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ReseaRch on DistRibution anD MoRphology of pRiMaRy si unDeR the effect  
of DiRect cuRRent

A source of pure silicon was added into an alloy refining system during a refining process with the application of a direct elec-
tric current. The effect of the temperature difference between the graphite electrodes and the alloy was decreased. The temperature 
increase value (ΔT) of the Al-28.51wt.%si alloy sample caused by Joule heating was calculated by weighing the mass of primary 
silicon. When the current density was 5.0×105 A/m2, the overall temperature increase in the alloy was about 90°C regardless of 
the alloy composition. Adequate silicon atoms recorded the footprint of the electric current in the alloy melt. The flow convection 
generated by the electric current in the melt during the solidification process resulted in the refinement of primary silicon. The Fe 
impurity content in alloy refining without the electric current density was 2.16 ppm. however, it decreased to 1.27 ppmw with the 
application of an electric current density of 5.0×105 A/m2. 
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1. introduction

Researchers have focused on the application of current pro-
cessing to strengthen alloy solidification and crystal growth for 
many years. At present, electric current processing was important 
in changing the alloy solidification process [1], grain growth [2], 
and solute or inclusions distribution [3]. With the improvement 
of the mechanical properties of the alloy, the effect of electric 
current on the refinement of grain size has been well verified. 
Researchers have carried out a large number of experiments on 
the solidification process of metal-based alloys such as sn, Zn, 
Al, and Fe, and found that the grain size has been significantly 
changed under the influence of current [4-8]. some researchers 
have observed the crystal growth under the influence of current 
during the alloy directional solidification [9]. The results show 
that the application of current can promote the stability of the 
solid-liquid interface, reduce the primary crystal spacing, and 
change the crystal morphology. Jiang et al. [10] investigated 
the effect of pulsed current on the solidification of immiscible 
alloy. it is believed that pulsed current can affect the forma-
tion of microstructures by changing the nucleation behavior 
of precipitated droplets. When the precipitated droplets have 
a higher conductivity than the matrix, pulse current can enhance 

the rate of nucleation and promote the formation of dispersed 
microstructures. Basrnak et al. [11] studied the effect of direct 
current on the solidification process. The experimental results 
show that the effect of the direct current electric field increases 
the degree of supercooling during the solidification process and 
the size of the eutectic structure decreases significantly. some 
researchers [12-15] have studied the effects of current on the 
electro-migration process. The results indicate that the force of 
electro-migration is derived from the momentum transfer from 
the conductive electron to the atom. The direction of the elec-
tromotive force is opposite to the direction of the electric field. 
The flow convection of alloy melt caused by the current drives 
the migration of silicon nuclei near the positive electrode to the 
middle of the alloy. The flow of the melt has a very important 
influence on the microstructure and macrostructure of the final 
solidified structure and segregation behavior [16]. 

in summary, the electric current has an effect on the so-
lidification process and the solute transport process in front of 
the solid-liquid interface, resulting in the microstructure change 
of the alloy. Joule heating effect [17], Peltier effect [18], and 
electro-migration [19] played a significant role in this effect. 

however, due to the complexity of the electric current ef-
fect, the research work of the ideal solidification structure is still 
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underway, and other influencing factors are also being studied 
continuously. The most active effect of electric current in alloy 
solidification is Joule heating which has been researched in our 
previous work [20]. The purpose of this paper is to further clarify 
the effect of electric current on the solid-liquid coexistence zone 
and the redistribution and growth of primary silicon in the melt 
by the fluid flow caused by direct electric current. Additionally, 
the actual temperature increase and the temperature distribution 
in the alloy have also been investigated.

2. experimental methods

The initial composition of alloy was set to about  Al-28.5 
wt.%si (liquid temperature is 800°C) with a low refining 
temperature. The master alloys were prepared by melting the 
Al (99.9wt%) in an alumina crucible under an argon atmosphere 
using an induction furnace. The alloys were cast into a quartz 
tube with 5 mm inner diameter by a vacuum filling technique 
and quenched in water to avoid macro-segregation. 

To further study the effect of current on the distribution of 
primary silicon in the solid-liquid coexistence region, cylinder 
silicon was added as a silicon source at both ends of the alloy. 
They were located between the graphite electrodes and the al-
loy. The temperature of the alloy melt could be increased under 
the current thermal effect. silicon atoms from the silicon source 
diffused into the melt to “magnify” and “record” the electric cur-
rent thermal behavior. The schematic diagram of the experiment 
with silicon source addition is shown in Fig. 1. 

it is proposed that the temperature of the alloy system is 
increased due to the Joule heating effect caused by the direct 
electric current during the solidification process. The silicon 
source will continue to diffuse into the alloy until reaching the 
saturation state. Finally, the maximum change of temperature 
caused by the Joule heating effect in the alloy can be obtained 
by calculating the loss of the silicon source at both ends by the 
acid etching method. The eutectic alloys (Al-11.7wt.%si) with 
liquidus temperature of 577°C and two hypereutectic alloys 

(Al-21.2 wt.%si, Al-28.5wt.% si) with liquidus temperature of 
700°C and 800°C, respectively, were studied as master alloys 
in this experiment. Firstly, the three alloys were heated to their 
liquidus temperature respectively. Next, the same electric current 
was applied as soon as they reached their liquidus temperature 
and held for 60min. Further, they were cooled along with the 
furnace cooling process until the alloys solidified completely. 
Finally, the electric current was cut off and samples were taken 
out for quenching treatment. The acid leaching process was 
used to obtain the silicon piece. Additionally, the effect of dif-
ferent current densities (5.0×105 A/m2 and 1.0×106 A/m2) was 
considered in this experiment. 

3. Results and Discussion

3.1. effect of electric current on the change of alloy 
temperature with the silicon source

A master alloy with a composition of Al-28.5%wtsi (liquid 
temperature is 800°C) was heated to 800°C at a rate of 6°C/min 
in a flowing argon atmosphere. Direct electric current with 
a density of 1.0×106 A/m2 was applied to the alloy. The furnace 
temperature was maintained at 800°C for 120 min and then 
cooled to 450°C, below the eutectic temperature (577°C).

Due to higher resistivity, the graphite electrodes will pro-
duce more Joule heating than that in the alloy melt. Fig. 2 shows 
the cross-section of Al-28.5%wtsi samples with and without the 
silicon source. Without a silicon source and without applying 
an electric current during the solidification process (Fig. 2a), 
primary silicon is distributed uniformly in the alloy. however, 
a temperature gradient was developed with a higher temperature 
at both ends and a lower temperature in the middle when a current 
density of 1.0×106 A/m2 was applied. When the melt solidified 
under this temperature gradient, primary silicon was gradually 
concentrated in the middle part of the alloy. These results have 
been presented in our previous work [20]. in the current work, 
two silicon sources were added at both ends of the master alloy. 

Fig. 1. schematic diagram of the sample with silicon source addition
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The aggregation phenomenon disappeared when the silicon 
sources were added between the graphite electrodes and the 
alloy (Fig. 2b). Thus, the effect of temperature gradient in alloy 
caused by the different Joule heating of graphite electrodes and 
the alloy was removed. 

Although the effect of temperature gradient was eliminated 
in the experiment, Joule heating of electric current is still the main 
factor that has a great influence on the solidification structure. 
to obtain the temperature change in alloys with the application 
of electric current, the eutectic alloy (Al-11.7wt.%si) and two 
hypereutectic alloys (Al-21.2 wt.%si and Al-28.5wt.% si) with 
liquidus temperature of 577°C, 700°C, and 800°C respectively 
were studied as master alloys in this experiment. The different 
current densities (5.0×105 A/m2 and 1.0×106 A/m2) were applied 
to the alloys. The si sources dissolved in the alloy due to the 
temperature increase caused by Joule heating. The calculated 
final liquidus temperature of each sample was compared with 
the initial liquidus temperature corresponding to the original 
alloy composition, as shown in Fig. 3. When the current den-
sity is 5.0×105 A/m2, the temperature increase of the eutectic 
alloy (577°C) is about 90°C, which is close to that of the two 
hypereutectic alloys (700°C, 800°C) with the same current 
density treatment. When the current density was increased to 
1.0×106 A/m2, the temperature increase in the eutectic alloy 
and the two hypereutectic alloys was about 160°C, significantly 
higher than that with a current density of 5.0×105 A/m2. it can be 
inferred that the temperature change caused by the Joule heating 
effect is independent of the ambient temperature of the furnace 
and alloy composition and is only related to the applied current 
density in the experiment.

The system voltage of hypereutectic alloys (Al-28.5wt.% si) 
was also recorded during the cooling process and plotted as 
shown in Figure 4. According to ohm’s law, voltage changes 
reflect the resistance change of the entire system with a constant 
current. it is known that, below 1200°C, the conductivity of the 
graphite electrode increases with the increase of temperature. 
But this change is very small in reality. Therefore, the change 
in voltage mainly reflects the change in the internal resistance 
of the alloy sample. it can be seen that during crystallization 
and growth of primary silicon, the resistance of the alloy 

Fig. 2. Cross-section of Al-28.5%wtsi alloy samples without applied electric current and with the electric current density about 1.0×106 A/m2. 
(a) without si source (b) with si source

Fig. 3. influence of alloy composition and current density on the tem-
perature change of alloys

Fig. 4. Changes of system voltage along with temperature for the  
Al-28.5wt.%si alloy sample

changes in a wavy manner. The solidification process began 
at the furnace temperature of 725°C and ended at 555°C with 
the current density of 5.0×105 A/m2. When the current density 
was changed to 1.0×106 A/m2, primary silicon solidified at the 
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furnace temperature of 680°C and ended at 530°C. however, the 
liquidus temperature of an Al-28.5wt.% si alloy sample is 800°C 
and the eutectic temperature is 577°C, indicating that the alloy 
sample temperature was different from furnace temperature. 
This confirms that the Joule heating resulted in the temperature 
increase of the alloy melt. And the temperature increase of the 
alloy melt was enhanced by the increase in the electric current  
density. 

3.2. effect of convection flow on the distribution  
and microstructure of primary si 

Fig. 5 shows the metallography of an Al-28.5wt.% si sam-
ple with a current density of 1.0×106 A/m2. The primary silicon 
advanced in the form of a “wave” from the positive electrode 
to the negative electrode end of the melt. Therefore, it can be 
inferred that the applied current caused the convection of the 
alloy melt along its direction, driving the silicon nuclei near the 
positive electrode to the middle of the alloy. The silicon atoms 
kept diffusing into the melt in the electric current direction, re-
sulting in less consumption of the silicon source at the negative 
terminal relative to the positive one. From the cross-section of 
the sample, it is evident that the silicon source at the positive 
electrode terminal is melted in a larger amount than that at the 
negative electrode terminal.

During the furnace cooling process, the primary silicon 
in the alloy sample grows in a long strip shape and evenly dis-
tributes in the sample without the application of electric current 
(Fig. 6a). As shown in Fig. 6b and c, the initial silicon dendrites 
precipitating in the melt were refined by the current applica-
tion with a current density of 5.0×105 A/m2 and 1.0×106 A/m2 
respectively.

Classical heterogeneous nucleation theory indicated that 
the nucleation rate can be calculated using the following equa-
tion [11]:
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Where: N is nucleation rate; DL is the liquid diffusivity; a is the 
jump distance; γLS is the liquid-solid interfacial energy; Tf is the 

equilibrium freezing temperature; Vm is the molar volume; f (θ) is 
a shape factor for heterogeneous nucleation; ΔHf is the enthalpy 
of freezing and ΔT is the degree of supercooling. 

The electric current can directly affect one or more of the 
parameters in the above expression for the nucleation rate during 
solidification. it is proposed that a reduction in the free energy 
difference between the liquid and solid states or an increase in the 
liquid-solid interfacial energy could increase the nucleation rate. 
Thus, with the application of electric current in the solidification 
process, the nucleation of primary silicon crystals is increased, 
leading to a refined structure.

The primary silicon near the positive electrode and nega-
tive electrode part were compared, as shown in Fig. 6. #1 and 
#2 represent the morphology of primary silicon at both ends 
of the sample without electric current application. #3 and #5 
are the morphology of primary silicon in the positive region 
with the varying current application about 5.0×105 A/m2 and 
1.0×106 A/m2 respectively. The primary silicon exhibits a floc-
culent structure. #4 and #6 show the morphology of primary 
silicon in the negative electrode region. it can be seen that the 
primary silicon was thicker in the negative electrode region 
than in the positive region. There is a potential difference in the 
solid-liquid interface due to the different conductivity between 
the solid and liquid phases [21]. Consequently, additional heat 
is generated when the current flows through the interface. 
Moreover, when the current flows from the liquid phase to the 
solid phase, the heat is released whereas it is absorbed when 
the current flows in the opposite direction. The cooling rate 
of the positive electrode was faster than that of the negative 
electrode, thus the primary crystal silicon near the negative 
electrode grows. 

Due to the existence of constitutional supercooling on the 
solid-liquid interface during alloy refining, the primary silicon 
grows into the melt in a strip or petal-like shape. however, 
with the application of direct electric current, a liquid flow was 
generated in a liquid phase along the current direction, result-
ing in a change in the structure and distribution of the primary 
silicon. The arc shapes appeared in the solid-liquid growth 
interface. Fig. 7a and b show the morphology of primary sili-
con with a current density of 5.0×105 A/m2 and 1.0×106 A/m2 
respectively. Due to higher resistance in the liquid phase than 
in the solid-phase, more electric current will flow through the 

Fig. 5. Metallographic microscope picture of Al-28.5wt.%si alloy sample with a current density of 1.0×106 A/m2
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Fig. 6. seM of primary silicon distribution for the Al-28.5wt.%si alloy sample near the electrode location with addition of silicon source  
(a) 0 A/m2, (b) 5.0×105 A/m2, (c) 1.0×106 A/m2

Fig. 7. The effect of convection on the boundary of primary silicon in the Al-28.5wt.%si alloy sample (a) 5.0×105 A/m2, (b) 1.0×106 A/m2

solid phase, resulting in a higher temperature increase in the 
solid phase. Therefore, the uneven temperature in the local area 
could also cause convection in the melt. This convection in 
the melt could, subsequently form an arc boundary of primary  
silicon.

3.3. effect of electric current on the separation  
of the fe impurity in the primary silicon

The Fe concentration was analyzed by using an inductively 
coupled plasma mass spectrometry (iCP-Ms eLeMeNT 2, 
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Thermo electron, Bremen, germany). Fig. 8 shows the content 
of Fe impurity of primary silicon after treatment with varying 
electric current densities. it can be found that the Fe content in 
primary si without application of electric current is 2.16 ppmw, 
while it becomes 1.27 ppmw with the electric current density 
of 5.0×105 A/m2. As the electric current density increase to 
1.0×106 A/m2, the removal rate of Fe impurity remains. When 
the current density increases further to 1.5×106 A/m2, the Fe 
impurity content increases sharply. it is shown that the electric 
current has a certain effect on the segregation behavior of Fe 
impurity in the refining process. When the current density is 
maintained at a low level, it can further strengthen the segrega-
tion process of Fe impurity based on the original alloy refining 
process. however, when the current density exceeds a certain 
value, its effects could be detrimental to the segregation process. 
Therefore, our research work needs to further explore the specific 
value of the reasonable current parameters.

independent of the furnace temperature and alloy composi-
tions, which is related to current density.

(3) For the Al-28.5wt.%si alloy sample, Fe impurity content 
in primary silicon without electric current is 2.16 ppmw, 
while it becomes 1.27 ppmw with the electric current den-
sity of 5.0×105 A/m2. electric current has a certain effect 
on the segregation behavior of the impurities in the refining 
process.
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Fig. 8. Fe impurity content in the Al-28.5%wtsi alloy sample with dif-
ferent electric current density

4. conclusions

(1) With the addition of silicon source, the effect of the tem-
perature difference between graphite electrodes and the 
alloy sample was decreased when the current densities of 
5.0×105 A/m2 and 1.0×106 A/m2 were respectively applied 
in the experiment. And the aggregation phenomenon disap-
peared in the microstructure of the alloy. 

(2) When the current density was 5.0×105 A/m2, the overall 
temperature increase of the eutectic alloy (577°C) was about 
90°C, which is close to that of the two hypereutectic alloy 
(700°C, 800°C) with the same current density treatment. 
The temperature increase was about 160°C with the cur-
rent density is 1.0×106 A/m2. The result indicated that the 
temperature change caused by the Joule heating effect is 


