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In this study, the nucleation and growth characteristics of equiaxed dendrites in near-isothermal
solidification experiments, performed during two sounding rocket missions, MAPHEUS-6 and
7, are investigated. Two samples of the composition Al-15 wt pct Cu and one sample of the
composition Al-46 wt pct Ge were processed in microgravity and several samples on ground. In
situ X-radiography was performed to observe the nucleation dynamics and microstructure
evolution during solidification of the 200 um thin, disc-shaped samples. The measured dendritic
growth rates and observed concentration distributions in the liquid indicate no difference
between microgravity and on-ground horizontal experiments, in line with previous observa-
tions. On the contrary, a difference in the nucleation behavior was found. In all microgravity
experiments bursts of nucleation were observed, which is different from comparable on-ground
solidification experiments, where the nucleation occurs continuously. The combined analyses
suggest that small variations of the concentration fields that probably originate from convective
flow and buoyancy of the grains in the on-ground experiments, lead to a spatially variable
nucleation undercooling distribution and hence to continuous nucleation. In contrast, the
absence of convective flow in microgravity results in a more uniform nucleation undercooling
distribution. The grains therefore nucleate in bursts at the surface walls, when the necessary

nucleation undercooling is reached.
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I. INTRODUCTION

To investigate the development of alloy microstruc-
tures during solidification largely uninfluenced by fluid
flow and grain movement, experiments under micro-
gravity conditions are ideal since gravitationally induced
segregation and buoyancy are absent. Such reference
experiments are preferentially used to validate solidifi-
cation models, as it simplifies the task of numerical
modeling.!"® With the technical advances in X-ray
source technology, compact microfocus X-ray tubes are
increasingly being used,”!'” which lead to two new
experimental application possibilities. First, X-ray tubes
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can be used on microgravity platforms to monitor
solidification processes of metallic alloys in situ. Second,
the X-ray beam can be aligned vertically in the labora-
tory, which allows for thin samples to be oriented
horizontally, i.e. with their main flat surface oriented
perpendicular to gravity. This is an advantage compared
to synchrotron facilities where the beam is always
perpendicular to gravity. In thin samples the superpo-
sition of thin structures is avoided and the movement of
solid phases is reduced, so that distinct microstructural
features can be observed in the radiography images.
Therefore, the experimental performance of thin, hor-
izontally oriented samples is very similar to that of
microgravity experiments, which is why they are pre-
ferred to the costly microgravity experiments. However,
it has to be considered that the sample confinement also
influences the microstructure evolution in terms of
morphology!'"! and growth dynamics.”'>'*! On three
different sounding rocket flights (MASER 12/13/14),
isothermal and directional solidification experiments of
thin A1-20 wt pct Cu alloys were carried out.!'*'> While
tip growth rates of isothermally solidified equiaxed
dendrites were comparable to horizontal on-ground
experiments,[m] directionally  solidified columnar
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dendrites showed lower tip growth rates in microgravity
condition compared to horizontal on-ground experi-
[17] p ; ; ; p
ments. The authors explain this discrepancy by
natural convection that may be strong enough to
modify the thermal or solutal fields. It shows that
convection in thin samples can influence the microstruc-
ture evolution under certain conditions and that micro-
gravity experiments are still needed to obtain
benchmark data. In this context, the question remains
to be answered whether convection also influences the
nucleation dynamics of metallic alloys.

This study focuses on the nucleation and growth
dynamics in thin samples solidified isothermally under
microgravity conditions to better understand how
experiments under microgravity conditions differ from
experiments on ground. In addition to laboratory
on-ground experiments,'® we investigate nucleation
rates and dendritic growth rates by performing in situ
X-radiography on the sounding rocket MAPHEUS,
which is a German acronym for MAterial PHysikalische
Experimente Unter Schwerelosigkeit.'” During two
sounding  rockets  flights, MAPHEUS-6 and
MAPHEUS-7, three samples were processed; two
Al-15 wt pct Cu samples in identical furnaces on
MAPHEUS-7 sharing one X-ray source, and one
Al-46 wt pct Ge sample on MAPHEUS-6. The com-
parison with ground reference experiments demon-
strates that the nucleation is affected by convection
even for sample geometries as thin as 200 um.

II. EXPERIMENTAL

A. Sample Preparation and Experimental Procedure

Al-Ge and Al-Cu alloy systems were selected for the
experiments because both systems provide a good X-ray
absorption contrast between the growing fcc-Al-den-
drites and the interdendritic Cu/Ge-rich melt. For
Al-Ge the contrast is slightly better due to the larger
Ge content and with Ge being more absorptive than Cu.
This enables in particular for Al-Ge to also visualize
solute concentration evolution around the dendrites as
described in Reference 20. The objective was to detect
possible concentration gradient differences between
horizontal experiments on ground and in microgravity.
No grain refiner was added to the samples in order to
have only a low number of dendrites nucleating,
providing the possibility to in detail investigate the
free-dendrite growth regime. Furthermore, the alloy
systems are well characterized with experimental data
from laboratory experiments being available.*! %!

The unrefined Al-Cu and Al-Ge samples were cast
from Al (99.9999 pct purity, Hydro Aluminium), Ge
(semi-conductor quality, provided by the Institut fiir
Kristallziichtung (IKZ) Berlin) and Cu (99.99 pct purity,
Alfa Aesar). The AI-Cu alloys were prepared by
induction melting in a cold crucible in Argon atmo-
sphere (6 N purity) before being cast into a copper mold
as a cylinder with a diameter of 12 mm. The Al-Ge
alloys were melted in a graphite crucible at ambient
environment and then cast into a boron-nitride coated

stainless steel mold, also as a cylinder with a diameter of
12 mm. Afterwards the rods were cut into disc-shaped
samples of about 1 mm thickness, which were than
ground down to a thickness of 200 um using SiC
abrasive paper. In addition, an AI-20 wt pct Cu sample
inoculated with 0.1 wt pct Al-5Ti—1B grain refiner was
used, which was provided by A.G. Murphy from the
University College Dublin. It was processed on ground
in order to measure the nucleation dynamics of a
grain-refined sample.

B. Sounding Rocket Experiments

Microgravity experiments were carried out aboard the
sounding rocket MAPHEUS using the XRISE-M facil-
ity."”) XRISE-M is a sounding rocket X-radiography
module based on a compact microfocus X-ray source. In
XRISE-M two furnace units can be simultaneously
processed. On the MAPHEUS-7 flight, we processed
two near-isothermal furnaces based on the design earlier
presented in Reference 26 with slight adaptation of the
furnace holding frame. On the MAPHEUS-6 flight, one
near-isothermal furnace was processed. The experiments
were performed under vacuum conditions between 10
and 10 mbar. The furnace body, which is also the
crucible is made of boron nitride. Two thin (150 um)
graphite foils enclose the sample and prevent direct
contact between the liquid sample and the crucible. The
detectors (RadEye2) consist of a CMOS camera with an
active area of 49.3 x 49.3 mm and 1026 x 1026 pixels
and a scintillator. They were operated at 1 frame per
second (fps). One detector uses a structured CsI scintil-
lator (used for MAPHEUS-6 and for MAPHEUS-7-2)
the other one uses a Scint-X microstructured scintillator
(microstructured Si filled with CsI as scintillator mate-
rial used for MAPHEUS-7-1, see also Figure Al in the
Appendix). The standard Csl scintillator allows for a
factor two higher signal, whereas the Scint-X scintillator
provides sharper images due to suppression of pixel-
cross talk. In general, the geometric resolution given by
the native pixel pitch of 48 um and the magnification
factor of 3.2, is 15 um effective pixel size. The X-ray
source was operated at 70/60 kV acceleration voltage
and 134/100 pA beam current for the Al-Ge/Al-Cu
alloys, respectively. White and black correction images
with no sample in the beam were taken about 2 hours
before rocket lift-off. The samples were fully melted on
ground with the samples aligned horizontally with
respect to gravity. 30 images for further correction were
recorded on the fully melted samples. The cooling
sequence with a cooling rate of 1 K min~' for Al-Cu
and 3 K min~' for Al-Ge was started on ground. The
start of the cooling sequence within the countdown
timeline was calculated such that nucleation of dendrites
took place well within the microgravity time-window of
six minutes. For this calculation a series of solidification
and remelting runs was carried out on the flight samples.
To avoid solute segregation the solidification runs were
immediately stopped when the samples showed the first
growing dendrites and the samples were subsequently
remelted. Further, for remelting, the samples were
brought from their inclined position to a horizontal
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position so that buoyant forces did not act on the
samples. The final solidification run at the end of this
test sequence was carried out on horizontally aligned
samples to avoid macrosegregation. The slow cooling
rates were chosen because the furnace exhibits the best
isothermal performance at low cooling rates, and with
the intention of observing the growth of the dendrites in
detail and studying their concentration profiles. Since,
the variation in nucleation undercoolings for the inves-
tigated unrefined AI-Ge sample was too large to ensure
nucleation in the microgravity window at a cooling rate
of 1 K min~', a cooling rate of 3 K min~' was chosen.

The measured temperature profiles of the
MAPHEUS-7 flight are shown in Figure 1. On the
x-axis the time after the rocket lift-off (LO) is plotted.
Each furnace was equipped with two type-K thermo-
couples aligned symmetrically around the furnace, one
of which was selected to set the temperature (TC1 of
furnace 1 and TC4 of furnace 2). The brown curves
show the measured accelerations in three different
directions with respect to the rocket. Around 66 seconds
after LO the microgravity phase was reached, recogniz-
able by an acceleration of zero for all axes, which lasted
for 390 seconds (6:30 [min:s]). The X-ray source and the
detectors were switched on when the microgravity phase
began (squares in Figure 1). Nucleation in both exper-
iments started well inside the microgravity phase (134
and 137 seconds for furnace 1 and 2, respectively). It has
to be noted that the here measured furnace temperature
deviates from the real sample temperature. Further-
more, the graph shows the expected behavior of
differing furnace (thermocouple) temperatures for a
similar sample temperature, because the position of the
thermocouples varies slightly in all cases. For this
reason, absolute temperatures cannot be considered in
the analysis of the results.

C. Ground-Based Experiments

The ground-based experiments were carried out either
in the XRISE-M!?! facility to perform post-flight
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Fig. 1—Temperature and acceleration profiles of the MAPHEUS-7
sounding rocket flight plotted against the time after lift-off (LO).
Two thermocouples each monitored the temperatures of the two
isothermal furnaces, ITFl and ITF2. X-ray recording started as
soon as microgravity conditions were reached. Dendritic
solidification in the Al-Cu samples started for ITF1 and ITF2 200
and 203 s after LO, respectively (position marked by the two
crosses). aRoll, a Pitch and aYaw refer to the three orthogonal axes
of the rocket and monitor the acceleration.
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experiments on the MAPHEUS-6 sample, or in the
laboratory X-ray facility XRISE-PE.!'8! Pictures show-
ing the main components of both facilities can be found
in the Appendix in Figure Al. A detailed description of
XRISE-PF is given by Klein er al"™ It hosts a
transmission microfocus X-ray tube, a detector module
and a sample environment chamber. Into the sample
environment chamber, an experimental cartridge can be
inserted. The cartridge can be evacuated up to
10 % mbar, which enables sample processing under
vacuum conditions. The X-ray source and furnace are
identical of those used in the XRISE-M facility, only the
detector is different. The detector system consists of a
camera with a 24 mm x 36 mm CCD sensor of
4024 x 2680 pixels (CCD-/COOL-11000XR) equipped
with a structured CslI scintillator. For the Al-Ge/Al-Cu
alloys, the X-ray source operated with 60/70 kV and
100/134 uA, respectively. The Field of View (FOV) is
10.5 mm with a sample on detector magnification
of ~ 2.3 and a calculated effective pixel size of 4 um.
The images were recorded with 1 fps and an image
processing procedure was applied following!'? to reduce
the image noise. The image processing procedure
involves averaging three images. The measurements
and analyses were performed with the averaged images,
which thus have a time resolution of 3 seconds. The
same procedure was applied on the microgravity images.

The experiments, consisting of several successive
heating and cooling cycles, were conducted in the
near-isothermal furnace described above, with the sam-
ple plane aligned either horizontally or vertically with
respect to gravity. The horizontal alignment minimizes
fluid flow in the melt. The experiments consist of
preheating steps followed by subsequent heating to
target temperature. After holding and homogenization
of the melt, controlled cooling rates of 1 or 3 K min~!
were set. This procedure was typically repeated for
several heating and cooling cycles.

D. Overview of the In Situ Experiments

The samples used in this study and the respective
processing procedures are summarized in Table 1. A
schematic drawing is provided in Appendix in
Figure A1, which lists the experimental facilities, con-
figurations, and samples used for the different experi-
ments in detail.

III. RESULTS

In this section, the nucleation and growth dynamics of
the sounding rocket experiments MAPHEUS-6 and
MAPHEUS-7 and of some of the on-ground experi-
ments are described in detail. Nucleation and growth
dynamics are investigated because they play important
roles in controlling the final grain size of the solid alloy.
They determine the grain density and morphology
characteristics of the alloy. Therefore, these growth
characteristics are decisive for the mechanical properties
of the final product.



A. Nucleation

1. Microgravity experiments

a. MAPHEUS-6 In the Al-46 wt pct Ge sample 48
dendrites nucleate, which results in a grain density of 0.4
grains mm > (X-radiography images of the solidification
sequences can be seen in Figure 12(b), Section III-C).
The nucleation starts preferentially in the center (first
burst) and is followed by two nucleation bursts
(Figure 2(a)). The two nucleation frequency peaks occur
50-60 and 90-100 seconds after the start of the first
dendrite nucleation, which is denoted 7#,. Up to a
solidification time of 70 seconds, dendrites nucleate in
the whole disc of the sample. In the third burst,
dendrites nucleate preferentially in the outer sample
region outside a radius r >4 mm (Figure 2(b)). In
Figure 3 the distance between a nucleation event and
the nearest solid phase (denoted nearest nucleation
distance NND) is shown as a function of time. This
nucleation distance decreases from 800 to 170 um with
time, i.e. with undercooling.

b. MAPHEUS-7-1 166 dendrites nucleated inside the
first Al-15 wt pct Cu sample, which results in a grain
density of 1.1 grains mm 2. Two main nucleation events
are identified, the first between 8 and 18 seconds and the
second between 48 and 58 seconds after ¢, (Figure 4(a)).
Similar to the observations in MAPHEUS-6, the grains
in the first burst nucleate everywhere (a little bit later in
the outer rim) and in the second burst in a region outside
a radius r > 2 mm (Figure 4(b)).

¢. MAPHEUS-7-2 74 dendrites nucleate in the second
Al-15 wt pct Cu sample, which results in a grain density
of 0.5 grains mm 2. Different from MAPHEUS-6 and
MAPHEUS-7-1, there is a nucleation gradient from the
right to the left side, indicating the presence of a
temperature gradient and the disturbance of the isother-
mal temperature field. The nucleation occurs in four
main bursts (Figure 5). In Figure 6, these bursts are
illustrated as red bars on the time-line on the left side
and the assumed isotherms are sketched as green dotted
lines. Under the assumption of a radial constant
temperature gradient from right to left, the nucleation
time and the distance from the right side give the
equiaxed front propagation velocity. Considering the
cooling rate, the temperature gradient can be estimated
to be 0.14 K mm~'. The yellow dendrite numbers and
arrows mark the dendrites and their arms that are used
for dendrite growth rate measurements in Section I11-B.

2. Ground-based experiments with horizontal sample
configuration

a. Al-20 wt pct Cu grain-refined with 0.1 wt pct Al-5-
Ti—1B The grain-refined Al-20 wt. pct Cu sample was
processed three times using a cooling rate of 1 K min~".
In every cooling cycle 77, 72 and 73 grains nucleated
inside the FOV, respectively, which results in a grain
density of approximately 0.5 grains mm~' (Figure 7(a)).

This number 1is similar to the number of the

MAPHEUS-6 and MAPHEUS-7-2 samples, where no
additional grain refiner was added. In contrast to the
microgravity experiments, the nucleation frequency is
continuous which is documented in Figures 7(b) and (c).
Moreover, the nucleation dynamics of all the cooling
cycles show a similar behavior with time (in particular
the cooling cycles #1 and #3) and nucleation started for
all three cycles within a temperature range of 1 K.
Although experiment cycles #1 and, #2 and #3, have
been performed on different days.

b. Post-flight  sample ~ MAPHEUS-6 After the
MAPHEUS-6 flight, the Al-46 wt pct Ge sample was
preserved and used for post-flight on-ground horizontal
solidification experiments in the X-RISE-M module.
Three consecutive cooling cycles were performed. In situ
X-radiography images of all three cycles (PT1, PT2 and
PT3) and of the MAPHEUS-6 experiment recorded
130 seconds after the start of nucleation are shown in
Figure 8(a). In total, more dendrites nucleated in the
microgravity run (48) compared to the post-flight runs
PTI1, PT2 and PT3 (32/33/33). The grain nucleation
frequency plots in Figures 8(b) and (c¢) show that
nucleation in the on-ground experiments do not occur in
bursts, which is in contrast to the MAPHEUS-6
microgravity experiment. Moreover, the nucleation
undercooling and dynamics differ from run to run,
which is in contrast to the experiments performed using
grain-refined samples (see the previous section). Since
the thermocouple temperature was recorded for all
experiments, a relative comparison of nucleation tem-
peratures was possible. The first dendrite nucleation in
the sample at the highest thermocouple temperature was
recorded in PT3. Accordingly, ¢, in Figures 8(b) and (c¢)
was set to this temperature and all other nucleation
events in the other solidification runs were adapted
relative to this temperature. This is why nucleation in
the other experiments starts later at toprs) + 8 s for
PTI, IO(PT3) + 40 s for MAPHEUS-6 and tO(PT3) + 74
s for PT2. The scatter plot in Figure 9 shows the time of
nucleation plotted against the distance from the sample
center. Similar to the MAPEUS-6 and MAPEUS-7-1
experiments, the grains that form at a later time nucleate
more frequently at a greater distance from the sample
center.

B. Dendritic Growth Rates

1. MAPHEUS-7-1

Growth rate measurements of the dendrites marked
with yellow arrows in Figure 10 were carried out
manually using the Image] plugin “Manual Track-
ing”.?”*® The position of the tip for every averaged
image was measured and a velocity was calculated
assuming a constant velocity between the images. The
growth rates of several dendrites of the first and the
second burst are plotted in Figure 10. Dendrites of the
first burst show varying growth velocities between 6 and
17 um s~' for the first 60 seconds and then show a
velocity decrease. The decrease approximately coincides
with the second burst of dendrite nucleation. These
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Table I. Summary of All Samples Treated in This Work
Cooling Rate Cooling
Facility Flight Condition Alloy Composition (K min™h) Cycles
XRISE-M MAPHEUS-6 ug Al-46 wt pct Ge 3 1
XRISE-M  post-flight lg L Al-46 wt pct Ge 3 3
XRISE-PF — lgl Al-35 wt pet Ge 1 1
XRISE-M  MAPHEUS-7 (7-1) ug Al-15 wt pct Cu 1 1
XRISE-M  MAPHEUS-7 (7-2) ug Al-15 wt pct Cu 1 1
XRISE-PF  — lgl Al-20 wt pct Cu + 0.1 wt pct Al-5Ti—-1B 1 3
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Fig. 2—(a) Grain nucleation frequency in the experiment
MAPHEUS-6 (Al-46 wt pct Ge) plotted against solidification time.
The grey line shows the cumulative grain nucleation fraction in pct
with solidification time. (b) Nucleation times in the experiment
MAPHEUS-6 plotted against the distance from sample center.
Distinct events of nucleation are observed.

dendrite tips show fast growth velocities after nucleation
between 25 and 38 um s~' that immediately decelerate
within 10 seconds. About 60 seconds after the first
dendrite nucleation all dendrites show similar growth
velocities.

2. MAPHEUS-7-2

The growth rates of eight dendrites (cf. Figure 6) from
the first and the second burst were measured and are
plotted in Figure 11. First, the dendrites show a short
interval of decreasing velocities before the growth rates
increase. The increase is stopped by a fast decrease to
zero. Since there is a temperature gradient, the time axis
cannot be converted directly to undercooling, but must
be corrected with the temperature gradient. This is
further discussed in Section IV-D.
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Fig. 3—Nearest nucleation distance (NND) from the closest solid
phase in the experiment MAPHEUS-6 (Al-46 wt pct Ge) plotted
against time. Most of the dendrites nucleate close to their nearest
neighbor (< 1.5 mm), especially at later solidification time. The
NND decreases with solidification time, which corresponds to an
increasing undercooling of the melt.

C. Liquid Alloy Concentration

The concentration in the liquid can be visualized only
qualitatively for MAPHEUS-6 and MAPHEUS-7-2.
Since there was no calibration of greyscale values, no
quantitative  measurements were possible. For
MAPHEUS-7-1, the micro-structured Scint-X scintilla-
tor did not provide enough contrast to qualitatively
resolve concentration differences in the liquid of the
Al-15 wt pct Cu sample MAPHEUS-7-1.

Figures 12(a) and (b) show the microgravity experi-
ments MAPHEUS-7-1 (Al-15wt pct Cu) and
MAPHEUS-6 (Al-46 wt pct Ge), for three timesteps
in false-color, respectively. In Figure 12(c), a post-flight
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Fig. 4—(a) Grain nucleation frequency in the experiment
MAPHEUS-7-1 (Al-15 wt pct Cu) plotted against solidification
time. The grey line shows the cumulative grain nucleation fraction in
pet with solidification time. (b) Nucleation times in the experiment
MAPHEUS-7-1 plotted against the distance from the sample center.
Distinct events of nucleation are observed.
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Fig. 5—Grain nucleation frequency in the experiment
MAPHEUS-7-2 (Al-15 wt pct Cu) plotted against solidification
time. The grey line shows the cumulative grain nucleation fraction in
pct with solidification time. Distinct events of nucleation are
observed.

experiment (PT1) of the Al-46 wt pct Ge sample that
was flown on MAPHEUS-6 is shown, which was
repeated on ground in the same configuration, but with
the sample oriented horizontally. Figure 12(d) shows
three timesteps of an Al-35 wt pct Ge sample processed
in XRISE-PF on ground with a vertical sample orien-
tation. For Figures 12(a) through (c), the contrast was
adjusted by using the same parameters, which is feasible
since the same detector module was used. The contrasts
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e {1193
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Fig. 6—In situ X-radiography sequence of four different time steps
of the experiment MAPHEUS-7-2 (Al-15 wt pct Cu). The dendrites
nucleate from right to left, which indicates the presence of a
temperature gradient. On the time line on the left, the four major
nucleation events are shown as red bars. The green dotted line
indicates the approximate position of the nucleation front, which
follows the temperature gradient. The yellow dendrite numbers and
arrows mark the dendrites and their arms that are used for dendrite
growth rate measurements in Section III-B (Color figure online).

of the images in Figure 12(d) was adjusted to match
with the other images.

The vertical on-ground experiment with AI-35 wt pct
Ge shows clear differences in the concentration distri-
bution compared to the microgravity and horizontal
experiments. After nucleation, the Al-dendrites float
upwards and accumulate at the top of the sample,
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Fig. 7—(a) In situ X-radiography images of three consecutive
cooling cycles of the grain-refined Al-20 wt pct Cu sample recorded
215 s after the start of solidification. (b) Grain nucleation frequency
and (c) cumulative grain nucleation fraction in pct of the three cycles
(#1 to #3) plotted against solidification time. Grain nucleation
occurs continuously with solidification time.

whereas the Ge-rich solute sinks down, which leads to
strong macrosegregation. Since some dendrites are stuck
between the sample surfaces, the Ge-solute is entrapped
in the upper part by the dendrites that are below (see
blue area in Figure 12(d), ¢ = 24 seconds). Due to
solute rejection, plumes of Ge-rich liquid form below the
dendrites.

In contrast, the distribution around the dendrites of
the horizontally processed Al-46 wt pct Ge sample is
uniform and comparable to the distribution of the
concentration field in the microgravity experiment.
Although no visual differences can be seen (compare
Figure 12(b) with Figure 12(c)), it cannot be excluded
that small differences exist, for example in front of the
dendrite tips that cannot be resolved by the projected
images. The comparison of the distribution of the solute
field around a dendrite is difficult, as it would require
two grains that grow under exactly the same conditions
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Fig. 8—(a) In situ X-radiography images of the MAPHEUS-6 flight
sample (Al-46 wt pct Ge) and of three post-flight experiments
PT1-PT3 with the same sample, recorded 130 s after the start of
solidification. (b) Grain nucleation frequency and (¢) cumulative
grain nucleation fraction in pct plotted against solidification time.

regarding undercooling, grain orientation and growth
rates. Moreover, the sample of the post-flight experi-
ment is a little bit thinner than during the microgravity
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MAPHEUS-6 included. In contrast to the MAPEUS-6 microgravity
experiment, clearly distinguishable nucleation events are not evident
for the post-flight experiments.

flight, because during the reentry of the rocket the not
yet fully solid sample was squeezed, which changes the
contrast in the images slightly.

IV. DISCUSSION

A. Nucleation Dynamics in Microgravity and on Ground

If there is no grain refiner inside the melt, the first
dendrites nucleate at varying undercoolings ATy that
can differ by more than 10 K for repeated cooling cycles
as was shown for this setup in Reference 21. If grain
refiner is added, the first dendrites nucleate at the same
undercooling ATy for repeated cooling cycles according
to the free-growth condition.”” For an Al-5Ti-1B
master alloy, the potent TiB, particle size shows a
log-normal distribution, i.e. the size varies continu-
ously.” Nucleation is triggered when the condition for
nucleating a new grain, i.e. a minimum undercooling for
a given size of the particle is reached. This means that
grains nucleate continuously with increasing undercool-
ing (one peak over time) in isothermal solidification
conditions. One-peak nucleation in grain-refined alloys
was also proven to take place in our furnace using
grain-refined Al-20 wt pct Cu samples. They show one
wide peak over the solidification interval of ~ 200 sec-
onds (see Figure 7). This is different from directional
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Time after first dendrite nucleation (s)
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Fig. 10—Growth rates of several dendrites in the Al-15 wt pct Cu
sample of the experiment MAPHEUS-7-1 (top image). Dendrites from
the first population are marked with red circles on the X-radiography
image (bottom image), while dendrites nucleated in the second burst

are highlighted with blue circles (Color figure online).
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Fig. 11—Growth rates of several dendrites in the Al-15 wt pct Cu
sample of the experiment MAPHEUS-7-2.

solidification experiments in which the grains nucleate in
distinct bursts (several peaks over time).P'>* The
wave-like nucleation in directional solidified alloys
results from the temperature gradient and an inhibited
nucleation zone due to solute rejection.

If no grain refiner is added, but the dendrites appear
nevertheless at the same undercooling for repeated
cooling cycles, there must exist a potent nucleant in
the melt triggering nucleation. This was found to be the
case in the MAPHEUS-7 experiments, since a repro-
ducible nucleation time was observed and required. The
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Fig. 12—X-radiography snapshots of three different solidification times of (¢) MAPHEUS-7-2, (b)) MAPHEUS-6, (c¢) the post-flight on-ground
experiment run of the MAPHEUS-6 sample PT1 and (d) an on-ground experiment of an Al-35 wt pct Ge alloy processed vertically with respect
to gravity. (a) through (c) were processed in the facility XRISE-M, whereas (d) was processed in XRISE-PF. The color corresponds only
qualitatively to the melt composition. For (d) the contrast is adjusted in such a way that it resembles the contrast of the other images. The initial
nucleation undercooling ATy is not known. ¢, corresponds to the time of first dendrite nucleation in each sample (Color figure online).

origin and nature of these nucleants is unknown, but also not observed in our on-ground experiments. We
they could be oxide or impurity particles at the oxide performed three cooling cycles with the post-MA-
sample layer. Nucleation bursts in unrefined and PHEUS-6 flight sample on ground and found no distinct
isothermally solidified alloys was never reported and is bursts of nucleation. In Figure 13 the normalized
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between the different experiments. Different from all on-ground experiments, the microgravity experiments show several steep rises in the number

of grains that correspond to nucleation bursts (Color figure online).

number of nucleation events (grain number at solidifi-
cation time ¢ divided by the total grain number of the
respective experiment) is plotted against the normalized
time of solidification. The nucleation behavior of the
grain-refined Al-20 wt pct Cu samples was reproducible
between several runs. The blue dotted line in Figure 13
symbolizes the average. The nucleation behavior of the
unrefined Al-46 wt pct Ge on-ground experiments was
much more variable, but no nucleation bursts can be
seen (dashed lines), which is in contrast to the micro-
gravity MAPHEUS-6/7-1 experiments, which clearly
show nucleation bursts (solid green lines). It is worth to
mention here the results of the microgravity experiments
of XRMON-SOL, an isothermal solidification furnace
flown on the sounding rocket MASER 13 with a
grain-refined Al-20 wt pct Cu sample.['® No burst-like
nucleation was reported, which was expected for a
grain-refined alloy, since the nucleants have a continu-
ous size distribution.

Since the experiment furnace is constructed in such a
way that the heat comes from the sample borders, there
exists a small radial temperature gradient in the order of
0.1 K mm~' for a cooling rate of 1 K min~'.* More
precisely, there is an inner zone of approximately
9.0 mm diameter, where the grains nucleate simultane-
ously and an outer zone where a gradient exists.>”
Accordingly, the later grain nucleation in the outer
region > 4.5 mm from the center is most likely caused
by a higher temperature, which explains that more
dendrites nucleate at a later solidification time in the
outer region (cf. Figures 2 and 4). But at the same
solidification time, many grains nucleate also in the
interdendritic space. In the MAPHEUS-7-1 experiment,
the grains that nucleate later show a higher tip growth
velocity (only grains from the inner region have been
measured), which indicates that they nucleated in a
higher undercooled melt than the first-burst grains and
not only at a later solidification time. The grey level
values also indicate that new grains nucleate in melt
regions that still obtain the initial alloy composition C,
(see Section IV-C). Considering MAPHEUS-6 and the

post-flight on-ground experiments, more dendrites
nucleate in the microgravity run (48 compared to 32/
33/33 in the on-ground experiments). All of it suggests
that the radial temperature gradient alone is not the only
factor for the nucleation bursts in microgravity, but that
there must be another mechanism causing the nucleation
bursts for near-isothermal solidification conditions,
which is further discussed in the next sections.

B. Dendrite Nucleation Positions and the Impact
on the Nucleation Conditions

A major difference between the experiments in micro-
gravity and on-ground is that the convection conditions
are different. Although the convection in thin horizontal
samples is minimized on a large-scale (see Figure 12),
small-scale convection still takes place. Three-dimen-
sional mesoscopic modeling of equiaxed dendrites
examined the effect of convection and dendrite growth
positions in thin samples.*® Olmedilla ez a/. found that
the dendrite growth rates increased with the presence of
convective flow and that the influence of the convective
flow on dendrite growth rates is greater when the
dendrite arms grow at the top wall compared to the case
when the dendrites grow in mid-thickness.

Tomographic investigations of the MAPHEUS-7-2
flight sample revealed that the dendrites nucleate close
to or at the oxide layer on both sides of the sample
boundary and then grow either parallel to the surface or
with a small angle across the sample towards the other
surface.’”) We assume similar nucleation sites at the
oxide layers for the other microgravity and for the
on-ground experiments. If nucleation takes place mainly
at the sample walls, mechanisms that would move
potent nucleant particles differently under microgravity
conditions, such as particle pushing caused by the
solidifying front or Marangoni flow, can be excluded as
reasons for the different nucleation dynamics. Dendrites
processed in horizontally oriented samples accumulate
at the upper sample surface, probably after detaching
from the lower sample wall due to buoyancy.’” This
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movement of dendrites affects the solute boundary layer
surrounding the dendrites. Therefore, a more likely
explanation is that stronger convective flow in the
horizontal on-ground experiments swirls the melt caus-
ing variable melt concentrations so that the conditions
for nucleation are randomly met. Convective flow in
microgravity condition is absent causing less turbulence
of the melt and the conditions for nucleation are more
uniformly met. Hence, the potent nucleants should have
a similar size causing nucleation at the same level of
undercooling.

C. Nearest Dendrite Nucleation Distance (NND)

It can be concluded from Figure 3 that the NND
decreases with increasing undercooling. This can be
attributed to the narrower distribution of the solute field
surrounding existing dendrites when the undercooling of
the melt is higher and the growth rates are faster.
Measurement of the NND thus provides information on
the extension of the diffusion field around a dendrite.
This aspect is analyzed in more detail in Figure 14. Gray
value intensity profiles in sample MAPHEUS-6 are
measured from the solid phase of an existing dendrite
(D1) into the melt for four different time steps
(Figures 14(a) and (b)). At ¢ty + 59 seconds a new grain
(D18) nucleates along the profile. The distance between
the solid phase of the first dendrite and the nucleation
site is 0.4 mm. Gray value intensities show that the melt
concentration is close to the nominal concentration C,
at the nucleation site prior to the nucleation event.
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Furthermore, the growth rate of D1-2 decreases instan-
taneously when D18 nucleates, leading to the conclusion
that the solute field of D18 overlaps with the solute field
of DI.

A comparison of the NND between the MAPHEUS-6
and the MAPHEUS-6 post-flight experiments PT1, PT2
and PT3 is shown in Figure 15. It can be seen that the
first dendrites nucleate up to five millimeters away from
each other in the on-ground experiments. On the
contrary, the dendrites in the microgravity experiment
nucleate closer to each other and with a higher fre-
quency. This results in a higher grain density. The
closest NND in the on-ground experiments is between
0.34 and 0.58 mm, whereas the closest NND in the
microgravity experiment is 0.17 mm. In addition, the
average NND in the on-ground experiments is also
much larger (1.3 to 1.5 mm) than the NND in the
microgravity experiment (1.0 mm) (see solid horizontal
lines in Figure 15). This supports the assumption of a
slower propagation of the solute enriched melt in
microgravity. It should be noted here that the opposite
behavior regarding NND was observed in directional
solidification experiments on MASER-14 in ug and in
horizontal on-ground experiments, which demonstrates
the different characteristics of the directional and
isothermal solidification behavior.!'*

Figure 16 shows the schematic evolution of the
equilibrium liquidus temperature in front of a dendrite
tip, adapted from Reference 38. Since the grains
nucleate in an undercooled melt, the latent heat gener-
ated by grain growth is extracted by the surrounding

Velocity (um s1)

Time after first dendrite nucleation (s)

Fig. 14—(a) X-radiography sequence of four time steps during the solidification experiment of MAPHEUS-6. (b) Gray value intensity profiles
plotted for each time step. A new grain (D18) nucleates between time step 7, + 56 s and 7y + 59 s. (¢) Growth rate measurements of the

dendrite arms 1 and 2 of DI and D18.
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Fig. 16—Schematic representation of the equilibrium liquidus and
the actual temperature profiles close to a grain. The maximum
undercooling is composed of the constitutional undercooling and the
thermal undercooling (actual temperature).

liquid leading to an initially negative gradient. Assuming
a small temperature gradient towards the outer region,
there is a zone of maximum nucleation undercooling not
too far away from the first grain (max. AT in Figure 16).
The size of this zone decreases the more grains nucleate.
Hence, the probability that a grain will nucleate close to
an adjacent grain is higher than the probability that it
will nucleate somewhere in the sample. The value of the
local undercooling is very sensitive to the constitutional
undercooling and the actual temperature in the sample,
which is not exactly known. Hence, convection effects
that change the concentration gradient and the temper-
ature, influence the constitutional undercooled zone in
such a way that nucleation in experiments on ground is
more randomly distributed in the sample. In fact, the
difference in the concentration distribution must be
small or occur mainly in the thickness direction, as the
overall X-radiography images (cf. Figure 12) show no
visible differences. However, it is not possible to
distinguish concentration differences below 0.2 at.
pet.l'T A better image resolution and signal/noise ratio
would be necessary to resolve even smaller and localized
changes.

D. Dendritic Growth Rates

Dendrite tip growth rates of equiaxed dendrites
depend on the melt undercooling. As the dendrites
nucleate in an undercooled melt, the growth rates will
first be high. Then, due to solute rejection, a solute layer
builds up in front of the tips slowing down the growth
rates. The initial slowing down of the growth rate could
also be associated with the orientation of the grain with
respect to the thin sample plane. If the growth directions
of the dendrite arms are positioned in such a direction
that they come into contact with the sample surface, an
initial slowing down can be the result. In the measured
values this is reflected by an initial transient of a high
growth rate slowing down to a growth rate plateau.
Finally, the increasing melt undercooling due to the
cooling rate will direct the growth rate and either
acceleration or deceleration is the result. In conclusion,
dendrites that nucleate at the same undercooling should
grow at the same growth rate. In thin samples, devia-
tions of this behavior are expected, because the dendrite
arms grow at different angles to the sample plane and
surfaces,”) which can lead to varying growth conditions
for the arms of the same dendrite.

Whether similar growth rates for the same undercool-
ing are reached can be tested with experiment
MAPHEUS-7-2, because there is a temperature gradient
and we assume that the dendrites nucleate approxi-
mately at the same undercooling. Using the correction
of undercooling caused by the gradient, the tip velocities
shift on the x-axis accordingly, as can be seen in
Figure 17. Compared to Figure 11, the growth velocity
curves of the accelerating growth regime have moved
closer together, which indicates that the melt under-
cooling is the main driver of the tip growth velocities.
The deviations result from the different orientations of
the arms inside the sample.
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Fig. 17—Gradient corrected tip growth velocities of the
MAPHEUS-7-2 experiment plotted against undercooling. The
undercooling increases according to the applied cooling rate of
1 K min~'. Similar velocities are reached by the dendrite arms for
the same undercooling. The time of nucleation is transferred into
undercooling (compare to Fig. 11).
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V. CONCLUSION

The solidification of three thin alloy samples (two
Al-15 wt pct Cu samples and one Al-46 wt pct Ge
sample) in a near-isothermal furnace under microgravity
conditions has been studied by X-radiography. The
comparison of growth characteristics between micro-
gravity and horizontal on-ground experiments showed
no observable differences in terms of dendrite tip growth
velocities or concentrations, but clear differences in the
nucleation dynamics. In microgravity conditions, grain
nucleation takes place in distinct bursts, whereas in
experiments on ground nucleation takes place continu-
ously. This difference was found by measuring the time
of the appearance of each single grain and its lateral
position in the sample. In addition, the nearest dendrite
nucleation distance (NND) was found to be smaller in
microgravity than on ground. Since the dendrites
nucleate mainly at the sample surfaces in microgravity,
we conclude that the discrepancy in nucleation dynamics
cannot originate from a different movement behavior of
particles, but that it can best be explained by convective
flow, which results in melt turbulence affecting the
diffusion layer and in non-uniform nucleation condi-
tions in experiments on ground. Since there is no
convection due to density differences in microgravity,
the distribution of undercooling in the sample is more
uniform. For a more detailed interpretation, it would be
important to identify the potent nucleation sites and to
increase the spatio-temporal resolution of the recording.
Although individual dendrite arms grow under different
angles and therefore under different growth conditions
due to variable orientations of the grains in the sample,
their growth rates are mainly determined by the melt
undercooling, which is demonstrated by similar tip
growth rates after temperature gradient correction of
sample MAPHEUS-7-2. Whether the growth rates of
microgravity and horizontal on-ground experiments are
exactly the same, could not be evaluated because the
initial nucleation undercooling could not be measured,
which is however necessary for proper interpretation of
the data. In particular, the investigation of nucleation
dynamics in isothermal microgravity conditions should
receive further attention in the future to test the results
obtained here.
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