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Abstract One of the critical microstructures in direc-
tional solidification of alloys is the cellular/dendritic pat-
tern that governs the properties and reliability of the
solidified material. Our quantitative understanding of the
solid-liquid interface pattern has come mainly from
experiments in thin samples where the microstructure
selection is shown to occur during the dynamical growth
process. A more realistic configuration is to examine the
evolution of microstructure in three-dimensions, which is
not possible terrestrially since convection effects dominate
in bulk samples and prevent precise characterization of
microstructure dynamics. Recently, experiments under low
gravity conditions have been carried out jointly by NASA
and CNES in the model transparent system succinonitrile—
camphor on board the International Space Station using the
Directional Solidification Insert in the DECLIC facility.
After a brief description of the experimental setup and
methods, the first results on dynamics of interface pattern
formation obtained in microgravity will be presented and
the information extracted from their quantitative analysis
will be discussed.
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Introduction

The study of solidification microstructure formation is very
important in the design and processing of new materials
[1]. The interface patterns formed by solidification largely
govern mechanical and physical properties of materials, so
that materials and processing conditions can be designed to
obtain specific patterns which give optimum properties and
better reliability of the finished product. For example, the
properties and the reliability of materials processed by all
important commercial solidification techniques, such as
continuous casting and laser welding, are governed by the
microstructural characteristics of cells and dendrites.
Directional solidification is a powerful technique to study
pattern formation since the growth parameters can be
accurately controlled.

One of the key problems in pattern evolution is the
prediction of the specific pattern developed under given
growth conditions. Pattern selection occurs under dynamic
conditions of growth in which the unstable pattern goes
through the process of reorganization into a rather periodic
array. In situ observation of the solid-liquid interface is a
precious tool to get a detailed knowledge of the entire time
evolution of the interface pattern. This explains the very
extensive use of transparent organic analogs that behave
like metallic alloys regarding solidification but are trans-
parent to visible light so that classical optical techniques
are sufficient for their observation [2].

Extensive ground-based studies carried out in metallic
and organic bulk samples have clearly established the
presence of significant convection under the growth con-
ditions which give rise to cellular and dendritic structures.
Fluid flow modifies the structure of the solute boundary
layer by sweeping thus causing non-uniform morphological
instability [3, 4] with the formation of a non-uniform
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microstructure. Fluid flow elimination on earth can be
obtained by reducing the size of samples. Many experi-
ments on transparent systems have been conducted either
on thin samples (quasi-2D shape) [5-8] or in capillary
tubes [9]. Even if such configurations have led to very large
progress in understanding the dynamics of solidification,
they do not perfectly represent 3D samples and quantitative
data extracted from 2D systems can not be extrapolated to
3D ones [10]. Recent numerical results of Gurevich et al.
[11] using rigorous phase-field models stress this differ-
ence. They point out, for example, that 2D simulations give
different characteristics compared to 3D ones in terms of
cell tip undercooling and steady-state branches of micro-
structures. Bulk experiments are therefore required but,
because of fluid flow, no reliable experimental data are
available to sustain the sound quantitative analysis for bulk
sample growth in the cellular and dendritic regimes. Fluid
flow elimination in 3D samples demands the reduced-
gravity environment of space. The study presented here
was conducted using the Directional Solidification Insert
(DSI) dedicated to in situ and real-time characterization of
the dynamical selection of the solid-liquid interface mor-
phology on BULK samples of transparent materials. It has
been developed by the French Space Agency (CNES) in
the frame of the DEvice for the study of Critical LIquids
and Crystallization project (DECLIC) and it is installed
within the International Space Station (ISS) to benefit from
a microgravity environment.

The DECLIC facility is a compact, multi-user facility
for conducting experiments in the fields of fluid physics
and materials science, and more generally on transparent
media, within the ISS environment. The main part of the
facility is common to all experiments and mainly contains
electronics (for regulation, data acquisition and manage-
ment, communication...) and some optical resources (laser,
optics, cameras). Three different inserts that contain ele-
ments specific to each topic (and especially specimen

cartridges) complete the facility: two of them are dedicated
to the study of critical fluids; the third one, called DSI
(Directional Solidification Insert) is for solidification. The
DECLIC facility of CNES was launched with 17-A shuttle
flight (August 2009) as part of a joint NASA/CNES
research program. The main instrument monitoring is made
from the CADMOS center, the French User Support and
Operation Centre (USOC) in Toulouse. Taking advantage
of provided tele-science capabilities, scientists have the
possibility to follow in near real-time conditions and to
remotely control experiments. The commissioning of the
instrument with the DSI was realized from 7 to 11th of
December 2009 and the results obtained during this very
first set of experiments will be detailed here.

Before entering into quantitative and precise elements,
we should point out the most striking characteristic of the
patterns grown in microgravity that fully justifies the need
of such environment. In contradistinction with 3D ground
patterns, the microgravity ones are very homogeneous as
illustrated in Fig. 1. The ground pattern (Fig. 1a) is char-
acterized by a very clear radial variation of size going from
large cells in the center to small cells and even smooth
interface at the crucible border; this variation is due to
convection that induces radial gradients in the micro-
structure control parameters along the interface [3]. As
expected, removing convection drastically reduces such
heterogeneity as radial variation of size is no longer
noticeable anymore on the pattern grown in microgravity
(Fig. 1b). In this last case, the width of the size histogram
is then fully representative of the selection process
(Fig. 1c).

After a brief description of the experimental procedure,
we will detail the methods of analysis of images that have
been developed for treating the huge amount of images
generated during such experiments to extract quantitative
data. Results will be described in terms of pattern forma-
tion and evolution. Quantitative measurements will be
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Fig. 1 Comparison between patterns grown a on ground (SCN-0.1 wt%, Vp = 10 pm/s, G = 17 K/cm); b in microgravity (SCN-0.24 wt%
Camphor, Vp = 4 pm/s, G = 20 K/cm); and ¢ Primary spacing distributions for a in white and for b in black
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compared to ground experiments on thin samples realized
for the same alloy and the same thermal conditions.

Experimental procedure
The DECLIC-DSI device

The DSI insert mainly contains two elements: the Bridg-
man furnace and the experimental cartridge. Some specific
optical elements are also included in the insert, even if the
main optical parts belong to the common part of DECLIC
(LEDs, cameras, laser...). More complete descriptions
of DECLIC and its inserts can be found, for example, in
[12, 13].

The experimental cartridge includes the quartz crucible
and a system of volume compensation made of stainless
steel that is useful to accommodate the specimen volume
variations associated to phase changes. The cylindrical
crucible has an inner diameter of 10 mm and a length that
enables about 10 cm of solidification, thus allowing the
study of the whole development of extended 3D patterns
from their initial stages to the steady state. The crucible is
equipped with a flat glass window at the bottom and a lens
immersed in the melt at the top. The main observation
mode (Axial observation) takes advantage of the complete
axial transparency of the cartridge provided by these last
two elements: the light coming from LEDs passes through
the cartridge from the bottom to the top, therefore crossing
the interface. The optical system formed by the immersed
lens and a following relay lens form the image of the
interface on a CCD camera. On the same cartridge axis, an
interferometer is also set but it will not be detailed here
(more information on its use can be found in [14]). The
interface can also be observed from the side (Transverse
observation).

In this study, we use a Succinonitrile (SCN)-0.24 wt%
Camphor alloy. The relevant physical data associated to
this system are given in Table 1. For filling the crucible,
SCN purified by NASA by both distillation and zone
melting was used. The alloy was then prepared by adding
the solute. All procedures for sample preparation were
carefully realized under vacuum to avoid humidity con-
tamination. Once sealed, the cartridge has been inserted
inside the Bridgman furnace.

Table 1 Relevant physical data for Succinonitrile (SCN) and SCN-
0.24 wt% Camphor (from [27])

331.24 K
Liquidus slope () —1.365 K/wt%
Partition coefficient (k) 0.2

0.23 x 107° m%s

Melting point of pure SCN (Tyy)

Diffusion coefficient in liquid (Dy)

A thermal gradient ranging from 10 to 30 K/cm is
imposed by regulated hot and cold zones, respectively,
located above and below the adiabatic area where the
interface is positioned. Upward solidification is achieved
by pulling the crucible down into the cold zone of the
furnace at a rate ranging from 0.1 to 30 pm/s.

In transparent SCN alloys, the glass ampoule conducts
heat better than the liquid and solid phases, so that the
sample near the wall is cooler than in the center. This
temperature difference drives a concavity of the interface.
In case of convection, concavity is enhanced by solute
accumulation at the center of the depression where fluid
flow is ascending; that causes non-uniform morphological
instability, and eventually a non-uniform microstructure
[3]. However, even in diffusive conditions, concavity is
associated to variations of the direction and the value of the
thermal gradient along the interface so that non-uniform
microstructure may also develop [15], especially in den-
dritic growth. Control of interface curvature is thus
achieved by mean of a booster heater located at the level of
the solidification front to inject heat locally and compen-
sate latent heat evacuation [10]; the temperature of the
booster heater is adjusted to flatten as much as possible the
solid-liquid interface.

For a defined alloy concentration, varying the thermal
gradient or more conveniently, the pulling rate, leads to the
development of various interface morphologies, ranging
from planar front (high gradient—low pulling rate) to
cellular and finally dendritic pattern (low gradient—high
pulling rate). In the case of dendrites, the growth direction
is strongly influenced by the crystal orientation. Without
taking care of that fact, the starting fully melted sample
solidifies into a polycrystal which exhibits a diversity of
grains of random orientations. As dendrites grow along
<100> directions in the cubic system, their growth axis is
tilted compared to the optical axis for most of the grains; it
is mandatory to avoid this situation to enable a quantitative
characterization of the dendrite tip. It is thus necessary to
grow a single crystal with one <100> direction parallel to
the crucible axis, i.e., parallel to the observation axis. In
that case, the dendrites, which behave like optical fibers,
are neatly seen from the top by illumination through the
sample axis. The technique we have developed to grow
such single crystals is described in [16] and has been used
to prepare the sample studied here.

Experimental procedure

We will mainly present here results obtained during the
commissioning period. The experimental time was limited
so that we could perform only one solidification of the
whole sample. The scientific goal of this experiment was to
assess our experimental conditions, and to try to explore
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the range of possible microstructures (small amplitude
cells, deep cells, and dendrites).

Based on preliminary studies, the temperatures of the
different thermal areas, including the temperature of the
booster heater, have been set to impose a thermal gradient
of the order of 20 °C/cm and adjusted at the beginning of
experiment to locate the interface roughly in the middle of
the adiabatic area. Partial melting is then performed
(A solid seed of ~20 mm is always kept to preserve the
single crystal of selected orientation). Stabilization of 24 h
is then realized before triggering solidification. The
experiment consisted in three steps of solidification of
20-mm length at different pulling rates Vp: 4, 1, and finally
8 um/s. It was initially foreseen to move on to each step
without any break but a software bug led us to stop during
20 min between the first two pulling rates and 3 min
between the two last ones.

An experimental determination of the thermal gradient
G at the interface has been performed during the following
runs. The method is to measure the displacement of the
interface Az associated to a small shift AT of the control
temperatures of hot and cold areas: G = AT/Az. Mea-
surements are performed at rest, and all changes are sup-
posed to be small enough so that the interface stands in the
same area of thermal field. In our case, considering the
location of the interface (see Fig. 2a), the control area are
the hot zone and the booster heater so that the thermal shift
was applied to these areas. For AT = 2.1 £ 0.1 °C, we
measured Az = 1.04 &+ 0.05 mm (compare Fig. 2b and c).
The experimental gradient Gy, is then 20 & 2 °C/cm.

Added to its practical utility, this value is also used to
evaluate the validity of the numerical CrysVUn® modeling.
The CrysVUn® software is designed for the global mod-
eling of solidification processes [17, 18]. Calculations are
based on a method of finite volumes on unstructured grids
that enables to tackle the entire growth setup on the basis of
a geometrical model of the furnace, crucible and sample
and assignment of the relevant physical properties to all
materials involved in this setup. The temperatures applied
to the different elements of the furnace, pulling rates and
sample composition are entered as input parameters for the
numerical simulations. The modeling of our furnace is a
very precious tool to plan but also to analyze experiments.
The CrysVUn® modeling of the experimental conditions
used led to a thermal gradient of 19.5 °C/cm in the center
of the crucible and 18.5 °C/cm on the border. Experimental
and modeling data are therefore very consistent.

Analysis methods
In situ and continuous observation leads to a huge amount

of images so that adequate and as systematic as possible
procedures had to be developed and validated to extract
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Fig. 2 Thermal gradient measurement a Results of CrysVUn mod-
eling figuring the thermal field on the left, and the axial gradient field
on the right in the adiabatic area. b Side image of the interface at rest
before changing the temperatures of both the booster heater and the
hot zone. ¢ Side image of the interface at rest after an decrease of
2 °C of both temperatures of the booster heater and the hot zone

relevant quantitative data. Quantitative characterization of
the patterns consists in measuring the evolution, as a
function of time and growth parameters, of the parameters
that describe the interface morphology, such as the primary
spacing, order/disorder level of pattern, shape of structures,
tip radius... Concerning shape of structures and tip radius,
measurements are based on interferometric analysis that is
not described here as data required to perform these anal-
yses are not yet available (data stored on hard-disk still on
ISS, return on ground foreseen beginning of 2011). For
more information on shape reconstruction by interfero-
metric analysis in DECLIC-DSI, one may refer to Bergeon
et al. [14].

Image treatment and analysis procedures have been
developed on both analySIS and Visilog softwares to
facilitate exploitation of results. An illustration is given in
Fig. 3 by considering a raw image obtained during the
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Fig. 3 Procedures of treatment
and analysis of images. a Binary
image; b Superimposition of the
binary image to the raw image;
¢ Minimal Spanning Tree;

d Number of first neighbors
superimposed to the binary
image
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commissioning experiment. The first step is to obtain a
binary image (Fig. 3a) that is, then used as an input for, on
the one hand, the cell detection to get the primary spacing
distribution, and on the other hand, the use of specific
procedures for characterizing pattern order/disorder and
type: Minimal Spanning Tree (MST) (Fig. 3c) and number
of first neighbors (Fig. 3d).

Primary spacing can be considered as the center to
center distance between two consecutive cells. Its deter-
mination requires beforehand cell surface measurement. To
get this, image treatment and analysis procedures have
been developed on both analySIS and Visilog softwares.
Treatment of images is necessary as raw images are not
directly analyzable. This consists in successive operations
aiming first at enhancing the cells outline before obtaining
an exploitable binary image. After application of several
filters allowing the identification of each cell in the binary
image, image analysis can then be performed to determine
the primary spacing. In order to validate the developed
procedure, superimposition of the treated image to the
corresponding raw image is realized as shown in Fig. 3b.
The high level of correspondence, which was estimated

greater than 90%, allows us to naturally adopt this proce-
dure that is suitable in revealing effectively the cells out-
line. A Region of Interest (ROI) covering the whole image
has been selected for analysis. This zone contains an
average of 1000 cells. After detection and identification of
every single cell in the selected ROI, each cell surface can
be determined by the software. Cells are then assimilated to
disks to extract the primary spacing that corresponds to the
disk diameter. The histogram of spacing can then be drawn
to determine the average spacing and the standard
deviation.

The Minimal Spanning Tree (MST) is a tool to char-
acterize and quantify the order hidden behind disorder of
any distribution of points on a surface [19]. In our case,
points are defined by the centers of cells. The MST is a
connected graph without any closed loop, which contains
all the centers of cells and for which the sum of the edge
lengths is minimum. For a specific pattern, MST con-
struction may not be unique; however, all possible MST are
equivalent so that the histogram of edge lengths is unique.
Statistical parameters, such as the average edge length m*
and the standard deviation ¢*, deduced from this histogram
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then characterize the arrangement of the cell centers. These
quantities are normalized following Eq. 1 so that any dis-
tribution can be plotted in a (m, o) diagram and compared
to any other 2D arrangement:

P m* N—1
/S N
N 0

"5 N

with <S> average area of cells and N number of cells

The (m, o) diagram we use (refer to Fig. 9a) already
contains points corresponding to two types of well-char-
acterized distributions: hexagonal lattice for a perfectly
ordered pattern and uniform random distribution. The path
that joins these two extreme cases is obtained by progres-
sive uniform disorder added to the ordered patterns. This
method was first applied by Dussert et al. [19] to charac-
terize an aggregated lithium thin film deposited on a
dielectric substrate. Then, it was used to analyze cellular
patterns resulting from directional solidification in metallic
[20] and transparent analog [21] systems as well as by
Cerisier et al. [22] to characterize the disorder dynamics of
Bénard-Marangoni patterns. The specific procedure to
build and analyze MST has been developed using the
software Visilog.

Results

Figure 4 provides a step by step description of the whole
experiment starting from rest (Fig. 4a).

At Vp = 4 pm/s, morphological instability develops
quite fast as depicted by linear ridges along sub-bound-
aries that finally underline a quite complex array. Between
these defects, in areas that are still smooth, some poxes
appear (Fig. 4b): they can be described as a circular
undulation of the interface. Ridges underlining sub-
boundaries progressively cut in their transverse directions
and simultaneously, a quite uniform corrugation that cor-
responds to the initial visible wavelength of morphological
instability invades the interface (Fig. 4c). The amplitude of
all these interface modulations starts to increase, channels
are forming but it is still difficult to identify cells (Fig. 4d).
At this stage, the dynamic of the interface is extremely fast
and the disorder high. There is then a progressive decrease
of disorder and a clear pattern of deep cells is eventually
reached (Fig. 4e). The dynamics then clearly slows down
and limits to progressive size adjustment and ordering
(Fig. 4f). These phenomena will be quantitatively descri-
bed later.

Before triggering the pulling at Vp =1 um/s, the
crucible translation stopped during 20 min so that the
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microstructure reached at 4 pm/s began to vanish. Yet,
disappearance was not complete when pulling restarted
(Fig. 4g). The morphological instability appearing was
therefore constrained in the remaining traces of the previ-
ous pattern (Fig. 4h) but quite surprisingly, instead of
growing from the preexisting size, numerous tip splittings
occured leading to an initial size largely smaller than the
one finally obtained at Vp =4 pm/s. This may be
explained by the fact that, even if the previous pattern has
not completely vanished, its amplitude has decreased so
that previous cell tips can be considered as flat and the
process observed is actually similar to morphological
instability development on a plane front: the radius of
curvature of previous cells is large compared to the
wavelength of developing instability. A regular pattern of
shallow cells eventually formed of which spacing clearly
increased with time before stabilization (Fig. 41 and j).

The break between 1 and 8 pm/s was comparatively
small so the new pattern had to develop on the pre-existing
large size cellular one, similar to the one of Fig. 4j.
Modulations of the pre-existing cell tips appeared quite
quickly on the whole pattern (Fig. 4k); these modulations
led to the selection of a new tip on the preexisting one and
the appearance of secondary branches that progressively
grew (Fig. 41). The dendritic character of the microstruc-
ture then became very clear as depicted by the four arms
crosses (Fig. 4m). This pattern then evolved slowly to
reduce its spacing by tip splitting. This size decrease
eventually led to less-developed secondary arms as evi-
denced in comparing Fig. 4m and n.

Detailed quantitative analyses of these experiments are
presented in the following parts.

Interface motion

Throughout the sequence of directional solidifications,
macroscopic shape and motion of the interface have been
investigated by side view observation. Front recoil with
time at two locations at the interface (border and center) as
well as the evolution of the interface amplitude which is
the distance between the interface position at the two
locations considered, have been studied.

At rest, the interface position in the frame of the furnace
depends on the thermal field as it is located on the isotherm
of the liquidus temperature for the nominal concentration
Cyp. The macroscopic interface shape is therefore imposed
by the shape of the isotherms, and it appears almost flat
(refer to Fig. 5a). The height variation or interface ampli-
tude between the center and the border is limited to about
200 pm.

During growth, the build up of the solute boundary layer
leads to a progressive change of the equilibrium tempera-
ture of the interface that finally reaches the solidus
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(a)Ve=0, t=0

Enlarged area of b)
x4.5

Fig. 4 Microstructure formation and evolution during the whole commissioning experiment. The times 7, 7, and t”, respectively, start when

pullings at 4, 1, and 8 pm/s are triggered

temperature for the same solute concentration C,. Con-
sidering a fixed thermal field characterized by the thermal
gradient G, the isotherm change is associated to a front
displacement Azwp = ’"LTC"%, with my_ the liquidus slope
and k the partition coefficient (see Table 1). This dis-
placement is evaluated at 653 pum in our case, for the
gradient G of 20 K/cm (Cy = 0.24 wt%). It clearly appears
from Fig. 5 that the recoil is much more important and

moreover, dependent on the pulling rate: it varies from
1.5 mm at Vp = | pm/s to 4.2 mm for Vp = 8 pum/s. This
phenomenon is usually not taken into account in theoretical
models for front recoil [23-25]. It comes from the low
conductivity of SCN compared to that of the crucible wall
which is made of glass. Latent heat generation strongly
modifies the thermal field, both shifting and curving iso-
therms. The shift of isotherms explains the additional
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Fig. 5 Evolution of the
interface position and amplitude
with pulling rate (Vp = 0, 4, 1,
and 8 pum/s) both
experimentally: a—d and
numerically (CrysVUn
numerical simulations): e-h.
“A” represents the amplitude of
the interface which is
determined by the upper and
lowest interface limits marked
by the two arrows. An example
of the experimental interface
shape is drawn in continuous
line on d. The top large-dots
line corresponds to the initial
position of the interface and the
small-dots line corresponds to
the theoretical position of the
interface during pulling. i Front
recoil with time at two locations
in the crucible (border and
center). P/ Break of about

20 min between solidifications
S1 and S2. P2 Break of about
3 min between solidifications
S2 and S3

recoil; the curvature of isotherms is directly observed in the
interface curvature. As latent heat release is proportional to
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the pulling rate, these effects increase with Vp.

These experimental data can be compared to CrysVUn
numerical simulations that are presented in Fig. Se to h.
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Figure 5 points out that the experimental and numerical
images are qualitatively consistent in terms of recoil and

curvature variations : the recoil increases with pulling rate

and the interface curvature changes from slightly convex at
rest to very weakly convex at 1 pm/s to more and more
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concave at 4 and 8 pm/s. Analyzing the thermal field cal-
culated by CrysVUn led us to verify that in all these con-
figurations, the distance between the liquidus and solidus
temperatures is about 650 pm so that the larger recoil is
due to a global shift of the isotherms downward. Some
discrepancies are noted comparing the experimental and
numerical amplitudes of recoils: the recoils are underesti-
mated by CrysVUn as we obtain 0.93 mm instead of
1.52 mm for 1 pm/s and 3.22 mm instead of 4.24 for
8 nm/s (center of the interface). More experiments and data
are needed to be able to explain and correct these differ-
ences but it is worth noting that the comparison of exper-
iments and simulations are not so straightforward: a
rigorous comparison would imply comparing the positions
of the solidus isotherms in both numerical and experi-
mental data but the experimental position of the solidus
temperature is in fact unknown. The experimental interface
position is taken arbitrarily at the level of the darkest line
(underlined, for example, on Fig. 5d) but its corresponding
temperature can not be determined. Moreover, the interface
curvature and the cylindrical shape of the crucible do not
help the analysis. However, the front recoil in CrysVUn is
dominated by thermal recoil and not solutal recoil, as
observed in experiments.

Characterization of patterns

The spacing evolution during the whole commissioning
experiment has been measured using the procedures
described in Analysis methods; the data are presented in
Fig. 6.

400 T Vp =4 um/s — Ve =1um/s

350

300

|
100 % B

50

A (pm)
X R
==
A
5%
——
—e—
—e—
—o—
—e—

t(h)

Fig. 6 Primary spacing evolution as a function of time during the
whole commissioning experiment. Open marks correspond to FFT
measurements. For 1 and 8 pm/s, two different wavelengths revealed
by FFT, corresponding to two different ranges of spacings, coexist at
the same time. The band of spacings for each pulling rate identified as
“1g-TS” correspond to comparable ground experiments realized in
thin samples (SCN-0.23 wt% Camphor, G = 17.2 K/cm)

First of all, it is worth noting that the spacing selection is
weak as histograms of spacing always present a band of
existing spacing. This band tends to reduce with time as
array order increases but it is still large. For the very
beginning of the microstructure formation at 4 pum/s, it was
not possible to determine the spacing with such methods as
microstructure does not form closed cells (images 4c and d
for example). So the first two measurements of the Fig. 6
(open marks) have been performed using a FFT (Fast
Fourier Transform)-based method. This method is also
used for the first measurements at 1 pm/s. In this case, we
determine two different wavelengths that correspond to the
remaining pattern grown at 4 pm/s (large spacing) and to
the morphological instability appearing inside the previous
one (small spacing). Those two ranges of spacing eventu-
ally collapse in only one range of spacing that starts
growing. After the jump from 1 to 8 um/s, FFT also reveals
two different wavelengths that respectively correspond to
the remaining pattern traces and the new developing one
(image 4k for example) as illustrated in Fig. 7. The internal
ring of the FFT (Fig. 7b), associated to large wavelengths,
characterizes the deep remaining pattern while the external
ring associated to smaller wavelengths characterizes the
developing one. The interesting point is that the small
wavelength disappears very quickly as only one tip is
selected on each splitted tip of Fig. 7a. Growth develops
eventually on the pre-existing pattern.

The initial wavelength of instability at Vp = 4 pm/s is
small and increases very rapidly with time so that spacing
presents an overgrowth before decreasing, obviously by tip
splitting. This dynamic is consistent with previous obser-
vations on thin samples of SCN-based alloys, for example,
by Seetharaman et al. [26]. The spacing still seems
decreasing when the motion break occurs so that we can
conclude that the pattern did not reach its steady-state yet,
even if thermal and solutal transients are completed (the
front position is stabilized). The same situation occurs for
Vp = 8 um/s; spacing seems stabilized only for the part
grown at Vp = 1 pum/s.

In Fig. 6, points corresponding to comparable ground
experiments in thin sample (SCN—O0.23 wt% camphor,
G = 17.2 K/cm) are added. The measurements were per-
formed in stationary state which is not reached in our case,
but however, the 2D spacings are significantly larger than
the 3D ones. This is consistent, for example, with the
phase-field simulations of Gurevich et al. [11] as they
reveal that the dimensionality affects quantitatively the
branch structure for cells and dendrites. The corresponding
images are given in Fig. 8: the branching is developed only
for 8 um/s which is similar with 3D-ng case. Further
comparison is foreseen to compare steady-state spacings
for the whole range of pulling rates and its history
dependence.
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Fig. 7 FFT analysis of some
images taken at Vp = 8 um/s.
The two rings of b correspond
to two different ranges of
spacing (open marks of Fig. 6).
The largest ring has disappeared
in d, the four spots are
associated to secondary
branches

(a) t"=4.7 min

It is interesting to compare the time evolution of spacing
with the corresponding path followed in the (m, o) diagram
built from MST analyses. The results are given in Fig. 9a.
All points are located in the vicinity of the line joining the
random distribution and the hexagonal tiling. The under-
lying pattern is always hexagonal, and the time evolution
mainly deals with the topological disorder level. First
neighbor analyses confirm this point as the number of cells
with six neighbors is always largely higher compared to
other ones (Fig. 10). A zoom is given in Fig. 9b to better
follow the path corresponding to Vp = 1 (S2) and 8 pum/s
(S3); the final point obtained at 4 pm/s (S1) is also added
as a reference. In the earliest stages at 1 pm/s, a very large
increase of disorder is observed which is due to the process
of development of the instability observed, for example, in
Fig. 4h: it describes the birth of a new pattern. A contin-
uous and almost monotonous evolution is then observed at
Vp =1 um/s to reorganize the pattern and go back to
the order level obtained in the previous stage at 4 pm/s: the
final point at 1 pm/s is very close to the one at 4 um/s. The
evolution at Vp = 8 pum/s is more complex. The starting
point is for sure close to the final one obtained at 1 um/s as

@ Springer

the velocity jump is almost continuous. The main part of
the curve corresponds to large increase of disorder before a
short inversion of tendency at the end of the measurement
time. The drastic adjustment in primary spacing may
explain this evolution as it is associated to a complete
reorganization of the array.

Conclusion

In this article, we have detailed the very first results
obtained in microgravity during the commissioning exper-
iment of the DSI of the DECLIC device on board ISS. The
experimental methods that we have developed to analyze
the large amount of images that are generated during such in
situ observation have been presented. These methods enable
the analysis of both transverse observations to characterize
the macroscopic shape and motion of the interface, and
direct axial observations, to quantitatively characterize the
interface pattern in terms of spacing and quality (order/
disorder, number of first neighbors). Complementary mea-
surements with the analysis of interferometric data will be
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Fig. 8 Steady-state microstructure in thin samples (thickness =
200 pum) as a function of pulling rate (SCN-0.23 wt% Camphor,
G = 17.2 K/cm)

possible once all data acquired will be downloaded from
ISS. Even if this first experiment was limited in duration,
the quality of the experimental system that provides very
clear images of the interfacial microstructure during its
whole evolution has been demonstrated. Microgravity
environment has provided the conditions to get quantitative
benchmark data: homogeneous patterns corresponding to
homogeneous values of control parameters along the whole
interface have been obtained.

Fig. 10 Evolution of the n-sided polygons (Pn) number versus time
during the whole commissioning experiment

Since the commissioning experiment described here,
three experimental runs have been performed that roughly
represent 50 days of experimental time. In these runs, a
large range of experimental conditions have been explored,
varying the pulling rate from 0.5 to 16 pm/s for two dif-
ferent thermal gradients. Both long solidifications and
solidifications with jumps in pulling rates have been per-
formed to get the whole dynamics and mechanisms of
microstructure formation or change, spacing adjustment,
pattern ordering... These data are currently under treat-
ment. Simultaneously, similar ground experiments on thin
samples are performed to extract the dimensionality influ-
ence on both mechanisms and shape characteristics.
Finally, numerical 3D phase-field modelings are also cur-
rently starting for further analysis and comparison.
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