be calcu-
lated from the first three data points of impurities in
Figure 6.

The apparent segregation coefficient of B and P
(kaB and kaP) can be obtained from eq. (3), the results are
shown in Figure 7. It can be seen that the apparent segre-
gation coefficients of B and P decrease when the content
of Si increase in the Al-Si alloys. On the other hand, the
solidification temperature of the alloys rises with increase
of Si content in the Al-Si phase diagram (Figure 2(b)). So it
can be concluded that apparent segregation coefficients
increase with decrease of solidification temperature of the
alloys in this work.

Yoshikawa [8, 9] reported that the segregation coefficient
of B and P can be expressed by the following equations:

ln kB = 4.23−
7300
T

(4)

ln kP = 1.83−
5430
T

(5)

where kB and kP are the segregation coefficient of B and P,
respectively, T is the absolute temperature. For the solidifi-
cation discussed before is a non-isothermal process, so ka is
actually an average of segregation coefficient �k of the soli-
dification temperature range, which can be expressed as:

�k =
1

T1 −T0

ðT1
T0

k Tð ÞdT (6)

where T1 is the liquidus temperature, T0 is the eutectic
temperature, and k(T) is the kB or kP function of

temperature, which is shown in eqs (4) and (5). Bring
eqs (4) and (5) into eq (6), the equilibrium segregation
coefficient of B and P in Al-Si alloys could be worked
out. The comparison with the apparent segregation coef-
ficients of B and P is shown in Figure 7.

The apparent segregation coefficients of B and P are
much larger than the equilibrium coefficients and the
apparent segregation coefficients of B and P in Al-20Si
are even greater than 1. The reasons of the huge numer-
ical difference are as follows. Firstly, the solidification in
this work is non-equilibrium and the raw material used in
this work is MG-Si and commercial Al. Secondly, the raw
material contains high concentration of metal elements
such as Fe, Ti and Ca, which would combine to
form specific compounds, such as AlP [24, 26] and TiB2

[25, 27]. Some of these intermetallic compound particles
can form before Si phase growth and act as nucleation
sites for Si phase growth. Finally, the solidification rate in
this work is too fast to let the growing primary Si phases
push the compound particles out from them. The com-
pound particles can be trapped easily in this kind of
growth condition [28].

In addition, the trends of the apparent segregation
coefficients and the equilibrium ones are contradictory.
This indicate that kinetic factors have great influence on
the apparent segregation coefficients of B and P during
directional solidification of the Al-Si alloys, particularly
more prominent at the low solidification temperature
side. It can be explained by mechanisms of diffusion
and convection during the solidification. The schematic
drawing of electromagnetic stirring is shown in Figure 8.
The viscosity (μ) of the Al-Si melt and the diffusion
coefficient (D) of B and P correlate with temperature (T),
as shown in eq. (7) and (8).

μ Tð Þ= μ0 exp
Eμ

RT

� �
(7)

D Tð Þ=D0 exp −
ED

RT

� �
(8)

where T is the absolute temperature, μ0 and D0 are
coefficients, Eμ and ED are the activation energies and
R is the universal gas constant. When the temperature
increases, the viscosity of the Al-Si melt decreases and
the diffusion coefficient of B and P increases. Thus the
amount of convection and diffusion in the melt would
be raised. In the hypereutectic Al-Si alloys, when the Si
content increases, the liquidus temperature rises. In the
meantime, the heating power and therefore the amount
of electromagnetic stirring increase, so the amount of
convection and diffusion increase with increasing Si

Figure 7: Segregation coefficient of B and P.
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content. As a result, the impurity elements B and P can
be segregated out of Si effectively when Si content of the
Al-Si alloys increases.

Li [20, 21] calculated the apparent segregation coeffi-
cient of B and P in Al-30Si alloys at the cooling rate of
about 1 mK/s. It is found that the apparent segregation
coefficient of P increases with decrease in average solidi-
fication temperature, which agrees with the trend in this
work. Ban [16] calculated the apparent segregation coef-
ficient of B and P in Al-30Si alloys at the cooling rates of
8.33 and 25 mK/s, respectively. The apparent segregation
coefficient of B and P in Al-30Si at different cooling rates
are summarized and shown in Figure 9. The apparent
segregation coefficients of B and P increase by logarith-
mic relationship with increase of cooling rate. This also
indicates that kinetics has great influence on the appar-
ent segregation coefficients of B and P during silicon
purification by the Al-Si solvent refining method. In the
Al-Si alloys, B and P need a long time to diffuse from the
silicon phase surface to the melt during the formation
and growth of the primary Si flakes. Thus the slower
cooling rate allows more impurities segregate from the
growing primary silicon flake surface to the remaining Al-
Si melt.

Conclusions

1. B and P are segregated to the eutectic Al-Si melt
during the forming and growing of the primary Si
flakes, and P gradually segregate to the top of the
ingots during directional solidification.

2. The apparent segregation coefficients of B and P
increase with decrease of the solidification tempera-
ture of the Al-Si alloys.

3. The kinetic factors have great influence on the appar-
ent segregation coefficients of B and P during direc-
tional solidification of the Al-Si alloys. The apparent
segregation coefficient decreases with the solidifica-
tion cooling rate by a logarithmic relationship.
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