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Abstract: It is high of commercial importance to generate the grain refinement in alloys during
solidification by means of electromagnetic fields. Two typical patterns of electromagnetic fields,
pulsed electric currents (ECP) and traveling magnetic field (TMF), are frequently employed to produce
the finer equiaxed grains in solidifying alloys. Various mechanisms were proposed to understand the
grain refinement in alloys caused by ECP and TMF. In this paper, a comparative study is carried out
in the same solidification regime to investigate the grain refinement of Al-7 wt. %Si alloy driven by
ECP and TMF. Experimental results show that the application of ECP or TMF can cause the same
grain refinement occurrence period, during which the refinement of primary Al continuously occurs.
In addition, the related grain refinement mechanisms are reviewed and discussed, which shows the
most likely one caused by ECP and TMF is the promoted dendrite fragmentation as the result of
the ECP-induced or TMF-induced forced flow. It suggests that the same grain refinement process in
alloys is provoked when ECP and TMF are applied in the same solidification regime, respectively.

Keywords: grain refinement; solidification; Al-Si alloys; pulsed electric current; traveling
magnetic field

1. Introduction

High-performance structural alloys are urgently required in the automobile and aircraft industries.
The application of high-performance structural alloys can reduce the weight of vehicles as well as
the consumption of energy. In addition, the safety and stability of vehicles can be guaranteed or
even promoted. Hence, the development of high-performance structural alloys has been paid much
attention in the academic and industry worlds, especially for the development of high-performance
iron, aluminum, magnesium and titanium alloys [1-4].

The high-performance structural alloys can be obtained by performing strengthening treatments,
such as the solid-solution strengthening, precipitation strengthening, secondary phase strengthening,
strain hardening, grain refinement and so on [5-7]. All these treatments can dramatically enhance
the tensile strength of alloys. However, the plasticity of alloys can be deteriorated by most of
these treatments, and only the grain refinement treatment can guarantee or even improve it [7].
Hence, much attention has been paid to achieving finer grain size in alloys.
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It has been frequently shown that significant grain refinement can be generated during the
solidification process of alloys by applying two typical patterns of electromagnetic fields, pulsed electric
current (ECP) [8-11] and electromagnetic stirring (EMS) [12-15]. ECP is conducted in alloys through
electrodes directly contacting the melt, whereas EMS is a contactless method. Hence, the application
of ECP or EMS in alloys is regarded as two different approaches to generate finer grains. Various
mechanisms were also proposed to explain the grain refinement in alloys caused by ECP or EMS.
The mechanisms proposed to understand the ECP-induced grain refinement include the heterogeneous
nucleation mechanism that the nucleation rate is promoted owing to the raised undercooling [16,17],
the dendrite fragmentation mechanism that the dendrite arms’ detachment is caused by the generated
pulsed Joule heating [18,19] and Lorenz force [20], and so on. As for EMS, the forced flow-induced
dendrite fragmentation is almost accepted as the grain refinement mechanism [13].

Little attention has been paid to directly comparing the grain refinement generated by ECP or
EMS in alloys, although both of them have been intensively investigated. Our recent research has
shown that the Lorentz force caused by ECP and its own induced magnetic field can induce the strong
forced flow inside melt [21,22], which was also the key effect that caused the grain refinement in
alloy [22,23]. Since it is well known that grain refinement under the application of EMS is caused by
the forced flow, it indicates that ECP or EMS may cause the same grain refinement process in alloys.
Hence, in the present paper, the traveling magnetic field (TMF) as one typical pattern of EMS is
employed to be compared with ECP in the same solidification regime.

2. Materials and Methods

2.1. Al-7 wt. %Si Preparation

The Al-7 wt. %Si hypoeutectic alloy (nominal composition) was prepared by melting pure Al
(99.99 wt. %) and Si (99.999 wt. %) and modified by Sr of 200 ppm in a clay-graphite crucible.
In order to prepare ingots for solidification experiments, the molten Al-7 wt. %Si alloy was poured
into a cylindrical stainless steel mold of 50 mm diameter and cooled to the room temperature.
The cooled samples were cut to the same weight of 310 g to make each sample having a same geometry
(50 mm (diameter) x 60 mm (height)).

2.2. Solidification Experiment Procedures

The preparatory samples for solidification experiments were re-melted in a double-walled
cylindrical stainless steel mold with an inner-diameter of 50 mm (see Figure 1). In order to sufficiently
remelt the samples, their temperature was heated up to 750 °C in a resistance furnace (Carbolite,
Gpc 1300) and kept constant for 45 min, and then deceased to 720 °C and kept for another 30 min.
After that, the mold with the melt was taken from the furnace. Then, both NiCr-Ni thermocouples
and two parallel cylindrical stainless steel electrodes, fixed at a steel lid, were inserted into the melt
through the free surface. Finally, the mold was cooled in air. ECP or TMF was applied during different
stages of the cooling process to investigate the efficient grain refinement formation period.

The inner-wall of the mold was coated by an electrically insulating material (BN) to suppress
the electric current flowing into the mold and protect the steel mold from the corrosion of the high
temperature melt. The thermocouples were located at the different heights along the vertical direction
in the center of samples. Each thermocouple was embedded in an INCONEL (trademark of INCO
Alloys International, Huntington, WV, USA) sheath with an outer diameter of 1.5 mm and covered
by Al,Oj3 tubes for protecting. The monitor frequency, resolution and error of the temperature
measurement were 5 Hz, 0.01 °C and +1 °C, respectively. The two parallel cylindrical electrodes
having a diameter of 8§ mm were symmetrically positioned at the diameter of mold with a distance of
36 mm and immersed into the melt with a depth of 10 mm. The lateral surface of the electrodes was
coated by BN to confine the electric current only through the front surface of the electrodes into the
melt. A rectangular pulsed electric current (see Figure 2) was generated by a power supply peS86CWD
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(plating electronic). The employed electric current parameters were 480 A (Ip), 200 Hz (f) and 0.5 ms
(tp). Ip is the current intensity, f is the frequency and ¢, is the pulse length. TMF was supplied by
COMMA (COMbined Magnetic field) facility of HZDR. The employed strength and traveling direction
of employed TMF were 10 mT and downward, respectively. More details with respect to this magnetic
field setup can be found in [13].
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Figure 1. Schematic drawing of the experimental setup.
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Figure 2. Schematic drawing of the pulsed electric current.

As mentioned previously, our aim is to compare the grain refinement process in solidified alloys
under the application of ECP or TMF. In order to guarantee the comparability, the double-walled mold
was employed and cooled in air to solidify the sample. However, it is necessary to examine whether
the application of such kind of mold and cooling condition can achieve a same solidification regime
in samples under the influence of ECP or TMF. Figure 3 presents the measured cooling curves of
Al-7 wt. %Si alloy under the application of ECP or TME. It is evident that the almost same temperature
field and cooling history can be observed in both of samples. It means that the application of such kind
of mold and cooling condition can realize the same solidification regime and convincingly guarantee

the comparability.
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Figure 3. Cooling curves of Al-7 wt. %Si alloy solidified in the double-walled mold: (a) with ECP;
(b) with TME.

2.3. Metallography

The as-solidified samples for metallographic analysis were longitudinally sectioned along a plane
that is perpendicular to the plane containing the two parallel electrodes. One section was ground on
SiC paper, etched in a solution of 60 mL HCI, 30 mL HNO3, 5 mL HEF, and 5 mL H,O, and directly
taken a photo via a digital camera (Konica Minolta, Tokyo, Japan) for the macrostructure analysis.
Another corresponding section was employed for the quantitative analysis of grain size. It was ground
on SiC paper and polished from 6 pm to 1 pm, electro-etched in Barker etching reagent at 25 V, 15 Hz
for 180 s, then photographed by an optical microscope MeF4 (Leica Microsystems, Wetzlar, Germany)
with the polarized light. The obtained picture covering the whole sample was used to measure
the grain size by the linear intercept method in a software package aquinto a4i (Fa. Aquinto AG).
The grain size with measuring error of +0.08 mm was estimated by performing the measurement in
the same sample four times.

3. Results and Discussion

3.1. Solidified Structure

The intention of this paper was to compare the grain refinement formed in Al-Si alloy under
the application of ECP and TMF. In order to make a reference, a sample was solidified without the
influence of external energy fields first. Figure 4 presents the corresponding macrostructure in the
longitudinal section. It can be seen that a few numbers of coarse equiaxed grains with a mean grain
size of 2.82 mm (see Table 1) solidified in the referenced sample.

Figure 5 shows macrostructures of the solidified Al-7 wt. %Si alloy under the application of ECP.
In an attempt to investigate the efficient grain refinement formation period, the electric current was
applied during two different solidification stages. One is applied from the initial cooling of the sample
(about 700 °C) until the sample is totally solidified, while another starts at the initial cooling and stops
just after the recalescence is completed. Figure 5a,b display the corresponding macrostructures in the
longitudinal section of samples. Both of them present really similar solidified macrostructures with a
significantly reduced grain size among the range of 0.8~0.9 mm (see Table 1). In view of the fact that
ECP was powered off when the recalescence in the sample of Figure 5b was completed, it suggests that
the refinement of primary Al mainly generates during the initial solidification period that is composed
of the nucleation period and recalescence period.
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Figure 4. Macrostructure of the solidified Al-7 wt. %Si alloy in longitudinal section without external
energy fields.

Table 1. Influence of the applied pulsed electric currents (ECP) and traveling magnetic field (TMF) on
the grain size.

Figure 4 5a 5b 5¢ 6a 6b 6¢
Mean grain size (mm)  2.82 0.84 0.88 2.12 1.06 1.01 1.98
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Figure 5. Influence of ECP application time on the longitudinal section macrostructure of the solidified
Al-7 wt. %Si alloy: (a—d) correspond to the various application time shown in the schematic view
(green line: turn on ECP; grey line: turn off ECP).

In order to examine the evolution of grain size during the initial period, ECP was applied during
the nucleation and recalescence period, respectively. Figure 5¢ presents macrostructures of samples
treated by ECP during the nucleation period. It can be observed that the macrostructure of samples
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is refined when the ECP stopping time is close to the occurrence of recalescence. The corresponding
measured mean grain size decreased to 2.12 mm (see Table 1). However, it should be noted that
although the finer grains are generated, the grain size is still larger than that in Figure 5a,b. It suggests
that grain refinement still continuously occurs during the recalescence period. Figure 5f displays the
macrostructure of the sample treated by ECP only during the recalescence period. It can be seen that
grain refinement occurs in view of many tiny grains generated.

Similar to the solidification experiments with ECP, TMF was applied, respectively, during different
solidification periods including the whole solidification period, the initial solidification period, the
nucleation period and the recalescence period. The corresponding macrostructures on the longitudinal
section of solidified Al-7 wt. %Si samples are presented in Figure 6. In comparison with the reference
sample shown in Figure 4, a significant grain refinement occurs by applying TMF from the initial
cooling of the sample (about 700 °C) until it is totally solidified or just after the recalescence is
completed (see Figure 6a,b). A similar macrostructure is achieved with almost the same grain size of
about 1 mm (see Table 1). It implies that the grain refinement caused by TMF is also mainly achieved
during the initial solidification period. Figure 6c presents the macrostructure under the treatment of
TMF during the nucleation period. The finer equiaxed grains with a grain size of about 2 mm can be
observed in the sample, but the grain size is still larger than that in Figure 6a,b. Figure 6d shows that
the tiny grains are produced when TMF is only applied during the recalescence period. It suggests that
the grain refinement also continuously occurs during the nucleation period and recalescence period.
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Figure 6. Influence of the various TMF (10 mT, downward) application time on the longitudinal section
macrostructure of the solidified Al-7 wt. %Si alloy: (a—d) correspond to the various application times
shown in the schematic view (blue line: turn on TMF; grey line: turn off TMF).

In summary, it is clear that the grain refinement driven by ECP and TMF in the employed
solidification regime has the same grain refinement occurrence period, during which the refined
equiaxed grains are continuously generated. It could be due to the fact that the ECP- or TMF-induced
forced flow plays a key role in the grain refinement of alloys [13,22]. According to the fluid mechanics
theory [24], any convection can be effectively damped by the high viscosity. During the solidification
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process, the viscosity in the melt gradually increases as the solid phase is continuously precipitated
from the melt. It is evident that the ECP or TMF application cannot create a substantial melt flow
when the solid fraction in the sample becomes too large. Hence, it is logical to explain that the grain
refinement occurs only during the initial solidification period under the influence of both ECP and
TME. Moreover, it has been demonstrated for the first time that grain refinement also occurs during the
recalescence period, whereas the previous research reported that grain refinement only occurs during
the nucleation period [9].

3.2. Grain Refinement Mechanism

In order to unlock the grain refinement mechanism, we should consider and understand the
origin and survival of grains during solidification, because the final grain size mainly depends on
these two factors. In our case, the survival of grains can be guaranteed on account of the fact that a
thermal homogenization inside the melt was generated during the initial solidification period under
the application of ECP and TMF (see Figure 3). Hence, in the present paper, the origin of grains is the
main focus.

Two origins of equiaxed grains for the grain refinement caused by electric currents and
electromagnetic stirring have been frequently proposed: that the formed nuclei is the result of the
promoted heterogeneous nucleation [16,17], and dendrite fragmentation [10,13,20]. According to the
classical nucleation theory [25], heterogeneous nucleation can be promoted if the deeper undercooling
is achieved. It has been proposed that the maximum undercooling can be raised to accelerate
the heterogeneous nucleation rate [17]. Hence, the influence of ECP and TMF on the maximum
undercooling is clarified in our configuration.

The maximum undercooling AT is defined as the difference between the liquidus Tr, and the
lowest temperature point Ty, before recalescence occurs (AT = T}, — Tpow, see Figure 7) [25]. It has
been reported that the value of maximum undercooling can be influenced by the cooling rate of alloys
in liquid state [26]. Hence, it is necessary to set both of the samples with and without the application
of external energy fields at the same cooling rate. Figure 8 displays the cooling curves at the core axis
with a height of 30 mm measured in the Al-7 wt. %5i alloy with and without the influence of ECP and
TME. Fortunately, it can be seen that almost the same cooling rate and history were achieved in the
Al-7 wt. %Si alloy regardless of the application of ECP and TMF. Hence, the effect of ECP and TMF on
the maximum undercooling can be investigated convincingly by comparing the cooling curves.
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Figure 7. Schematic view of a cooling curve during the initial solidification. Ti: liquidus of
sample, Ty oy lowest point before recalescence, THigh: highest point after recalescence, AT: maximum
undercooling, 1: nucleation period, 2: recalescence period.
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Figure 8. Cooling curves of the solidified Al-7 wt. %Si alloy measured at the height of 30 mm: (a) ECP;
(b) TME

As shown in Figure 8, the Ty, is increased under the applied ECP or TMEF. The measured Tt oy
for the sample without external energy fields was 611.3 °C, whereas for the sample treated by ECP
and TMF it was 612.9 °C and 613.0 °C, respectively (see Table 2). It should be noted here that although
the temperature measurement error of the employed thermocouples is as high as +1 °C, only the
repeatability error of the thermocouple having a value of +0.1 °C based on four measurements is
considered here because the same thermocouple was employed in the solidification experiments.
Hence, it can fully identify that the value of Ty, is increased under the application of ECP or TMF.
Since the Ty, is constant for the alloy with a determined composition, the maximum undercooling only
depends on the value of T with the relationship of AT = T}, — Tpo. It indicates that the maximum
undercooling AT is reduced under the influence the ECP and TMF. However, the significant grain
refinement remains achieved, as shown in Figures 5 and 6. It means that our experimental results do
not confirm the previously proposed origin of refined grains, which states that the formed nuclei are
due to the raised maximum undercooling.

Table 2. Influence of the applied ECP and TMF on the T, of Al-7 wt. %Si alloy.

Conditions Without ECP/TMF ECP TMF
TLow (°C) 611.3 612.9 613.0

Hence, it is more likely that the main origin for grain refinement under the application of ECP
and TMF is the dendrite fragmentation promoted by the ECP-induced or TMF-induced forced flow.
Recent investigations [27] have theoretically shown that the forced flow can induce solute enrichment
at the root of dendrite arms to cause the dendrite arms’ remelting. In our case, it is possible that the
forced flow can trigger the remelting of high-order dendrite arms to detach from the dendrite trunk
due to the forced flow-induced solute fluctuation as schematically shown in Figure 9. The detached
dendrite arms would be subsequently transported out as new potential nuclei sites under the influence
of forced flow. Since the size of dendrite arms is really less than the maternal dendrite, numerous tiny
grains mixed with some larger grains are consequently formed as shown in Figure 10.
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Flow

Substrate

Figure 9. Schematic view of the high-order dendrite arms detachment under the forced flow (yellow:
detached dendrite arms).

Figure 10. Macrostructures in the longitudinal section observed by microscope with polarized light:
(a) without ECP (see Figure 4); (b) with ECP (see Figure 5b).

Actually, this grain multiplication process can be used to understand the reduction of maximum
undercooling caused by ECP and TMF in our case. According to the free growth theory, which is
suitable to our solidification regime [28], the recalescence is triggered when the temperature of the
melt in the n + 1th time interval (T).1) is higher than the nth interval (T)) which equals the Ty .
The relationship between the T},.1 and T, during the solidification process is given by

Tpi1 — Ty = ‘2"“‘1 _ Rdt )
pV

where R is the imposed cooling rate, ¢ is the time, i, is the releasing latent heat from the growing
crystals and Cpy is the specific heat of the melt per unit volume. As the undercooling is gradually
increasing, the forced flow induced—by ECP and TMF generates more nuclei that release more latent
heat (giota1) to defend the cooling of the melt, eventually raising the T1,, as well as causing the
maximum undercooling reduction.
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In summary, based on our experimental results and discussion, it is evident that the grain
refinement process driven by ECP or TMF is almost the same in the employed solidification regime on
account of the fact that their application can cause the same grain refinement occurrence period and
the same origins of equiaxed grains. The gained knowledge provides more insights into understanding
grain refinement under the influence of electromagnetic fields.

4. Conclusions

In the present paper, the grain refinement in Al-7 wt. %5i alloy driven by ECP and TMF was
comparatively studied by performing a series of solidification experiments that focused on the grain
refinement occurrence period and the origins of finer equiaxed grains. Three conclusions are listed
as follows:

(1) The grain refinement occurrence period for the application of ECP and TMF is the initial
solidification period that is composed of the nucleation period and recalescence period, during
which the grain size reduction continuously occurs.

(2) The main origins of finer equiaxed grains driven by ECP and TMF would be the forced flow
promoted dendrite fragmentation.

(8) The results suggest that ECP and TMF provoke the same grain refinement process in Al-7 wt. %5i
alloy when the same solidification regime is employed.
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The following abbreviations are used in this manuscript:

ECP Pulsed electric currents

TMF Traveling magnetic field

EMS Electromagnetic stirring
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