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Abstract

Directional solidifications of Al-7 wt.% Si alloy were carried out under microgravity on board
the International Space Station to investigate the impact of a rotating magnetic field (RMF) on
the solidified microstructure. It has been found that the RMF significantly influences the
solidified microstructure in the conditions corresponding to the lowest growth rate, whereas it
has negligible influence on the microstructure under the highest growth rate, indicating that the
RMF intensity and the forced liquid flow are too weak, compared to the solidification front
velocity, to impact the microstructure. For the lowest growth rate applied, the RMF application
results in a more uniform eutectic phase distribution and a smaller dendrite arm spacing. This
is ascribed to the RMF induced forced liquid flow that makes more uniform Si concentration in
the bulk liquid above the solid-liquid interface. Additionally, the RMF application possibly
modifies the columnar dendritic network by changing dendrite growth directions. This
observation can be attributed to the combined effect of the RMF induced forced liquid flow and
of the thermoelectric magnetic force on the dendrites resulting from the application of the RMF

as well.

Keywords: Aluminum alloy; Directional solidification; Microstructure, Dendrite growth;

Microgravity; Rotating magnetic field
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1. Introduction

The final properties of the industrial casting products depend significantly on the solidification
microstructure, which is the first step of most manufactured metallurgical products [1]. During
the solidification of a binary hypoeutectic alloys, the final microstructure consists of a dendritic
network surrounded by the eutectic phase. The features of the dendritic structure (columnar or
equiaxed), the average spacing and the eutectic (percentage and distribution) strongly affect the
material properties, and are related tightly with the alloy defects [2]. Therefore, the deep
understanding of the formation of the solidified dendritic and eutectic structures, as well as of
the relationship of the solidification microstructure characteristics with the solidification
conditions, are mandatory to master the industrial processes more precisely and to be able to
verify the predictability of simulation tools.

It is well established that the liquid flow during the solidification process significantly
influences the formation and evolution of the solidified microstructure, because of the flow
induced modifications of the thermal and solute distributions [3-6]. Thus, the possible use of
forced flow has drawn widespread attentions in terms of material physics for many decades.
Particularly, the application of a magnetic field (MF) was found to be an effective way to
investigate the flow effect and to improve the solidified microstructure by controlling the liquid
flow [7-10]. Recently, several effects of MF application were reported, such as refining the
dendrite grain structure [11], alleviating or inducing the macrosegregation by the redistribution
of the solute in the liquid [12-14], reducing the natural convection effect by impeding the liquid
flow under gravity condition [15], and triggering the columnar to equiaxed transition (CET) of
the dendritic structure [16, 17]. Moreover, the thermoelectric magnetic force (TEMF) is a
Lorentz force, particularly important in solidification. It is due to the interaction of the applied
magnetic field with the thermoelectric (TE) currents, generated along any non-isothermal solid-

liquid interface by the differences of the solid and liquid Seebeck coefficients, in the same way
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as the thermocouple principle [12, 18]. During the solidification, the TEMF acts not only on
the liquid, inducing the thermoelectric magnetic convection (TEMC) in the liquid phase [19,
20], but also on the movement of the dendrites, fragments or grains [16, 21, 22].

The rotating magnetic field (RMF) has already been widely used in the metallurgical industry
to modify the microstructure during the solidification [23-25]. To date, there have been some
studies, both via experimental and simulated methods, focusing on this aspect [26-30]. The
characteristic of a RMF is controlled by two main parameters: the angular frequency f and the
intensity B [24, 26]. In general, the sample main axis (solidification direction) and the rotation
axis of the RMF are aligned. The rotation of the magnetic field with the frequency f drives an
azimuthal liquid flow around the sample main axis known as the primary flow, which induces
a flow parallel to the sample main axis known as the secondary flow [24, 26, 29, 31]. The liquid
flows exist not only in the liquid ahead of the solidification front, but also in the interdendritic
region in the mushy zone. Thus, both thermal and solute fields can be significantly modified
and consequently the solidified microstructure. The RMF driven flow can homogenize the
solute distribution and suppress the shrinkage flow and take over the natural convection [26],
but may also result in axial macrosegregation, as reported in the directional solidification of
AlSi7Mg0.6 alloy under RMF [24, 32]. Furthermore, the entire complex dendritic network,
with an array of primary, secondary and some higher order arms, can be significantly modified.
For instance, the primary arm spacing A1 significantly decreases, whereas the secondary arm
spacing Az increases during the solidification of the A357 alloy under the action of RMF, as
reported by Steinbach and Ratke [33]. Finally, the RMF by its action on dendrite fragments and
new nucleated grains can trigger or improve the CET [8, 24, 32, 34, 35].

However, the detailed mechanisms of the RMF effect are not completely clarified
quantitatively, with a lot of key issues that still need to be figured out in more details.

Particularly, the natural convection and other gravity inducing phenomena would make it more
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complex to analyze the RMF effect mechanism, since they induce the variations of both the
thermal/solute field and the movement of the grain at the same time as the magnetic field [4,
36, 37]. Although the RMF effects can be simulated without consideration of the gravity effects
[26, 38], the verification of these simulations and detailed quantitative comparison with the
experiments are still hard due to the lack of benchmark experimental results.

Solidification under microgravity (pg) is a method of choice to answer to these questions. It
can effectively suppress the gravity effects on heat/solute transportation, grain movement and
others [2, 39, 40], which allows to deepen the study of the magnetic field effect mechanism
only. The Material Science Laboratory (MSL) on board the International Space Station (ISS) is
made available by the European Space Agency (ESA) to provide a platform to investigate the
major scientific issues in solidification. Within the ESA project CETSOL (Columnar to
Equiaxed Transition in SOLidification processes) [41, 42], directional solidification
experiments of Al-7 wt.% Si alloy were carried out with or without RMF in the MSL. In this
paper, by comparing the cases with or without RMF, the influence of the RMF on both the
thermal conditions and the microstructure have been specifically investigated including the

solute distribution, the dendrite growth and the CET.

2. Experimental

2.1. Experiment details

Microgravity solidification experiments (ug) with or without rotating magnetic field (RMF)
were conducted under low and high furnace pulling velocities using the MSL Bridgman-type
Solidification and Quenching Furnace (SQF), which was described in details in our previous
studies [43]. The SQF furnace, which consists of hot and cold zones separated by an adiabatic
zone, and the sample cartridge assembly (SCA) are schematized in Fig.1. The cold zone is

realized by a Liquid Metal Ring (LMR) and the hot zone is equipped with four heaters H1-H4



that can be adjusted independently to achieve the required temperature gradient along the
sample main axis. Solidification of the alloy is performed by the controlled displacement of the
furnace relatively to the fixed SCA at a chosen velocity, which can be varied during the
experiment. The metallic alloy sample (a cylindrical shape with 8 mm in diameter and 245 mm
in length) is mounted inside an Al>Os tube crucible together with Shapal plugs at both ends.
Twelve thermocouples (TC1-TC12), spaced by 20 mm, are located in four machined external

grooves at the outer surface of the crucible to record the temperature profile (purple dots in
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Fig.1).

Cold zone Adiabatic Hot zone
liquid metal ring zone 4 heaters: H1-H4

I az 1H 1 H2 | H3 I Ha |

— SQF

spacer

BN spacer —Shapafplug Alumina crucible A_I:TSi alloy Tantalumtube Shapal cone plug Bﬁ

Fig.1. Sketch of the SQF furnace and SCA cartridge for a CETSOL Batch 2a experiment

before solidification with the integrated Al-7Si alloy sample.

Solidification direction -
|0 mm ~170 mm| 245 mn>1|

Magnet

Sample

Move with the furnace
Fig.2. Sketch of rotating magnetic field magnet integrated into the SQF furnace at the start

position of solidification.
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The RMF generating device is integrated into the SQF furnace outside the heating elements and
the liquid metal cooling ring (Fig.2). The length of the magnet, giving the range of the generated
RMF, is about 170 mm. The lower end of the magnet is close to the lower end of the sample (0
mm reference position along the sample main axis) as shown in Fig.2. A moderate RMF is
applied in this study with a frequency f = 57 Hz and a relatively small magnetic field strength
of B = 0.5 mT, to avoid the RMF induced macrosegregation as reported in previous studies
[44]. The solid/liquid interface is situated approximately at the central position of the magnet
assembly during the solidification to ensure the efficiency of the RMF.

Grain refined Al-7 wt.% Si alloy (Al-7Si+GR in table 1) and non-grain refined Al-7 wt.% Si
alloy (Al-7Si in table 1) provided by Hydro Aluminum Rolled Products GmbH are used in this

work. 0.5 wt% of master alloy AITi5B was added for the grain refinement.

Table 1. Control parameters: vy is the furnace pulling rate and z, the solidification length under
Vi, for stage n. GR indicates grain refinement of the alloy. The RMF column indicates whether

the RMF (f =57 Hz, B = 0.5 mT) was applied or not.

Initial ~ Stage ! Stage |l Sage !l
Sample  Alloy RMF G, Vi, 71, V2, 22,
K/mm R, Kis

mm/s mm mm/s mm

B2F1 AIl-7Si+GR  No 4 0.02 20 0.2 50 0.13  Quenching
B2F2 Al-7Si Yes 4 0.02 20 0.2 50 0.13  Quenching
B2F5 AIl-7Si+GR No 4 0.02 30 0.02 50 0.13  Quenching

B2F6 Al-7Si Yes 4 0.02 30 0.02 50 0.13  Quenching

The designated samples presented in this work and the corresponding solidification parameters

are summarized in Table 1. The solidification procedure consists of three successive stages:
6
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- Stage I: For all experiments, the objective of the Stage | is to achieve a steady-state columnar
growth, with no RMF. Accordingly, the initial temperature gradient (G) is about 4 K/mm and
the solidification is initiated by the slow pulling rate of the furnace at v1 = 0.02 mm/s. No RMF
is present during stage I in all cases.

- Stage II: To provoke the columnar-to-Equiaxed Transition, two different second stages are
defined : (i) For B2F1 and B2F2, the Stage 11 is triggered by a simultaneous sudden pulling rate
jump from vi = 0.02 mm/s to v2 = 0.2 mm/s and a cooling down of the hot zone at R = 0.133
K/s. (ii) For B2F5 and B2F6, the pulling rate is not modified (v1 = v2 = 0.2 mm/s) and the hot
zone is cooled down at R = 0.133 K/s. Thus, a decrease of the temperature gradient G is induced
in stage Il in the four experiments. The displacement length is 50 mm in stage Il for all samples.
Additionally, for B2F2 and B2F6, the RMF is turned on during the whole duration of stage Il
to induce a forced melt flow in these two samples. The comparative study of experiments with
(B2F2/B2F6) and without (B2F1/B2F5) RMF allows analysing the effect of RMF upon the
solidification microstructure.

- Stage I11: The quenching of the sample induced by a fast furnace pulling is applied to complete
the solidification. During this final stage, the RMF is turned off again for all experiments, the
temperature gradient and cooling rates are no longer controlled, but the temperature profiles are
still recorded.

2.2. Microstructure characterization

The characterization methods in the present study have been described in detail in our previous
study [43]. After their return to Earth, samples are cut into transverse and longitudinal sections
of 30 mm in lengths and prepared for metallographic analysis. The sketch of the cutting scheme,
which is the same for all samples is shown in Fig.3 for the processed sample B2F1. Then,
longitudinal sections cut close to the centerline are mechanically polished with diamond

suspension to reveal the dendrite structures by optical microscopy (OM). Finally, electrolytic
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etching is performed to distinguish dendrites with different crystallographic orientations in
different colors using an optical polarized light microscope (OM) and thereby to reveal the grain

structure.

Sections ¥ i 105 135 165 195 2%5 mm

Fig.3. Optical image of the processed sample B2F1 with the identification of the cross-section

positions.

The optical microscopy images of longitudinal sections were used to measure the eutectic
percentage (E%) and the dendrite arm spacing (DAS). The images are segmented into binary
images to distinguish the dendrite phase (white) from the eutectic (black). Based on the binary
images, the E% maps and the E% profiles along the main cylindrical sample axis are determined
using a box-averaging method. The DAS is measured using a linear-intercept method [43]. For
one data point of DAS, 1000 lines are generated in random orientation. The box size used to
calculate the E% in the maps is 0.5 mm along the direction of the sample central line axis, and
0.4 mm in width.

The box size used to calculate both E% and DAS profiles is 0.5 mm in length and equal to the
sample diameter in width. It is worth to mention that the measured DAS is not equal to the
primary or secondary dendrite arm spacing but is a measurement of the average characteristic

scale of the dendritic network [2, 45].

3. Results
3.1. Analysis of the processing parameters
The recorded cooling curves for all samples are shown in Fig.4, with identification of the

successive stages delimited by the starting times of the furnace movement. From Fig.4, it can

8
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be seen that the thermal histories recorded are very similar for B2F1 and B2F2, and for B2F5
and B2F6, indicating that the influence of the grain refiner (GR) and of the rotating magnetic
field (RMF) in stage Il are negligible as concerns the recorded temperatures. This conclusion

is in agreement with previous experiments [43].
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Fig.4. Temperature curves recorded during the experiments. Liquidus and eutectic isotherm
positions (T =891 K and Te=850 K) are indicated with red horizontal dashed lines. The limits

between the different solidification stages are indicated with blue vertical dashed lines.

Fig.5 shows the actual growth conditions of all the samples, namely the temperature gradient
ahead of the liquidus isotherm (T = 891 K for Al-7wt%Si) G (Fig.5a) and the velocity of the
liquidus isotherm v (Fig.5b), which are calculated based on the temperature profiles with the
procedure described in our previous work [43]. The values of G, and v are calculated every
10 mm as shown in Fig.5. Additionally, the transition positions between the successive stages
(blue dashed lines in Fig.5) are also obtained from the temperature profiles as explained in

detail in our previous work [2]. The average values of the G and v for each stage are calculated

9
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and gathered in Table 2. The transition positions between stages Il and |11 for B2F5 and B2F6
cannot be determined because the temperatures at the level of the highest thermocouple TC12
(position: 182.5 mm) at the time of transition from stage Il to Il are much lower than the
liquidus temperature (891 K) as shown in Fig.4. Thus, only the initial parts of about 25 mm in
stage I, are considered when calculating the average values of G, and v, corresponding to the

microstructure shown later in Fig.6.
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Fig.5. (a) Calculated temperature gradient ahead of the liquidus isotherm (G.) and (b)
calculated average velocity of the liquidus isotherm (v.) during the solidification. The limits
between the different solidification stages for the corresponding samples are indicated with

blue vertical dashed lines.
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The temperature gradient (Fig.5a) and the liquidus velocity curves (Fig.5b) for both B2F1 and
B2F2 almost overlap each other, indicating that the growth conditions of B2F1 and B2F2 are
comparable during the whole experiment and confirming the negligible influence of the GR
and RMF on the thermal conditions during the solidification at high furnace puling velocity.
For B2F1 and B2F2, the temperature gradient and the growth velocity both increase due to the
change of the solidification conditions (mainly the increase of the furnace pulling rate) from
stage | to stage Il as shown in Fig.5(a, b) and in Table 2. From stage Il to stage Ill, both the
growth velocity and the temperature gradient sharply increase as shown in Fig.5a and b due to

the quenching of the samples.

Table 2. Calculated average values of the temperature gradient G, velocity v, of the liquidus

isotherm, eutectic percentage (E%) and dendrite arm spacing (DAS) in stages I and I1.

Sample Stage G, K/Imm VL, mm/s E, % DAS, um

I 4.4 0.02 57 55

B2F1
] 4.8 0.11 46 33
B2E2 I 4.5 0.02 55 57
(RMF) I 4.8 0.11 48 35
| 4.3 0.020 46 70

B2F5
Initial part of 11 4.0 0.043 43 63
B2F6 I 4.4 0.018 45 60
(RMF) Initial part of 11 3.9 0.041 39 58

11
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The growth conditions of B2F5 and B2F6 exhibit slight differences around the position of 140
mm as highlighted by the red rectangles in Fig.5c and 5d. The values of both G_ and v, are
slightly lower in B2F6 (with RMF) than in B2F5 at this level, suggesting that the growth
conditions might be slightly influenced by the RMF during the solidification at low furnace
pulling rate (v1= vz = 0.02 mm/s). This effect of the RMF on the G_ and v in B2F6 will be
discussed later in Section 4.2. Second, the global evolution tendencies of both G_ and v, are
identical for B2F5 and B2F6: the calculated G gradually decreases whereas the calculated vi
gradually increases in stage I, which is due to the cooling down applied only to the hot zone in
this stage (Table 2).

Finally, according to the temperature gradient, the length of the mushy zone during the
solidification process (Lwmz, distance between the liquidus and eutectic isotherms) can also be

estimated to a value of about 10 mm in stage | and Il for all samples.

3.2. Analysis of the microstructure

Fig.6al to 6d1 shows the microstructures of the four samples obtained by color etching along
the longitudinal sections. The blank regions correspond to the material loss between two
sections due to the preparation of cross-sections. The furnace pulling velocities at different
solidification stages, with the range given in Fig.5, are indicated at the left side of the section
images. As shown in Fig.6al to 6d1, columnar structure is observed from the initial region to
the entire stage | for all samples as expected under these growth conditions [43, 46].
Interestingly, from stage | to stage Il, different microstructure transition occurred in the
different samples. For B2F1 (Fig.6al), finer dendrites are observed in stage 1l compared to
stage | and a columnar to equiaxed transition (CET) is observed (CET start position is indicated
in Fig.6al by the red dashed line). For B2F2 (Fig.6b1), the dendritic microstructure gets much
finer in stage Il, just as for B2F1, but without CET. The corresponding DAS measurements

(Table 2) confirm quantitatively the fact that a finer microstructure is observed in stage Il. For
12
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B2F5 and B2F6 (Fig.6¢c1 and 6d1), the dendrite microstructures do not significantly change
from stage | to stage Il: similar coarse columnar dendrites are obtained. This is directly related
to the fact that the same furnace pulling rate is applied in both stages I and 11 (v1=v2=0.02 mm/s)
and indicates that the applied slow decrease of the temperature gradient has negligible influence
on the solidified microstructure.

Fig.6a2 to 6d2 show the corresponding eutectic percentage (E%) maps along the longitudinal
sections. The eutectic is formed in the interdendritic regions following the dendrite growth
because of the accumulation of solute rejected by the dendrites. As shown in Fig.6a2 to 6d2,
large eutectic pockets, evidenced by almost black regions, and inhomogeneous eutectic
distribution are observed in stage I for all samples, which is directly related to the coarse
columnar structure. For B2F1 and B2F2 (Fig.6a2 and b2), with a higher pulling rate in stage II,
the eutectic feature is comparable: much more uniform distribution with much lower average
E% even though the microstructure is different. For B2F5 and B2F6 (Fig.6¢c1 and d1), the
eutectic features changed slightly from stage I to stage Il with obvious difference between both
samples. For B2F5 (Fig.6¢2), some large eutectic pockets and non-uniform eutectic distribution
can still be observed whereas for B2F6 (Fig.6d2), the eutectic distribution is more uniform,

with no large eutectic pockets.

13
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For the quantitative analyses of the microstructure evolution, the E% and dendrite arm spacing
(DAS) profiles along the solidification direction have been calculated as described above and
are presented in Fig.7. The evolution of E% and DAS in B2F1 and B2F2 are nearly the same,
evidenced by equivalent average values in each stage as shown in Table 2. When comparing
B2F5 and B2F6, during Stage | the average E% decreases from the initial solidification region
and then remains nearly constant. However, slight increase of the average E% and DAS are
observed around the transition position from stage | to stage Il in B2F5, whereas in B2F6 the
E% and DAS remain almost constant in this region, as shown by the black rectangles in Fig.7.
Additionally, the average values of E% and DAS in stage Il and the average DAS in stage | are

lower in B2F6 compared to B2F5 as shown in Table 2.
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Fig.7. Mean eutectic percentage and mean DAS vs. position along the central line in the
longitudinal direction of the samples. The blue dashed lines show the stage transition

positions and the green dashed lines show the section cutting positions.
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3.3. Deflected dendrite growth in B2F6

Fig.8 shows the dendrite growth around the transition position from solidification stage | to
stage Il of both B2F5 and B2F6 (part of the longitudinal sections from Fig.6¢c1 and 6d1), at the
lower furnace pulling rate (vi=v2=0.02 mm/s). As shown by the label at the top of Fig.8b,
corresponding to the microstructure of B2F6, the RMF was turned on just at this position during
the solidification experiment. As displayed in B2F5, dendrites originating from stage |
(dendrites 1, 2 and 3 in Fig.8a) simply continue to grow along their original directions as shown
by the white arrows in Fig.8a. This type of continuous dendrites originating from stage I is also
observed in B2F6, as shown in Fig.8b (dendrites 1, 2 and 3). However, in B2F6, the growth of
these dendrites is deflected in stage Il, as shown by the green arrows in Fig.8b. The position
where the dendrite growth direction changes is close to the transition position from stages | to
I1, which is also the position at which the RMF was turned on during the solidification. After
this particular position, the dendrite growth continues in stage Il in the same direction without

any subsequent deflections (Fig.8b).
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Fig.8. Dendrite growth with or without the application of RMF in the regions around the
transition position from stage | to stage 11 at the lower furnace pulling rate (vi=v2=0.02
mm/s): (a) B2F5 without RMF, (b) B2F6 with RMF applied in stage Il. The white arrows in
(a) and (b) show the initial growth direction of the dendrites. The green arrows show the new

direction after the RMF is turned on.

4. Discussion

4.1. Effects of the solidification parameters (G, v, R...) on the microstructure

The microstructure evolution and the relationship with the solidification parameters in B2F1
and B2F2 have already been discussed in detail in our previous work [43]. The finer structure
in stage 1l compared with that in stage | for both B2F1 and B2F2 and the occurrence of CET in
stage 11 of B2F1 is due to a combination of a higher growth rate and lower temperature gradient.
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For the microstructure evolution in B2F5 and B2F6, first, the more uniform eutectic distribution
in stage 11, and the decrease of both E% and DAS from stage | to stage Il of both samples (Table
2 and Fig.7), are the consequences of the cooling down of the heat zone in stage Il. The
decreasing temperature of the heat zone results in a decrease of GL and an increase of the
dendrite growth velocity, as indicated by the liquidus isotherm velocity (v, Table 2 and Fig.5).
Therefore, more homogeneous eutectic distribution and lower E% are obtained, accompanied
with the decrease of the microstructure size (DAS), due to the stronger dendritic branching
triggered by the higher dendrite tip velocity in stage 11 of B2F5 and B2F6 [2, 46]. As expected,
CET took place in B2F1 because of the presence of grain refiners combined with an increase
of the growth rate. On the contrary, no CET is observed in the other grain refined experiment
(B2F5), due to the fact that no increase of the growth rate is applied [43].

CET is not observed in both non-refined samples (B2F2 and B2F6) even though a RMF is
applied. Indeed, the RMF is expected to trigger CET by transporting some fragments to the
columnar front. However, there are two main reasons for the absence of CET: 1. The RMF may
be not sufficiently strong to provoke massive nucleation or transport of equiaxed grains ahead
of the columnar dendritic front; 2. The new nucleated grains ahead of the columnar dendritic
front could be transported into the bulk liquid far away.

4.2. Effect of the RMF on the thermal condition and on the microstructure

The thermal condition differences (Fig.5 and Table 2) and the microstructure differences (Fig.6,
7, 8 and Table 2) between B2F5 and B2F6 are mainly attributed to the application of the RMF
in B2F6, which was turned on at the time of the transition from solidification stage | to stage
I1. The RMF device translates with the same velocity as the furnace, which is constant at 0.02
mm/s in both stages | and 11, while the liquidus isotherm velocity increases in stage Il (Figure

5). The strongest influence of the RMF occurs around the transition position from stage | to II,

18



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

and generally decreases in the following solidification process as can be seen from the thermal
condition and microstructure differences shown in Fig.5 to 8 and Table 2.

As mentioned in the introduction, the applied RMF can have two main impacts on
solidification: a forced liquid flow and a thermoelectric magnetic force acting on the dendrites
[14, 22, 24, 47, 48].

4.2.1. Estimation of the RMF induced melt flow

From the simulations of a RMF with a moderate intensity of only B=0.5 mT and f=57 Hz
performed earlier within the CETSOL project [44], the detailed and quantitative patterns of the
forced liquid flow due to the RMF can be estimated. The simulations were performed using the
process parameters and the experimental setup of the flight experiments, but assuming a flat
solid-liquid interface. Main characteristic of the simulated flow pattern are (i) an axial flow
which can create axial transport of heat and solute in the melt, and (ii) an azimuthal flow, which
supports homogenization of the melt ahead of the solid-liquid interface.

According to the simulation results [44], the maximum value of the forced liquid flow velocity
in azimuthal direction is about 0.2 mm/s, whereas the maximum velocity along the sample axis
direction is only 0.003 mm/s in the center region of the sample. The liquid flows due to the
RMF, co-exist in front of the dendrite tip and in the deep interdendritic regions. From the
simulations [24, 31], the main liquid flows patterns can be schematized by the black dash lines
in Fig.9. The liquidus (T.) and the eutectic (Te) isotherms are indicated by the blue horizontal
dashed lines. The solute in interdendritic regions is schematized by the gray color in Fig.9, with
higher gray scale indicating higher solute concentration. Under the microgravity condition (ug)
in this experiment, the forced flow due to the RMF only superimposes with the shrinkage flow
in the sample. Consequently, the RMF forced flow affects the thermal and solutal distribution
in the liquid both in front of the dendrite tip and in the deep interdendritic regions during the

solidification.
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Fig.9. The black dashed lines and circles show the schematic patterns of the liquid flow due to
RMF during solidification. T, and the upper blue dashed line, and Te and the bottom blue
dashed line indicate the liquidus and the eutectic isotherm positions, respectively. The red

arrow shows the representative direction of the TEMF.

4.2.2. RMF effect relatively to the furnace pulling rate

As described in Sections 3.1 to 3.2, no effect of the RMF can be evidenced for the highest
furnace pulling rate in sample B2F2. The RMF has negligible influence on both the thermal
conditions (G. and v) and the microstructure (E% and DAS, as well as the dendrite growth
direction). This could be attributed to the moderate intensity of the RMF, which is only B=0.5
mT. Indeed, when compared with the pulling rate in stage Il of B2F2, the forced liquid flow
intensity due to the RMF in B2F2 is smaller both in the deep mushy zone and ahead of the large
dendrites. Correspondingly, this moderate RMF is neither sufficient to result in any thermal

difference nor to trigger any significant microstructure difference in B2F2.
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Besides, an effect of the RMF is observed for the lowest furnace pulling rate (sample B2F6),
where especially the azimuthal flow velocity is significantly higher than the solidification
velocity. During the solidification process in g, the temperature and the solute gradients co-
exist in the liquid along the solidification direction: the temperature generally increases and the
solute (Si) concentration generally decreases from the bottom to the top of the sample as shown
in Fig.9. Due to the liquid flows, hot liquid in the top region flows toward the bottom part in
the sample edge regions, which consequently increases the temperature of the sample bottom,
together with the decrease of the temperature in the sample top due to the liquid flow in the
sample centerline region. Therefore, the consequence is a temperature homogenization and
thus, a temperature gradient decrease (slightly lower in B2F6 compared to B2F5). The slight
decrease of the detected liquidus isotherm velocity as shown in Fig.5b is mostly ascribed to the
increasing temperature of the solidification front due to the liquid flow in the sample edge
regions.

Additionally, according to the simulation results [44], due to forced azimuthal liquid flow, a
more uniform Si distribution is achieved in the liquid when the RMF (B=0.5 mT, f =57 Hz) is
applied in these experiments. The Si concentration in the interdendritic region in B2F6 under
RMF is even close to 7 wt.%, which is the Si concentration of the liquid far from the
solidification front. Therefore, large eutectic pockets which can develop without RMF in B2F5
as shown in Fig.6¢2, are not observed in B2F6 (Fig.6d2). Consequently, more uniform eutectic
distribution and lower E% are obtained in B2F®6.

Additionally, the much more constant DAS around the transition position from stage I to 1l as
shown in Fig.7, as well as the average DAS decrease shown in Table 2, could also be attributed
to the RMF forced liquid flow. Generally, the application of the RMF was proven to reduce the
primary dendrite spacing due to the forced liquid flow and the modification of the solute

distribution in the interdendritic region [9, 27]. As mentioned above, the measured DAS is not
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equal to the primary dendrite spacing but is an average measurement which takes also into
account the secondary, tertiary and other higher-order dendrite arm spacing. Thus, the decrease
of the primary dendrite spacing due to the RMF contributes to the decrease of DAS in B2F6
experiment.

4.2.3. Thermoelectric magnetic force on the dendrites

Apart from the forced liquid flow, the thermoelectric magnetic force (TEMF) also acts on the
dendrites during the solidification submitted to a magnetic field [47]. The temperature gradient
along the solid-liquid interface generates a TE current in the close vicinity of the columnar
dendrites [49]. Therefore, a Lorentz force (i.e. the TEMF) is imposed on the dendrite when
applying a magnetic field, due to the interaction between the magnetic field and the TE current.
In the study by Wang et al. [50, 51], the direction of the TEMF was perpendicular to the
solidification direction when the magnetic field was applied perpendicularly to the
solidification direction. For the RMF applied in the present work, the direction of the magnetic
field vector is perpendicular to the solidification direction, but with a rotation around the
centerline of the rod sample. Therefore, a TEMF perpendicular to the solidification direction,
i.e. nearly perpendicular to the dendrite growth direction as shown in Fig.9 (red arrow), is
expected with the same rotation around the sample centerline as the applied magnetic field
applied. Consequently, the continuous growth direction of the columnar dendrites in stage Il
can be deflected from their original direction originating from stage | as seen in B2F6 (Fig.8),
due to the action of the TEMF. However, because of the varied and complicated B direction
with the application of a RMF, some more detailed simulations would be useful to study more
accurately the effect of the TEMF on the dendrite growth as performed for example in the case

of a static magnetic field in previous work [50].
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5. Conclusion

Microgravity (ug) solidification experiments of Al -7 wt.% Si alloy have been carried out with
or without rotating magnetic field (RMF). The influence of the RMF on the microstructure has
been studied.

(1) The RMF has a significant effect on both the thermal conditions and the microstructure only
for the lower growth rate of about 0.02 mm/s, whereas it has no significant influence at the
higher growth rate of 0.20 mm/s. In the case of natural convection, the impact of forced flow
on the solidification process can be evaluated by comparing the velocity of the forced fluid flow
to the growth rate. Indeed, the higher the ratio of the convective flow to the growth rate, the
higher the impact of the convection on the microstructure. Similarly, in the experiments
described here, an effect of the RMF on the microstructure characteristics is observed only for
the highest ratio of the forced flow velocity to the growth rate.

(2) When the flow velocity induced by the RMF is significantly higher than the growth rate, it
induces a decrease of the measured temperature gradient ahead of the liquidus isotherm and
liquidus isotherm velocity, as well as a more uniform Si concentration in the liquid.
Consequently, more uniform eutectic distribution without any large eutectic pockets, and lower
average eutectic percentage and dendrite arm spacing are achieved.

(3) Moreover, the RMF can induce the deflection of dendrite growth direction. This
phenomenon is ascribed to the combined effects of the forced liquid flow and to the
thermoelectric magnetic force on the dendrites.

However, in the experiments presented in this paper, the application of a RMF could not induce
the CET indicating that the forced flow was not strong enough to contribute to the dendrite
fragmentation and/or to the transport of fragments outside the mushy zone. Other experiments
should be conducted with a higher magnetic field intensity to confirm that CET can be triggered

by the application of a forced flow, exclusively due to a RMF in ug conditions. However, the
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parameters should be adjusted cautiously to avoid the formation of a large central segregated
channel that appears when applying a more intense rotating magnetic field. In parallel,
simulations including the TEMF forces calculations in the presence of a RMF would be useful

to further study the effect of the TEMF.
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