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Abstract: During the solidification of hypoeutectic Al–7% Si alloy, density differences develop in
the melt due to variations in concentration and temperature. On Earth, melt flow can occur due
to gravity, which then affects the solidification process. The microgravity environment strongly
eliminates convection in the melt and allows investigation of the solidification process in purely
diffusive circumstances. In this study, four solidification experiments were performed on grain-
refined and non-grain-refined Al–7wt% Si alloy on-board the International Space Station (ISS) in
the Materials Science Lab (MSL) to study the effect of solidification parameters (solid/liquid front
velocity (v) and temperature gradient (G)) on the grain structure and dendritic microstructure. The
grain structure has been analyzed in detail in some earlier studies. The aim of this work was to carry
out detailed analysis of the macrosegregation caused by the diffusion of Si from the initial mushy
zone during the homogenization step and the subsequent solidification phase of the experiments
as well as the correlated distribution of eutectic along the solidification direction. The secondary
dendrite arm spacing (SDAS) for different process conditions was also studied. For these two issues,
microgravity experimental results were compared to simulation results. The macrosegregation
was calculated by the finite difference method. Because the steady-state solidification conditions
were never reached, the solidification process was characterized by the average front velocity and
temperature gradient. Considering the actual liquidus temperature (TL) caused by macrosegregation,
the SDAS was calculated as a function of the average processing parameters and the actual liquidus
temperature with the classical Kirkwood’s equation. As a result, good agreement was obtained
between the calculated and measured SDAS.

Keywords: solidification; microgravity; eutectic; secondary dendrite arm spacing

1. Introduction

The first technological step to produce solid materials from pure metals and alloys
is solidification. The final mechanical properties of the products are basically determined
by the microstructural parameters that develop during solidification. Cast alloys, such
as Al–7wt% Si, usually contain a solid solution phase and eutectic. The microstructural
parameters characterize the different phases and their morphologies. For Al–7wt% Si,
this is the microstructure of the eutectic and the primary phase. To fully characterize the
microstructure, the relative amount, the lamella distance, and the distribution are evaluated
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for the eutectic, while the grain structure (both equiaxed and columnar) and the solid
solution primary and secondary dendrite arm spacings are measured for the primary phase.
On Earth, because of variations in concentrations and spatial temperatures, buoyancy
convection can develop in the liquid phase, superimposing diffusive transport. Therefore,
it is impossible to achieve purely diffusive conditions during solidification experiments of
massive samples on Earth. Moreover, detailed investigation of grain formation is hindered
by buoyancy-driven flow and by the movement of crystals growing in the melt.

The secondary dendrite arm spacing (SDAS, λ2) is one of the most important mi-
crostructural parameters of solid solution alloys that are fully or partly solidified (such
as the hypoeutectic Al–7% Si cast alloy) because their mechanical properties are strongly
dependent on the SDAS. The SDAS can change during solidification by coarsening [1–5].
The coarsening of the secondary dendrite arm is also a diffusion process. The bigger arms
can grow, and the smaller arms disappear [6,7]. Therefore, the SDAS changes during
solidification:

λ2(t) = λ20(t = 0) + K(t)m (1)

If λ20(t = 0) ' 0 then λ2(t) = K(t)m (2)

At the end of the solidification, the following applies:

λ2 = K(t0)
n (3)

where K is a constant for a given alloy, t is the time, t0 is the local solidification time, and n
and m are kinetic constants.

Suppose the coarsening of the secondary dendrite arm is a pure diffusion process,
n = 1/3 and m < n, (m varies between 0.26 and 0.31 [8]). The liquid flow can disturb the
coarsening of the secondary dendrite arm. In this case, it overlaps with the diffusion and
changes the kinetic of the coarsening, so that 0.33 < n < 0.5 [9–11]).

The unidirectional solidification process can be characterized by the temperature
gradient (G) in front of the solid/liquid interface (S/L) and its moving velocity (v):

t0 = ∆T/Gv and so λ2 = K(∆T/Gv)n = K[(TL − Ts)/Gv]n (4)

where TL and Ts are the liquidus and solidus temperature of the alloy, respectively.
Equation (2) is rigorously valid if G and v are the same at the S/L and E/L interfaces.

If they are different, it must be considered when calculating the local solidification time, t0.
In unidirectional solidified hypoeutectic alloys (such as Al–7% Si), a mushy zone

develops, in which the concentration of the alloying element changes. The concentration is
about the same as the initial concentration at the solid/liquid interface (the primary dendrite
tip) but higher at the liquid/eutectic interface. During solidification, the alloying element
diffuses from the mushy zone to the liquid phase, increasing the element concentration
before the solid/liquid interface and decreasing the liquidus temperature and the ∆T. The
well-known undercooling gradient and the temperature gradient zone melting (TGZM) was
thoroughly analyzed by in situ observation in [12]. The buoyancy convection overlapping
the diffusion can also enhance this effect.

Natural convection is overlapped with diffusion on Earth due to the buoyancy force.
Therefore, it is impossible to investigate the pure effect of G and v on the SDAS.

The main aim of this work was to study the effect of G and v on the SDAS in purely
diffusive conditions considering the following:

i. The G and v are not the same at the S/L and E/L interfaces.
ii. The concentration and then the liquidus temperature change along with the sample.

Solidification experiments under microgravity conditions provide unique benchmark
data in diffusive conditions [13–15]. Indeed, microgravity conditions suppress gravity-
driven phenomena, such as sedimentation and convective flow, due to density differences
in the liquid [16]. Thus, a comparative study of directional solidification of Al–7 wt% Si
alloys in space and on Earth is ideal for understanding eutectic distribution along the
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solidification direction and the secondary dendrite arm spacing microstructure. Earlier
experiments have shown the CET is less progressive in microgravity conditions compared
to Earth conditions due to fluid flow and sedimentation. Additionally, it has been shown
that the eutectic percentage is globally lower and the DAS higher in samples solidified on
Earth compared to those solidified in microgravity [17–19]. The present work compared
the modeling and experiments focusing on the evolution of the eutectic and SDAS along
the solidification direction in diffusive conditions.

The Material Science Laboratory (MSL) was made available by the European Space
Agency (ESA) on-board the International Space Station (ISS), which is being used as a
platform for experiments with long microgravity periods. Within Batch2a of the ESA project
CETSOL (columnar-to-equiaxed transition in solidification processes), several experiments
were carried out using solidification quenching furnace (SQF), a furnace dedicated to
directional solidification experiments. These experiments allow pure diffusive solidification
conditions and therefore provide unique data for testing the fundamental theories of
grain and microstructure formation and for validation and development of numerical
models describing the coarsening of secondary dendrite arms in particular. By comparing
the results of space- and ground-based experiments, it is also possible to obtain precise
information on the effect of buoyancy-driven flow on the microstructure.

The Al–7wt% Si hypoeutectic alloy was chosen for the experiments because it is the
base alloy (with 0.3% Mg) for automotive and transportation applications. The grain
structure and the columnar-to-equiaxed transition (CET) were analyzed and discussed in
detail for the four experiments in previous papers [17–19]. In the present work, we focused
on the effect of solidification parameters, namely the velocity of the solid/liquid front
and the temperature gradient, on macrosegregation caused by the diffusion of Si from the
initial mushy zone during the homogenization step and during solidification experiments,
which leads to changes in the eutectic percentage and distribution along the solidification
direction and on the secondary dendrite arm spacing.

2. Materials and Methods
2.1. Alloy

Grain-refined and non-grain-refined Al–7 wt% Si alloys used in the experiments
were provided by Hydro Aluminium Rolled Products GmbH. The alloys were made from
high-purity 99.99 wt% Al and Si material using a vacuum metallurgy process. For grain
refinement, 0.5 wt% AlTi5B master alloy was added.

2.2. Solidification Path of Al–7 wt% Si Alloys

Based on differential thermal analysis (DTA) measurements, the solidification path
of binary nonmodified Al–7wt% Si alloy was determined with the equilibrium phase
diagram [20]. Solidification started at a temperature of 614 ◦C by the formation of α

aluminum dendrites (white part in Figure 1) and was completed by the development of
Al–Si binary eutectic (Al solid solution and Si) at a temperature of 574 ◦C (black part in
Figure 1). One part of the eutectic was located between the secondary and tertiary dendrite
arms (“A” in Figure 1), while the other part was situated between the primary dendrites
(“B” in Figure 1) or at the grain boundaries (“C” in Figure 1).

The calculated equilibrium amount of eutectic based on the Al–Si equilibrium phase
diagram was 48.5 wt%. The eutectic that forms between the secondary dendrite arms will
often degenerate, i.e., the Al solid solution part of the eutectic solidifies on the primary
Al solid solution and does not produce a new α nucleus, while the Si phase remains
between the dendrite arms. Therefore, the amount of the measured eutectic is lower than
the calculated one by about ~10% [21,22].

2.3. Microgravity Solidification Experiments

Microgravity solidification experiments were carried out on-board the International
Space Station (ISS) using the solidification and quenching furnace (SQF) with or without
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stirring by a rotating magnetic field (RMF). The SQF furnace consisted of hot and cold
zones separated by an adiabatic zone. The hot and cold zones were equipped with heaters
that could be adjusted independently to achieve the required temperature gradient along
the main axis of the sample. Solidification of the alloy was performed by controlled
displacement of the furnace relative to the fixed sample cartridge assembly at a chosen
velocity, which could be varied during the experiment.
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Figure 1. The typical solidified microstructure of nonmodified Al–7wt% Si alloy at a cooling rate of
0.5 K/s.

The RMF device was integrated into the SQF furnace outside the heating element. The
length of the RMF device was 170 mm, so the whole sample length could be stirred during
the experiments. A moderate RMF with a frequency of f = 57 Hz and relatively small
magnetic induction of B = 0.5 mT was applied. It is well known that such an RMF prevents
strong macrosegregation during solidification. Details of the SQF and RMF facilities are
described in [16–18].

The Al–7wt% Si alloy samples (diameter: 8 mm, length 245 mm) were inserted into
Al2O3 tube crucibles. The temperature distribution was measured during the whole
experiment by 12 thermocouples (TC1–TC12) located at the outer surface of the crucible.
The distance between the thermocouples was 20 mm.

The experimental procedure was carried out in several steps. First, the furnace with
the sample was heated up step by step to the initial temperature in a temperature gradient
of G = 4 K/mm to melt about 120 mm part of the sample. After that, temperatures were
maintained for 14,000 s (B2F1 and B2F2 samples) or 28,000 s (B2F5 and B2F6) to homogenize
the temperature and solute distribution before starting the solidification processes, which
consisted of two stages. In the first stage (state I), a slow pulling rate (v1 = 0.02 mm/s) was
applied to achieve columnar growth in stationary conditions. After a solidified length of
z1 = 20 mm, the second solidification stage (stage II) started with different solidification
conditions for the four samples. The main goal of these new solidification parameters
was to promote columnar-to-equiaxed transition. For refined B2F1 and nonrefined B2F2
samples, the pulling rates were sharply increased from 0.02 to 0.2 mm/s, while the refined
B2F5 and nonrefined B2F6 samples were solidified with constant furnace moving velocity
(0.02 mm/s). Concomitantly, for all experiments, an additional cooling rate of the hot zone
(R = 0.133 K/s) was applied to reduce the temperature gradient and thus favor CET. In
the case of nonrefined samples (B2F2 and B2F6), an RMF was added to promote CET if
possible.

The parameters of the four solidification experiments are given in Table 1.
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Table 1. Control parameters for the four samples solidified under microgravity; vn is the furnace
pulling velocity, and zn is the furnace movement with vn in stage n.

Sample Grain Refinement Initial G K/mm
Stage I Stage II

Stage IIIv1 mm/s z1 mm v2 mm/s z2 mm R K/s RMF

B2F1 Yes 4 0.02 20 0.2 50 0.133 No Quench
B2F2 No 4 0.02 20 0.2 50 0.133 Yes Quench
B2F5 Yes 4 0.02 30 0.02 50 0.133 No Quench
B2F6 No 4 0.02 30 0.02 50 0.133 Yes Quench

2.4. Microstructural Characterization

The microstructural characterization methods were described in detail in a previous
study [22]. The grain structure and the columnar-to-equiaxed transition (CET) were ana-
lyzed and discussed for the four experiments in [23–26]. In the present study, we focused
on the effect of solidification parameters, namely the velocity of the solid/liquid front and
the temperature gradient, on the relative amount of eutectic and secondary dendrite arm
spacing.

The eutectic percentage was measured by a quantitative metallography method as
follows. The optical microscopy images of longitudinal sections of samples were segmented
into binary images using a threshold to separate the two phases; the dendrite phase and
eutectic appeared in white and black, respectively. Based on these binary images, the
eutectic percentage (E%) was determined using a box-averaging method as well as dendrite
arm spacing (DAS) using the linear intercept method. It must be mentioned that the DAS
measured by the intercept method is not equal to the true SDAS and is often slightly higher
because of the method of measurement. However, the latter cannot be measured on large
surfaces, whereas the DAS can be systematically measured on the whole metallography.
The box size for both the E% and DAS was 0.5 mm in length and equal to the sample
diameter in width.

3. Results and Discussion
3.1. Evaluation of Thermal Data

The solidification process of the samples can be characterized by the isotherm velocities
(vL and vE) and the temperature gradients (GL and GE) of the solid/liquid (S/L) and eutectic
(E/L) fronts as a function of time. Therefore, a detailed analysis of these parameters as a
function of time was first performed to compare the planned and measured parameters.

3.1.1. Determination of Solidification Velocities as a Function of Time

As mentioned earlier, temperature vs. time (cooling curve) was measured by
12 thermocouples. During the analysis, it was assumed that the undercooling of the
primary dendrite tips and the eutectic was very small. Accordingly, the solidification
started at the liquidus temperature (TL) and was completed at the eutectic temperature
(TE). Therefore, the velocities of the solid/liquid front (represented by the primary tips)
and the eutectic front (E/L) was calculated by the moving velocity of the liquidus and
eutectic isotherms.

The temperatures measured by the TC1 to TC5 thermocouples were lower than the
TE eutectic temperature, so this part of the sample was not melted and remained fully
solid during the whole experiment. Thus, only the cooling curves of the samples (T (t)
function) recorded by the TC6 to TC12 thermocouples are displayed in Figure 2. The two
dashed horizontal lines indicate the liquidus and eutectic temperatures, respectively. The
dotted vertical lines show the instances where the solidification conditions were changed
from stage I to stage II. On the top of the figures, the positions of the thermocouples (in
millimeter) are given.
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From the temperature data given by the thermocouples, it was possible to construct
a matrix (Table 2). In Table 2, x (TCk) is the position of the kth thermocouple (mm), i is
the number of time step (in practice, one time step usually lasts ∆t = 1 s), T (i,k) is the
temperature (in ◦C) of the kth thermocouple at the ith time step, and n and m are the
maximum number of time steps and thermocouples, respectively. A column corresponds
to the cooling curve at one position, and a row corresponds to the temperature (T) as a
function of the sample length (x) at a given time step.

Table 2. The temperature as a function of time and the position in the sample.

Timestep Time x (TC1) . . . x (TCk) . . . x (TCm)

1 1 * ∆t T (1,1) . . . T (1,k) . . . T (1,m)
...

...
... . . . ... . . . ...

i I * ∆t T (i,1) . . . T (i,k) . . . T (i,m)
...

...
... . . . ... . . . ...

N N * ∆t T (n,1) . . . T (n,k) . . . T (n,m)

The parameters of the solidification experiments were calculated as follows:

(i) Using one row from the data set of Table 2, a 6–10 order polynomic function was
used to fit the temperature–sample position T (xs) function at every time step with an
accuracy higher than R2 > 0.999999. The maximum time steps was 1500 for B2F1 and
B2F2 samples and 3000 for B2F5 and B2F6 samples. During the calculations, one time
step lasted 1 s for all four experiments.
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(ii) From all T (xs) functions, the xL and xE sample positions were determined at T = TL
and T = TE temperatures by a numerical method that generated the xL-t (position
of S/L front vs. time) and xE-t (position of E/L front vs. time) data sets. Again, a
6–10 order polynomic function was used to fit these two data sets (xL (t) and xE (t)
functions) with an accuracy higher than R2 > 0.999999. For B2F1 and B2F2 samples,
the data sets were divided into two parts at 1500 s when the pulling velocity changed
from 0.02 to 0.2 mm/s because it was impossible to calculate the xL (t) and xE (t)
function with a single function with high accuracy.

(iii) The velocity of the liquidus and eutectic isotherms (vL (t) and vE (t)) were numerically
derived.

(iv) By combining vL (t) and xL (t) as well as vE (t) and xE (t) functions, the velocity of the
liquidus and eutectic isotherms as a function of the sample length xs was obtained.

The resulting curves are shown in Figure 3 (B2F1 and B2F2) and Figure 4 (B2F5 and
B2F6).
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The curves of the S/L and E/L fronts for samples B2F1 and B2F2 were nearly the same
as those for samples B2F5 and B2F6, so these two experiments were comparable.

From these curves, the history of the growth process could be followed in detail and
divided into six relevant parts in which the solidification process was different.

Stage I

1. Up to 108 mm: The sample was not melted.
2. From 108 to 118 mm: The sample was partly melted (initial mushy zone, about 10 mm).

The E/L front moved at 0.02 mm/s through the initial mushy zone, except in the first
~3 mm, when the velocity increased from 0 to 0.02 mm/s.

3. From 118 to 124 mm: The velocity of the E/L front decreased from 0.02 to 0.015 mm/s,
while the S/L front velocity increased from 0 to 0.02 mm/s.

4. From 124 to 132 mm: The S/L front velocity decreased from 0.02 to 0.015 mm/s, while
the E/L front velocity increased from 0.015 to 0.03 mm/s.

5. From 132 to 141 mm: The S/L front velocity increased from 0.015 to 0.03 mm/s, while
the E/L front velocity increased from 0.03 to 0.04 mm/s.

Stage II

6 From 141 mm: Both front velocities increased to 0.06 mm/s (~170 mm), at which point
the velocity of both fronts was identical. After this, the velocity of the S/L front was
higher than that of the E/L front.

3.1.2. Determination of the Temperature Gradients as A Function of Time

In the second step, the T (xs) functions were used to numerically derive the temperature
gradients at the TL and TE temperatures as a function of time (GL (t) and GE (t) functions).
Then, the GL (t) and xL (t) as well as the GE (t) and xE (t) were combined to calculate the
functions of GL (xs) and GE (xs) functions.

For the B2F1 and B2F2 samples (Figure 5), the GL (xs) and GE (xs) functions evolved in
parallel and increased from the bottom to the top of the samples. The temperature gradient
at the E/L front was higher than at the S/L front throughout solidification. However, a
difference was observed in both samples. At the S/L front, the temperature gradient of the
B2F1 sample was higher than that of the B2F2 sample by about ~0.5 K/mm. In contrast,
the temperature gradient at the E/L front was comparable in both samples in parts 4 and 5,
where the velocities of the S/L and E/L fronts were the same.
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For B2F5 and B2F6 samples (Figure 6), the GL (xs) and GE (xs) functions evolved
in parallel and decreased from the bottom to the top of the samples. The temperature
gradient was slightly higher in the B2F6 sample than in the B2F5 sample in stage I. When
the magnetic induction was switched on, the difference was reversed, most likely because
of the melt flow that developed. The difference between the GL (xs) and GE (xs) in stage I
was small but increased to about 0.5 K/mm in stage II.
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3.2. Analysis of the Microstructure

The primary dendrites and the grain structure of the samples were analyzed in detail
in [23–26]. In this work, the amount of eutectic and secondary arm spacing were analyzed
as a function of the processing parameters of the experiments.

3.2.1. Relative Amount of Eutectic

Figure 7 shows the measured volume % of eutectic as a function of position in the four
samples. As mentioned previously, the theoretical equilibrium amount (E%) of the Al–Si
eutectic was 48.5 wt%. Knowing that the densities of Al (2700 kg/m3) and Si (2329 kg/m3)
are close to each other, the volume percentage of eutectic was calculated (about 51.8 vol%)
and is represented as a plain line in Figure 7. The measured values of the volume eutectic
percentage along the four samples changed continuously in each sample from ~65 to
~40 vol% from the bottom to the top. The reasons for the higher initial value of the E%
compared to the equilibrium value could be ascribed to the following three mechanisms:

(i) Scattering due to the measuring method and/or the nonuniform microstructure. This
scattering was constant for all positions of the sample and was estimated to be within
±3 vol%.

(ii) Microsegregation as calculated by the Scheil equation [27]. It was found that the
maximum nonequilibrium eutectic would be 2 vol%, which is much lower than the
measured discrepancy. Moreover, the maximum difference would be the same at all
positions in the sample.

(iii) Higher Si concentration than the nominal one (7 wt%). This could be due to the
diffusion of Si from the initial mushy zone to the melted part of the sample during
temperature stabilization before the solidification experiments. This mechanism is
known as thermal gradient zone melting (TGZM) [12]. The region of the samples that
was solidified later was held at a higher temperature than the TE for 28,000 s (B2F1
and B2F2 samples) and 14,000 s (B2F5 and B2F6 samples).



Crystals 2022, 12, 414 10 of 18

Crystals 2022, 12, x FOR PEER REVIEW 10 of 19 
 

 

3.2.1. Relative Amount of Eutectic 
Figure 7 shows the measured volume % of eutectic as a function of position in the 

four samples. As mentioned previously, the theoretical equilibrium amount (E%) of the 
Al–Si eutectic was 48.5 wt%. Knowing that the densities of Al (2700 kg/m3) and Si (2329 
kg/m3) are close to each other, the volume percentage of eutectic was calculated (about 
51.8 vol%) and is represented as a plain line in Figure 7. The measured values of the vol-
ume eutectic percentage along the four samples changed continuously in each sample 
from ~65 to ~40 vol% from the bottom to the top. The reasons for the higher initial value 
of the E% compared to the equilibrium value could be ascribed to the following three 
mechanisms: 
(i) Scattering due to the measuring method and/or the nonuniform microstructure. This 

scattering was constant for all positions of the sample and was estimated to be within 
+/−3 vol%. 

(ii) Microsegregation as calculated by the Scheil equation [27]. It was found that the max-
imum nonequilibrium eutectic would be 2 vol%, which is much lower than the meas-
ured discrepancy. Moreover, the maximum difference would be the same at all posi-
tions in the sample. 

(iii) Higher Si concentration than the nominal one (7 wt%). This could be due to the dif-
fusion of Si from the initial mushy zone to the melted part of the sample during tem-
perature stabilization before the solidification experiments. This mechanism is 
known as thermal gradient zone melting (TGZM) [12]. The region of the samples that 
was solidified later was held at a higher temperature than the TE for 28,000 s (B2F1 
and B2F2 samples) and 14,000 s (B2F5 and B2F6 samples). 

 
Figure 7. The measured amount of eutectic vs. position in the sample (a): samples B2F1 and BF2, 
(b): samples B2F5 and B2F6. 

The continuously changing E% cannot be explained by the first two mechanisms, so 
the third one seems to be the most likely explanation. 

The lower measured volume eutectic amount E% (~44 vol% for B2F1 and B2F2 sam-
ples and ~40 vol% for B2F5 and B2F6 samples) compared to the equilibrium value (51.8 
vol%) at the top of the sample could be explained by the formation of degenerate eutectic 
between the secondary dendrite arms (“A” in Figure 1). As mentioned earlier, about 10% 
of the eutectic degenerates [21,22]. Assuming that the concentration did not change at the 
top of the sample by either convection due to the absence of gravity or by diffusion be-
cause the diffusion distance was too long, a correction factor, KC, was calculated to obtain 

Figure 7. The measured amount of eutectic vs. position in the sample (a): samples B2F1 and BF2, (b):
samples B2F5 and B2F6.

The continuously changing E% cannot be explained by the first two mechanisms, so
the third one seems to be the most likely explanation.

The lower measured volume eutectic amount E% (~44 vol% for B2F1 and B2F2 samples
and ~40 vol% for B2F5 and B2F6 samples) compared to the equilibrium value (51.8 vol%) at
the top of the sample could be explained by the formation of degenerate eutectic between
the secondary dendrite arms (“A” in Figure 1). As mentioned earlier, about 10% of the
eutectic degenerates [21,22]. Assuming that the concentration did not change at the top of the
sample by either convection due to the absence of gravity or by diffusion because the diffusion
distance was too long, a correction factor, KC, was calculated to obtain 51.8 vol% at the top of
the samples (KC = 51.6/44 = 1.17 for B2F1 and B2F2 samples, and KC = 51.8/42 = 1.23 for B2F5
and B2F6 samples). Additionally, assuming that the rate of the degenerated eutectic was the
same in the whole sample, the eutectic amount, E%, was recalculated with these correction
factors. As the parameters (v and G) of all samples were very similar, these experiments
could then be compared. The Si weight concentration was calculated as follows:

E(wt%) = ρeut Kc E(v%)/(ρeut KcE(v%)) + ρα(100− KcE(v%)) (5)

and
Cav = E(wt%)(CE −Cα,max) + Cα,max (6)

where ρeut and ρα are 2650 and 2700 kg/m3, respectively, and CE and Cα,max are 12.6 and
1.65 wt%, respectively.

The average concentration as a function of the position of the sample is given in
Figure 8 by blue circles.
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3.2.2. Calculation of the Concentration Distribution by a Cellular Automata (CA) Method

As mentioned earlier, the developed concentration distribution can only be explained
by the diffusion of Si from the initial mushy zone to the melted part of the sample by
TGZM [12]. The initial mushy zone is not a fully melted part of the sample. After resolidifi-
cation of this part of the sample, its microstructure coarsened. The Si concentration of the
liquid phase was CE = 12.6 wt% (concentration of the eutectic) at the bottom of the mushy
zone and C0 = 7 wt% (concentration of the alloy) at the top. The temperature difference
between the TL and TE was ∆T = 614−574 = 40 K, so the length of the mushy zone was
xmush = ∆T/G = 10 mm.

The liquid fraction changed along the mushy zone (0 at the eutectic temperature
(TE) and 1 at the liquidus temperature (TL)). The average liquid fraction was 0.32. As
the diffusion occurred only in the liquid phase in the mushy zone, the Aef effective cross
section was proportional to the average fraction of the liquid phase, i.e., Aeff = 0.32A. In the
melted part of the sample, the fraction of the liquid phase was infinite. Therefore, Aeff = A,
where A is the cross section of the sample perpendicular to the sample axis.

The concentration distribution in the melted part was calculated by the explicit finite
difference method (EFDM), assuming steady-state diffusion across the mushy zone.

The sample was divided into 25 cells. The length of one cell (∆x) was 3 mm, and the
time step (∆t) was 75 s. The diffusion of Si from the mushy zone to the first cell and from
the first cell to the second cell at the hth time step was as follows:

(Ch
1 − Ch−1

1 ) A ∆x = 0.32 A DL
C0 −CE

xmush
∆t−A

(
Ch−1

1 −Ch−1
2

) DL ∆t
∆x

(7)

The concentration of the first cell was as follows:

Ch
1 = Ch−1

1 + 0.32 DL
C0 −CE

∆x xmush
∆t−

(
Ch−1

1 −Ch−1
2

) DL ∆t
∆x2 (8)

The ith cell at the hth time step was as follows:

Ch
i = Ch−1

i +
DL∆t
∆x2

(
Ch−1

i−1 + 2Ch−1
i−1 + Ch−1

i+1

)
(9)

where DL = 6.45 · 10−3 mm2/s [28], ∆x = 3 mm, and ∆t = 75 s.
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The calculation time was 28,000 s for the B2F1 and B2F2 samples and 14,000 s for
the B2F5 and B2F6 samples. The stabilization period applied during the microgravity
experiments. The results of the calculations are depicted in Figure 8. The concentration
distribution can also change during solidification. It is similar to what happens in the
initial mushy zone; Si diffuses to the liquid phase at the level of the S/L front from the
moving mushy zone. As a result, the liquid phase concentration at the level of the S/L
front increases, while the average concentration of the solidified part decreases behind
the front. Because the front velocity was slower in stage I than in stage II in B2F1 and
B2F2 samples and constant during the whole experiment in both B2F5 and B2F6 samples,
diffusion could be significant during all experiments. This phenomenon is well known as
gradient undercooling (∆TG = DL ∗ G/v) [12]. In the case of B2F5 and B2F6 samples, the
initial concentration slightly decreased in stage I, and because the overall concentration of
the sample was constant (7 wt%), it increased in stage II. In the case of B2F1 and B2F2, in
part 3 and at the beginning of part 4, the concentration decreased slightly, similar to the
case of B2F5 and B2F6 samples. In part 4, the S/L front moved with 0.02 mm/s, but the
E/L front moved with a continuously increasing velocity, hindering the diffusion of Si from
the mushy zone to the liquid phase. The Si that remained in it increased the average Si
concentration of this part. A similar phenomenon was visible in part 6.

3.2.3. Comparison of the Measured and Calculated Secondary Dendrite Arm Spacing
(SDAS)

The SDAS is an important parameter of the solidified microstructure because the cast
workpiece mechanical properties significantly depend on it. The SDAS depends on the
temperature range (∆T) and the parameters (front velocity and temperature gradient) of
solidification [1–8]:

λ2(xs) = K[t0(xs)]
1/3 = K

(
∆T(xs)

.
T(xs)

)1/3

= K
(

∆T(xs)

G(xs)v(xs)

)1/3
(10)

where ∆T(xs) is the cooling rate, t0 is the local solidification time at xs, and K is a constant
for an alloy.

In the case of steady-state solidification, ∆T, G, and v are constant in the whole sample,
so the microstructure spacing can be characterized with a single SDAS.

The temperature range of solidification depends on the actual concentration of the
sample. If there is no macrosegregation, ∆T is constant all along the sample. In our
experiments, the Si concentration continuously varied in the four samples, so the ∆T also
concomitantly varied. Using the calculated concentrations based on diffusion, the ∆T can
be calculated as a function of the position in the sample by the following relation:

∆T(xs) = TL (xS)− TE = 660− 660− 574
12, 6

C(xs)− 574 (11)

As shown earlier, v and G changed along with the sample, and they were different at
the S/L and E/L fronts at a given xs (Figures 6 and 7). Two different local solidification
times at a given xs were obtained when GS/L (xs) × vS/L (xs) or GE/L (xs) × vE/L (xs)
calculations were used. Consequently, we used the average values of vav (xs) and Gav (xs)
(Figures 9 and 10):

vav(xs) =
vS/L(xs) + vE/L(xs)

2
(12)

and

Gav(xs) =
GS/L(xs) + GE/L(xs)

2
(13)

where v S
L
(xs) vE/L(xs) and G S

L
(xs) G E

L
(xs) are the velocities and the temperature gradients

at S/L and E/L fronts, respectively.
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The calculated and measured SDAS are compared in Figures 11 and 12.
For B2F1 and B2F2 samples, the solidification parameters and the initial concentration

distribution before solidification were practically the same. Consequently, the measured
DAS was very similar for both samples, and the ratio of the average DAS of the two samples
was 1.05. The agreement between the measured DAS and the calculated SDAS was good
despite the fact that DAS generally overestimates the SDAS as discussed above. The used
correction factor K was 7.5. The scattering of the measured DAS when the cooling rate was
slow (parts 3 and 4) was wide and higher than in parts 5, 6, and 7, where the cooling rate
increased. For the B2F2 sample, stirring by magnetic induction in stage II did not affect the
SDAS.



Crystals 2022, 12, 414 14 of 18

Crystals 2022, 12, x FOR PEER REVIEW 14 of 19 
 

 

 
Figure 10. Average temperature gradient of S/L and E/L fronts vs. position in the sample (a): sam-
ples B2F1 and BF2, (b): samples B2F5 and B2F6. 

The calculated and measured SDAS are compared in Figures 11 and 12. 

 
Figure 11. Secondary dendrite arm spacing of B2F1 and B2F2 samples vs. position in the sample 
(a): samples B2F1 and BF2, (b): samples B2F5 and B2F6. 

Figure 11. Secondary dendrite arm spacing of B2F1 and B2F2 samples vs. position in the sample
(a): samples B2F1 and BF2, (b): samples B2F5 and B2F6.

Crystals 2022, 12, x FOR PEER REVIEW 15 of 19 
 

 

 
Figure 12. Secondary dendrite arm spacing of B2F5 and B2F6 samples vs. position in the sample 
(a): samples B2F1 and BF2, (b): samples B2F5 and B2F6. 

For B2F1 and B2F2 samples, the solidification parameters and the initial concentra-
tion distribution before solidification were practically the same. Consequently, the meas-
ured DAS was very similar for both samples, and the ratio of the average DAS of the two 
samples was 1.05. The agreement between the measured DAS and the calculated SDAS 
was good despite the fact that DAS generally overestimates the SDAS as discussed above. 
The used correction factor K was 7.5. The scattering of the measured DAS when the cool-
ing rate was slow (parts 3 and 4) was wide and higher than in parts 5, 6, and 7, where the 
cooling rate increased. For the B2F2 sample, stirring by magnetic induction in stage II did 
not affect the SDAS. 

For B2F5 and B2F6 samples, the solidification parameters and the concentration dis-
tribution before solidification were practically the same, similar to the case of B2F1 and 
B2F2. The measured DAS was similar but not identical for both samples. In the calcula-
tions, the correction factor K was 10 and 9 for B2F5 and B2F6 samples, respectively. The 
agreement between the measured and calculated SDAS was not so good compared to the 
case of B2F1 and B2F2 samples. The scattering of the measured DAS was higher than in 
B2F1 and B2F2 because the microstructure was coarser (like the microstructure of parts 3 
and 4 of B2F1 and B2F2 samples). When magnetic induction was switched on in B2F6, the 
S/L and the E/L fronts were at 132 and 142 mm, respectively. The decrease in DAS between 
parts 4 and 5 (marked by a circle in the figure) would have resulted from the melt flow 
induced by magnetic induction. Because of the very low front velocities, the time was long 
enough to develop the magnetic stirring effect. In the B2F2 sample, the front velocities 
were higher, so a similar effect was not seen. 

The different K values can be explained by the measurement method of DAS. The 
DAS measured by the intercept method overestimates the actual SDAS. Measurement of 
the SDAS along a parallel line with the primary dendrite arms and perpendicular to the 
secondary dendrite arms gave a K value of 4.5 [22]. 

The B2F1 and B2F5 samples contained grain refiners, but they did not affect the 
SDAS. 

4. Summary 
Four different solidification experiments were performed on-board the ISS in the SQF 

with or without stirring by rotating magnetic field (RMF). Unlike the B2F1 and B2F5 sam-
ples, the B2F2 and B2F6 samples that solidified with RMF stirring did not contain grain 

Figure 12. Secondary dendrite arm spacing of B2F5 and B2F6 samples vs. position in the sample
(a): samples B2F1 and BF2, (b): samples B2F5 and B2F6.

For B2F5 and B2F6 samples, the solidification parameters and the concentration
distribution before solidification were practically the same, similar to the case of B2F1 and
B2F2. The measured DAS was similar but not identical for both samples. In the calculations,
the correction factor K was 10 and 9 for B2F5 and B2F6 samples, respectively. The agreement
between the measured and calculated SDAS was not so good compared to the case of B2F1
and B2F2 samples. The scattering of the measured DAS was higher than in B2F1 and B2F2
because the microstructure was coarser (like the microstructure of parts 3 and 4 of B2F1
and B2F2 samples). When magnetic induction was switched on in B2F6, the S/L and the
E/L fronts were at 132 and 142 mm, respectively. The decrease in DAS between parts 4 and
5 (marked by a circle in the figure) would have resulted from the melt flow induced by
magnetic induction. Because of the very low front velocities, the time was long enough to
develop the magnetic stirring effect. In the B2F2 sample, the front velocities were higher, so
a similar effect was not seen.
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The different K values can be explained by the measurement method of DAS. The
DAS measured by the intercept method overestimates the actual SDAS. Measurement of
the SDAS along a parallel line with the primary dendrite arms and perpendicular to the
secondary dendrite arms gave a K value of 4.5 [22].

The B2F1 and B2F5 samples contained grain refiners, but they did not affect the SDAS.

4. Summary

Four different solidification experiments were performed on-board the ISS in the
SQF with or without stirring by rotating magnetic field (RMF). Unlike the B2F1 and B2F5
samples, the B2F2 and B2F6 samples that solidified with RMF stirring did not contain
grain refiners. The B2F1 and B2F2 samples were solidified by changing the furnace moving
velocity (0.02 to 0.20 mm/s), while the B2F5 and B2F6 samples were solidified with constant
furnace moving velocity (0.02 mm/s). We then analyzed the amount of eutectic percentage
and the secondary arm spacing as a function of the parameters of the experiments.

The detailed solidification parameters (velocity and temperature gradient at the S/L
and E/L fronts) were calculated by a new method:

(i) The velocity (v) of the S/L and E/L fronts and the temperature gradient (G) of all
four samples at a given position were determined. Based on that, the B2F1and B2F2
samples could be divided into seven different solidification phases, and the B2F5
and B2F6 samples could be divided into six. The local solidification time changed
continuously, and the steady-state solidification conditions were never reached.

(ii) As the parameters (v and G) of the B2F1 and B2F2 and B2F5 and B2F6 samples were
comparable, these experiments could be used as benchmarks for comparison.

The amount of eutectic decreased from the bottom to the top of the sample due to
diffusion of Si from the initial mushy zone (partially melted part of the sample) to the
melted part of the sample before solidification began because the samples were held at a
higher temperature than the TE for 28,000 s (B2F1 and B2F2 samples) and 14,000 s (B2F5
and B2F6 samples).

(i) The measured eutectic percentage was lower than the expected theoretical equilibrium
value because about 10–15% degenerated. From the corrected volume% of eutectic,
first the weight% of eutectic and then the Si concentration were calculated. Based on
that, the actual concentration-dependent liquidus temperature (TL) was determined
as a function of the position.

(ii) The initial concentration as a function of the position was calculated by explicit finite
difference method assuming that the diffusion rate of Si across the initial mushy zone
was constant. The measured and calculated concentrations showed good agreement,
except where the velocity of the E/L front was higher than that of the S/L front (parts
4 and 6). This discrepancy can explain why there was not enough time for diffusion
of Si from the mushy zone to the liquid phase. The Si that remained in it increased the
average Si concentration of this part.

The secondary dendrite arm spacing (SDAS) changed in all four samples during
solidification. In the case of B2F1 and B2F2 samples, the average velocity of the fronts and
the average temperature gradient increased and the SDAS decreased from the bottom to
the top of the sample. In the case of B2F5 and B2F6 samples, the average velocity of the
fronts and the average temperature gradient decreased in part 3. Then, the average velocity
of the fronts increased, while the average temperature gradient decreased, producing a
complicated SDAS as a function of the position.

(i) Taking into consideration the decrease in the liquidus temperature calculated from
the initial concentration distribution, the SDAS was calculated with a well-known
equation as a function of the position using the average velocity (vav) and temperature
gradient (Gav) [29,30]:
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λ2(xs) == K
(

∆T(xs)

Gav(xs)vav(xs)

)n
(14)

K varies from 7.5 and 10. The different K values can be explained by the measurement
method of DAS. The DAS measured by the intercept method overestimates the actual
SDAS. Measurement of the SDAS along a parallel line with the primary dendrite arms
and perpendicular to the secondary dendrite arms gave a K value of 4.5. The fact
that n = 1/3 means that the coarsening of the secondary dendrite arms was purely
diffusive.

(ii) The calculated SDAS (using the K and n mentioned above) and the measured DAS
showed perfect accordance when the scattering of the measurement was small, espe-
cially for finer microstructure, such as in the B2F1 and B2F2 samples.

(iii) The B2F1 and B2F5 samples contained grain refiners, but they did not affect the SDAS.
(iv) Magnetic stirring had a small effect (the SDAS decreased slightly) in the case of sample

B2F6 because the front velocities were very low, meaning the time was long enough
for developing the effect of magnetic stirring. In the B2F2 sample, the front velocities
were higher, so a similar effect was not seen.

5. Conclusions

Four different solidification experiments were performed on-board the ISS in the SQF
with or without stirring by rotating magnetic field (RMF). The effect of the temperature
gradient, solid/liquid front velocity, macrosegregation, and RMF on the amount of Al–Si
eutectic and secondary dendrite arm spacing was investigated.

(1) It was shown that steady-state solidification conditions were never reached. At a
given sample position, the velocity of the solid/liquid (S/L) and eutectic/liquid (E/L)
fronts and the temperature gradient at the two fronts were different. The solidification
process could be characterized by the average front velocity and average temperature
gradient.

(2) Because of the long time taken for temperature homogenization before the solidifica-
tion phase started, TGZM took place, and diffusion of Si from the initial mushy zone to
the melted part of the sample caused macrosegregation. This change in concentration
altered the liquidus temperature and then the temperature interval of solidification.

(3) Considering these two facts, the calculated and measured SDAS and the amount of
eutectic were in good accordance.
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