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Abstract

The response of dendritic microstructures to step-like pulling velocity conditions is investigated
using microgravity directional solidification experiments conducted on DECLIC-DSI combined with
phase-field simulations. Under a constant pulling velocity of 1.5 um/s, the evolution toward steady-state
growth is characterized in terms of primary spacing, dendrite drift, and tip dynamics. For the first time,
side-view observations enabled direct measurement of tip radius and sidebranching frequency. When
step-like oscillations of the pulling velocity are imposed, the dendritic array exhibits a strongly period-
dependent response: short periods lead to rapid tip adaptation, whereas longer periods induce a phase lag
between tip position and morphology, resulting in progressive tip flattening and, above a critical period,
interface destabilization and dendrite splitting. Quantitative phase-field simulations, including a realistic
thermal field and stochastic noise, reproduce the experimental observations and provide insight into the
governing mechanisms, highlighting the role of characteristic relaxation times, sequence-dependent

effects, and the irreversible reorganization of the microstructure following splitting.

Introduction

Solidification microstructures strongly influence the mechanical and physical properties of materials

such as metallic alloys. The relationship between microstructure formation and processing conditions can
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be investigated through directional solidification experiments, in which all the relevant parameters can
be independently controlled.!* Most theoretical models assume diffusive heat and mass transport and
have been validated by comparisons with well-controlled experiments, many of which were performed
in thin samples to suppress convection. In bulk samples, however, natural convection in the melt can
disturb the homogeneity of the processing conditions and thus affect microstructure formation.*”
Experiments performed under microgravity conditions provide a unique opportunity to investigate
interfacial pattern formation and microstructure development in spatially extended samples with
negligible convection and well-controlled growth conditions.® Such experiments generate valuable
benchmark data for testing theoretical and computational models under purely diffusive growth
conditions.

The present study is based on experiments carried out with the Directional Solidification Insert
(DSI), which was designed for in situ and real time characterization of the dynamical selection of solid-
liquid interface morphologies in bulk samples of transparent materials. The DSI was developed by the
French Space Agency (CNES) within the framework of the DECLIC project (DEvice for the study of
Critical Liquids and Crystallization). The DECLIC facility was installed aboard the International Space
Station (ISS) as part of a joint NASA/CNES research program. Two series of microgravity experiments
were conducted aboard the ISS on samples of two different compositions. These experiments were
monitored and controlled remotely in near real time.

Beyond providing insights into microstructure formation, the DECLIC-DSI experiments have
generated a benchmark database for validating numerical simulations.”!° Analyses revealed the complex
evolution of the thermal field in bulk samples and its influence on pattern selection,'! motivating the
development of phase-field simulations coupled with thermal calculations.'? They also highlighted the
role of interface curvature, sub-boundaries, and pattern misorientations inherent to three-dimensional
growth.'>!* In addition, unprecedented phenomena such as grain invasion mechanisms'® and breathing-
mode oscillations in extended cellular arrays'®?° have been observed and analyzed through combined

experimental and numerical studies.



The response of solidification microstructures to time-dependent growth conditions has been
extensively investigated in the context of transient solidification, where the system responds to
perturbations applied during growth.>!?° Such perturbations can lead to delayed adaptations of dendritic
spacing and morphology. Kar et al.** showed that, during pressure-mediated dendritic growth of
succinonitrile, pressure variations significantly affect both growth behavior and dendrite tip radius. More
generally, phase-field and experimental studies have demonstrated that spacing evolution under transient
conditions proceeds through localized instabilities and exhibits a non-instantaneous response to changes
in growth parameters.®!-34

In contrast, the effect of externally imposed, time-periodic forcing of the pulling velocity on
dendritic microstructures has received limited attention. Jackson et al.>> were among the first to perform
directional solidification experiments under periodically varying solidification conditions. They showed
that fluctuations in the imposed growth velocity in succinonitrile and carbon tetrabromide samples can
lead to the formation of isolated solid crystals through the remelting of dendrite arms. Liu et al.*® carried
out experiments with a continuous decrease in growth velocity to assess the influence of both the
magnitude and rate of velocity changes on dendritic length scales. They found that the tip radius and
initial arm spacing respond rapidly to variations in growth velocity, whereas the primary spacing evolves
more slowly, resulting in significant hysteresis during transient adjustments. Similarly, Ma*’ investigated
competitive growth in a dendritic array of succinonitrile-acetone alloy under cyclic variations of the
thermal gradient. The results showed that, during increasing and decreasing thermal gradients within the
same range, the spacing follows different evolutionary paths, leading to an open hysteresis loop in the
primary spacing-thermal gradient relationship.

In particular, the interplay between the forcing timescale and the intrinsic relaxation dynamics of
the interface, as well as the resulting morphological instabilities, remains largely unexplored, especially
in bulk, three-dimensional growth under purely diffusive conditions. In the present work, the response of
dendritic microstructures to oscillating step-like variations of the pulling velocity under microgravity
conditions is investigated. Using in situ observations from the DECLIC-DSI facility combined with
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quantitative phase-field simulations, the resulting forced oscillations of dendrite tip position and radius
are analyzed and the conditions leading to tip destabilization are identified. Previous phase-field
simulations®® and thin-sample experiments* have shown that tip oscillations can generate sidebranching
without noise or periodic forcing through a stable limit cycle that only exists for large enough temperature
gradient. There is no experimental evidence for such a limit cycle in the present experiments that use a
moderate temperature gradient; sidebranching is noise-driven in the absence of external forcing and
periodic forcing can influence both sidebranching and the larger scale dendritic array structure depending
on the period of forcing.

The paper is organized as follows. First, the experimental apparatus and procedure are briefly
described. Then, the evolution of the microstructure under constant pulling velocity is analyzed, from
transient growth to steady state, including primary spacing, dendrite drift, and tip dynamics characterized
through side-view observations. Next, step-like pulling velocity experiments are presented, highlighting
a period-dependent transition from rapid tip response to delayed morphological dynamics and instability
at long periods. Finally, the experimental results are compared with phase-field simulations,
demonstrating quantitative agreement and elucidating the mechanisms governing the period-dependent

dendritic response.

Experimental procedure and numerical simulations

The DECLIC-DSI setup includes a Bridgman furnace and an experimental cartridge.*’ The cartridge
comprises a quartz crucible and a volume compensation system, which is required to accommodate
specimen volume variations associated with phase changes. The cylindrical crucible has an inner
diameter of 10 mm and a length allowing approximately 10 cm of solidification, enabling the study of
the full development of extended patterns, from their initial stages to the steady growth regime.

Figure 1 presents a schematic of the optical apparatus, in which the experimental cartridge is

represented as a cylinder with the liquid phase at the top and the solid phase at the bottom. In situ



continuous observation generated a large number of images, and bespoke systematic image analysis
procedures were developed.*® The main axial observation mode (Figure 1a) takes advantage of the
complete transparency of the experimental cartridge: light emitted by LEDs passes through the cartridge
from bottom to top, crossing the interface, whose image is formed on a CCD camera. An example of
dendritic pattern is shown in the inset of Figure 1a. Top-view images of the interface are used to study
array dynamics and characteristics such as the primary spacing, i.e., the center-to-center distance between
nearest-neighbor cells. Along the same optical axis, a Mach-Zehnder interferometer using a He-Ne laser
produces interferometric images (example shown in the inset of Figure 1b), which are used for three-
dimensional reconstruction of microstructures.”*! In addition, the transverse observation mode provides
side-view images of the interface (example shown in the inset of Figure lc), allowing real time
characterization of interface motion and macroscopic shape.

The investigated transparent organic compound was a succinonitrile (SCN) - 0.46 wt% camphor
alloy prepared using SCN purified by NASA through successive distillation and zone melting. All steps
of sample preparation were performed under vacuum to prevent moisture contamination. A single
crystalline solid seed with direction <100> parallel to the axial direction is kept unmelted during all
experiments. Solidification is carried out by pulling the experimental cartridge from the hot zone toward
the cold zone. A thermal gradient G of 12.5 K/cm is imposed by regulated hot and cold zones located
above and below the adiabatic region, where the interface was positioned. Further details of the
experimental procedure can be found in previous publications.!**** In standard experiments, samples
are typically pulled at a constant velocity V, or velocity jumps are imposed during pulling. In the present
work, a constant velocity V = 1.5 um/s was used but a square wave velocity profile was also applied. In
that case, the sample was first pulled at a constant velocity of 1.5 um/s until the solid-liquid interface
reached steady-state conditions, before imposing an oscillating pulling velocity with an amplitude of 1.5
pum/s, resulting in alternating velocities of 0 and 3 um/s. The oscillation period 7 ranged from 100 to

2000 s, leading to the variations in the interface temperature of 0.05 K to 1.0 K, respectively.



Phase-field (PF) modeling is a powerful computational approach for solving challenging free-
boundary problems and simulating the dynamics of complex interfaces.****¢ The quantitative PF model
used here has been developed over the past decades to quantitatively explore a variety of microstructure

4748 and an

dynamics during alloy solidification. This model exploits a thin-interface asymptotic analysis
anti-trapping current*>* to accurately describe the solid-liquid interface dynamics while using a
computationally tractable diffuse interface width much larger than that of the actual physical interface.
Using the latest three-dimensional implementation of this model, parallelized on Graphics Processing
Units, !¢2%3! 3 time-dependent “Thermal Field Calculation” (TFC) is considered,'? which is completely
free of fitting parameters. This approach couples the evolution equations of the phase field and solute
field to a full time-dependent calculation of axial (1D) thermal diffusion in the adiabatic zone. The
calculation assumes that the temperature field is radially uniform and includes latent heat release at the
moving solid-liquid interface. Here, the same PF formulation coupled with the TFC as in Song et al.'?
was used, including the stochastic noise implemented in the phase field. The PF simulations use material
and simulation parameters for an SCN-0.46 wt% camphor alloy, identical to those employed in recent
studies.!®!42%32 The simulated solidification conditions are V = 1.5 pm/s and G = 12.5 K/cm. In addition,
we consider a regular face-centered cubic (FCC) array structure!® with a primary spacing of 406.75 pm,
which lies within the stable range.'’

For step-like oscillations of the pulling velocity, the PF simulations follow the experimental
protocol: starting from a steady-state dendritic array at the baseline V = 1.5 um/s, a square-wave forcing

of amplitude Vamp = 1.5 pm/s is superimposed so that the pulling velocity alternates between 0 and 3

pum/s with a period 7, which is scanned over a range from 100 to 2000 s.

Results



The microstructure formation was investigated from the initially stationary interface to the steady

state for the two pulling conditions considered: the constant velocity, or the oscillating velocity.

1. Constant pulling velocity solidification experiment

In this experiment, a length of 60 mm was solidified at a constant pulling velocity of 1.5 pm/s (refer
to online supplementary material videos SM1, for the top-view images, and SM2, for the side-view
images). The early stages of solidification exhibit rapid dynamics, characterized by the transient
development of the microstructure, followed by a steady state growth regime with stable primary spacing,
although the pattern continues to evolve in terms of topological ordering. Selected top-views of the solid-
liquid interface at different times are shown in Figure 2 (top images). The corresponding side-views
(bottom images) illustrate the recoil of the interface within the furnace as described in previous
studies.!"!* The evolution of the front recoil is shown in Figure 3 (open red circles, right y-axis), where
it can be seen that the interface position remains stable from approximately 10 mm of solidification until
the end of the experiment.

The process begins at rest (V' =0, ¢ = 0), with a smooth and convex interface (Figure 2a). After the
onset of pulling, a complex array of more or less linear ridges develops along sub-boundaries, followed
by the emergence of a relatively uniform corrugation within the sub-grains (Figure 2b). The interface
dynamics are initially very rapid, and interface modulations amplify, eventually leading to a well-
developed but highly disordered dendritic pattern (Figure 2¢). The dynamics then slow down, and a stage
of continuous pattern evolution begins (Figure 2d). At this pulling velocity, the interface remains
macroscopically convex from the initial stage to steady state.

The pattern is characterized in terms of primary spacing. In each image, individual structures are
first identified and labeled, after which a Voronoi tessellation is applied to determine nearest neighbors.
The primary spacing is defined as the center-to-center distance between a given structure and its nearest

neighbors. Its evolution is shown in Figure 3 (filled black squares, left y-axis), where it continues to
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evolve throughout the solidification process. For convex interfaces, as in the present case at 1.5 um/s, a
continuous stretching of the dendritic array occurs as dendrites drift within the interface plane, leading to
a steady increase in the primary spacing at a stable interface position.”> A detailed description of this
behavior is given in a previous work.'*

Figure 4a shows the solid-liquid interface after 48 mm of solidification, with a top-view and the
corresponding side-view, including a zoom in the central region of the interface. Owing to the
macroscopically convex interface and the relatively large dendrites, the dendrite tips and secondary
branches can be clearly distinguished in the side-view observations. The average tip radius value of 38.9
+ 6.4 pm measured from the side-view images on around 10 dendrites, is consistent with measurements
previously obtained from direct and interferometric axial images.” This experiment was then repeated to
verify the feasibility of using the optical zoom available in side-view diagnostic, combined with a high
acquisition rate, to characterize the tips (see supplementary video files SM3, for the top-view images,
and SM4, for the side-view images). Figure 4b shows side-view images acquired during one of the
zoomed acquisition periods: the depth of field is reduced but the tips are very clearly drawn. The average
tip radius measured in this experiment, 39.5 + 7.1 um, agrees well with the previous measurement and
the natural period of sidebranching was estimated to be 94 s. For the applied pulling rate, this value is
consistent, in terms of order of magnitude, with the measurements of Pocheau et al.>* for impure
succinonitrile directional solidification.

These experiments demonstrate that dendrite tip measurements can be performed using side-view
observations in our device. Combined with step-like variations in the pulling velocity, this approach could

enable detailed investigation of sidebranching dynamics.

2. Step-like pulling velocity solidification experiment

These experiments were initiated in the same manner as those described in the previous section, with

a pulling velocity of 1.5 pm/s and a thermal gradient of 12.5 K/cm. Once a steady state was reached,
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corresponding to an average primary spacing of approximately 450 pm after about 15 mm of
solidification, the pulling velocity was made to oscillate between motor stop (0 pm/s) and twice the initial
velocity (3 um/s), with a given period 7 and for a given duration. After this sequence, the pulling velocity
was reset to the initial value (1.5 um/s) in order to re-establish steady-state conditions, after which the
process was repeated with another oscillation period. In the following, the tip position is measured in the
laboratory (furnace) reference frame and is defined as the displacement of the solid-liquid interface
relative to its steady-state position immediately before the oscillatory forcing sequence. The sign
convention follows the image coordinate system used for data analysis (positive downward), so that
interface motion toward the hot zone corresponds to negative tip positions, whereas motion toward the
cold zone corresponds to positive tip positions.

The first period tested was 7= 100 s, which is close to the natural frequency of sidebranching, in
order to evaluate its effect on the dynamics (see supplementary video files SM5, for the side-view images,
and SM6, for the top-view images). As shown by the curve represented by the blue squares in Figure 5Sa,
the tip position immediately began to oscillate with the imposed period, with an amplitude of
approximately 40 pm, a behavior that was not observed prior to the application of the step-like pulling
velocity. Using the nominal thermal gradient (12.5 K/cm), the measured tip position amplitude
corresponds to an equivalent temperature amplitude of approximately 0.05 K. this conversion is intended
only as an order-of-magnitude estimate of the thermal excursion associated with the measured interface
displacement. The temperature amplitude predicted by the phase-field simulations remains slightly
smaller, partly because the simulations rely on a time-dependent thermal field calculation, in which the
local thermal gradient at the interface is smaller than the nominal value and the thermal field partially
follows the sample motion. This behavior is more clearly illustrated in the zoom over a two-period
interval after the transient recoil phase. During the first oscillation cycles, the tip position progressively
recoils within the thermal field, resulting in a final position different from the initial one. In contrast, no
clear oscillatory behavior was detected in the tip radius (green open circles), which remains between 30

and 40 pm, comparable to the value prior to forcing (34.2 + 3.8 um). The sidebranching emission period
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was measured as 120 + 9 s during the oscillatory regime, slightly higher than before forcing (103 £ 14 s),
and decreased again to 116 = 7 s after the oscillations were stopped. Thus, although no clear oscillatory
behavior is observed in either the sidebranching frequency or the overall pattern organization, the
imposed oscillation leads to a slight increase in the sidebranching period.

When a period five times larger was applied 7'= 500 s (see supplementary video files SM7, for the
side-view images, and SMS, for the top-view images), the tip position again oscillated with the imposed
period (Figure 5b), but with a larger amplitude of about 200 um (= 0.25 K). This scaling is consistent
with the increase in period, resulting in an approximately fivefold increase in oscillation amplitude. The
tip position exhibits a nearly triangular periodic oscillation, synchronized with the velocity oscillation: it
increases when the motor is stopped and decreases at high pulling velocity. The increase and decrease
phases occur at the same rate (1.71 = 0.01 um/s). Interestingly, for 7= 500 s, the tip radius also begins
to oscillate with a rather triangular shape but its synchronization with pulling velocity oscillation is not
as clear as for the tip position. The tip radius oscillation amplitude is 9.2 pm around a mean value of 36.5
+ 9.3 um. The sidebranching emission period remains essentially unchanged, with a value of 111 £ 19 s,
consistent with the values measured before and after forcing (116 + 7 s and 117 £ 11 s, respectively).
Likewise, no significant modification of the pattern or of the primary spacing is observed, which remains
nearly constant (448 + 37 um before and 444 + 52 um during the oscillatory regime). A similar behavior
is found for 7= 100 s, where the primary spacing is 445 = 51 um before and 447 + 40 um during the
oscillatory regime. These results indicate that, for short periods (lower than 500 s), the tip shape rapidly
adjusts to the instantaneous growth conditions, in agreement with previous experimental*®*’ and
numerical studies**, whereas primary spacing is not affected.

Figures 6a and 6b present the results obtained for the longer periods, 7= 1000 s and 7= 2000 s. In
these cases, the tip position oscillation amplitude increases significantly, reaching approximately 500 pm
(=0.625 K) and 725 pm (= 0.9 K), respectively. The corresponding side-view and top-view observations
are available in the Supplementary Material as Videos SM9—-SM12. The tip position evolution remains

synchronized with pulling velocity oscillation with a quite triangular general shape; however, the tip
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position deviates from the linearity during the motor stop phase. When the motor stops, the tip position
initially increases rapidly and then progressively slows down as it approaches its highest value: compared
to the motor velocity, the tip initially moves faster so that its position increases before slowing down as
the tip velocity decreases. During this phase, the dendrite tips begin to flatten immediately just after the
motor stop, as evidenced by the increase in the tip radius. When the pulling velocity is restored (V' =3
pum/s), the tip position decreases rapidly and approximately linearly. However, the tip radius continues
to increase (tips flatten) during most of this phase (V=3 pum/s) and only sharpens abruptly shortly before
the next motor stop. This behavior is likely related to local variations of the thermal and solutal fields
near the tips, leading to transient tip blunting.** The top-view images (Figures 6a) show that the dynamics
is no longer solely governed by tip growth, as the interface approaches a nearly planar morphology during
part of the cycle.

For 7= 2000 s, these effects become even more pronounced (see supplementary video files SM11
and SM12, corresponding to the side-view and top-view observations, respectively). The tip radius
reaches significantly larger values during the motor stop phase, and the interface becomes unstable once
pulling resumes. The top-view images reveal perturbations developing within the flattened tips as the
interface approaches a locally planar morphology. These perturbations subsequently evolve into multiple
structures through a coarsening process. Although this may lead to multiple tips originating from a single
one, the mechanism differs from classical tip-splitting.’>¢ Most of these structures are unstable and
eventually disappear, limiting the extent of the pattern reorganization. The onset of destabilization can
also be identified in the tip position signal as a short transient recoil, as highlighted in the zoomed view
spanning two oscillation periods. This process temporarily disrupts the local ordering of the dendritic
array before it progressively reorganizes during subsequent growth. For both 7= 1000 s and 7= 2000 s,
the final tip position differs slightly from its initial value, whereas the tip radius remains comparable
before and after the oscillatory sequence.

The response to step-like variations of the pulling velocity can be interpreted in terms of

characteristic relaxation times. Previous studies on pressure-mediated growth of succinonitrile®® showed
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that the tip velocity responds rapidly, whereas the tip radius evolves with a delay due to the adjustment
of the thermal field, not only ahead of the tip but also laterally; however, the relaxation times of both
quantities remain of the same order. In the present case, the behavior is more complex. While the tip
position responds immediately to changes in pulling velocity, following progressive evolutions that can
be described by comparable relaxation times, the evolution of the tip radius depends strongly on whether
the pulling velocity is increasing or decreasing. Tip flattening begins immediately when the motor stops
and continues well beyond this phase. On the other hand, tip sharpening is significantly delayed after the
motor restarts, proceeding rapidly once initiated. The immediate response of the tip position, largely
independent of the oscillation period, is illustrated in Figure 7a, where the temporal evolution collapses
onto similar phase-aligned trajectories. In contrast, the tip radius exhibits a markedly asymmetric
response (Figure 7b), characterized by a gradual increase during the low-velocity phase and a delayed
but rapid decrease when the pulling velocity is restored. This asymmetry becomes more pronounced as
the oscillation period increases.

In the next section, these experimental results are compared with PF simulations to further elucidate

the mechanisms governing this dynamical response.

3. Comparison to phase-field simulations

Primary spacing selection mechanisms have been extensively investigated both analytically and
experimentally, primarily in thin sample geometries.”’! In the context of the present DECLIC-DSI
experiments, previous 3D PF simulations performed under the frozen temperature approximation (FTA)
were unable to accurately reproduce the experimentally measured primary spacing.!®?%5? Introducing a
more realistic description of the thermal field through the thermal field calculation (TFC) significantly
improves the agreement between simulations and experiments.'? In the frame of the present study, both

models have been tested to simulate oscillating pulling velocities. Simulations based on the FTA predict
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pronounced sidebranching when the pulling velocity oscillates, whereas the microgravity experiments do
not exhibit such strong activity. Simulations with the TFC produce weaker sidebranches than simulations
with the FTA. This discrepancy indicates that thermal effects inside the crucible play a role in
sidebranching dynamics and must be taken into account. For this reason, all simulations presented here
are performed using the TFC framework. In PF simulations with the TFC, stochastic noise also affects
the natural sidebranching frequency. As the noise strength is critical for sidebranching kinetics,**% a flat
noise of strength 0.01 was introduced, which yields a sidebranching frequency of approximately 100 s.
This represents an increase from 77 s in simulations without noise and closely aligns with the

experimental measurements of 94 — 97 s. Therefore, noise is included in all simulations presented below.

Figure 8 show the temporal evolution of the tip position (top panels) and tip radius (bottom panels)
obtained by PF simulations for oscillation periods 7= 500 s (left panels) and 7= 900 s (right panels). In
both cases, the tip position remains closely synchronized with the imposed pulling velocity, exhibiting
an immediate response (i.e., no phase lag) with only minor deviations from the motor dynamics. This is
evidenced by the correspondence between points a, b, ¢ and the successive changes in velocity. In
contrast, the tip radius exhibits a delayed response relative to the position, as highlighted by the time
shifts between corresponding points (a—a’, b—b', c—c'). For T = 500 s, these delays are nearly identical
during both the increasing and decreasing phases of the pulling velocity, indicating a symmetric response
of the tip morphology. This behavior is consistent with the experimental observations at the same period,
where the tip radius follows the forcing with a limited and nearly constant phase lag. For the longer period
(T = 900 s), the response becomes strongly asymmetric. The delay remains small when the pulling
velocity decreases, but becomes significantly larger when it increases, as evidenced by the larger
separation between b and ' compared to a—a' or c—c'. In addition, the tip radius reaches a minimum value
(point d') and remains nearly constant over a finite time interval, with only small variations, before
responding to the subsequent change in pulling velocity. This plateau-like behavior reflects a delayed

morphological adjustment and is consistent with the experimental observations at 7= 1000 s. These
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results highlight a transition from a quasi-symmetric and weakly delayed response at short periods to a
strongly asymmetric and history-dependent evolution of the tip radius at longer periods, while the tip
position remains rapidly slaved to the imposed velocity. For primary spacing 406.75 pm, dendrite tip
splitting occurs for 7> 2000 s following the imposed step-like pulling velocity. After the forcing is
terminated, the tip velocity and position recover to steady-state values; however, the dendrite morphology
does not return to its initial configuration, indicating an irreversible reorganization of the pattern. In
experiments, splitting was observed during the forced oscillation, even if it does not lead to stable
microstructures and does not affect the pattern organization. To reproduce such behavior in PF

simulations, even higher periods must be imposed (7' = 2200 s).

Figures 9a and 9b compare the oscillation amplitudes obtained experimentally and by PF simulations
for the different periods, for the tip radius and tip position, respectively. Overall, very good agreement is
observed, with both experiments and simulations showing an increase in oscillation amplitude with
increasing period. Figure 9c presents the evolution of the tip radius as a function of the oscillation period,
highlighting the maximum, mean, and minimum values. It exhibits that the tip radius is not centered
around the mean value corresponding to V' = 1.5 um/s. In particular, the maximum radius increases
significantly with an increasing period, reflecting a progressive flattening of the interface that can be
associated with a more planar morphology. In contrast, the minimum radius varies only weakly (= 20
um) with the period, which explains the plateau observed in Figure 8 between d’ and ¢’, where the tip
radius remains nearly constant at its minimum value. A slight discrepancy is observed in the simulations,
where the oscillation amplitude during the first period is slightly higher than in subsequent periods, a

trend that is not observed experimentally.

Additional PF studies reveal that the oscillation amplitude of the parameters requires several periods
to fully develop. When oscillatory forcing is initiated, the tip velocity reaches a steady oscillatory regime
after approximately 2000 s for periods between 500 s and 2000 s. Conversely, when the forcing is
terminated after a few complete periods, the system requires about 1000 s to 1800 s to return to steady-
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state conditions at /= 1.5 um/s. In general, longer oscillation periods lead to longer transient times, both

during the onset and after the removal of the oscillatory forcing.

Overall, these results demonstrate that PF simulations quantitatively capture both the amplitude and
dynamics of the dendritic response to step-like forcing, providing a consistent framework to interpret the

underlying mechanisms observed experimentally.

Conclusions

The present study investigated the response of dendritic microstructures to step-like variations of the
pulling velocity under microgravity conditions using in sifu observations in the DECLIC-DSI facility,
complemented by quantitative phase-field simulations. The use of top and side-view observations enabled
direct measurements of dendrite tip dynamics, including tip radius and sidebranching frequency,

demonstrating the capability of the experimental setup to access key quantities in bulk samples.

When step-like oscillations of the pulling velocity were imposed, the dendritic response was found
to strongly depend on the oscillation period. For short periods (7°< 500 s), the tip position and morphology
adjust rapidly to the instantaneous growth conditions, with limited impact on primary spacing and pattern
organization. In contrast, for longer periods (7 > 1000 s), a clear decoupling emerges between the rapid
response of the tip position and the delayed evolution of the tip radius. This leads to phase-lagged and
asymmetric morphological dynamics, characterized by progressive tip flattening during low-velocity
phases and delayed but rapid sharpening when growth resumes. For sufficiently long periods (7> 2000

s), this delayed response results in interface destabilization.

Phase-field simulations incorporating a realistic thermal field calculation and stochastic noise
quantitatively reproduce both the amplitude and temporal evolution of the experimental observations. In

particular, they capture the transition from symmetric to asymmetric responses, the emergence of plateau-
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like behavior in the tip radius, and the onset of tip destabilization at long periods. The simulations further

confirm that the characteristic timescales of the system control the transition between stable and unstable

regimes.

Overall, this combined experimental and numerical study demonstrates that the dendritic response

to time-dependent forcing is governed by the interplay between external forcing timescales and intrinsic

relaxation dynamics. These findings provide new insight into the control of microstructure formation

under non-steady growth conditions and open perspectives for tailoring solidification microstructures

through controlled temporal modulation of processing parameters.

DECLIC-DSI-R experimental data used in this study is available in the NASA Physical Sciences

Informatics® database.
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Figure 1 — Schematic representation of the optical acquisition system in DECLIC-DSI and examples of
raw images (top insets): (a) axial direct; (b) axial interferometric; and (c) transverse direct.
The red and blue rectangles represent the hot and cold zones of the Bridgman furnace,
respectively. The labels A and T denote the axial and transverse views of the sample. The

yellow regions indicate the light path—white in (a) and (¢), and a laser beam in (b).

(a)t=0(L=0) (b)t=26min(L=2.3mm) (c)t=1h16m (L=6.9 mm) (d)t=10h05m (L=54.4 mm)

Figure 2 — Sequence of interfacial microstructure formation in SCN-0.46 wt% camphor at a pulling
velocity of V= 1.5 pm/s. Top images show top-views of the solid-liquid interface, whereas
bottom images show side-views. ¢ denotes the elapsed solidification time and L the
corresponding solidification length (L = V¥). Videos SM1 and SM2 in the Supplementary

Material correspond to the top-view and side-view observations, respectively.
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Figure 3 — Evolution of the primary spacing (filled black squares, left y-axis) and front recoil (open red

circles, right y-axis) as a function of the solidified length (L=V7) at ¥'=1.5 pum/s. The vertical

dashed lines indicate the times corresponding to the images in Figure 2.
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(b)

Figure 4 — Images of the solid—liquid interface of an SCN-0.46 wt% camphor alloy for "= 1.5 um/s and
G = 12.5 K/cm under microgravity: (a) top-view with the corresponding side-view (including

a zoomed region); (b) in situ time sequence of zoomed side-view observations.

22



50— -80 L L L L 1, 50-  -80 L L L L "3
-60 60
45 o 45 1
40 o 0 ]
—_ = o - E
540_5_20_ C' ® mza 540_5_20_ L ° -21;;
c o » c o w
E g 04 == i E 5 g 04 ¢ © ° © 9 S
R o %l [ 2 Tsim |, o = o =
py 8 20 me > = 8] o © Mmoo I, ok LI PN
i% o o - 11 E- a o Lamo Om °  Gm ]ou.1
W09 407 . 309F 40 1a = o " - L
= - L
60 4 60 Em === [ I--
25 I— 25
80 1 1 1 1 1 1 1 ] O 80 I. 1 1 1 1 0
-300 0 300 600 900 1200 1500 1800 500 550 600 650
t(s) t(s)
(a)
80 i I i 15 60 1 I L 1 I, 3
-300 -300
e, A-200* 50 5-200-
E”E 0] > E |E.0]
5 |20 5 |30 =
@ 5 2 S o
2 2O E 2 40 2 o E
© 404 @ > o =] >
a & 100 1 a : 100 4
= = = —
= 304
200 200 + 0B o
20 @ 99
o @
300 - 0 300 + o] 0
0 1000 2000 3000 4000 5000 6000 i 1500 1750 2000 2250 2500
t(s) t(s)

(b)

Figure 5 — Temporal evolution of the tip radius (green open circles) and tip position (blue filled squares)

during several cycles of step-like pulling velocity (red curve, right y-axis) with an oscillation
period of (a) 7= 100 s and (b) 7 = 500 s: whole sequence and zoom on 2 periods. The
corresponding side-view and top-view observations are available in the Supplementary

Material as Videos SM5-SMS.
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Figure 6 — Temporal evolution of the tip radius (green open circles) and tip position (blue filled squares)

during several cycles of step-like pulling velocity (red curve, right y-axis) with an oscillation

period of (a) 7= 1000 s and (b) T

2000 s, including a zoomed region in two periods. Top-



view images between the moments 1 and 9 indicated by the vertical dashed lines in the plot.
The corresponding side-view and top-view observations are available in the Supplementary

Material as Videos SM9-SM12.
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Figure 7 — One period evolution of (a) tip position and (b) tip radius for different oscillation periods 7=
100, 500, 1000, and 2000 s. Time is scaled to start in a middle of the half-period corresponding

to motor stop.
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Figure 8 — Temporal evolution of the tip position (top) and tip radius (bottom) obtained by phase-field
simulations for oscillation periods 7 = 500 s (left) and 7 = 900 s (right), together with the

imposed pulling velocity (brown curves, right y-axis). Points a and ¢ correspond to motor
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stop, whereas b corresponds to motor restart. Points a” and ¢’ indicate the onset of the increase
in tip radius following motor stop, 5’ the maximum tip radius, and d’ the minimum tip radius,
at which the tip radius remains nearly constant until the next motor stop (point ¢). The time
intervals a —a’ , b -b’ ,and ¢ -¢’ illustrate the delay between the imposed changes in
pulling velocity and the morphological response of the dendrite tip. Phase-field simulations
were performed for the directional solidification of an SCN-0.46 wt% camphor alloy, with a

temperature gradient G = 12.5 K/cm and an average pulling velocity V"= 1.5 pm/s.
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Figure 9 — Comparison between experimental and simulated oscillation amplitudes of (a) tip radius and
(b) tip position. (¢) Maximum, minimum and mean tip radius as function of the oscillation
period. Phase-field simulations were performed for the directional solidification of an SCN-
0.46 wt% camphor alloy, with a temperature gradient G = 12.5 K/cm and an average pulling

velocity V'=1.5 pm/s.
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