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Abstract: During ground-based solidification, buoyancy flow can develop by the density difference
in the hypoeutectic type of the alloys, such as Al-7 wt% Si alloy. Buoyancy flow can affect the
thermal field, solute distribution in the melt, and the position and amount of the new grains. As
solidification is a very complex process, it is not very easy to separate the different effects. Under
microgravity conditions, natural convection does not exist or is strongly damped due to the absence
of the buoyancy force. Therefore, experiments in microgravity conditions provide unique benchmark
data for pure diffusive solidification conditions. Compared to the results of the ground-based and
microgravity experiments, it is possible to get information on the effect of gravity (buoyancy force). In
the framework of the CETSOL project, four microgravity solidification experiments were performed
on grain refined (GF) and non-grain refined Al-7 wt% Si alloy onboard the International Space Station
in the Materials Science Laboratory. These experiments aimed to study the effect of the solidification
parameters (solid/liquid front velocity vSL, temperature gradient GSL) on the grain structure and
dendritic microstructures. The microgravity environment eliminates the melt flow, which develops
on Earth due to gravity. Four ground-based (GB) experiments were performed under Earth-like
conditions with the same (similar) solidification parameters in a vertical Bridgman-type furnace
having four heating zones. The detailed analysis of the grain structure, amount of eutectic, and
secondary dendrite arm spacing (SDAS) for different process conditions is reported and compared
with the results of the microgravity experiments. GB experiments showed that the microstructure
was columnar in the samples that do not contain GF material or in case the solid/liquid (vSL front
velocity was slow (0.02 mm/s)). In contrast, in the sample which contained GF material, progressive
columnar/equiaxed transition (PCET) was observed at vSL = 0.077 mm/s and GSL = 3.9 K/mm. The

secondary (SDAS) dendrite arm spacing follows the well-known power law, SDAS = K[t0]
1
3 , where

K is a constant, and t0 is the local solidification time for both GB and µg experiments.

Keywords: Al-7 wt% Si; solidification; space; ground; grain structure; eutectic; secondary dendrite
arm spacing

1. Introduction

In the automotive industry, a large amount of Al-Si alloy is used. Among the significant
Al-Si alloys is the hypoeutectic Al-7 wt% Si alloy (similar to the A357 alloy) with some
minor other elements (Fe, Mn, Mg). From this alloy, the used automotive components are
produced by a casting process. The mechanical properties of the casting products strongly
depend on the microstructure.

The solidification of this alloy starts with the nucleation of the Al solid solution. The
type of nucleation can be homogenous or heterogenous depending on whether the alloy
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contains or does not contain any grain refinement. After that, Al solid solution cells or
dendrites and finally Al-Si eutectic solidify. So, the microstructure of the solidified alloy
consists of a dendritic network (aluminum solid solution) surrounded by Al-Si eutectic.
During the solidification of this alloy, the density of the melt can change as the effect of
concentration and temperature differences. At the solid /liquid (S/L) front (Figure 1),
the concentration of the melt is the same as the basic alloy (C0), and the temperature is
the same as the liquidus temperature, TL, neglecting the undercooling of the solid/liquid
front, which is only some ◦K in the practice of the casting. At the root of the dendrite
(eutectic/liquid front, E/L), the concentration of the melt is the eutectic concentration, CE,
and the temperature is the eutectic temperature, TE, neglecting again the undercooling of
the eutectic.
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Figure 1. Sketch of the solidifies part of sample (a), temperature (b), and melt concentration (c) distri-
bution in the mushy zone, with the solidification fronts (S/L, E/L), fronts position (XS(t1), XE(t1)) and
lengths of the mushy zone (XM(t1) vs. time), front velocities (vS/L, vE/L), temperature gradients at
the fronts, (GS/L, GE/L) in an arbitrary t1 time.

During ground-based solidification, buoyancy flow can develop by the density differ-
ence mentioned above [1,2]. The buoyancy flow can affect the above issues: thermal field,
solute distribution in the melt, and the position and amount of the new grains [3–7]. The
buoyancy flow results can change the micro- and macro-segregation [8–11]. The buoyancy
flow can affect the form of the solid/liquid front. It would be planar or cellular without
melt flow at a high temperature gradient and a low velocity at the S/L front. In contrast, it
would be dendritic at a low-temperature gradient and a high solid/liquid front velocity.
Also, the buoyancy flow can significantly affect the columnar/equiaxed transition (CET) by
three effects:

(i) The melt flow ahead of the S/L front can change the temperature and the concen-
tration fields (the temperature and concentration gradients), parameters which determine
the nucleation and the growth of the S/L front [12].

(ii) The interdendritic melt flow can break the secondary dendrite arms partly mechan-
ically and partly due to the solute pile-up or transport of hot melt to the secondary arms
remelting the neck of those [13,14]. These fragments are transported from the S/L front to
the melt ahead of the front into the undercooled melt. Some part of those remelts, while the
other parts grow and hinder the development of the columnar S/L fronts. If the volume
fraction of the new grains reaches 50%, they can mechanically block the development of
the columnar S/L front. After that, the grain structure will be equiaxed [14,15].
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(iii) If the alloy contains grain refinement, the flow can move the particle of the grain
refinement and can affect the CET [16–18].

The secondary dendrite arm spacing (SDAS, λ2) of the hypoeutectic Al–7% Si cast alloy is
one of the most important microstructural parameters since their mechanical properties strongly
depend on the SDAS. The SDAS can change during solidification by coarsening [19–23]. The
coarsening of the secondary dendrite arm is a diffusion process. The bigger arms can grow,
and the smaller arms disappear [24,25]. Therefore, the SDAS increases during solidification.
The interdendritic melt flow, overlapped with the diffusion, can accelerate the coarsening,
and increase the (SDAS). Therefore, the SDAS changes during solidification. At the end of
solidification, the SDAS is:

λ2 = K(t0)
n (1)

where K is a constant of a given alloy, t0 is the local solidification time, and n is the
kinetic constant.

Suppose the coarsening is a pure diffusion process, n = 1/3 [19–25]. If the interdendritic
flow is strong enough, the type of coarsening will be “convective”, and the value of n will
change from 1/3 to 1

2 [25].
As solidification is a very complex process, it isn’t very easy to separate the different

effects. Under microgravity conditions, natural convection does not exist or is strongly
damped due to the absence of buoyancy force. Therefore, experiments in microgravity
conditions provide unique benchmark data for purely diffusive solidification conditions.
Within the CETSOL (columnar to equiaxed transition in solidification processes) project,
four microgravity experiments (B2F1, B2F2, B2F5, and B2F6) [26] were performed in the
solidification quench furnace (SQF) and one experiment (FM) was carried out in the low
gradient furnace (LGF) on the International Space Station (ISS) [27]. These experiments
were presented in detail in [26–32].

A very efficient approach to determine the buoyancy flow effect on the microstructure
is to compare space experiments with similar experiments carried out on Earth. For this
purpose, four ground-based experiments (GB1, GB2, GB5, and GB6) were performed with
parameters similar to the space experiments. Even if the experiments were not performed
in the same solidification equipment as the experiments in microgravity, and therefore the
solidification parameters are not the same but similar, the results of space and ground-based
experiments can be compared. This paper aims to compare the grain structure (especial the
CET) and the type of the coarsening process of the secondary dendrite arm (especially the
kinetic constant n) of the samples solidified in space and the Earth to get information on
the effect of buoyancy flow on those.

2. Materials and Methods
2.1. Alloy

Grain refined and non-grain refined Al-7 wt% Si alloy was provided by Hydro Alu-
minium Rolled Products GmbH for the CETSOL project. The alloy was made from high-
purity 99.99 wt% Al and 99.99 wt% Si material using a vacuum metallurgy process. An
addition of 0.5 wt% master alloy AlTi5B was used for grain refinement.

2.2. Furnace

The GB experiments were performed in a vertical Bridgman-type tube furnace having
four heating zones. Around the furnace, there is a 2-pole magnetic inductor that can
produce a rotating magnetic field (RMF). The details of the furnace and the inductor are
presented in [33].

The space experiments were carried out onboard the ISS using the solidification and
quenching furnace (SQF) with or without stirring by rotating magnetic field (RMF). The
SQF furnace consists of hot and cold zones separated by an adiabatic zone. The details of
the furnace and the inductor are presented in [26].
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2.3. Sample and Sample Holder

For the GB experiments, the sample diameter was 8 mm, and the length was 100 mm
(Figure 2). Sample (2) was inserted into an alumina capsule (3). The temperature distribu-
tion was measured at 13 points by K-type thermocouples (4). Each thermocouple was put
into a groove on the surface of alumina capsules. The alumina capsule with thermocouples
was placed in a quartz tube (5). At the bottom of the quartz tube, a cooling core from
copper (6) was connected to the alumina capsule (3), which was immersed in a water
tank to increase the unidirectional heat removal. Since the water removes the heat at the
copper core wall, the wall temperature is lower than at the center. Accordingly, the sample
temperature is also lower at the crucible wall. This radial temperature gradient is at the
origin of the nonplanar solid/liquid interface, as is shown in Section 3.3.
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Figure 2. Ground experiments. Sample and crucible: (1) upper part of alumina capsule, (2) sample,
(3) alumina capsule, (4) 12 K-type thermocouples, (5) quartz tube, (6) Cu cooling core.

For the microgravity experiments, the Al-7 wt% Si alloy samples (diameter: 8 mm,
length 245 mm) were inserted into Al2O3 tube crucibles. The temperature distribution
along the crucible was measured during the whole experiment by thirteen thermocouples
(TC1–TC13) located at the outer surface of the crucible. The distance between thermocou-
ples was 20 mm. The details of the cartridge are described in [26].

2.4. Solidification Experiments

Four ground-based (GB) solidification experiments were carried out with different
parameters (Table 1a). The sample moving velocity (v1) in Stage I was 0.02 mm/s, the same
as in the B2F space experiments (Table 1b). The z1 length of Stage I was 50 mm in contrast
to the B2F samples, where z1 was only 20 mm, so the steady-state solidification conditions
were obtained in Stage I for GB experiments. In Stage II, the moving velocity of GB1
and GB2 samples was 0.2 mm/s, the same as for B2F1 and B2F2 experiments, and it was
0.02 mm/s for GB5 and GB6 experiments, the same as for the B2F5 and B2F6 samples. The
z2 length was longer (60 mm) than the B2F samples (50 mm). The ground-based samples
were not quenched at the end of solidification, contrary to the space samples.
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Table 1. (a). Parameters of GB experiments. (b) Parameters of B2F, FM space, and GM ground experiments.

(a)

Sample Alloy Initial G K/mm
Stage I Stage II

v1 mm/s z1 mm v2 mm/s z2 mm RMF

GB1 Al + 7 wt% Si + GR 4 0.02 50 0.2 60 No
GB2 Al + 7 wt% Si 4 0.02 50 0.2 60 0.5 mT
GB5 Al + 7 wt% Si + GR 4 0.02 50 0.02 60 No
GB6 Al + 7 wt% Si 4 0.02 50 0.02 60 0.5 mT

(b)

Sample Alloy Initial G K/mm
Stage I Stage II

v1 mm/s z1 mm v2 mm/s z2 mm R K/s RMF

B2F1 Al + 7 wt% Si + GR 4 0.02 20 0.2 50 0.133 No
B2F2 Al + 7 wt% Si 4 0.02 20 0.2 50 0.133 0.5 mT
B2F5 Al + 7 wt% Si + GR 4 0.02 30 0.02 50 0.133 No
B2F6 Al + 7 wt% Si 4 0.02 30 0.02 50 0.133 0.5 mT

B1FM5/GM Al + 7 wt% Si + GR 0.9 0.01 20 0.01 20 0.067 No

One pair of space (B1FM5) and ground (GM) experiments were carried out in the
low gradient furnace (LGF) on the International Space Station (ISS). The solidification
parameters were the same (Table 1b) for the two samples [29].

Before the solidification phase started, a thermal homogenization for 1800 s for all four
GB samples was applied, much shorter than for B2F1, B2F2 samples (28,000 s), and B2F5,
B2F6 samples (14,000 s).

The temperature of the upper heaters of the SQF furnace used for the microgravity
experiments was cooled down with 0.133 K/min in stage II to decrease the temperature
gradient. In contrast, the temperature gradient of our furnace was constant during Stage II.
The GB2 and GB6 samples were stirred with RMF of 0.5 mT in Stage II, as with the B2F2
and B2F6 samples.

2.5. Microstructure Characterization
2.5.1. Preparation of the Samples

The samples were mounted into resin and cut along longitudinal and cross-sections.
After wet grinding and polishing, the samples were etched in a 2% H.F. water solution to
measure the secondary dendrite arm spacing (SDAS) and the amount of eutectic. After
that, they were etched by Barker’s solution to investigate the grain structure.

The positions of the investigated cross-sections from the bottom of the samples were
as follows (Table 2) 0, 5, 15, 25, 45, 60, and 80 mm.

2.5.2. Measuring Methods

The quantitative metallography measurements (see below) were performed on the
Zeiss AxioImager light microscope images.

Grain Structure

The grain number was determined on all cross-sections as follows: the grains were
drawn around by hand and counted manually (Table 4a). The length/width (L/W) ratio
was determined on the longitudinal section similarly: the grains were drawn around by
hand, and the maximal length was measured perpendicular to each other manually.

Secondary Dendrite Arm Spacing (SDAS)

The longitudinal section of the samples was divided into 35 parts along the sample
axis. The thicknesses of each part were 2.85 mm and 8 mm along and perpendicular to
the sample axis. 200 SDAS values were measured in all parts. A line was laid across the
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secondary arms (perpendicular to them, longitudinal with the primary dendrite arms), and
the number of crossings was counted manually.

Al-Si Eutectic

The eutectic percentage was measured using a quantitative metallography method.
The optical microscopy images of longitudinal sections of samples are segmented into
binary images using a threshold to separate the two microstructure elements: the dendrite
phase and eutectic appear in white and black, respectively. Based on those binary images,
the eutectic volume percentage (E%) was measured in 20 places in all 35 parts.

Table 2. (a) The solidification parameters of GB samples at the investigated cross and longitudinal
sections. (b) The solidification parameters of B2F samples at the investigated cross and longitudinal
sections [31].

(a)

No. Section
Distance from
the Bottom of
Samples, mm

Part S/L Temp. Gradient, GSL, K/mm S/L Front Velocity, vSL, mm/s

GB1
GB2

GB5
GB6 GB1 GB2 GB5 GB6 GB1 GB2 GB5 GB6

1 0 1 2/2
2 5 2 3/2
3 15 3 4/3 4.65 4.59 4.58 4.98 0.011 0.009 0.12 0.014
4 25 3 5/3 3.59 3.45 3.64 3.85 0.021 0.022 0.016 0.018
5 45 4 5/5 3.53 3.49 3.82 3.77 0.041 0.044 0.019 0.020
6 60 5 5/5 4.2 4.31 3.56 3.36 0.109 0.110 0.023 0.024
7 80 5 5/5 4.03 3.87 2.93 2.34 0.181 0.176 0.025 0.027

(b)

No. Section
Distance from
the Bottom of
Samples, mm

Part S/L Temp. Gradient, GSL, K/mm S/L Front Velocity, vSL, mm/s

B2F1/
B2F2

B2F5/
B2F6 B2F1 B2F2 B2F5 B2F6 B2F1 B2F2 B2F5 B2F6

1 135 5 5 5.18 5.23 4.26 4.45 0.062 0.069 0.017 0.016
2 165 6 6 - 12.32 3.34 3.27 - 1.39 0.53 0.054
3 195 7 6 - 8.83 2.60 2.68 - 0.39 0.072 0.074
4 225 7 6 - 8.54 1.93 1.89 - 1.12 0.096 0.088

3. Results of GB Experiments

The solidification process of the samples is characterized by the velocities (vs/L, vE/L)
and the temperature gradients (GS/L, GE/L) of the liquidus (S/L) and eutectic (E/L) fronts
(at the liquidus (TL) and eutectic (TE) temperature, respectively, as a function of time
(equivalent to position along the sample). The sketch of a part of the sample during
solidification, the front positions, the velocities, and the temperature gradients can be seen
in Figure 1 at an arbitrary t = t1 time.

3.1. Cooling Curves

The temperature (cooling curve) was measured by 13 thermocouples (Figure 3, TC1–TC13).
During the analysis, it was supposed that the undercooling of the primary dendrite tips and
eutectic could be neglected. It means that the solidification starts at the liquidus temperature
(TL) and is completed when the eutectic temperature (TE) is reached. The details of the analysis
were presented in an earlier paper [31], and the calculated velocities as a function of the
position in the sample (length from the bottom of the sample) can be seen in Figure 4 for the
ground experiments.
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ground experiments (a): GB1, (b): GB2, (c): GB5, (d): GB6. The different colours mean the data
measured by different thermocouples.

3.2. Front Velocities and Temperature Gradients

In Stage I, the four GB samples moved 2500 s long at a velocity of 0.02 mm/s for a
length of 50 mm, and in Stage II, 300 s at a higher velocity of 0.2 mm/s for a length of
60 mm (GB1 and GB2 samples) and 3000 s again at 0.02 mm/s for a length of 60 mm (GB5
and GB6 samples). The actual E/L and the S/L fronts velocity could not follow the pulling
velocity of the sample given in Table 1a, and so they must be determined from sample
cooling curves. In order to analyse the microstructure evolution along the sample, it is
thus crucial to know exactly the variations of the solidification parameters as function
of position.

3.2.1. The vE/L, vS/L Front Velocities and the GE/L, GS/L Temperature Gradients for GB1
and GB2 Samples

For GB1 and GB2, the two differences were (i) the addition of grain refiners in GB1 and
(ii) applying an RMF during Stage II for the GB2 non-refined sample. Both differences have
negligible influence on the isotherm velocities, so that the calculated velocities of the S/L
and E/L fronts are very similar in both samples, as visible in Figure 4a,b. The calculated
average velocities are also shown in the figures since they were used to calculate the SDAS
later (see Section 3.6).
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Figure 4. Velocities of the S/L and E/L fronts vs. position for the four ground samples (a): GB1,
(b): GB2, (c): GB5, (d): GB6.

At t = 0 s, the E/L, and S/L fronts were at 2 and 10 mm (initial mushy zone), respectively.
From the XE(t) and XL(t) function (XE and XL are the positions of the E/L and S/L fronts at time
t) at 2500 s (Stage II, at the change of the sample moving velocity), the E/L and S/L fronts were
33 mm (dotted line) and 44 mm (dashed line) in Figure 4a,b), respectively.

The samples were divided longitudinally into five parts for which the solidification
process differed, such as the B2F1 and B2F2 samples presented in [31]. Part 1 was not
melted. Part 2 was the initial mushy zone, where the samples were partly melted. During
solidification, only the E/L front moved. In Part 3, the velocity of the two fronts was nearly
the same, close to the lowest velocity (0.02 mm/s). In Part 4, the vE/L, increased while vS/L
remained low. In Part 5, both velocities increased until the higher velocity (0.2 mm/s). The
vS/L remained lower with a constant value of 0.04 mm/s. In the case of the GB2 sample,
the RMF was switched on in Part 5.

The temperature gradients GE/L, GS/L are similar except in Part 4 and the start of Part 5,
where the two front velocities are very different. Both temperature gradients decrease
strongly in Parts 2 and 3 (Figure 5a,b).

The velocities and temperature gradients changing in the different Parts are shown in
Table 3a in detail.
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Figure 5. Temperature gradient at the S/L and E/L fronts vs. position of four samples (a): GB1,
(b): GB2, (c): GB5, (d): GB6.

3.2.2. The vE/L, vS/L Front Velocities and the GE/L, GS/L Temperature Gradients for GB5
and GB6 Samples

Similar to GB1 and GB2, for GB5 and GB6, the two differences were also (i) the addition
of grain refiners in GB5 and (ii) the application of an RMF during Stage II for the GB6 non-
refined sample. Both differences have negligible influence on the isotherm velocities. The
calculated velocities of the S/L and E/L fronts were something different for the samples, as
visible in Figure 4c,d. The calculated average velocities are also shown in the figures since
they were used to calculate the SDAS later (see Section 3.6).

At t = 0 s, the E/L fronts were at −6 mm (GB5, virtually, under the sample) and 2 mm
(GB6). The S/L front was at 2 mm (GB5) and 9 mm (GB6) (initial mushy zone). From the
XE(t) and XL(t) function at 2500 s (at the beginning of Stage II where the RMF was switched
on), the E/L front was 13 mm (GB5), and 28 mm (GB6) (dotted line) and the S/L front was
24 mm (GB5) and 39 mm (GB6) and 43.75 mm (dashed) line in Figure 4c,d), respectively.

The samples were divided longitudinally into four (GB5) and five (GB6) relevant parts,
during which the solidification process was different. Part 1 was not melted only in the case
of GB6 since, in the case of GB5, the thermal field was shifted to the direction of the bottom
of the sample. Part 2 was partly remelted (initial mushy zone), where only the E/L front
moved. In Part 3, the velocity of the two fronts increased; in Part 4 and 5, the two velocities
were nearly the same and increased continuously. At 80 mm, the velocities are slightly
higher (0.025 mm/s) than the sample moving velocity (~0.025 mm/s). The cause was that
the amount of the melt at the end of solidification decreased, while the amount of removed
heat was constant. This effect was visible at the GB1 and GB2 also, but only after 80 mm,
so it is not in Figure 4a,b. The temperature gradients GE/L, and GS/L are nearly the same
for the two samples. Both temperature gradients decrease strongly in Part 3 and 4 (GB5)
in Part 3 (GB6) (Figure 5c,d). The velocities and temperature gradients changing in the
different parts are shown in Table 3b in detail.
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Table 3. (a). The velocities and temperature gradients changing in the different Parts of GB1 and GB2
samples. (b). The velocities and temperature gradients changing in the different Parts of GB5 and
GB6 samples.

(a)

Position of the E/L and
S/L fronts at change of

Stage

GB1, GB2 E/L front 33 mm

S/L front 44 mm

Part 1 Part 2 Part 3 Part 4 Part 5

not melted part partly melted part fully melted part fully melted part fully melted part

Distance, mm GB1, GB2 from 0 to 2 from 2 to 10 from 10 to 33 from 33 to 44 from 44 to 80

vE/L, mm/s GB1, GB2 - incr. from 0.0 to
0.011 incr. to 0.02 incr. to 0.09 incr. to 0.25

vS/L, mm/s GB1, GB2 - S/L front isn’t exist incr. from 0.0 to
0.022 incr. to 0.029 incr. to 0.22

GE/L, K/mm
GB1 - decr. from 7.23 to

5.77 decr. to 3.58 incr. to 4.47 decr. to 4.13

GB2 - decr. from 7.0 to
6.21 decr. to 3.42 incr. to 4,56 decr. to 3.89

GS/L, K/mm
GB1 - S/L front isn’t exist decr. from 4.89 to

3.39 incr. to 3.54 incr. to 4.03

GB2 - S/L front isn’t exist decr. from 5.25 to
3.23 incr. to 3.56 incr. to 3.87

(b)

Position of the E/L and
S/L fronts at change of

Stage

GB5
E/L front 13 mm

S/L front 23 mm

GB6
E/L fron 28 mm

S/L front 39 mm

Part 1 Part 2 Part 3 Part 4 Part 5

not melted part partly melted part fully melted part fully melted part fully melted part

Distance, mm
GB5 isn’t exist from 0 to 2 from 2 to 13 from 13 to 23 from 23 to 80

GB6 from 0 to 2 from 2 to 9 from 9 to 28 from 28 to 39 from 39 to 80

vE/L, mm/s
GB5 - incr. from 0.0054 to

0.0066 incr. to 0.011 Incr. to 0.015 incr. to 0.026

GB6 - incr. from 0.00 to
0.009 incr. to 0.0198 incr. to 0.02 incr. to 0.27

vS/L, mm/s
GB5 - S/L front isn’t exist incr. to 0.0096 incr. to 0.013 incr. to 0.025

GB6 - S/L front isn’t exist incr from 0.00 to
0.0187 incr. to 0.019 incr. to 0.27

GE/L, K/mm
GB5 - decr. from 9.30 to

7.21 decr. to 5.20 decr. to 3.63 decr. to 2.60

GB6 - decr. from 7.49 to
6.50 decr. to 3.76 incr. to 3.94 decr. to 2.68

GS/L, K/mm
GB5 - S/L front isn’t exist decr. from 7.2 to

5.44 decr. to 4.14 decr. to 2.93

GB6 - S/L front isn’t exist decr. from 5.6 to
3.66 incr. to 3.71 decr. to 2.34

3.3. Grain Structure

The grain and the dendritic structure of the GB samples can be seen in Figures 7 and 8.
The centre of Figure 7b shows the grain structure variation along the whole sample. The
1–7 positions marked by white lines indicated where the cross and detailed longitudinal
sections were made. The right column (c) of figures shows the grain structure on the
cross-sections of samples, while the left column (a) depicts the dendritic structure on the
typical area on the longitudinal section at the 1–7 position. The solidification parameters
at the investigated cross-section can be seen in Table 3a for GB samples and Table 3b for
B2F samples.

The original microstructure of the samples (Figure 6 and “A” in the bottom of
Figures 7a,b,d and 8b) contains elongated aluminium (α) grains, which were coarsed at the
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high temperature (some Kelvin below the eutectic temperature) during the melting of the
sample in the not melted part. The particles of the Si phase of the eutectic are very fine in
the original microstructure. Those remain inside the coarse α phase.
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Figure 7. (a) Microstructure of Sample GB1-a: grain structure of the whole sample, longitudinal sec-
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arrow shows the direction of solidification. (b) Microstructure of Sample GB2; a: grain structure of 
the whole sample, longitudinal section; b: grain structure at the cross-section; c: dendritic structure 
at the longitudinal section; The blue arrow shows the direction of solidification. (c) Microstructure 
of Sample GB5; a: grain structure of the whole sample, longitudinal section; b: grain structure at the 
cross-section; c: dendritic structure at the longitudinal section; The blue arrow shows the direction 
of solidification. (d) Microstructure of Sample GB6; a: grain structure of the whole sample, longitu-
dinal section; b: grain structure at the cross-section; c: dendritic structure at the longitudinal section; 
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Figure 7. (a) Microstructure of Sample GB1-a: grain structure of the whole sample, longitudinal
section; b: grain structure at the cross-section; c: dendritic structure at the longitudinal section; the
blue arrow shows the direction of solidification. (b) Microstructure of Sample GB2; a: grain structure
of the whole sample, longitudinal section; b: grain structure at the cross-section; c: dendritic structure
at the longitudinal section; The blue arrow shows the direction of solidification. (c) Microstructure of
Sample GB5; a: grain structure of the whole sample, longitudinal section; b: grain structure at the
cross-section; c: dendritic structure at the longitudinal section; The blue arrow shows the direction of
solidification. (d) Microstructure of Sample GB6; a: grain structure of the whole sample, longitudinal
section; b: grain structure at the cross-section; c: dendritic structure at the longitudinal section; The
blue arrow shows the direction of solidification.
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Figure 8. (a) Longitudinal section of Sample GB1 at cross section 1 to 7. The blue arrow shows the 
direction of solidification. (b) Longitudinal section of Sample GB2 at cross section 1 to 7. The blue 
arrow shows the direction of solidification. (c) Longitudinal section of Sample GB5 at cross section 
from 1 to 7. The blue arrow shows the direction of solidification. (d) Longitudinal section of Sample 
GB6 at cross section from 1 to 7. The blue arrow shows the direction of solidification. 

Figure 8. (a) Longitudinal section of Sample GB1 at cross section 1 to 7. The blue arrow shows the
direction of solidification. (b) Longitudinal section of Sample GB2 at cross section 1 to 7. The blue
arrow shows the direction of solidification. (c) Longitudinal section of Sample GB5 at cross section
from 1 to 7. The blue arrow shows the direction of solidification. (d) Longitudinal section of Sample
GB6 at cross section from 1 to 7. The blue arrow shows the direction of solidification.
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Part 1
As it follows from the velocity of the eutectic front (see Figure 4), the first 2 mm of the

samples were not melted in the case of Samples GB1, GB2, and GB6, while the GB5 hasn’t
not melted part.

Part 2: initial mushy zone
The cross and longitudinal image of Section 1 (c1 and a1 in Figure 7a,b,d) and the

longitudinal image (1 in Figure 8a,b,d) show that near the crucible wall, the partly melted
part of the samples begins far from the bottom of the sample (“A” in the Figures 7 and 8)
than the centre of the samples (“B” in the Figures 7 and 8)

The boundary between the not melted and partly melted parts (the eutectic isotherm,
white line in Figure 8b, image 1) is not perpendicular to the sample axis or crucible’s wall.
It means that the temperature was lower at the crucible wall (as mentioned before) than in
the centre of the sample axis due to the intense heat extraction of the copper core near the
crucible wall.

Past the eutectic temperature (ahead of the not melted/partly melted front), the
eutectic (which takes up the ~50% of the microstructure in equilibrium) melted immediately,
and with the increasing temperature, more and more α phase also melted. The new α grains,
which solidified from the initial mushy zone, grew perpendicular to the not melted/partly
melted boundary (white arrows in image 1, Figure 8b) with epitaxial growing. The Si phase
appeared as two types of degenerated eutectic. The small Si particles and the α phase
around those were melted, the formed small liquid drops coagulated and solidified in the α

grains (“A” in Figure 9), and the other part solidified between the α grains (“B” in Figure 9).
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Figure 9. Two types of degenerated eutectic in the resolidified initial mushy zone sample GB2.

Section 2 is also in the initial mushy zone for GB1, GB2, and GB6. The liquid phase
was more than in Section 1, so cellular microstructure developed (c2 in Figure 7a,b,d and 2
in Figure 8a,b,d) during solidification. Degenerated and equilibrium (two phases) eutectic
solidified between the α phase (a2 in Figure 7a,b,d). Only a few cellular α grains remained
from the grains of Section 1 and produced some new grains (c2 in Figure 7a,b,d and 2 in
Figure 8a,b,d), which solidified unidirectionally. It must be noted again that the microstructure
of Sections 1 and 2 developed during the solidification of the initial mushy zones (only
the eutectic isotherm moved through the mushy zone), then the microstructure cannot be
characterized by the solidification’s parameters GSL and vSL only with the GEL and vEL.

Part 3
After the initial mushy zone (Section 3), some grains that developed in the initial

mushy zone grew towards the fully melted part of the samples (c3 in Figure 7a,b,d, 3 in
Figure 8a,b,d). The grain number is between 4 and 11 in the different samples, which are
transient between the equiaxed and columnar grains (Table 4).
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Table 4. (a). Measured grain number, GB samples; (b). Measured grain number, B2F samples.

(a) No. Cross Section/Distance from the Bottom of the Sample, mm

3/15 4/25 5/45 6/60 7/80

GB1 5 3 5 93 117
GB2 11 3 2 5 6
GB5 10 5 2 2 1
GB6 4 3 1 1 1

(b) No. Cross Section/Distance from the Bottom of the Sample, mm

1/135 2/165 3/195 4/225

B2F1 38 547 732
B2F2 12 15 54 32
B2F5 19 14 24 7
B2F6 10 7 3 6

In the case of GB5, Section 2 was in Part3, which was fully melted, and equiaxed
dendritic microstructure formed during solidification (c2 in Figure 7c and 2 in Figure 8c).

Between Sections 3 and 4, some (3–5) grains were selected during the growing (c4 in
Figure 7 and 4 in Figure 8). The grains in which the primary dendrite arms grew almost
parallel with the sample axis (in the direction of heat extraction) hindered the growth of the
other grains. In this part of the samples, the E/L and S/L front velocity and the temperature
gradient at the two fronts were nearly the same and increased from zero to 0.02 mm/s and
decreased from 6 to 3 K/mm, respectively. In Section 4, the grain structure is columnar and
similar in the case of the four samples, and there is no effect of the grain refinement.

Part 4
Between Sections 4 and 5, in the case of the samples GB1 and GB2, the S/L front

velocity increased to 0.044 mm/s, and the temperature gradient at the S/L front de-
creased to 3.5 K/mm. These parameters determine the number of the grain and the
columnar/equiaxed transition, CET. The grain structure remained columnar, but in the
GB1, which contains grain refinement materials, the grain number was slightly more than
in the GB2, which doesn’t contain grain refinement materials (5 and 2) in Section 5 (c5 in
Figure 7a,b and 5 in Figure 8a,b). The grain structure of samples GB5 and GB6 (Part 3)
remained columnar, and the grain number decreased slightly (c5 in Figure 7a,b, and 5 in
Figure 8a,b).

Part 5
Between Sections 5 and 6 in the sample GB1, some little equiaxed grain appeared

between the columnar grains at ~50 mm (white circles in Figure 10a), where the vSL and
the GSL at the S/L front were 0.074 mm/s and 3.96 K/mm, respectively (CETmin, point 1 in
Figure 17a). At ~55 mm (vSL = 0.093, GSL = 4.19 K/mm), the number of equiaxed grains
developed between the columnar grains is higher, and the diameter is larger (white circles
in Figure 10b). In Section 6 (vSL = 0.11 mm/s, GSL = 4.2 K/mm), the sample consists of
only elongated grains (b6 in Figure 7A and 6 in Figure 8a, point 2 in Figure 7a). The grain
number is 93. From Section 6 to Section 7 the vSL increased to 0.18 mm/s, GSL remained
4.2 K/mm. The sample consists of more and more elongated grains, and in Section 7,
the grain number is 117. The angle between the grains’ longer axis (PDA’s axis) and the
sample’s axis (the direction of heat extraction) is almost 0–30◦. The grains’ length (L) and
width (W) were measured on the longitudinal section of the sample, and the elongation
factor EF = L/W was calculated from those. The results are shown in Figure 11. If the EF
is above 2.0, the grain is columnar [15], then about ~20% is quite equiaxed, but ~80% is
so-called elongated equiaxed.
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The grain structure of the sample GB2 remained columnar, and the grain number is 5,
a little more than in Section 5. The RMF steering with 0.5 mT magnetic induction, which
was switched on in this part of the GB2 sample, hasn’t affected the grain structure. The
cause of this change is the increase in the S/L front velocity.

The grain structure of the samples GB5 and GB6 didn’t change between Sections 6 and 7,
it remained columnar. The vSL increased from 0.022/0.023 mm/s to 0.025/0.027 mm/s,
and GSL decreased from 3.56/3.36 K/mm to 2.93/2.34 K/mm (GB5/GB6). The cooling rate
(vSLGSL) decreased from ~0.08 K/s to ~0.063 K/s. In Section 7 is only 1 grain. The RMF
steering with 0.5 mT magnetic induction, switched on in this part of the sample GB6, has not
affected the grain structure.

3.4. The Relative Amount of Eutectic and the Si Concentration Distribution

Figure 14 shows the measured volume% of eutectic (Emeas(v%)) as a function of position
in the four samples. Based on the equilibrium phase diagram, the theoretical equilibrium
amount of the Al-Si eutectic is Eeq(wt%) = 48.5 wt%. Knowing that the densities of Al
(2700 kg/m3) and Si (2329 kg/m3) are close to each other, the equilibrium volume percent-
age of eutectic was calculated Eeq(v%) = 51.8 vol% and is represented as a straight line in
Figure 12. The average measured values Eav(v%) for four samples are less than equilibrium.
The reasons for it could be explained by the formation of degenerate eutectic between the
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secondary dendrite arms [33,34]. The average Eav(v%) of the samples must be equal to the
51.8%, so a correction factor (KC = Eeq(v%)/Eav(v%) = 1.25) was calculated. Additionally,
assuming that the rate of the degenerated eutectic was the same in the whole sample, the
eutectic amount, Erec(v%) = 1.25 × Emeas(v%), was recalculated with the correction factors
as was earlier in [31] (Figure 12). The grain refinement material (GB1 and GB5) and the
stirring by 0.5 mT (GB2 and GB6) didn’t affect the amount of eutectic.
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The Si weight concentration (CSi) was calculated as follows:

E(wt%) =
ρeut Kc Erec(v%)

(ρeut KcErec(v%)) + ρα(100 − KcErec(v%))
(2)

CSi = E(wt%)(CE − Cα,max) + Cα,max (3)

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

The initial mushy zone is a not fully melted part of the sample, as was shown earlier.
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
at the moment of the melting. The temperature difference between the TL and TE was
∆T = 614 − 574 = 40 K, so the mushy zone length was xmush = ∆T/G = 10 mm in the case of
GB1, GB2, and GB6 samples. In the case of the GB5 sample, it was only 2 mm (see Figure 3
Stage I/Part 2 in all samples) since the solidus temperature was outside of the sample.
Before the solidification of the samples, one hour was waited to develop the requested
thermal field. During this time, some Si diffuses from the initial mushy zone to the fully
melted part, increasing the Si concentration before the initial mushy zone (temperature
gradient zone melting, or TGZM [35–37]) and decreasing it in the mushy zone. Of course,
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the sum average concentration of the sample’s partly and whole melted part remained
constant, 7% Si. The developed concentration distribution was calculated by the explicit
finite difference method (EFDM). The details of this calculation can be found in [31]. The
results of the calculation can be seen in Figure 12.

As the results of the Si diffusion from the initial mushy zone, in the case of samples
GB1 and GB2 at the beginning of Stage I/Part 3 (this was before the initial mushy zone),
the Si concentration was something higher than the initial concentration of the alloy after
the resolidification. Due to the very slow sample moving velocity of S/L and E/L fronts
(0.02 mm/s), the diffusion carries away some more Si from the moving mushy zone, and
so, the concentration of the Part 3 decreases, and, of course, the concentration before the
moving mushy zone in the melt increases. When the E/L front velocity starts to increase
(Stage I/Part 4), the time for the diffusion decreases, so the concentration of Part4 increases.
In Part 5, both the S/L and E/L front velocity continuously increases, the time for the
diffusion decreases, and the concentration of Part 5 remains nearly constant.

In the case of Sample GB6, the process is similar, except that the velocity of the S/L
and E/L front is very slow and nearly equal during the solidification. In the case of the GB5,
the initial mushy zone is small, and then the concentration increases before it is negligible.
This concentration increases in the first 10 mm, which isn’t visible in Figure 15.

3.5. Calculation of the ∆T Temperature Range of Solidification

The temperature range of solidification depends on the actual concentration of the
sample. If there is no macrosegregation, ∆T is constant throughout the sample. The Si
concentration continuously varied in the four samples in our experiments, so the ∆T also
concomitantly varied. Using the calculated concentrations, 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 (4)

The calculated temperature difference is also shown in Figure 13.
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3.6. Secondary Dendrite Arm Spacing (SDAS, λ2)

Most parts of the solidified solid solutions (in this case, about half of the sample)
consist of secondary dendrite arms, and then the secondary dendrite arm spacing strongly
affects not only the mechanical properties of the sample but the homogenization time also.
The SDAS depends on the solidification parameters as follows [31]:

λ2(xs) = K[t0(xs)]
1
3 = K

(
∆T(xs)

.
T(xs)

) 1
3

= K
(

∆T(xs)

G(xs)v(xs)

) 1
3

(5)

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

As shown earlier, the temperature range of solidification depends on the actual con-
centration of the sample, 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 3 and 4). Consequently, we used the average
values of vav (xs) and Gav (xs)]:

vav(xs) =
vSL(xs) + vEL(xs)

2
(6)

Gav(xs) =
GSL(xs) + GEL(xs)

2
(7)

where vSL(xs), vEL(xs) and GSL(xs), GS.L.(xs) are the front velocities and the temperature
gradients at S/L and E/L fronts, respectively. So:

λ2(xs) = K
(

∆T(xs)

Gav(xs)vav(xs)

) 1
3

(8)

Compared to the measured and the calculated SDAS (Figure 14), it can be seen that
they are quite similar, K = 5.2 ± 0.2, and the exponent is 1/3 in good agreement with the
theory [19–25].

Crystals 2022, 12, x FOR PEER REVIEW 23 of 31 
 

 

where Δ𝑇(𝑥 ) is the temperature range of solidification, 𝑡  is the local solidification time 
at xs, and 𝐾 is a constant for an alloy. 

As shown earlier, the temperature range of solidification depends on the actual con-
centration of the sample, 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 3 and 4). Consequently, we used the average 
values of vav (xs) and Gav (xs)]: 𝑣 (𝑥 ) = 𝑣 (𝑥 ) + 𝑣 (𝑥 )2  (6)

𝐺 (𝑥 ) = 𝐺 (𝑥 ) + 𝐺 (𝑥 )2  (7)

where 𝑣 (𝑥 ), 𝑣 (𝑥 ) and 𝐺 (𝑥 ), 𝐺 . .(𝑥 ) are the front velocities and the temperature 
gradients at S/L and E/L fronts, respectively. So: 

𝜆 (𝑥 ) = 𝐾 Δ𝑇(𝑥 )𝐺 (𝑥 )𝑣 (𝑥 )  (8)

Compared to the measured and the calculated SDAS (Figure 14), it can be seen that 
they are quite similar, K = 5.2 ± 0.2, and the exponent is 1/3 in good agreement with the 
theory [19–25]. 

The SDAS in GB1, GB2, and GB5, GB6 vs. position in the samples are practically the 
same, and it can be stated that the grain refinement material and the weak magnetic stir-
ring do not affect the SDAS. 

 
Figure 14. Measured and calculated SDAS vs. position in the sample: (a): GB1, (b): GB2, (c): GB5, 
(d): GB6. 

  

Figure 14. Measured and calculated SDAS vs. position in the sample: (a): GB1, (b): GB2, (c): GB5,
(d): GB6.



Crystals 2022, 12, 1226 23 of 29

The SDAS in GB1, GB2, and GB5, GB6 vs. position in the samples are practically the
same, and it can be stated that the grain refinement material and the weak magnetic stirring
do not affect the SDAS.

4. Discussion
4.1. Comparison of the Grain Structure of the Space and Ground-Based Experiments
4.1.1. Initial Mushy Zone

As was mentioned earlier, a significant difference between the ground-based and
space samples is that before starting the solidification phase, the space samples were
held at high temperatures for a long homogenization time (14,000 to 28,000 s depending
on the experiment). In contrast, all GB samples were held only during 3600 s. During
this period, some Si diffuses from the initial mushy zone to the fully melted part due to
Temperature Gradient Zone Melting, TGZM [35–39]). This diffusion leads to an increase in
the Si concentration ahead of the solid/liquid interface and a decrease in the mushy zone.

As a result of the longer holding time, more Si diffused from the mushy zone to the
melted part of the sample in the case of the B2F samples than in the case of GB samples.
The grain structure of the resolidified initial mushy zone of B2F samples consists of a part
with only α phase (2 in Figure 15) and a part with some eutectic between the α grains (3 in
Figure 15). The grain structure of the resolidified initial mushy zone of GB samples doesn’t
contain a part with only pure α phase (the homogenization time was short). However, the
grain structure of part 2 in the B2F sample is similar to the grain structure of Section 2 of
the GB samples.
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4.1.2. Fully Melted Part
Comparision of the Grain Structure of the GB and B2F Samples

After the melting and homogenization, the GR distribution is homogeneous in the GB
and B2F, B1FM5 samples [40]. As was shown in [41], the amount and the distribution of
the active GR always remained similar even after several times of remelting of aluminium
alloys on Earth which indicated that the sedimentation of GR could be neglected during
solidification on Earth. So, the amount and the distribution GR are nearly the same in the
GB and B2F samples.

As was mentioned in the introduction, the effects of the melt flow caused temperature
and concentration different, can develop in the mushy zone and ahead of the S/L interface
in the undercooled zone on Earth. Since the density difference between the Al and Si
is small (at room temperature 2.7 g/cm3 and 2.35 g/cm3), the cause of the melt flow
substantially is the temperature difference. Of course, in space, the melt flow is eliminated.

The new nucleus can mostly form during heterogeneous nucleation since homogenous
nucleation needs more undercooling. The base of the heterogeneous nucleus would be the
broken part of the dendrites or the particles of GR.

The intensity of this melt flow caused by the gravity and the stirring by 0.5 mt RMF in
the mushy zone is not too strong (the permeability of the dendrite network is restricted),



Crystals 2022, 12, 1226 24 of 29

and then it is not enough to break some small solid parts from the solidified dendrites. The
melt flow ahead of the S/L interface in the undercooled zone is stronger than in the mushy
zone. During solidifying samples containing GR, the melt flow can carry the GR to the melt
part of the sample from the undercooled zone.

To take considering these facts, the developed grain structure of the B2F, B1FM5, and
GB samples can explain as follows:

(i) B2F1 and B1FM5 samples (GR): there was no melt flow, and the GR distribution
remained the original. With the increase of the vS/L, the undercooling was high enough
for the heterogeneous nucleation, and the CET could be developed at a high GL/S/vL/S
(B2F1: 80 Ks/mm2, B1FM5: 63 Ks/mm2). The first part of the samples is columnar, and the
second is elongated equiaxed.

(ii) GB1 and GM samples (GR): there was melt flow caused by gravity, the melt flow
carried the GR from the undercooled zone to the melt of the sample. With the increase
of the vS/L, the undercooling was high enough for the heterogeneous nucleation, but the
CET could be developed only at a lower GL/S/vL/S compared with the B2F1 and B1FM5
samples (GB1: 53 Ks/mm2, B1FM5: 13 Ks/mm2). The grain structure of the first part of the
samples is columnar, and the second is elongated equiaxed.

(iii) B2F2 sample (no GR): there was melt flow caused by 0.5 mT RMF. It was not
enough to break some small parts from the solidified dendrites, and the undercooling was
not high enough for the homogenous nucleation, the grain structure remained columnar in
the whole sample at a minimum of GL/S/vL/S (35 Ks/mm2).

(iv) GB2 sample (no GR): there was melt flow caused by gravity and 0.5 mT RMF. It
was not enough to break some small parts from the solidified dendrites, and the under-
cooling was not high enough for the homogenous nucleation, the grain structure remained
columnar in the whole sample at a minimum of GL/S/vL/S (23 Ks/mm2).

(v) B2F5 sample (GR): there was no melt flow, and the GR distribution remained
the original. The GS/L and the vS/L were nearly constant in the whole sample, and the
undercooling was not high enough for the homogenous nucleation, the grain structure
remained columnar in the whole sample at a minimum of GL/S/vL/S (112 Ks/mm2).

(vi) GB5 samples (GR): there was melt flow caused by gravity, the melt flow carried
the GR from the undercooled zone to the melt of the sample. The GS/L and the vS/L were
nearly constant in the whole sample, and the undercooling was not high enough for the
homogenous nucleation, the grain structure remained columnar in the whole sample at a
minimum of GL/S/vL/S (108).

(vii) B2F6 sample (no Gr): there was melt flow caused by 0.5 mT RMF. It was not
enough to break some small parts from the solidified dendrites, and the undercooling was
not high enough for the homogenous nucleation, the grain structure remained columnar in
the whole sample at a minimum of GL/S/vL/S (128 Ks/mm2).

(viii) GB6 samples (no GR): there was melt flow caused by gravity and 0.5 mT RMF,
which carried the GR from the undercooled zone to the melt of the sample. The GS/L and
the vS/L were nearly constant in the whole sample, and the undercooling was not high
enough for the homogenous nucleation, the grain structure remained columnar in the
whole sample at a minimum of GL/S/vL/S (88 Ks/mm2).

Comparision of the Equiaxed Grain Structure of B2F1 and GB1 Samples

The L/W vs. position of the B2F1 and GB1 samples is shown in Figure 16a. The
position in the GB1 sample is shifted by 73 mm in Figure 11 to compare the L/W of the
two samples. The L/W for both samples is more than 2 but less than 4.5 except in the
B2F1 sample at 148 mm, increasing to the maximum of 8. The grain structure is elongated
equiaxed in both samples. The extremely high L/W in sample B2F1 can explain the issue
of the shrinkage (surface pore) on the wall of the sample (Figure 16b), which can deform
the dendritic network in the mushy zone and produce longer grains [30].
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4.1.3. Comparing by the vSL(GSL) Function

As the G and v parameters of the GB and B2F experiments were not the same, the
results of the two experiments series cannot be compared directly. Then, to compare the
results of the space and the ground-based experiments, the vSL(GSL) paths were constructed,
shown in Figure 13a (with grain refinement) and Figure 13b (without grain refinement).

The grain structure of the sample B2F1 from 120 to 134 mm is columnar. The CETmin,
where elongated equiaxed grains (the elongation factor EF > 2) occurred, is at 134 mm of
the sample where vSL = 0.065 mm/s and GSL = 5.2 K/mm, (point 3 in Figure 17b). The
CETmax where EF is less than 2 [15] occurred at 156 mm of the sample where vSL~ 3 mm/s
and GSL = 6.72 K/mm (it is not in the figure).
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A space (B1FM5) and a ground-based (GM) experiment were compared in other
experiment series [29]. The alloy was the same and contained GR. The B1FM5 and GM
samples were elaborated using the Low Gradient Furnace (LGF) on the ISS. The temperature
gradient (GSL) and the solid/liquid front velocity (vSL) versus the position in the samples
were practically the same. The CETmin occurred at GSL = 0.65 K/mm, vSL = 0.05 mm/s and
GSL = 0.95 K/mm, vSL = 0.015 mm/s in the case of GM and B1FM5 samples, respectively.

Based on these results, two different hypothetical CETmin curves were constructed
for the space and the ground-based experiments (Figure 17a). These are considered hy-
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pothetical since these curves were constructed based on only two measured points and
the known form of this curve in literature [15]. The solid and dashed lines represent the
CETmin for the ground and the space experiment, respectively. From these two curves, at a
given temperature gradient, the CETmin will occur at a higher solid/liquid front velocity on
the ground than in space. For example, at the point 1 (GSL = 3.9 K/mm), vSL = 0.074 mm/s
and 0.044 mm/s, and at point 3 (GSL = 5.2 K/mm) vSL = 0.12 mm/s and 0.065 mm/s in
the cases on the ground and in the space, respectively. Similarly, at a given S/L front
velocity, the CETmin will occur at a smaller temperature gradient. For example, at point
3 (vSL = 0.065 mm/s) GSL = 5.2 K/mm and 3.4 K/mm in the cases on the ground and the
space, respectively. The cause of this difference would be the buoyancy flow, which changes
the concentration difference just ahead of the dendrite tip and bring some small broken
solid particle from the mushy zone to melt ahead of the S/L front.

The vSL(GSL) paths are shown in Figure 13b in the case of the B2F2, B2F5, and B2F6
space samples and the GB2, GB5, and GB6 ground-based samples do not contain G.R.
The grain structure was columnar for all samples in the investigated GSL and vSL range.
Figure 13 vSL(GSL) paths of the CETSOL Batch2 microgravity (B2F) and the ground based
(GB) experiments; a: samples contain GR, b: samples does not contain GR.

4.2. Comparison of the Initial Concentration Distribution and the Amount of Eutectic of the Space
and Ground-Based Solidified Samples

The cause of the difference in the concentration distribution was the different “homog-
enization time”. As mentioned earlier, in the case of the space experiments, it was longer,
28,000 s and 14,000 s for B2F1, B2F2, and B2F5, B2F6 respectively, while in the case of the
ground-based experiments, it was only 3600 s. As a result, more Si diffuses to the melt from
the initial mushy zone in the case of the space samples, so the initial concentration of B2F
samples was higher than the GB samples.

The eutectic was formed between the secondary dendrite arms as a degenerated
eutectic (the α solid solution part of the eutectic solidified on the α solid solution dendrites)
and between the coarse columnar primary arms as large eutectic pockets both in the B2F
and GB samples. The amount of eutectic in the B2F samples is something higher than in
the GB samples in Part 3, due to the higher Si concentration.

4.3. Comparison of the SDAS of the Space and Ground-Based Experiments

The dendrite arm spacing (DAS) was determined using the linear intercept method
in the case of B2F samples [26] in contrast to the GB samples, where the true SDAS was
measured by another method described in Section 2.5.2. It must be mentioned that the DAS
measured by the intercept method is not equal to the true SDAS and is often slightly higher
due to the measurement method.

For both the B2F and GB samples, the DAS could be calculated with the diffusion
type coarsening equation, where the kinetic constant is 1/3. It means that the magnetic
stirring by 0.5 mT (B2F2, B2F6 samples), the gravity effect alone (GB1, GB5 samples), and
the gravity effect overlapped with the magnetic stirring (GB2, GB6 samples) can not affect
the coarsening of the SDAS.

The agreement between the measured DAS and the SDAS calculated by Equation (8)
was suitable for all B2F samples even though the DAS generally overestimates the SDAS,
as discussed above. For B2F1 and B2F2 samples, K was 7.5, and for B2F5 and B2F6 samples,
10 and 9, respectively. The K was 5.2 for all GB samples, meaning that the DAS was 1.44
times more than the SDAS for B2F1 and B2F2 samples, and 1.73 and 1.92 times more for
B2F5 and B2F6 samples, respectively, at the same Gav and vav. The different K values can be
explained by the measurement method of DAS.

5. Summary and Conclusions

During ground-based solidification, buoyancy flow can develop by the density differ-
ence in the hypoeutectic type of the alloys, such as the Al-7 wt% Si alloy. The buoyancy flow
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can affect the thermal field, solute distribution in the melt, and the position and amount of
the new grains. As solidification is a very complex process, it isn’t very easy to separate
the different effects. Under microgravity conditions, natural convection does not exist
or is strongly damped due to the absence of buoyancy force. Therefore, experiments in
microgravity conditions provide unique benchmark data for pure diffusive solidification
conditions. Compared to the results of the ground-based and microgravity experiments, it
is possible to get information on the effect of gravity (buoyancy force).

In some earlier papers, the results of four microgravity solidification experiments were
shown [26–31]. These experiments were performed on grain refined and non-grain refined
Al-7 wt% Si alloy onboard the International Space Station (ISS) in the Materials Science Lab
(MSL) in the framework of the CETSOL project. In this work, four “mirror” experiments
were implemented on the ground with the same alloys and similar solidification parameters
(sample moving velocity, temperature gradient, magnetic stirring) to examine the effect
of the gravity-induced buoyancy flow (GB samples). The grain structure (especially the
Columnar /Equiaxed Transition, CET) and the secondary dendrite arm spacing (SDAS)
were investigated. Based on the comparison of the results of ground-based and space
experiments can be stated as follows:

(i) As a result of the longer holding time, more Si diffused from the mushy zone to the
melted part of the sample in the case of the B2F samples than in the case of GB samples.
The grain structure of the resolidified initial mushy zone of B2F samples consists of a part
without eutectic. It is only the α phase with cellular structure and a part with some eutectic
between the α grains. The grain structure of the resolidified initial mushy zone of GB
samples does not contain only the α phase (the homogenization time was short).

(ii) Without grain refinement, due to homogeneous nucleation did not form any new
nucleus before the growing columnar dendrites, the grain structure of the samples remained
columnar at the used temperature gradient and S/L front velocity range both in the B2F
and GB sample.

(ii) With grain refinement, due to heterogeneous nucleation forming some new nucleus
before the growing columnar dendrites, the grain structure of the samples changed from
columnar to elongated equiaxed but only at a relatively high S/L front velocity both in the
B2F and GB samples. The necessary GS/L/vS/L is higher in the case of the ground-based
experiment than in the space experiment.

(iii) The melt flow caused by the gravity and 0.5 mT RMF could not change the
grain structure

(iv) Based on the results of the B1FM5, B2F1, GM and GB1 samples, two different hypo-
thetical, new CETmin lines were constructed for the space and the ground-based experiments.
From these two lines it can be stated that at a given temperature gradient, the CETmin will
occur at a higher solid/liquid front velocity on the ground as in space. Similarly, at a given
S/L front velocity, the CETmin will occur at a smaller temperature gradient.

(v) The secondary dendrite arm spacing (SDAS, λ2) is calculatable from the average
temperature gradient (Gav) and front velocity (vav) with the well-known equation:

λ2(xs) = K
(

∆T(xs)

Gav(xs)vav(xs)

) 1
3

considering the ∆T = TL − TE. temperature range of solidification.
The 1/3 kinetic constant means that the coarsening process of secondary dendrite

arms was diffusion type, the effect of the gravity and the 0.5 mT magnetic stirring could not
change the type of the process. The K was 5.2 for all G.B. samples, meaning that the DAS
was 1.44 times more than the SDAS for B2F1 and B2F2 samples, and 1.73 and 1.92 times
more for B2F5 and B2F6 samples, respectively, at the same Gav and vav. The different
K values can be explained by the different measurement methods of SDAS and DAS. The
SDAS was measured perpendicular to the secondary dendrite arms, while DAS by the
intercept method overestimates the actual SDAS. The SDAS vs. local solidification time,
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calculated from the DeltaT, G, and v vas usable in the case of GB and the B2F samples,
too, with a 1/3 exponent. Only the constant was different, which came from the different
measuring methods. So, the secondary dendrite arm coarsening process is identical in
space and on the ground.
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