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Abstract

We present the first observations of a large-scale coexistence between rod-like and lamellar
eutectic growth patterns during directional solidification of a eutectic alloy. In situ
experiments with real-time optical monitoring were carried out under microgravity onboard
the International Space Station (ISS). We used the transparent succinonitrile-d,camphor
eutectic alloy that ordinarily forms rod-like patterns. At low growth velocity, short lamellae
stabilized at the contact line with a sample glass wall. In the presence of a controlled
transverse temperature gradient, the coupled-growth pattern experienced a global drift along
an inclined isotherm, and a stable lamellar domain spread over the solidification front. The
propagative nature of the lamellar-to-rod transition was evidenced. The advance of the
lamellar/rod domain boundary was determined by a slowly amplifying varicose instability of
the lamellae. On a large scale, the domain boundary underwent a dynamic faceting.

Binary eutectic alloys directly solidify into self-organized composites [1]. Their growth is of
interest in materials science [2-6] and the physics of nonequilibrium phenomena [7-8]. During
directional solidification at velocity V in a fixed temperature gradient G, two different solids
grow simultaneously, and form planar two-phase patterns at the solid-liquid interface (Fig. 1).
The solidification dynamics is primarily governed by solute diffusion in the liquid (coupled
growth). The interphase spacing A falls close to a scaling length Am~V-2, for which solute
diffusion and capillary effects at the solid-liquid interface contribute equally to the average
undercooling [9]. Coupled-growth patterns with band or hexagonal arrangements result in
lamellar or rod-like microstructures in the bulk solid, respectively (Fig. 1a). Whether lamellae
or rods prevail depends on alloy characteristics —rod-like patterns are favored when one solid
phase has a much smaller volume fraction than the other. Complexity arises from the fact that
A can vary within a finite interval at given V. Outside their respective stability intervals,

lamellae and rods undergo secondary, symmetry breaking instabilities, which lead to
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spatiotemporal behaviors that are sensitive to boundary and initial conditions. This
phenomenology has been extensively studied [10], with key success gained from in situ
experimentation [11] and numerical simulations [12]. However, the so-called lamellar-to-rod
transition, that is, the relative stability of lamellar and rod-like patterns in a given system,
remains an open question. Previous numerical studies considering a model eutectic with
simplified characteristics established that, at given alloy composition, the lamellar and rod-
like stability intervals generically overlap in the parameter space [13,14]. This makes likely a
dynamic “metastability” between lamellae and rods —the question then being under which
conditions the transition occurs, and in what form. Some mechanisms were proposed [13-16],
taking inspiration from experiments [15,16] and numerical simulations [13,14] that revealed
an unsteady spatio-temporal dynamics involving mixed, disordered patterns during transients.
However, a coexistence between large lamellar and rod-like domains, giving full evidence of

a genuine dynamic transition, has not been demonstrated so far.
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Figure 1: a) Schematic rod-like and lamellar eutectic growth patterns (A: interphase spacing). b) Regular
directional solidification (DS). V: pulling velocity. 0: viewing angle. c) Tilted-DS. ¢: tilt angle of the isotherm.
va: drift velocity. f: foremost contact line. d) Image: rod-like and lamellar domains in coexistence during tilted-
DS of a eutectic SCN-DC alloy [detail; red frame in c)]. The growth axis z points towards the reader. The DC
crystals appear white, the continuous SCN matrix dark. V = 0.007 pms!. Bar: 50 um. Color online.



We present real-time observations of a lamellar-to-rod transition during directional
solidification of a model transparent eutectic alloy, namely the succinonitrile-d,camphor
(SCN-DC) eutectic alloy, which ordinarily forms rod-like eutectic microstructures [17,18]. In
situ experiments —the first of their kind in a microgravity environment— were carried out with
the TRANSPARENT ALLOYS (TA) apparatus of the European Space Agency (ESA)
onboard the International Space Station (ISS) [19,20]. Microgravity in an orbiting facility
provides a unique tool for achieving diffusion controlled crystal growth from the melt without
convection, irrespective of thermal and/or solutal density gradients in the liquid [21,22].
During in situ eutectic solidification of SCN-DC on ground, convective fluid flow was
observed with flow velocities of about 10 ums™! close to the growth front [23]. Convection
was absent in microgravity. Two distinct directional-solidification (DS) experiments were
carried out. First, for reference, we observed rod-like patterns during regular directional
solidification with the temperature-gradient axis well aligned with the pulling direction
(regular-DS) [24,25]. Second, we employed a tilted-isotherm strategy using an intentional
inclination of the temperature gradient from the pulling axis z (Fig. 1c). The isotherms, thus
the growth front, were tilted by several degrees about the x axis (tilted-DS). This entailed a
global drift of the pattern in the transverse direction y. In a previous work, tilted-DS was used
to form a stable lamellar pattern from an unstable labyrinth pattern [26]. Here —our main
finding— it permitted a coexistence of large rod-like and lamellar domains separated by a
sharp, propagative boundary, at which the morphological transition was actually occurring
(Fig. 1d). Fundamental questions concern the instability mode, the role of the global drift, and

a possible pattern selection process at the domain boundary.

Self-organizing band and hexagon patterns are frequent in spatially extended nonequilibrium
systems [7]. They also are quite labile, and subject to secondary, symmetry breaking
instabilities in response to slight changes in control parameters and boundary conditions [27].
Such morphological-selection mechanisms are of great interest as regards the control of
microstructures in materials [2,28], as well as the imprint they can leave in natural
environments [29,30]. In this context, situations leading to a long-lived coexistence of patterns
separated by a domain boundary deserve special attention [31-34]. The band-hexagon
transition belongs to this class [34-36]. It has been observed in various systems upon finite
constitutional changes [37,38] or via active forcing [39-41], but it most often takes place via

complex transients [42,43]. Controlling the coexistence of large band and hexagon domains



via a non-intrusive means still remains challenging. In this respect, eutectic growth is a

particularly instructive model system.

The eutectic SCN-DC alloy (13.8 mol%DC) solidifies into nearly pure SCN and DC crystal
phases [17]. The small (= 24%) DC-phase volume fraction in the solid favors DC rods forming
in a continuous SCN matrix (Fig. 1) [18]. A cartridge with a rectangular cross-section (6 x 1
mm?; length: 70 mm) and optically flat fused-silica walls (Hellma) was filled (QinetiQ Space)
with the molten alloy prepared with purified compounds under a protective atmosphere, and
sealed. A crystal selector at the cold end was used to grow a single eutectic grain, except for
a few subboundaries. The TA apparatus (Qinetiq Space) was designed from previous
laboratory instruments [44], and adapted to the Microgravity Science Glovebox (MSG)
facility onboard the ISS —technical features related to safety and automating constraints need
not be mentioned here. The temperature gradient (G = 50 £ 10 Kem'!) was established
between two metallic blocks separated by a 7-mm gap, each of them made of two pieces with
independent thermal regulations, and good contact with the cartridge walls. A transverse
gradient (Fig. 1c) could be generated by imposing slightly different temperatures at the two
walls [26]. The tilt angle ¢ of the isotherms was set to -6.2+0.3°. For solidification, the sample
was pulled along z with a step motor toward the cold part. Observation from the exterior with
a long-distance optics (and a camera) at an oblique incidence (0 = 43.6°; Fig. 1b) delivered
dark-field images of the solidification front (spatial resolution: 3 um) with sharp contrast
between the bright DC phase and the dark SCN matrix [44]. Astigmatism due to plane diopters
was partly corrected (Lambda-X). Good-quality images were reconstructed from focus series
over about 2/3 of the growth front width along y, and rescaled numerically with a 1:1 aspect
ratio. TA operations were essentially automatic, with telescience (parameters, sampled image
series) from the operation center (E-USOC, Madrid, Spain) permitting near real-time

feedback.

During regular-DS, a steady-state pattern was created at constant velocity (V = 0.04 pms™),
and its response to stepwise downward V changes was observed. The system was eventually
left running for about 150 hours at V = 0.007 pums™! (Fig. 2a). Rod-like patterns with local
hexagonal order and topological defects were observed over the explored V range. A
continual transverse stretching of the pattern (spatiotemporal diagram in Fig. 2a) was due to
a slight forward curvature of the isotherms, thus of the envelope of the growth front (mean
radius of curvature: 9—10 mm). This confirmed a previous analysis on-ground [24], which

attributed this effect to the different thermal conductivities of the glass cartridge material and



the organic alloy. At long times, the stretching was balanced by rod splitting events. This
resulted in a broad A distribution that roughly spanned between the lower (rod-elimination)
and upper (rod-splitting) stability limits of hexagon patterns [25,45]. The average spacing Aav
was close to Am. The curvature effect also entailed the alignment of the subboundaries —but
no crystal-orientation effects were detected [18,24], in contrast to observations reported in,
e.g., Refs. [46,47]. At low velocity, a few short lamellae were observed along subboundaries,
and in contact with the sample wall (Fig. 2a). Elongated rods in the core of the pattern were

unstable against splitting.

Figure 2: Directional solidification of a eutectic SCN-DC alloy in microgravity. Growth patterns at V = 0.007
ums™': a) regular-DS experiment; b) tilted-DS experiment. These “panoramas” were reconstructed from a lateral
scan of the solidification front. Vertical dimension: 1 mm (thickness of the sample). Insets: large-magnification
views of the framed details. Right panels: spatio-temporal diagrams recorded along a fixed line parallel to y

[duration times (horizontal dimension): a) 23.6; b) 172.8 hours].

During tilted-DS, a global drift of the eutectic growth pattern along the transverse axis was
observed. The drift velocity vq was approximately equal to Vtan¢ (the rods grow essentially
perpendicular to the front envelope). At V = 0.04 ums™!, hexagons gradually aligned with
dense rows normal to the sample walls (Fig. 3a, inset). The foremost contact line (Fig. 1c)
served as a source of new rods via splitting. No lamellae formed. Lamellae were observed at
low velocity (V = 0.007 ums™') after a maturation stage (Fig. 3). In the core of the pattern,
short, isolated lamellae in rough alignment with a nearest-neighbor direction of surrounding
hexagons (Figs. 2 and 3c) were unstable, and broke up into rods, giving rise to a dynamics
similar to that reported in Refs. [14,15]. Straight, long-lived lamellae appeared at the foremost
contact line, perpendicular to it. Such a wall effect is usual in directionally solidified eutectics

[48], and was reproduced numerically with a no-flux boundary condition [13] —it is well



explained by symmetry arguments [34]. It is short-ranged —see a locally zigzagging pattern
[49] on the left side of Fig. 3d. Globally, the lamellae elongated stable along the drift direction.

The longest ones were reaching 500 um at the ending time of the experiment.
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Figure 3: Tilted-DS eutectic patterns: a) 31.3; b) 88.8; c¢) 146.3; d) 203.8 hours after a V change from 0.04 [inset

in a)] down to 0.007 ums™!. Panel ¢) and Fig. 2b were recorded closely in time.

Figure 4a illustrates the breakup process of the bulb-shaped free ends of the lamellae. As
shown in Fig. 4b, the trijunction lines were affected by an undulating, varicose instability,
with a characteristic length winst = 32 pm close to Aay = 35.5 pum in the fresh rod pattern. The
time 1, between two successive breakup events, averaged over a long time —the instability
being otherwise rather irregular— was of about 14 hours, that is about 10A/V. The inset of Fig.
4b also makes it clear that the instability was spatially damped over a distance of about 3wins
in the drifting reference frame (Y =y + vat), and new rods were emitted one after another at
the free lamella ends. The instability was “convected downstream” along the drift direction —
here, the convective-instability phenomenology is disconnected from fluid mechanics [27]. In

contrast, the instability remained finite near the sample wall.
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Figure 4: a) Detail of the tilted-DS pattern (V = 0.007 ums™). Binarized images: three times (11 = 12 hours). The
images on the left (1 = 0) and on the right (211) were taken after two subsequent breakups of the central-lamella
end. Right panel: raw 21; image. Horizontal dimension of the images: 110 um. b) Shape of one side of the central

lamella at three times. y=0: sample wall. Inset: same curves in the drifting reference frame (arbitrary y origin).

In Fig. 5a, we represented a periodic lamellar domain in coexistence with a hexagonal rod-
like pattern during an idealized tilted-DS experiment. In Fig. 5b, the breakup of a lamella is
schematically represented in the reference frame of the temperature gradient —which makes
the sample wall appear tilted. The free end of a lamella was actually recoiling at a mean rate
of Winst/Tp 1n the drifting reference frame. The condition for a neat elongation of the lamellae
in the solid is v4 > Winst/Tp, hence the isotherm tilt angle must be larger than a minimum value,
here of about 5°, which was indeed the case. It may be advanced that if the duration of the
experiment had been long enough, the lamellae would eventually have connected the two
walls of the sample. The tilted-isotherm configuration thus represents an efficient means for

driving a global, directional motion of a domain boundary between self-organized patterns.

We measured the interphase spacing A along the wall (i.e., at the foremost contact line) and
the length L of the lamellae (or splitting rods). Two populations could be distinguished. Rods,
or elongated rods (L < 2winst) were observed within small patches for A close to Aay, and
lamellae over a much larger A range, yet falling within the stable domain for rods. This is
consistent with a wide overlap of the lamellar and rod stability domains. How the varicose
instability of the eutectic lamellae scales with the control parameters still remains an open

question. According to the present observations, the lamellar-to-rod transition does not follow



a Mhm ~ AV!2 scaling law, which may put into question the analysis proposed in Ref. [15]. In
Ref. [13], a lamellar breakup arising from a homogeneous varicose instability (1-A mode) was
considered, but a definite scaling was not determined. Echoing a discussion in that work, the
observed dynamics was reminiscent to that of a Rayleigh-Plateau instability of a liquid
cylinder flowing from a nozzle [50]. This would suggest a dominating capillary effect, and a
direct dependence on A of the varicose instability. As compared to the stability analysis of a
solid rod (e.g. a dendritic sidebranch) [51], the problem is complexified by the propagating

dynamics and the tijunction lines. Further work would still be required for clarification.
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Figure 5: Schematic representations: a) Coexistence of lamellar and rod-like domains. b) Breakup of a lamella

end in the reference frame of the temperature gradient

On a larger scale, the lamellar-to-rod transition occurred by the propagation of a domain
boundary (DB) between two “metastable” patterns corresponding to two separate branches of
solutions. The internal structure of the DB (at which new rods are emitted) is highly nonlinear:
eutectic growth patterns do not arise from a uniform state via a bifurcation-like scheme, and
the rod-emission mechanism involves a breakup of the trijunction line. A lamellar/rod DB
with smoothly varying characteristics seems unrealistic [52]. Propagative band/hexagon DBs
have been previously identified during transients in phase-field simulations of eutectic growth
[14], and in Rayleigh-Bénard convection as well [42]. Here, the lamellar/rod DB propagated
slowly at a constant, positive average rate (vd - Winst/Tp), and was observable over long times.
Interestingly, the DB gradually adopted a sawtooth-like shape on a typical scale of 10\, with
straight segments slanted at about £30° from the x axis (see Figs. 1d, 3, and 5a). This process
could be observed thanks to the use of samples of large aspect ratio. It is analogous to a
dynamic faceting, or Herring-like [53] instability of a DB between patterns of different
symmetries with topological defects compensating for a difference of spacing of the two
patterns [54]. In a phenomenological study [34], a straight DB between bands and hexagons
with a dense row perpendicular to the bands was considered. Here, the DB superstructure
resulted from the interplay between bands and hexagons on both sides of the DB, with dense

hexagon rows parallel to the lamellae. A pattern selection mechanism associated with the



propagating DB still remains to be evidenced —it has been predicted theoretically [32,33], and

observed experimentally [34,55] in qualitatively different situations.

In conclusion, real-time observations of a lamellar-to-rod transition in a directionally
solidified eutectic alloy were presented for the first time. At low growth rate, a long-lasting
coexistence of extended rod-like and lamellar domains was realized, thus bringing a clear
demonstration of a dynamic metastability between band and hexagon patterns in a
nonequilibrium system. Straight lamellae were stabilized in contact with a wall, and a varicose
instability on their free end was made convective-like due to a global drift along inclined
isotherms. This also offers a laboratory exemplification of how a self-organized composite
architecture with a two-domain superstructure in the solid can be produced. This could inspire
new protocols involving a propagative domain boundary in materials of potential interest for
micropatterning [6,56-58]. Importantly, this work provides a long-awaited reference in
eutectic solidification with real-time imaging in purely diffusive conditions. It adds to the
success of recent in situ microgravity solidification studies in dilute alloys [11,22]. Much
work remains to be done. Reproducing the reverse morphological transition —from rods to
lamellae— as it has been observed in a confined system [16] would be highly informative.
Further numerical work aiming at a systematic investigation of the lamellar-to-rod transition

would be of great value.
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