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Abstract

This study focuses on the detailed investigation of the eutectic Aluminium Silicon (Al-12.6
wt% Si) alloy, which was solidified without and with a 10 mT induction rotating magnetic
field (RMF). The experiments were conducted as part of the MICAST Hungary project,
as the mirror experiments were solidified in the Solidification and Quenching Furnace
(SQF) at the International Space Station (ISS). The mirror samples were solidified using
solidification parameters similar to the ISS experiments. This study examined the meso-
structure of the samples and the eutectic microstructure in both stirred (RMF-applied) and
non-stirred (RMF-free) samples. Special attention was given to the influence of magnetic
stirring on key microstructural features, such as the eutectic lamellae distance, the length
of the lamellae, and the spatial orientation of the lamellae were investigated. Measuring
and analysing these parameters gives us an overall picture of the microstructure of the
eutectics. The 10 mT low-intensity RMF used in the experiment has a demonstrable effect
on the formation of the eutectic structure; short aluminium dendrites concentrate at both
edges of the stirred sample, and their proportion decreases as the sample approaches its
end. In contrast, in the non-stirred sample, long, elongated Al dendrites solidify parallel to
the direction of heat removal, and their proportion and size continuously increase as the
sample progresses. Furthermore, a possible relationship was found between the decrease
in the eutectic lamella length and the lamellae’s average distance.

Keywords: eutectic; rotating magnetic field; solidification; fluid flow

1. Introduction

During solidification, the melt flow affects the resulting structure. Concentration and
temperature differences will cause different densities, forcing a melt flow under Earth
conditions. It is possible to produce convection artificially, for example, by using a rotating
magnetic field (RMF) during solidification [1]. Although several attempts have been made
to solidify under microgravity conditions and thus to understand the melt flows, it is worth
understanding the structure solidified under Earth conditions [2,3]. Furthermore, a uniform
classification system for irregular, lamellar eutectic is worth creating.

In the past, many attempts have been made to systematise eutectic morphologies.
These have met with limited success, mainly since the morphology of a given eutectic
can be influenced by the composition of the material and the cooling rate. A study by
Croker et al. [4], in the case of binary alloys, shows that applying some rules can achieve
a complete understanding of eutectic growth. Typically, most researchers acknowledge
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the classification of the eutectic structure to mean that the formed structure can be mostly
rod-like or lamella-like, respectively, regular or irregular, which will be determined by the
ratio of the phases [5-8]. However, there is typically no specific measurement method or
literature to evaluate the results in the case of irregular eutectics. The Jackson-Hunt model is
one of the most popular models for understanding eutectic solidification [9]. Many studies
have been conducted on examining the interlamellar spaces (A) by changing different
solidification parameters like undercooling (AT) and temperature gradient (G). Still, this
literature does not examine a solidified structure but provides a theoretical summary of
the growth of the eutectic [10-13]. Clapham and Smith are the closest literature to the
numerical measurement of the irregular eutectic. They measured the distance between the
lamellae by looking at a drawing line of how it intersects the eutectic lamellae [14].

In some cases, when the volume of the residual melt phase at the end of solidification
of a two-phase system during the formation of a eutectic is so small that its extent is similar
to the eutectic lamella distance, a degenerated eutectic appears, in which case the two
phases of the eutectic grow independently. In such a situation, the second phase may form
a single layer around the primary phases [15].

Melt flow is a distinct effect that affects the meso- and microstructure of the alloy
during solidification. Two types of melt flows are natural (buoyancy) and forced convec-
tion. Differences in densities, changes in surface tensions or shrinkage of solidified parts
can cause natural convection. Forced convection is artificially induced by mechanical or
magnetic stirring, possibly by ultrasound. One possibility for forcing convection is using a
rotating magnetic field (RMF). RMF affects heat and mass transfer in the regions upstream
of the solid-liquid interface, thereby leading to significant changes in the formation of
the final structure [1]. Previous studies have shown that forced melt flow can lead to this
structural refinement [16,17]. Since the microstructure of alloys influences their mechanical
properties; thus, by controlling their microstructure, we can achieve the desired mechanical
properties. Many methods are available to improve these properties, for example, control-
ling the eutectic front velocity [9,18-20] or inducing the melt flow using a rotating magnetic
field (RMEF).

Al-Si alloys still play an important role in industry today. Their use is particularly
common in the automotive, aerospace, and space industries, and they are also an important
casting alloy. As a result, numerous research studies are currently focusing on this alloy
from various perspectives [21-30].

2. Experiments
2.1. Solidification Experiment

Al-12.6 wt% Si eutectic alloy samples were used for the experiment made by Hydro
Gmbh (Székesfehérvar, Hungary). The purity of the used raw materials was 99.95 wt%
for both components. The experiments were carried out in a vertical Bridgman-type tube
furnace with four heating zones. The sketch of the facility can be seen in Figure 1. The
furnace has nine essential parts and is characterised by heat removal in one direction [31].
The movement velocity for both samples was 0.1 mm/s. The experiments were carried out
so that at the beginning of the solidification, a small part of the samples was not remelted;
the eutectic front was 18 mm from the sample’s bottom. The temperature distribution along
the samples was measured by 13 K-type thermocouples.
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Figure 1. Sketch of the solidification facility [31].

2.2. Temperature Gradient and Eutectic Front Velocity

The temperature gradient and the eutectic front velocity were calculated from the cool-
ing curves. During the experiment, we measured the temperature of the melt at 13 points,
from which we can determine at which moment it reached the eutectic temperature (577 °C).
If we plot this and fit a polynomial to the curve, we will obtain the function to substitute
the moment in time (when it reaches the eutectic temperature). After this, we must divide
the function by time, specifically by considering the difference in time (Figure 2). Results
can be verified at the measured points.

Change of temperature at different places in the sample
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Figure 2. Measured the temperature of the longitudinal section of the sample and the eutectic temperature.

For the temperature gradient, we also calculate a polynomial in such a way that
we subtract the temperature of the earlier measurement point from the temperature of
the later measurement point and divide by the difference in measurement points. We
then substitute the temperature data into the resulting polynomial. So, we divide the
temperature difference by the time difference. The temperature gradient was nearly the
same in the case of the non-stirred and the stirred samples, 2.2 +/— 0.2 K/mm from 20 mm
to 120 mm. (Figure 3). Near the end of the samples (from 120 mm to 140 mm), it first
suddenly decreased to 1.5 K/mm and then increased to 2.5 K/mm.
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Figure 3. Temperature gradient along the samples.

The velocity of the eutectic front was also nearly the same for the two samples
(Figure 4). It started with 0.02 mm/s (0 mT) and 0.04 mm/s (10 mT), which increased
during a short time to 0.1 mm/s (at 40 mm of the sample). From 40 mm to 120 mm, it
increased slowly to 0.12 mm/s, then to 0.14 mm/s (140 mm).
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Figure 4. Eutectic front velocity along the samples.

2.3. Measuring Methods
2.3.1. Sample Preparation for Examination

After solidification, the samples were cut perpendicular to their axis into two almost
identical parts for easier handling. After mounting to acrylate, the cylindrical samples
were machined to half the diameter, working up the longitudinal section to allow for the
investigation of the meso- and microstructure. After grinding and polishing with diamond
paste and etching in 2% HF water solution, the meso- and microstructure were analysed on
photos made by an optical microscope (Zeiss AXIO Imager M1M light, Budaérs, Hungary).
The mosaic image was taken at 50 x magnification, including the entire sample. Mesostruc-
ture analyses were performed on these, as some primary aluminium solid solution formed
and separated from the eutectic. Images were taken at 500 x magnification in characteristic
areas of the samples. So, 5 or 6 pieces of image matrix (non-stirred and stirred samples)
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consisting of 10 x 20 images were taken. These images are suitable for examining the
microstructure of the eutectic.

Image ] analysis software (version: 1.54f) was used to analyse the microscopic images,
and then the results that were obtained were evaluated. The four most typical parameters
for both samples were examined: eutectic fraction, Si lamella length distribution, average
Si lamella distance, and Si lamella orientation.

2.3.2. Eutectic Fraction

The microscopic images were taken with such a low resolution that the eutectic
microstructure was not visible. It has a coherent grey colour, so the image analysis software
could separate the primary aluminium solid solution phase from the eutectic based on the
grey level. It is possible to measure the ratio of the eutectic with the software.

2.3.3. Eutectic Lamella Length Distribution (ELLD)

The maximum Feret diameter of all eutectic lamellae was measured in each image,
with the criterion that we only measured above 0.05 um? of the eutectic Si lamella area,
which excludes the defects from small scratches. The lamellae located on the edge of the
image were not considered. The frequency is then calculated from the lengths of the eutectic
Silamellae measured on the given image matrix. Since 90% of the lamellae are below 40 um,
this range was analysed with 1 um intervals.

2.3.4. Average Lamella Distance (ALD)

Because of the irregular structure of the Al-Si eutectic, the measure of the interlamellar
spacing cannot be clearly defined; thus, we determined an average derivative lamella distance.

The length and the number of eutectic lamellae, the area of the image, and how the Si
lamellae are proportional to the total area are measurable. The following equation can be
used to calculate an average lamella distance between the eutectic lamellae, which is used
together with the eutectic lamella distribution parameter, numerically gives the fineness
indicator of the eutectic structure [32]:

apx (1 - 4y)

Ag =2 X N % Ty

Py: the average perimeter of the Si lamellae in the examined image [pm];
N: number of eutectic lamellae;
Ayp: area of the microscopic image (pm?);

Af: area fraction of the eutectic lamellae in the eutectic structure.

2.3.5. Eutectic Lamella Orientation (ELO)

Parallel to measuring the maximum Feret diameter of eutectic Si lamellae, their angle
with the direction of heat removal was also measured. This way, an examination of how
long the lamellae grow on average for a given number interval was carried out. In this case,
a 10° interval was used. A lamella was grown parallel to the direction of the heat removal
and has a 0° angle. The Image ] software (version: 1.54f) distinguishes lamellae that subtend
an angle with the parallel direction clockwise (between 0° and 90°) and counterclockwise
(between 90° and 180°). The lamellae with the same value were summarised regardless
of whether they were clockwise or counterclockwise, such as those between 0-10 and
170-180 degrees.
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3. Results and Discussion
3.1. Meso-Structure: Aluminium Solid Solution and Eutectic Fraction

Meso-structure of the non-stirred sample is shown in Figure 5a,b, and the stirred
sample in Figure 6a,b Since the samples are centrally symmetrical along the axis of the
longitudinal section, only half of the samples are shown in the figures where the edge is
upward. The microscopic images show that short aluminium dendrites appear concentrated
on the edge of the stirred sample. Their fraction decreases, and the eutectic fraction
increases as the sample approaches its end. In contrast, in the non-stirred sample, long,
elongated Al dendrites solidify parallel to the direction of heat removal (the axis of the
longitudinal section).

growth direction

beginning of the OmT sample

0 A
Fibbhtribm b oty
f‘!f‘,"'ﬂ“m:lﬂw}ul'nl

end of the OmT sample

Figure 5. Longitudinal section of the non-stirred sample at 50 x magnification and in places, higher
magnification images of the change in structure. (a). The first half (b). The second half of the sample,
0mT RMFE

Because of the RMF stirring, the leading phase of the eutectic is changing from silicon
to aluminium solid solution [33,34]. When the Al phase solidifies first, the Si atoms,
which are rejected during the solidification, are moved by the stirred liquid from the
eutectic solidification front. Because of that, the local Si concentration is insufficient for the
compositional undercooling to solidify the eutectic Si phase. As a result, the aluminium
phase continues to grow like a primary aluminium dendrite, and eutectic does not form,
while the Si concentration increases in the liquid [31]. This phenomenon depends on the
liquid’s flow rate and Si concentration, with constant solidification parameters.

The moving velocity of the stirred liquid is zero along the axis of the sample (the same
as the axis of the magnetic field rotation), and it increases in the direction of the edge of the
cylindrical sample. Otherwise, the bigger and more the dendrites are, the smaller the flow
velocity is.

Right after the start of the stirring, when there are no dendrites and the Si concentration
is eutectic, primary Al dendrites grow at the edges and in the inner regions. The growing
dendrites slow the flow at the eutectic front; the Si concentration increases locally, so
eutectic forms between the dendrites. As solidification progresses, the Si concentration
of the liquid increases, so fewer Al dendrites form and they are located at the edge of the
sample, where the flow velocity is higher.
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As aresult of the stirring and the solidification of primary Al dendrites, a Si enrichment
occurred at the beginning of the stirred sample, in the middle, at a section of about 1 mm,
which resulted in the appearance of primary Si.

growth direction

beginning of the OmT sample

end of the OmT sample

Figure 6. Longitudinal section of the stirred sample at 50x magnification, and in places, higher
magnification images of the change in structure. (a). The first half, (b). The second half of the sample,
10 mT RME

3.2. Eutectic Ratio

The eutectic ratio can be seen in Figure 7. The amount of eutectic at the measured
points of the samples is different. It can be said that in the non-stirred sample, the amount
of eutectic starts from a high amount and decreases slightly, because the elongated Al-
dendrites grew almost parallel to the heat removal direction. In contrast, in the mixed
sample, the proportion of eutectic starts from a lower amount and then increases sharply
due to the solidified Al-dendrites described in paragraph 3.1. However, due to the stirring,
it can achieve an almost pure eutectic at the end of the sample.

Mesured eutectic vs. sample length
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Figure 7. Eutectic ratio as a function of sample length.
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3.3. Eutectic Lamella Length Distribution Analysis

The frequency distribution gives an exponential function. From this result, a linear
function can be obtained instead of an exponential distribution by calculating and plotting
the logarithm of the frequency data. The slope of the linear function (ELLD) (given in
absolute value), therefore, determines how far the eutectic lamellae can grow, which is a
component of the fineness index of the structure. The higher the ELLD, the finer and more
uniform the structure can be inferred. (Figure 8a,b).

Frequency of eutectic Si lamellae length
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Eutectic lamella length distribution (ELLD)
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Figure 8. (a). Eutectic Si lamella length frequency, (b). ELLD with linear slope value.

As shown in Figure 9, the distribution parameter increases sharply to ~40 mm in both
stirred and non-stirred samples. From 40 mm to 120 mm in the case of the non-stirred
sample, it slightly increases; in contrast, in the stirred sample, it decreases, which shows the
ELLD parameter as a function of the front velocity. In the case of the non-stirred sample,
the first data point is 31.59, while in the case of the stirred sample, it is 40.15 because the
front velocity is 0.01 and 0.04 mm/s, respectively. It can be seen that until ~40 mm, the
increase in the front velocity has a strong effect on the distribution parameter in the cases of
both samples; the impact of stirring is not detectable. After that, the distribution parameter
decreased in the case of the stirred sample at the slightly increased front velocity, which
means that the stirring disturbed the concentration distribution before the growing eutectic
Si lamella, so that these eutectic Si lamellae could grow longer.
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Eutectic lamella distribution analysis
== 0mT —& -10mT

_ | 77.89
=i 7 ege— ]

500 6512 __A I L

ésu & e W

oo

0J.

F

o
op
=
b
=3

w
o

—t
(—]

Eutectic lamella

o

0 20 40 60 80 100 120
Distance from bottom of sample [mm]

Figure 9. Eutectic Si lamella parameter as a function of sample length.

For comparison, Figure 10 shows the average eutectic Si lamellae length as a function
of the sample length. The effect of the front velocity is practically the same as for the
distribution parameter, but there is no characteristic difference between the non-stirred and
stirred samples. Consequently, using the ELLD parameter, we can learn more about the
effect of stirring. The diagrams also show that ELLD does not just show an average value,
but completely covers the set of measured points, so its use does not distort the result of
our measurement.

Average length of eutectic Si lamellae
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Figure 10. Average eutectic Si lamella length as a function of sample length.

3.4. Average Lamella Distance

The distance between the lamellae at the beginning of the non-stirred sample is excep-
tionally high because the front velocity is only 0.02 mm/s. Then, the distance decreases
sharply in the first quarter of the sample (Figure 11). In the stirred sample, the distance
between the eutectic lamellae is always more than 20% of that in the non-stirred sample.
The explanation for this effect is that the stirring overlapped with the diffusion before
the eutectic front, so the front velocity increased slightly, and then the lamellae distance
decreased. This small increase in growth velocity is not demonstrable using the cooling
curves. The distance between the eutectic Si lamellae shows an almost mirror image of the
ELLD parameter (Figure 9) and the average Si lamellae length (Figure 10).
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Figure 11. The average lamellae distance as a function of sample length.

3.5. Eutectic Lamella Orientation

If we depict the average length of the eutectic lamellae as a function of angle intervals,
we can see two types of diagrams at various places in the samples. We found that if the
investigated area seems to contain a higher amount of degenerated eutectic, the average
length of the lamellae is increased, and the diagram has one or two local maximum points. If
the degeneration is not significant, the local maximums do not exist. The more degenerated
the eutectic, the higher the local maximum points are. Regardless of the samples, the
lamellae growing near 0 and 90 degrees are the longest, perpendicular to the heat removal
(Figure 12a,b). The parts with a small amount of visibly degenerated eutectic are measured
at 27.57 mm, 46.00 mm, and 111.00 mm from the bottom of the non-stirred sample. In
comparison, there are a lot of degenerated eutectics at 11.16 mm and 17.30 mm. In the stirred
sample, only the data measured at 15.22 mm show a large amount of degenerated eutectic.
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Relationship between eutectic lamella lenght and angle [10 mT]
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Figure 12. Relationship between the eutectic lamella length and the angle of the lamella: (a) 0 mT
RME, (b) 10 mT RME.

4. Conclusions

Using the above-mentioned four characteristic parameters to qualify eutectic lamellae
can numerically determine how finely structured the eutectic was formed during solidifica-
tion. The 10 mT low-intensity RMF stirring affects the formation of the eutectic structure.
However, the amount of eutectic due to stirring is less at the beginning of the sample than
if it were not stirred. So, the average lamella length was almost the same in the stirred and
the non-stirred sample, but ELLD showed that there was a difference in lamella length
at the end of the stirred and non-stirred samples. Microscopic images show that short
aluminium dendrites appear concentrated at the two edges of the mixed sample, and
their fraction decreases as the sample approaches the end. In contrast, in the non-stirred
sample, long, elongated Al dendrites solidify parallel to the direction of heat removal, and
their fraction and size increase continuously as the sample progresses. Furthermore, with
the eutectic front velocity increase, the eutectic lamella length decreases along with the
average lamella distance. The average lamella distance curves run together throughout,
but a 10% size difference occurs due to stirring. A possible connection was found between
the degeneration of the eutectic and the length of the eutectic lamellae grown in typical
directions. The stirring also influenced the shape of the curves.
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