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Abstract

We investigate the irregular eutectic growth dynamics of the Al-Al3 alloy, in which one of the

solid phases (Al3Ni) grows faceted from the liquid. Leveraging in situ optical microscopy and

synchrotron transmission x-ray microscopy, we address the question of the degree of coupling

between Al and Al3Ni at the growth front and that of the shape of the microstructures left

behind in the bulk solid during directional solidification. Real-time optical observations

bring evidence for a morphological transition from a eutectic-grain dependent, irregular

eutectic growth at low solidification velocity V (typically 1 µms−1), to a weakly anisotropic,

regular growth at higher V (reaching 10 µms−1). Unprecedented x-ray nano-imaging of the

solid-liquid interface, and 3D characterization of the growth patterns, were made possible

by a new DS setup at Brookhaven National Laboratory’s NSLS-II. At low V , the leading

tips of partly faceted Al3Ni crystals are observed to grow not far ahead of the Al growth

front. Correlating in situ images and postmortem 3D tomographic reconstructions reveals

that the presence of faceted and non-faceted regions of Al3Ni crystals in the solid is a direct

consequence of coupling and decoupling during DS, respectively. Upon increasing V , the lead

distance of Al3Ni vanishes, and the shape of Al3Ni ceases to be governed by faceted growth.

These observations cast light onto the basic mechanisms (faceted growth, diffusive coupling,

and the dynamics of trijunctions) governing a faceted to rod-like transition upon increasing
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V in the Al3Ni system, with broad implications to a large class of irregular eutectics.

Keywords: Eutectic solidification, in situ experiments, x-ray synchrotron radiation,

solidification microstructures, crystalline anisotropy

1. Introduction

The solidification of a binary eutectic alloy leads to the direct transformation of the liquid

into a two-phase solid. The resulting composite microstructures are a frozen trace left in the

bulk solid by growth patterns that self-organize at the solidification front, depending on alloy

characteristics and the experimental conditions [1, 2]. During directional solidification (DS)

of nonfaceted eutectics, the formation of “regular”, e.g., lamellar or rod-like, microstructures

is primarily governed, during growth, by the coupling between solute diffusion in the liquid

and capillary effects at the involved interfaces [3, 4]. However, in many metallic eutectics,

the composite solid is made of crystals of a stiff intermetallic phase dispersed in a ductile,

solid-solution matrix. This contributes to an increase of the mechanical strength of the bulk

material (see, e.g., Refs. [5] and [6]), in a way that depends on the shape, size, and spatial

distribution of the intermetallic crystals [7, 8]. In a majority of alloys belonging to this class,

the eutectic growth mechanism is made complex by the faceted growth of the intermetallic

phase from the liquid. The interplay of solute redistribution by diffusion and a faceted

growth kinetics during faceted/nonfaceted eutectic solidification remains poorly understood.

In this paper, we present an in situ experimental study of the formation of eutectic

growth patterns in the Al-Al3Ni system. This was made possible thanks to recent develop-

ments in real-time observation of thin-sample DS using optical microscopy (OM) and new

capabilities in full-field imaging via synchrotron transmission x-ray microscopy (TXM). The

former technique allows one to monitor the solidification dynamics over large space and time

scales with a micrometer resolution, and for growth velocities ranging from 0.1 to 10 µms−1.

The second technique facilitates for the first time and at higher (nanoscale) resolution the

direct observation of the trijunction geometry between liquid, Al, and Al3Ni, as solidification

proceeds, relying on a two-zone furnace that permits studies of DS with good control of the

thermal field. This allows us to establish the relationship between the morphology of the

growth front patterns during solidification and the 3D shape of the Al3Ni crystals frozen in

the solid. The insights gained can be applied to a wide array of eutectic systems that contain
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a solid with a fully or partially faceted growth shape from the melt.

In DS, the binary Al-Al3Ni eutectic alloy is often regarded as a prototypical regular,

rod-like eutectic made of Al3Ni rods with an apparent circular cross-section dispersed in

an Al matrix [9, 10, 11, 12, 13]. This holds true at a relatively high solidification rate —

typically larger than 10 µms−1. There is, however, experimental evidence that the shape

of the intermetallic crystals produced during DS in this system qualitatively depend on the

growth velocity V . Indeed, “irregular” Al-Al3Ni microstructures with faceted Al3Ni crystals

have been reported to form at lower solidification rates in the 1 µms−1 range [14, 15, 16,

17, 18, 19], while “broken lamellar” shapes were observed at intermediate V values [20, 16]

(at comparable thermal gradients). This ensemble of observations suggests the existence of

a transition from irregular to rod-like for average growth rates in an unusually low growth

velocity range as compared to, e.g., the Al-Si system (see, e.g., Ref. [21]).

Let us recall that at the atomic-scale, the interface between a crystal and the liquid can

be rough (typical of metals) or smooth (typical of semiconductors and intermetallics) [22],

thus leading to macroscopically rounded or faceted shapes, respectively. Typically, regular

eutectics are composed of two fully nonfaceted crystal phases, whereas, in an irregular eutec-

tic, at least one of the eutectic solids is faceted. In the latter case, the irregular, non-periodic

arrangement of crystals in the microstructure is basically attributed to the low mobility of

the faceted interfaces, and their nonlinear growth behavior that depends on undercooling,

crystallographic orientation, and defects [23, 24]. The dimensionless factor ³ = À
∆Sf

R
, with

∆Sf the entropy of fusion, R the gas constant, and À a crystallographic parameter, was

introduced by Jackson for categorizing solid-liquid interfaces into the two classes, faceted

and nonfaceted, depending on ³ being larger or smaller than 2, respectively. The parameter

À is bounded between one-fourth and one [25], and is highest for interfaces parallel to close-

packed crystal lattice planes. Interestingly, based on the experimentally measured entropy

of fusion (17.5 J molK−1) of the Al3Ni intermetallic [26], the corresponding Jackson factor

³ is found to be at most 2.10, which hardly exceeds the faceted vs. nonfaceted threshold. It

can thus be expected that, at a given growth rate, some parts of the Al3Ni-liquid interfaces

are rough while others are smooth, and that the faceted character of Al3Ni crystals evolves

upon varying the solidification rate.

The dynamics of Al-Al3Ni growth patterns actually remains debated. During eutectic

growth at low velocity, conflicting accounts exist on whether one phase necessarily leads
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or not at the growth front. We define the leading phase as the one that extends deeper

into the melt during directional eutectic solidification. For example, in one of the earliest

reports, Jaffrey et al. [20] described a coupled-growth pattern (Fig. 9 of that reference), with

pointed Al3Ni crystal tips exposed to the liquid. An alternate scenario, envisaged by Fan

and Makhlouf [27], is that faceted Al3Ni crystals grow ahead of the Al solid solution, with

a substantial lead distance between the Al3Ni tips and the Al solid, and thus weak or no

diffusive coupling between the two growing solids. In both cases, many questions still remain

open, particularly concerning the establishment (or not) of equilibrated triple-junction (tri-

junction) lines, and the extent that the Al3Ni crystals frozen behind the solidification front

keep the same faceted shape as during growth.

One of the main reasons why the above phenomena (coupled vs. decoupled growth;

irregular vs. regular growth) have not yet been addressed with clear-cut conclusions is the

dearth of 3D space- and time-resolved experimental data. In metallic systems, attempts

to examine the growth front morphology have traditionally relied on “quench-and-look”

experiments. Characterizing the solidification front with postmortem, 2D metallography

provides some initial idea of the growth behavior, but it is unknown how much the quenching

process distorts the solid-liquid interface shape, in particular in the case of non-isothermal

growth [26, 28]. It is thus of key importance to perform in situ experimentation, a domain

that experienced considerable progress during the last two decades [29, 30]. Few studies of

that kind have been dealing with irregular eutectics. Recent efforts shine new light on the

degree of coupling between the two eutectic solids during thin-sample DS of a transparent

faceted/non-faceted system investigated by real-time, optical microscopy [31]. In that study,

it was observed that the faceted phase was leading ahead of the non-faceted phase into the

undercooled liquid, thereby resulting in a decoupled and non-isothermal growth front at

low velocities (V < 0.5 µms−1). The striking resemblance of that growth dynamics with

observations made in metallic eutectics using in situ x-ray imaging is worth highlighting [32,

33]. A similar investigation, combining large-scale optical observations with high-resolution

and 3D x-ray imaging techniques during DS of a metallic system, and aiming at bringing

clearer evidence of general and/or specific features associated with irregular eutectic growth,

is still missing. The Al-Al3Ni eutectic presents itself as a good model system for such an

investigation.

The paper is structured as follows. In Sec. 2, we outline our experimental methods for
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optical and x-ray microscopy. In Sec. 3, we describe the results of real-time, DS experiments

performed under various conditions. In Sec. 4, we discuss separately the influence of (i)

solidification front morphology and (ii) crystal orientation on the shapes of the intermetallic

crystals. Conclusions and perspectives are presented in Sec. 4.2.

2. Methods

2.1. The Al-Al3Ni eutectic

The Al-Ni phase diagram presents a eutectic equilibrium at a temperature TE = 913 K,

involving the liquid at eutectic concentration CE = 2.9 at%Ni = 6.1 wt%Ni, the aluminum

rich terminal solid solution (Al), also noted as ³ (Cα = 0.11 at%Ni), and the intermetallic

phase Al3Ni (CAl3Ni = 25 at%Ni). The uncertainty in CE is about 0.5 wt%Ni, determined

from the standard deviation of reported values in Refs. [15, 34, 35, 36, 37, 38, 39, 40, 41, 42,

43], which encompass several thermodynamic assessments. The equilibrium volume fraction

of Al3Ni phase in the two-phase solid is about 0.11. The ³ solid solution is a face centered

cubic (fcc) crystal phase. The Al3Ni solid is orthorhombic (a=0.6598 nm; b=0.7352 nm;

c=0.4802 nm) [44, 45]. The most common growth direction of Al3Ni crystals is [010] with

solid-liquid facets parallel to the (101) and (101̄) lattice planes [14, 20, 46, 47, 48, 49].

2.2. Thin-sample directional solidification: optical microscopy

In situ experiments using optical microscopy (OM) during thin-sample DS were first

carried out with model transparent alloys [50]. This OM-based technique has been recently

adapted to metallic alloys, making it possible to image the microstructure of the contact

surface of the thin metallic film with a transparent wall in reflected-light mode [51, 52, 53].

It is applied here for the first time to the Al-Al3Ni system, and will be complemented with

some postmortem observations (see below).

Details pertaining to the preparation of thin metallic samples, DS, and real-time optical

imaging can be found in Ref. [53] and references therein. Thin Al-Ni films are prepared by

plasma sputtering on 1-mm thick sapphire plates of lateral dimensions 60 × 10 mm2 (Situs

GmbH). The magnetron sputtering machine (low-pressure Ar plasma) was equipped with

pure Al and Ni sources (99.99 mol%; Neyco). A metallic film of total nominal thickness of

10 µm is obtained by depositing first an Al layer on the sapphire-plate substrate, and then a

Ni layer on top of it. The ratio between the thicknesses of the two layers is calculated so that
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the nominal concentration C0 of the film (after melting) is equal to CE. Before solidification,

a sapphire plate (top plate) is pressed on top of the free surface of the bimetallic film, and

glued (ResbondTM 908) at room temperature under protective argon pressure. Some in situ

observations during the early stages of an experiment (see Fig. 1) indicate that the samples

were actually slightly hypereutectic, that is, with a slight excess of Ni as compared to the

eutectic concentration (C0 > CE).

The DS setup that we used in this study permits the optical observation of eutectic

growth patterns in Al-based alloys in thin samples [53]. The design is similar to that of stan-

dard thin-sample DS apparatus utilized for low-melting alloys [51, 52, 54]. In the DS setup,

a fixed, uniaxial temperature gradient (G ≈ 70 Kcm−1 in the region of interest) is realized

between two metallic blocks with individual thermal regulations, separated from each other

by a gap of 1 cm. The directional solidification is performed by translating the sample at

an imposed velocity V (0.3−10 µms−1) along the main axis z of the temperature gradient

(linear DC motor; Physik Instrumente). The surface of contact between the substrate plate

and the metallic film is observed in real-time with a reflected-light optics and a camera. The

images (typically 600 × 450 µm2) are recorded and analyzed on a personal computer. Sub-

sequently, in-situ images undergo numerical filtering for global noise reduction and contrast

enhancement. In the processed images, the liquid phase appears as dark grey, the Al3Ni

intermetallic phase as almost black, and the solid Al phase as light grey, exhibiting a faint

contrast with the liquid. The large-scale microstructure (panorama) of the solidified film

can be reconstructed numerically.

At the beginning of an experiment, a thin sample is placed in the DS setup at room tem-

perature, and the two metallic blocks are progressively heated to the desired temperatures

(773 K on the colder side; 973 K on the hotter side). The metallic film then undergoes a par-

tial directional melting. At the end of the partial-melting stage, a dispersion of small Al3Ni

crystals can be seen in a band of finite extension along the temperature gradient (Fig. 1(a)).

This, as stated above, brings clear evidence that the sample is slightly hypereutectic, with

Al3Ni being the primary phase [55]. The solidification is started after a short annealing

time. During the first stages, most of the preexisting Al3Ni crystals are encapsulated by the

solid Al, but some of them grow with faceted shapes, thus giving rise to decoupled-growth

patterns at low solidification velocity (Fig. 1(b)). Individual intermetallic crystals grow with

an inclination that is merely determined, without a clear selective process, by the orienta-
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tion of the primary crystals. A similar sequence has been recently observed in a different

irregular-eutectic system (a model transparent alloy) in thin samples [56]. Long solidification

runs at constant velocity, separated by stepwise changes of V are performed. The samples

could be used for solidification over several hours, before partial dewetting occurred in the

hottest part of the solidification bench.

For ex situ investigation after complete solidification, the top plate of the sample was

removed without substantial damage. Cross-sectional (transverse) views of the eutectic

microstructure (parallel to the plane of an isotherm during solidification) were acquired by

using Focused Ion Beam (FIB) with Xe ions for surface milling, in a Thermo Fisher Helios

G4 PFIB UXe dual-beam, scanning electron microscope (SEM), so as to unveil subsurface

features (Fig. S1). In the operation mode used, the ions travel perpendicularly to the sample

surface, thereby enabling sectioning perpendicular to the surface of the metallic film, and

to the DS axis as well (the surface of the cross-sections thus nominally corresponds to the

plane of an isotherm during solidification). Transverse sections are observed at a 38° tilt to

the SEM, while the (polished) surface of the film is viewed at a 52° tilt.

2.3. Synchrotron x-ray microscopy and tomography

To peer inside the bulk of the material as it solidifies, we combined two techniques using

synchrotron-based TXM, namely, in situ x-radiography and postmortem tomography, follow-

ing a multimodal imaging strategy initiated in Ref. [57]. We investigated near-eutectic and

hypereutectic alloys of composition Al-6wt%Ni and Al-10wt%Ni, respectively. High-purity

ingots were cast by vacuum arc remelting (Materials Preparation Center at Ames Labora-

tory, Ames, IA, USA). Prior to the synchrotron campaign, alloy samples were machined into

rods (1 mm in diameter; 4 cm in length) via Electrical Discharge Machining (Fig. S2). For

preparation, these rods were processed in a regular DS setup at a velocity V = 1.4 µms−1.

The microstructures, examined by SEM, exhibit elongated Al3Ni crystals in a solid Al matrix

(Fig. S3), in overall agreement with reference observations [58, 34, 59]. We also observed

blocky primary Al3Ni crystals in hypereutectic samples [60, 61, 62, 63, 64]. The samples used

for in situ DS experiments at the synchrotron were prepared from those rods. We shaped

rectangular or circular pillars with their largest dimension not exceeding 50 µm — the size of

the sample is primarily limited by the x-ray attenuation length and the field-of-view (FOV)

of the camera. For seeding purposes, we carefully selected two-phase microstructures with
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Al3Ni crystals aligned perpendicular to the x-ray beam, see Fig. S4. That is, the growth

direction of Al3Ni ([010]) lies in the plane of the sample surface. In practice, the micrometer-

scale samples (see inset of Fig. 2) were cut via micromachining on a mini-lathe prior to final

shaping by FIB milling on a Thermo Fisher Helios G4 PFIB UXe dual-beam SEM.

To realize DS at the synchrotron, we have designed a vertical, two-zone, resistively-heated

furnace, based on a previous setup described elsewhere [65]. Technical details on the new

furnace will be elaborated upon in a subsequent report. The two heating zones are con-

structed using Kanthal based resistive heater coils, each capable of reaching temperatures

up to 1373 K. The temperatures are controlled with a PID controller, allowing for heat-

ing and cooling rates up to 0.1 Kmin−1. The heater assembly is mounted on a motorized

stage stack for precise positioning. The furnace has two x-ray transparent windows allowing

the beam to pass, enabling full-field nano-imaging in transmission during the solidification

process. Independent control of the upper (hot) and lower (cold) heating zones provides a

stable, tunable temperature gradient G in the range of 0 − 20 Kmm−1. The axial temper-

ature distribution around the center of the two zones is given in Fig. S5. The samples are

kept immobile (in translation) in the setup. They can be rotated for tomographic imaging.

Solidification is performed under ambient atmosphere by cooling the two blocks at a rate

Ṫ in the range of 0.1 to 25 Kmin−1. In practice, the velocity of the isotherms (and hence

the solidification front) under steady-state conditions is approximately given by V = Ṫ /G.

Importantly, the new furnace is 3.1 cm by 2.3 cm by 4.0 cm in width by depth by height. The

“miniature” form factor is ideal for the limited space of the synchrotron beamline (sensitive

x-ray optics are positioned near the sample). We identified minimal cross-talk between the

two zones during calibration and testing. Measurements of the thermal profiles (not shown)

indicated that the furnace could operate with 0.1 K precision.

X-radiography and tomography with sub-50 nm pixel size were performed on a transmis-

sion x-ray microscope at the full-field X-ray imaging (FXI) beamline 18-ID at Brookhaven

National Laboratory’s NSLS-II (Brookhaven, New York, USA) [66] (Fig. 2). in situ radio-

graphy (without rotation) can be done during solidification of immobile samples under a

maximum frame rate of ≈ 18 frames per second. Images with adequate signal-to-noise ratio

and good x-ray absorption contrast between the three phases (solid Al, Al3Ni, and liquid)

were obtained with an 8-12 keV monochromatic beam. After complete solidification, we

acquired tomographic data (900 x-ray projection images evenly distributed between 0 and
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180o rotation of the sample about z). This data was then reconstructed using the Tomopy

package [67] to reveal the 3D microstructure of the Al-Al3Ni eutectic. Thanks to a high x-ray

flux (≈ 1013 phs−1), short exposure time (0.05-0.1 s), and stable sample rotation (3 s−1),

tomography data can be collected in less than a minute [68] (as opposed to the few-hours

long tomography scans with a laboratory source).

In a typical experiment, the micrometer-scale sample is affixed to an alumina rod via

boron nitride (BN) paste, and this assembly is placed inside the furnace, at room temper-

ature. Then, the two blocks of the furnace are heated to the set temperatures of 773 K

on the colder size and 1073 K on the hotter side, resulting in a positive thermal gradient

along z (Fig. 2). After a brief 2 min anneal, the sample is directionally melted by raising

the temperature of the hot zone at a rate of 0.5-1 Kmin−1. Subsequently, DS is initiated

by lowering the temperature of both blocks at the same, preset rate Ṫ . Simultaneously,

a continuous stream of x-ray images is recorded in transmission. After solidification, the

sample is removed from the furnace and imaged via nanotomography at the beamline.

To bring out contrast of the solid-liquid interfaces from the in situ videos, the x-ray image

frames can be digitally enhanced by dividing each by the initial frame (wherein the FOV

is entirely liquid). Additional noise reduction can be achieved by registration of the images

prior to division or through a Total Variation algorithm with an ℓ1 data fidelity term [69].

The dynamic range in the images can be further adjusted for clarity.

Finally, we used electron backscatter diffraction (EBSD) to characterize the crystallo-

graphic orientations of the eutectic solids in the seeded microstructure (created before the

synchrotron experiments). EBSD was performed using Thermo Fisher Scientific Helios G5

UX SEM/FIB with an operating voltage and current of 20 keV and 26 nA, respectively.

3. Results

3.1. In situ optical microscopy

Optical observations during DS were obtained in a thin Al-Al3Ni sample with a slightly

hypereutectic concentration (see Fig. 1). The metallic film was solidified over a (relatively

long) distance of about 17.5 mm at four different solidification velocities (see Fig. S6). Two

other experiments provided similar observations. This investigation allowed us to (i) exem-

plify the effect of the orientation of the growing Al3Ni crystals on the growth patterns, and
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(ii) bring experimental evidence for the morphological transformations from decoupled to

coupled, and then to regular rod-like patterns upon increasing the solidification velocity.

Typical solidification patterns are shown in Fig. 3. The upper part of the image with a

light-grey contrast corresponds to the liquid. In the solid, the Al3Ni crystals appear with

a black contrast. The solid Al phase is faintly contrasted with the liquid, and exhibits

an imperfect contact with the sapphire plate (a similar dynamic-wetting phenomenon was

observed in previous studies using thin-sample DS of metallic eutectic alloys [53, 52]). At low

velocity, the growth morphologies clearly depend on the orientation of the Al3Ni crystals.

In the image shown in Fig. 3(a) (V = 0.5 µms−1), one can distinguish three eutectic grains.

On the left part of the image, an array of decoupled-growth patterns involves tilted Al3Ni

crystals delimited by two parallel low-mobility facets. Their tips protrude and grow slightly

ahead of the Al-liquid interface. The Al3Ni crystals are prone to splitting, which may signal

a transient coupling — as is confirmed in Sec. 3.2.2. On the right part of the image, Al3Ni

crystals with a different orientation also grow tilted, but their sharply pointed tips (within

optical resolution) are delimited by two mobile facets in contact with the liquid. It is likely

that the rear (low-temperature) edges of the facets coincide with stable trijunctions. This

coupled-growth morphology is reminiscent of the pencil-like shape conjectured in Ref. [20].

The dynamics of the central eutectic grain is qualitatively similar. In summary, in the low-

velocity regime, the irregular eutectic growth dynamics is mostly sensitive to the orientation

of the intermetallic crystals, and to the kinetics of the facets exposed to the liquid.

Over long solidification times, a dynamic competition between eutectic grains with tilted

patterns leads to the extension of the left-hand grain, and the elimination of the pointed-tip

Al3Ni crystals before the solidification was changed (see Fig. S6). When V is increased to

1 µms−1 (Fig. 3(b)), the typical length-scale of the microstructures decreases, as expected.

More interestingly, the distance between the Al3Ni crystal tips and the Al-liquid interface also

decreases. The evolution toward a quasi isothermal coupled growth is evident at V = 5 µms−1

(Fig. 3(c)). At a higher velocity (V = 10 µms−1), the faceted character of the intermetallic

phase seems to fade out, suggesting a morphological transition from an irregular to a regular

coupled-growth dynamics (Fig. 3(d)). Moreover, as V increases, the Al3Ni fibers grow less

and less tilted, differences between distinct eutectic grains are smoothed out, and the system

operates like a regular, weakly anisotropic eutectic with poor crystal orientation effects. In

the high-V regime, the typical size of the Al3Ni crystals becomes substantially smaller than
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the thickness of the metallic film, and the microstructure, which is hardly resolved optically,

evolves toward a confined-3D morphology. A combination of finite-size [54, 70] and crystal

orientation [71] effects may be at the origin of the marked disorder of the microstructure.

For comparison, an evolution from decoupled to coupled growth upon increasing V was also

observed previously in a transparent, faceted/nonfaceted eutectic alloy [31]. However, in the

transparent-alloy case, the thin needles were observed to keep their faceted character, and

the growth microstructure remained markedly irregular over the whole range of investigated

V values, in contrast to the present system.

Further information, bringing strong support to the above analysis, has been obtained by

ex situ FIB cross sectioning and SEM observations of the thin metallic film in regions located

close to the in situ patterns of Fig. 3 (Fig. 4). In the low-velocity microstructures of Figs. 4(a)

and 4(b), the faceted growth of the Al3Ni crystals is clearly evidenced, in agreement with

the in situ optical images (note that the imaging contrast between the two eutectic solids is

reversed when we compare the SEM images to the optical images given above). The cross-

sections also reveal that some of the Al3Ni crystals connect the two surfaces of the metallic

film — these ones are visible optically in side view. In contrast, smaller faceted crystals

that are fully surrounded by the Al solid do not contact the sapphire plate, and cannot

be seen in optical images — or solely intermittently (Fig. 3(b)). More significantly, the

transition from an irregular-growth regime to a regular rod-like growth dynamics at higher

velocity (Figs. 4(c-d)) is clearly evidenced. In the V = 10 µms−1 cross-section (Fig. 4(d)),

the contours of the Al3Ni crystals become rounded, and the faceted parts of the interphase

boundaries are absent.

In summary, OM observations during thin-sample DS of the Al-Al3Ni eutectic allowed

us to identify unambiguously a transition from irregular to regular growth upon increasing

the solidification velocity from V in the 1 − µms−1 range to the 10 − µms−1 range. In

addition, while the decoupled-growth dynamics at low velocity is markedly crystal orientation

dependent, the coupled-growth pattern at high velocity exhibits weakly anisotropic features.

These findings are insightful, within some limitations. The 2D surface-level observations with

intermittent access to the actual shape of the solid-liquid interfaces leaves us with some open

questions on the mechanisms at play during the irregular-to-regular growth transition. The

FIB sections of the metallic film demonstrate that, even at low velocity, the microstructure

in the solid is basically 3D, but information on the detailed shape of the growth patterns
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during solidification is missing. The small-scale dynamics of trijunction lines also remains

inaccessible to the optics. Finally, the above experiments are well designed for evidencing

the crystal orientation dependence of the growth patterns at low solidification velocity, but

the non-controlled, multiple-grain structure with tilted morphologies is not optimized with

regards to the study of steady-state patterns. From this point of view, the seeding method

that we employed for the synchrotron experiments (see the next section) represents a major

improvement.

3.2. Synchrotron transmission x-ray microscopy

3.2.1. Constant-velocity experiments

Figure 5 presents in situ TXM images taken during near-steady conditions in a rectangular-pillar

Al-Al3Ni sample (Fig. S4). As the temperatures of the heating elements are decreased, the

isotherms move upwards and the eutectic growth front progresses across the field-of-view

(Fig. 5(a); also see Video V1). The average solidification velocity, measured in situ, was

V = 0.6 µms−1, thus approximately matching the growth conditions as those of Fig. 3(a).

One can distinguish the liquid (on top), and, in the solid, the Al phase (light grey), and

the Al3Ni crystals (dark). Five needle-like Al3Ni crystals are visible in the FOV — but two

crystals aligned in the path of the x-ray beam can superimpose in the image. The average

growth front is slightly tilted from the horizontal, but this instrumental imperfection was

of poor influence on the overall dynamics. As observed, the Al3Ni crystals protrude in the

liquid ahead of the Al-liquid interface, and the lateral Al3Ni-liquid facets prolong into the

frozen solid. This is in agreement with the OM observations shown in the previous section.

The TXM images can be nuanced by closer examination of the magnified region of

Fig. 5(b), which shows three Al3Ni crystals (labelled 1 to 3, respectively, from the left

to the right) and the Al solid phase surrounding them. Three distinct morphologies can be

identified: a decoupled-growth pattern (crystal #3), a coupled-growth pattern (crystal #2),

and an asymmetric pattern (crystal #1). In the decoupled-growth pattern, the (leading)

Al3Ni crystal extends into the liquid by about 6 µm ahead of the Al-liquid interface. The

latter exhibits a substantially curved, meniscus-like shape. It can be reasonably assumed

that this configuration is essentially that of the left-side eutectic grain in Fig. 3(a), the

tilt angle apart. In contrast, in the coupled-growth pattern (crystal #2), the Al3Ni- and

Al-liquid interfaces appear at the same level, with trijunctions on both sides. Finally, the
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asymmetric pattern (crystal #1) appears decoupled on the left side, and coupled on the right

side, with a trijunction pinned at the edge of the slanted Al3Ni-liquid facet. The time series

of Fig. 5(a) shows that the three configurations were stable over the observation time lapse

— except for a possible evolution of crystal #2 towards decoupling. It is worth noting that,

as evidenced by EBSD measurements (see below), the three Al3Ni crystals in Fig. 5(b) have

the same orientation with respect to the z axis, in contrast to the different eutectic grains

in Fig. 3(a).

The Al3Ni crystals in Fig. 5 grow parallel to each other, and in the average growth di-

rection. This is obviously not by chance, but a successful result of our seeding method.

Figs. 6(a) and 6(b) show 3D microstructures of the same region, reconstructed from x-ray

nanotomography data collected before DS in the seed, and after DS (experiment of Fig. 5),

respectively. Five Al3Ni crystals out of the seven ones present in the seed survived the early

solidification stages. We checked (by superimposing the two 3D images) that the surviving

crystals are in continuity with the seeding ones. In other words, the solidification process

essentially followed the original templated structure, with good alignment and position of

the Al3Ni crystals before and after the synchrotron experiment. Let us consider the corre-

sponding cross-sections of the tomographic volumes shown in Figs. 6(c) and 6(d). It appears

that the Al3Ni crystals that were eliminated upon resolidification were contacting the free

surfaces of the rectangular-pillar sample (note that the imaging contrast between the two eu-

tectic solids is reversed when we compare the tomographic reconstructions to the projection

images given above). Their size had been also reduced during fabrication of the micro-pillar.

Interestingly, the remaining Al3Ni crystals adopted roughly similar shapes before and after

resolidification, except that the seeding crystals appear much more rounded than the freshly

solidified ones. This will be discussed later, in Sec. 4.2.

By correlating the results from in situ radiography and ex situ tomography, we are now

positioned to investigate the influence of the solidification front morphology on the mi-

crostructures left behind. The decoupled-growth pattern (case #3) produced a fully faceted

morphology (see again Fig. 6(d)) with a crystal orientation persisting as a remnant from

the templated microstructure. The two sets of facets bounding the crystal are not of equal

length; the broader one is nearly parallel to the viewing direction in x-radiography. In that

case, the shape of the solid microstructure is essentially imposed by the Al3Ni-liquid facets

during growth. Let us note that, in Fig. 6(d), one can measure the angle between adjacent
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facets to be of about 72°, which coincides with the angle (72.05°) between the (101) and

(101̄) lattice planes (see Fig. S7). It follows that the growth direction is [010], which we

confirm by EBSD (Fig. S8). In contrast, the asymmetric pattern (case #1) delivers a partly

faceted microstructure. The two adjacent facets make the same angle as in the previous

case, and the two involved Al3Ni crystals seem to have the same orientation. However, the

shape of crystal #1 in the solid presents concave, nonfaceted portions, which most likely

are a trace of the region at which a trijunction could establish during growth. Surprisingly,

the coupled-growth pattern (crystal #2) yet shows faceted faces in Fig. 6(d). This would

indicate that the corresponding growth pattern was only partly coupled — the Al3Ni crystal

was in contact with the sample wall, and the (distorted) 3D solidification dynamics was

probably not fully captured in the radiograph. Finally, the above morphologies qualitatively

resemble the microstructures revealed in the FIB cross-sections of Figs. 4(a) and 4(b), which

could be expected, considering the similarities in the solidification conditions.

We used a “rocking” TXM experiment to test the response of the system to an external

perturbation during solidification. During solidification, an oscillating (or rocking) motion is

imposed to the sample about the main axis z between two angular extremes ±15° about the

average position with a frequency frocking = 0.5 Hz (see Video V3 and Fig. 7). In comparison

to the recent work of Ref. [72], the imposed perturbation here is relatively weak. Technically

speaking, the rocking TXM can be viewed as an intermediate between x-radiography and

continuous 4D x-ray tomography — a method for 3D reconstruction from the limited angular

views is under prospect. Here, in practice, we exploit a finite-perturbation (secondary) effect

due to a modulation of the heat flux. Fig. 8 shows x-ray nanotomography observations (from

a full angular range of 0 to 180°), obtained after complete solidification (V ≈ 0.75 µms−1) of

the rectangular-pillar sample. Let us focus on the largest Al3Ni crystal in the cross-section of

Fig. 8(a), and consider the evolution of its partly faceted shape during the sample oscillation.

For this purpose, we show two longitudinal sections along two different planes parallel to z,

thus revealing the typical motions of the various parts of the interface. In the first one (Fig.

8(b)), the absence of mobility of a facet is evidenced: the intersect line with the image plane

is rectilinear. On the opposite side of the crystal, the interface exhibits a wavy shape, which

corresponds to an oscillation of the interface with a wavelength of about 1.5 µm, which is

equal to V frocking. Note that, in the same image, a similar behavior is recorded for another

Al3Ni crystal (also see inset 1). In Fig. 8(c), the wavy motion of the nonfaceted interface
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superimposes to a (slower) intrinsic dynamics of the system. It can also be noted that, in

this image, the faceted part is not strictly a straight line, which signals a finite mobility

of the shorter Al3Ni-liquid facets (hence the elongated shape of the crystals). In summary,

this finite-perturbation test experiment clearly demonstrates the mobility of curved, concave

interfaces of Al3Ni crystals, and the low mobility of the facets. The trijunction is mobile as

well, and readily adapts to the local growth conditions in the rocking experiment.

3.2.2. Velocity changes

We observed an irregular-to-regular morphological transition upon increasing the solidifi-

cation velocity in a hypereutectic (Al-10wt%Ni) alloy — that is, in conditions that are a priori

more favorable for decoupled growth. We combine observations from in situ x-radiography

and ex situ x-ray nanotomography. In Fig. 9(a), one can see a cross-section of the sample so-

lidified at a low velocity (V ≈ 1 µms−1). As expected from the observations reported above,

the microstructure is made of large faceted Al3Ni crystals in the Al matrix. The in situ

sequence of TXM projections in Fig. 9(b) (also see Video V4) reveals that the intermetallic

crystals grow decoupled, with the Al-liquid interface located relatively far behind the Al3Ni

crystal tips (the Al front is observed, in practice, after a ≈30 s delay time in the FOV). The

lead distance ∆z between the Al3Ni tips and the Al-liquid interface is estimated to be of

about 60 µm (it is larger than the vertical dimension of the FOV). This value of ∆z is much

larger than that measured in the near-eutectic alloy of Sec. 3.2.1, which is consistent with the

large steepness of the Al3Ni liquidus in the phase diagram. When V is set to ≈ 10 µms−1,

we observe fully non-faceted rods in the microstructure (Fig. 9(c)). This agrees well with

the results shown in Section 3.1. In the in situ TXM image sequence of Fig. 9(d) (also see

Video V5), the Al- and Al3Ni-liquid interfaces are indistinguishable, to within experimental

resolution. This is a confirmation of the rod-like morphology at large velocity resulting from

a coupling between Al and Al3Ni at the growth front.

In Fig. 9, increasing the velocity gives rise to a qualitative change of the microstructure

morphology, but also (less surprisingly) to a quantitative decrease of the average interphase

spacing. We could examine a mechanism via which this occurs under non-steady conditions,

as a consequence of an abrupt increase of the solidification velocity. Following the same

method as in Fig. 9, we use both x-radiography and ex situ x-ray nanotomography. The

TXM images of Fig. 10(a) (also see Video V2) were obtained during solidification of a
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cylindrical-shaped sample (Fig. 2). In this experiment, the temperatures of the two-zone

furnace were decreased in such a way that the motion of the isotherms was accelerated, and

the actual growth velocity continuously increased from V ≈ 3 µms−1 to V ≈ 15 µms−1 within

a short (5 s) interval of time. Initially, the solidification patterns visible in the field of view

were of the decoupled-, or partly coupled-growth type, as expected in the corresponding

V range. Upon acceleration, a splitting of the Al3Ni crystals is observed. This leads to

a neat decrease of the interphase spacing, which is ordinarily expected to accompany an

increase of V during eutectic growth. In this experiment, the solidification front adopted

a markedly curved shape on the scale of the specimen, due to transient thermal conditions

and an accidental perturbation induced by a large gas pore. In spite of those instrumental

imperfections, the observations clearly indicate that the splitting of Al3Ni crystals involves

the appearance of nonfaceted interfaces characteristic of a partial coupling. Interestingly, a

similar splitting dynamics is observed in Fig. 3(a), that is at constant velocity, but as part

of a multigrain, tilted-growth pattern with a markedly nonuniform interphase spacing.

The 3D details of the splitting events are well captured by the two tomographic cross-sections

of Figs. 10(b). The first one shows the microstructure delivered during the initial, quasi

steady-state dynamics captured in situ at time t = t0 in Fig. 10(a)). The faceted shape

of the Al3Ni crystals is in accordance with the observed decoupled-growth dynamics. The

presence of the gas pore does not seem to change qualitatively the growth dynamics. In

the second tomographic cross-section, it can be seen that most of the crystals (e.g., crystals

labelled #2 and #3) underwent a splitting. The details of the transient are quite complex,

but a key feature is the appearance of nonfaceted, concave regions of the interfaces. This,

again, signals a coupling with the Al solid. In the time of the observation, crystal #1 did

not split, but developed a characteristic “C-shape” in cross-section. This C-shape has been

observed in other systems consisting of a faceted phase [73, 74, 75, 76]. The transient dy-

namics shown here is expected to lead to an irregular-to-regular transition. We could follow

it thanks to the outstanding time and space resolution of synchrotron-based TXM.

To delve deeper into the morphological evolution of Al3Ni phase in the velocity jump ex-

periment, we quantify the local interfacial curvatures. In practice, we calculate the principal

curvature components »1 and »2 for all patches of interface along Al3Ni and display the data

in a so-called Interfacial Shape Distribution (ISD) [77, 78, 79, 80, 81, 82, 83, 84, 85, 86, 87,

88, 89]. By definition, »2 ≥ »1. Observe in Fig. 11(a) that the probability is concentrated
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near the origin, corresponding to zero or near-zero curvature associated with the broad facets

of Al3Ni (as expected). Meanwhile, there is still a low but finite probability of finding highly

curved interfaces along Al3Ni. We suppose that interfaces have relatively high curvature

when C ≥ 0.4 nm−1, where the interfacial curvedness C is given as C ≡ (»1
2 + »2

2)
1/2

[90].

We can further categorize such high-curvedness regions of the ISD as concave, convex or

saddle-shaped [91] with respect to the Al3Ni phase, if »1 and »2 are both negative, positive,

or of mixed parity, respectively (each type is assigned a unique color in Fig. 11(b)). Based

on these definitions, we quantify the area fractions of concave, convex, and saddle shapes as

a function of distance (or time) along the solidification direction, for the same Al3Ni crys-

tals #1 (Fig. 11(c)) and #2 (Fig. 11(d)) from Fig. 10. For both crystals, the data reveal

that the area fraction of highly curved interfaces increases from ≈15 to 30% as the eutectic

adapts to the velocity jump. Ultimately, acceleration leads to not only a microstructural

refinement but also a concomitant proliferation of concave curvatures on Al3Ni, especially

for the C-shaped crystals.

In a similar vein, ISDs in Fig. S9 corroborate the qualitative observations in Figs. 9(a,c).

For the hyper-eutectic sample solidified at the higher growth rate, the ISD shows a high

probability tail (»1 ≈ 0, »2 > 0) corresponding to cylinder-like interfaces with respect to the

Al3Ni. In contrast, at the lower growth rate, the ISD shows mostly planar interfaces. Thus,

the interfacial morphology is strongly influenced by the solidification conditions.

4. Discussion

4.1. Growth front patterns and solidified microstructures

Through optical microscopy, FIB cross sectioning, and synchrotron-based TXM, we can

correlate the real-time growth dynamics with the 3D structures left behind in the solid after

solidification. As a central result, our observations of the triangular tipped Al3Ni crystals in

Figs. 5 and 6 (also see Fig. 7) are the first to reconcile the previous reports that specify either

a faceted or non-faceted Al3Ni morphology. In fact, smooth and rough interfaces can coexist

(on the same crystal) at relatively low velocities in near-eutectic alloys as a direct consequence

of the transient solid-liquid interfacial morphology. The existence of coupling on one side of

a triangular tipped Al3Ni crystal gives rise to a mobile trijunction, as shown in the rocking

experiment (Fig. 8). The converse is true for the uncoupled side, which is resistant to any
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such perturbation and presents a blocked facet to the liquid. This facet is most likely wetted

by a microscopically thin liquid layer, as suggested by Fig. 5(b). It has not (yet) been pos-

sible to reconstruct the in situ projection data from the rocking experiment by conventional

approaches because of the limited angular range (the missing wedge problem in computed

tomography [92]). However, this type of data may be amenable to advanced post-processing

and algorithms such as Discrete Algebraic Reconstruction Tomography (DART) where the

known attenuation coefficients can be used a priori for the reconstruction [93]. Neverthe-

less, we provide a sketch of the envisioned structure in Fig. 12. This figure conveys our

current understanding of how a mobile trijunction at a coupled growth front facilitates the

development of non-faceted morphologies.

At higher velocities, we find that the two solids are generally coupled at the growth

front and hence the shape of Al3Ni ceases to be governed by faceted growth in the liquid (see

Figs. 4(c-d) or 9(c-d)). The following scenario can be proposed. It is more than likely that the

kinetic undercooling ∆Tk of Al3Ni facets increases with the imposed V at a faster rate than

the growth undercooling of the Al phase. To test this idea semi quantitatively, we examine

spatiotemporal diagrams of the Al3Ni-liquid interface and the Al-liquid interface (Fig. 10(d)).

The dark-bright boundary represents the growth front of the solid phases. The sharp change

in slope of both trajectories coincides with the change in the growth velocity imposed at time

t ≈ t0 + 2.5 s. The combination (union) of the spatiotemporal plots in Fig. 10(d3) provides

evidence that the lead distance of the intermetallic nearly vanishes after the V jump, at the

resolution of TXM, thus signaling a coupled-growth dynamics. A similar behavior has been

reported in Ref. [31]. That is, eventually the side Al3Ni-liquid facets would be completely

covered by Al, the growth would become quasi isothermal, and the pinning of a closed-looped

trijunction between Al, Al3Ni, and liquid would be made possible. In the high-V regime,

the eutectic growth would be indistinguishable from a regular, diffusion controlled rod-like

pattern in solidification, and the Al3Ni crystal rods would lose their faceted cross-section.

The role of the triple junctions in the roughening of the Al3Ni tips exposed to the liquid

still remains to be assessed. Even so, this mechanism can help to explain the observations

from the velocity jump experiment (Sec. 3.2.2). As the velocity is progressively increased

in DS, it is plausible that the lead distance between the Al3Ni tips and the Al growth front

is gradually reduced until the two solids form a diffusively-coupled front with equilibrated

trijunctions. The trijunctions are free to move laterally in response to the velocity change,

18



in turn splitting the Al3Ni crystal apart at the higher V and simultaneously transforming

its shape from faceted to concave (Fig. 11(c-d)). That is, diffusive coupling is likely a

prerequisite for the ensuing morphological transformation.

We may use a similar logic to understand the influence of composition (hypereutecticity)

on the solidified eutectic microstructures. In hypereutectic (or Ni-enriched) alloys, the tips

of the Al3Ni crystals will grow behind (but near-to) the Al3Ni liquidus isotherm, i.e., well

ahead of the Al front due to the steep liquidus of Al3Ni (≈ 20K at%−1). That is, the lead

distance of Al3Ni will increase with a higher degree of hypereutecticity. Concomittantly, the

degree of faceting will also increase, since now more of the Al3Ni crystal is exposed to the

liquid (see Figs. 9(a-b)). In this scenario, the two phases would be weakly coupled (if at all).

In the solid, the interphase boundaries would be contiguous with the blocked facets.

4.2. Impact of crystalline anisotropy on crystal shape

The experimental data also gives us important clues about the crystal orientation effects

on irregular Al-Al3Ni eutectic solidification. In general, one must consider two distinct

anisotropies in interfacial energy, the first associated with the solid Al3Ni-liquid interfaces

and the second with the solid Al3Ni-solid Al interfaces. We confirm previously reported

observations [20, 14, 46, 47, 48, 49] that Al3Ni fibers are typically oriented along the [010]

direction, nearly parallel to the thermal gradient via EBSD, see Fig. S8. However, the details

from the constant-velocity experiment (Sec. 3.2.1) reveal a nuanced distinction between the

relative importance of the two anisotropies on the eutectic pattern that solidifies.

Originally, the Al-Al3Ni alloy was a candidate system for high temperature environments

[94, 95, 96, 97, 98, 99, 100, 101, 102, 103, 104] (up to≈ 673 K [105] but below the eutectic tem-

perature of 913 K) because the Al3Ni phase was thought to resist coarsening and maintain a

fine microstructure suitable for structural applications [106, 107, 108, 109, 110, 111, 112, 113].

However, spheroidization of the Al3Ni crystals is actually inevitable, and occurs rapidly

within 18 hours when annealed at 873 K or 0.93 TE [95, 107]. In this context, the ellipti-

cal cross-sectional morphology of the Al3Ni rods in the original, templated microstructure

(Fig. 6(b)), likely developed during a comparatively prolonged anneal (on the order of a

few hours, while the sample was slowly drawn through the large heating zones of the fur-

nace in the seeding experiment). This would suggest that the anisotropy in the solid-solid

interfacial energy is relatively weak (i.e., it does not stabilize the facets). Contrastingly,
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the as-solidified pattern, following the same crystallographic template, does not exhibit a

rounded morphology. Instead, it displays distinct facets that bound the the Al3Ni crystals,

as shown postmortem in Fig. 6(d), only a few minutes after the real-time solidification exper-

iment. Provided that the Al3Ni crystal surfaces are exposed to the liquid (as in Figs. 3(a) or

5(b)), the as-solidified patterns “inherit” the anisotropy in the intermetallic-liquid interfacial

energy. According to our calculations of the interfacial orientations (Fig. S7), the broadest

facets are {101}. This is in agreement with the theoretical work of Tassoni and coworkers

[114], who show that {101} is the lowest energy plane of Al3Ni. Even though their focus was

on examining the solid-vacuum interface rather than the solid-liquid interface, the relative

trends are expected to persist [115, 116].

Conclusions

In this study, we conduct a series of in situ experiments to visualize in real time the spatio-

temporal evolution of coupled- and decoupled-growth patterns during DS of the Al-Al3Ni

eutectic. By combining synchrotron-based transmission x-ray microscopy and regular optical

microscopy, the following conclusions can be drawn from our work:

1. Real-time optical microscopy (OM) brings to light a morphological transition from

irregular eutectic growth at low solidification velocity V to regular growth at higher V

in a near-eutectic Al-Al3Ni alloy — with a cross-over value of V of about 10 µms−1.

In general, this velocity is depends on several factors, including the alloy composition,

thermal gradient, and the crystallographic orientation of the Al3Ni-liquid interfaces.

Postmortem FIB cross-sectioning reveals a concomitant transition in the shapes of the

intermetallic crystals from faceted to rounded, respectively.

2. Transmission x-ray microscopy (TXM) enables us to visualize at unprecedented, nanoscale

resolution the detailed shape of the eutectic growth front, including the dynamics of

the trijunction lines. The experiments prove that diffusive coupling between the two

eutectic solids leads to non-faceted interfaces while decoupling leads to the emergence

of Al3Ni facets that persist into the solid. If the two solids are coupled at the growth

front, the resulting triple junction is free to move laterally (as in the velocity jump

and “rocking” experiments). In this scenario, the eutectic behaves as a regular rod-like

pattern in solidification.
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3. The results from OM and TXM are self-consistent. Real-time observations of the

growth patterns at the moving solid-liquid interface are the key to a good, unam-

biguous understanding of the formation of frozen microstructures in the bulk. This

is particularly relevant for irregular eutectic growth involving non-isothermal growth

shapes during DS.

It is indeed worth insisting — and our work leaves little doubt on that — that the selection

of microstructure in an irregular eutectic is largely determined by the solid-liquid growth front

morphology. The dynamic mechanisms, as revealed here, are far more complicated than that

implied by the Jackson criterion (evaluated for the faceted phase alone) that we mentioned

in the introduction (Sec. 1). For instance, the solidification dynamics is determined by the

kinetics of faceted growth in a diffusion field — which itself depends on the presence of

crystallographic defects and the geometry and orientation of the intermetallic crystals — as

well as the diffusive interaction between the two eutectic solids (or lack thereof).

The experimental results herein point to general principles of irregular eutectic solidi-

fication, that transcend material system. For example, our real-time imaging data shows

coupling and decoupling in the same way as that recently reported for an organic eutec-

tic [31]. The insights we gleaned may also be important for semi-metallic eutectics, e.g., that

between Al and Si [117]. Like Al3Ni, the Si phase is faceted with respect to the liquid [23].

Its mechanical properties such as tensile strength and ductility can be further improved by

avoiding the formation of the broad Si facets [118, 119, 120, 121]. In light of our results, it is

plausible that Al and Si phases could be fully coupled at the growth front under conditions

of relatively high V and high G, such that the shape of the Si phase would no longer be

governed by faceted growth [122, 123, 124]. This morphological transformation from irregu-

lar to regular growth may well occur at undercoolings that are below that required for the

kinetic roughening of the Si crystal (on the order of 100 K [125]).

Finally, these complexities call for a systematic, theoretical (or numerical) investigation

on pattern formation in eutectic systems with partly or fully faceted solid-liquid interfaces.

Importantly, the simulations must reconcile the role of interfacial kinetics on the growth of

the intermetallic phase, which itself is a function of the crystallographic orientations and the

solidification conditions. Such an investigation can answer some of the still-open questions,

including the existence of steady-state decoupled patterns and their stability.
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[26] N. Maraşli, J. Hunt, Solid-liquid surface energies in the Al-CuAl2, Al-NiAl3 and Al-Ti

systems, Acta Materialia 44 (1996) 1085–1096.

[27] Y. Fan, M. M. Makhlouf, The Al-Al3Ni eutectic reaction: Crystallography and mech-

anism of formation, Metallurgical and Materials Transactions A 46 (2015) 3808–3812.

[28] P. Peng, A. Zhang, J. Yue, Competitive growth of leading phase and tensile properties

of directionally solidified eutectic Al–Ni alloy, Materials Science and Engineering: A

773 (2020) 138887.

[29] S. Akamatsu, H. Nguyen-Thi, In situ observation of solidification patterns in diffusive

conditions, Acta Materialia 108 (2016) 325–346.

[30] A. J. Shahani, X. Xiao, E. M. Lauridsen, P. W. Voorhees, Characterization of metals

in four dimensions, Materials Research Letters 8 (2020) 462–476.

[31] S. Mohagheghi, S. Bottin-Rousseau, S. Akamatsu, M. Şerefoğlu, Decoupled versus
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100µm

(a)

(b)

Figure 1: (a) In situ optical image of the initial stages of growth during DS (V = 0.5 µms−1) of the same thin
Al-Al3Ni sample as in Fig. 3. The growth direction is upward. Top (light grey): liquid. Bottom (white):
unmelted solid. Some Al3Ni crystals (black) that appeared previously in the liquid (as shown in b), are
encapsulated by the solid Al; some of them grow with faceted shapes. (b) End of the directional melting
(about 5 minutes before the image in (a)) with small Al3Ni crystals dispersed in the liquid. This brings
evidence that the sample was of slightly hypereutectic concentration, with Al3Ni being the primary phase.
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Figure 2: Schematic representation of the experimental setup for in situ transmission x-ray microscopy
(TXM) during DS at the FXI beamline 18-ID at NSLS-II. The condenser focuses the x-rays onto the sample,
which is located inside the two-zone furnace. Behind the furnace, the zone plate magnifies and images the
sample onto a charge-coupled device based detector. Samples were constructed with various geometries,
including a cylindrical pillar, shown inset. Other geometries are depicted in Fig. S4. The axial temperature
distribution around the center of the two zones is shown in Fig. S5.
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(c)

(d)

Figure 3: In situ optical images of DS patterns in a thin Al-Al3Ni sample of slightly hypereutectic concen-
tration (same sample as in Fig. 1). The growth direction is upward. The liquid (light grey) is on the top. In
the solid (bottom), the Al3Ni crystals appear black, and the Al phase has a faint contrast with the liquid.
(a) V = 0.5 µms−1; (b) V = 1.0 µms−1; (c) V = 5.0 µms−1; and (d) V = 10.0 µms−1.
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Figure 4: Scanning electron microscopy (SEM) images of FIB cross-sections. Same Al-Al3Ni film as in Fig. 3.
The growth microstructures in (a), (b), (c) and (d) are representative of the patterns observed at V =
0.5, 1.0, 5.0 and 10.0 µms−1, respectively. The microstructure becomes more and more three-dimensional,
and the crystals more and more rounded as V increases. The perspective-view effect is due to the sample
tilt (52◦) in the SEM. Note that the imaging contrast between the eutectic solids is reversed in comparison
to the optical micrographs in Fig. 3.
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Figure 5: (a) Three transmission x-ray microscopy (TXM) projection images, taken 10 s apart, from left
to right (see labels), capturing directional eutectic solidification at constant velocity V = 0.6 µms−1 (G ≈
5 Kmm−1). The growth direction is vertical. The liquid is dark grey (top part of the images), and the solid
is made of solid Al (light grey) and Al3Ni crystals (dark). (b) Magnified view of a detail (see red frame in
(a)), after image processing. All image frames presented here have been digitally enhanced by dividing each
by the initial frame (wherein the FOV was entirely liquid). The contrast in the images has been adjusted
for clarity. Also see Video V1.
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Figure 6: Ex situ, 3D nanotomographic reconstruction of the eutectic solid microstructure, highlighting the
shape of the Al3Ni crystals: (a) before, and (b) after the same real-time TXM experiment as in Fig. 5.
Selected cross-section images of the reconstruction before (c) and after (d) the solidification experiment.
The Al3Ni crystals (light-grey contrast) are embedded in the Al matrix (darker contrast). Note that the
imaging contrast between the two solids is reversed in comparison to the projection images in Fig. 5.
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Figure 7: Real-time monitoring of eutectic solidification under an imposed perturbation: The series of
projection images was recorded during the “rocking” experiment as the sample was rotated back-and-forth
by 30° about z. This motion results in a sinusoidal interface trace along one edge of the Al3Ni crystal while
the other side of the same crystal is fully faceted, see Fig. 8. The two different interfaces reflect different
degrees of coupling between Al3Ni and Al phases in DS, refer to crystal-of-interest (black arrow) and the
surrounding Al grains. Red arrows indicate the direction of data collection. All image frames presented here
have been digitally enhanced by dividing each by the initial frame (wherein the FOV was entirely liquid).
The contrast in the images has been adjusted for clarity.
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Figure 8: Reconstruction of tomographic data from the “rocking” experiment, shown as representative
two-dimensional slices of the sample volume. V ≈ 0.75 µms−1. The two images (b-c) are cuts of the data
along the indicated directions (blue and red), which are orthogonal to the imaged plane in (a). Inset in (b1)
shows a large-magnification view of the black-framed details in (b). Blue and orange arrows in (b-c) point
to a sinusoidal interface between Al and Al3Ni, which matches the back-and-forth rotation of the sample
about z during the “rocking” experiment. The white arrow points to an Al-Al3Ni interface that remains
flat throughout the experiment. Sample rotation began at a solidification length of around 40 µm in the
tomographic field-of-view (approximately 10 µm from the bottom edge of (b-c)).
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Figure 9: Off-eutectic DS in a sample of composition Al-4.9at%Ni (10wt%Ni) reveals the relationship between
coupled growth at higher velocities and the resulting non-faceted morphology. (a) Cross-sectional view of
coarse, faceted microstructure grown under low growth velocity, V ≈ 1 µms−1, with (b) corresponding frames
every 10 seconds from the real-time TXM experiment. We observe two fronts that traverse the field-of-view,
the first corresponding to the Al3Ni-liquid interface, and the second to the Al-liquid interface. The Al phase
can be seen 30 s after the start of the experiment; hence, it has been marked only in the fourth image in
the sequence. (c) Finer, non-faceted microstructure (see inset) grown under higher velocity, V ≈ 10 µms−1,
with (d) corresponding frames every 1 second from the real-time TXM experiment. Due to the coupling of
the solid phases (at nearly the same isotherm), and the fine scale of the eutectic microstructure, the Al3Ni
and Al growth fronts are difficult to distinguish. Both experiments were done with G = 15 Kmm−1 for
purpose of comparison. The image frames in (b,d) have been digitally enhanced by dividing each by the
initial frame of the image sequence (wherein the FOV was entirely liquid). The contrast in the images has
been adjusted for clarity.
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Figure 10: Transient solidification dynamics under an imposed velocity jump: (a) Three in situ TXM
projection images. Time t = t0 (t = t0 + 5 s): V ≈ 3 µms−1 (V ≈ 15 µms−1). All image frames presented
here have been digitally enhanced by dividing each by the initial frame (wherein the FOV was entirely liquid).
The contrast in the images has been adjusted for clarity. (b) Two cross-sections of the tomographic data
obtained after complete solidification, corresponding to the orange- and teal-colored isopleths in (a). Green,
red, and blue arrows point to Al3Ni crystals #1, #2, and #3, respectively (unrelated to the three crystals
in Figs. 5-6). The x-ray beam is directed into the page in (a) and upwards in (b). (c) 3D reconstruction of
crystal #2, showing splitting upon increasing V in DS. (d) Spatiotemporal diagrams along reference lines
parallel to z, as shown in (d1): the trajectories of tip of Al3Ni crystal #1, and of the Al-liquid interface are
visible in panels (d2) and (d3), respectively (weak dark-bright contrast; horizontal lines: image noise). (d4)
Image made by superimposing the (d1) and (d2) images.
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Figure 11: Interfacial shape changes during imposed velocity jump: (a) Principal curvatures κ1 and κ2

measured for all patches of interface along a single Al3Ni crystal (pictured at inset in (c)). The distribution
in principal curvatures is shown as a bivariate histogram (so-called interfacial shape distribution or ISD).

We isolate those patches for which C ≡
(

κ1
2 + κ2

2
)1/2

> 0.02 px-1 (or 0.4 nm-1), corresponding to high
“curvedness”, see colored regions in (b). This is further separated into convex shapes (highlighted in blue),
saddle shapes (purple), and concave shapes (red) with respect to the Al3Ni phase. Evolution of interfacial
curvature in (c) crystal #1 and (d) crystal #2 from Fig. 10 along the growth direction z. As a result of the
velocity jump, the area fraction for which C > 0.02 px-1 increases from ≈ 15 to 30%. The increase originates
from the preponderance of saddle and concave shapes (with respect to the Al3Ni crystal).
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Figure 12: Graphical illustration of the same Al3Ni crystal from Fig. 7 represented in 3D. During growth,
decoupling between Al and Al3Ni at the right edge of the intermetallic will result in a facet, whereas coupling
between the two solids at the left edge will give rise to a mobile solid-solid-liquid trijunction. The grey shape
at the bottom shows a 2D cut of the Al3Ni crystal perpendicular to its growth direction, cf. Fig. 8(a).
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Supplemental Information

Video V1: Near-steady growth, TXM images, combined as a video with contrast levels
adjusted for clarity. V = 0.6 µms−1 and G = 5 Kmm−1. Images have been
processed by dividing each frame by an image of the molten liquid alloy.
Playback speed is 30 fps frames per second (fps), nearly twice the acquisition
speed (16.67 fps). [gif video file of 300 frames is 34.7MB].

Video V2: Growth under a velocity jump, TXM images, combined as a video with contrast
levels adjusted for clarity. V = 3.3 → 14.7 µms−1 and G = 5 Kmm−1. Images
have been processed by dividing each frame by an image of the molten liquid
alloy. Playback speed is 30 fps frames per second (fps) nearly twice the
acquisition speed (16.67 fps). [gif video file of 300 frames is 39.2MB].

Video V3: Growth under external perturbation, TXM images with different angular views,
combined as a video with contrast levels adjusted for clarity. Images have been
processed by dividing each frame by an image of the molten liquid alloy at the
corresponding view angle. Note, image artifacts arise from the BN that coats
the sample exterior and the minor misalignment between frames. Playback
speed is 16.67 fps frames per second (fps), equal to the the acquisition speed
(16.67 fps). [gif video file of 544 frames is 71.47MB].

Video V4: Hypereutectic alloy, low velocity, TXM images, combined as a video with
contrast levels adjusted for clarity. V = 1 µms−1 and G = 15 Kmm−1. Images
have been processed by dividing each frame by an image of the molten liquid
alloy. A second, Al-liquid front is visible after t0 + 30 s. Playback speed is
10 frames per second (fps). [gif video file of 181 frames is 29.1MB].

Video V5: Hypereutectic alloy, high velocity, TXM images, combined as a video with
contrast levels adjusted for clarity. V = 10 µms−1 and G = 15 Kmm−1.
Images have been processed by dividing each frame by an image of the molten
liquid alloy. Playback speed is 10 frames per second (fps). [gif video file of 69
frames is 11.2MB].
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Figure S1: Configuration employed within the Thermo Fisher Helios G4 PFIB UXe dual-beam microscope
used for cross-sectional milling with Xe ions and imaging with SEM. The annotated angles specified sample
orientation for the excavation and characterization. Please note that, due to the camera position relative to
the electron and ion columns, annotated angles are not to scale. The process involves positioning the sample
within a 45° pre-tilt holder and subsequently rotating it to 52°.
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Figure S2: Fabrication of templated specimens: (a) Side view of the boron nitride (BN) crucible (white)
containing seven 4 cm length rods of the eutectic alloy prepared by electrical discharge machining (EDM),
prior to insertion into the DS furnace. (b) Bird’s-eye view of the same BN crucible. (c) SEM-BSE image of
a cross-sectional slice of the rod sample after DS showing a uniform eutectic microstructure. This sample
was sectioned at roughly 50% of its height. (Right) magnified view showing Al3Ni phase (bright contrast)
in the form of elongated rods embedded within an Al matrix (dark contrast).
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Figure S3: Metallographs for various alloy compositions: The eutectic microstructure exhibits elongated
rods. Primary Al3Ni crystals (large light-grey regions) are present in hypereutectic compositions. In each
row, the left image was obtained at 10 mm along the solidification direction and the right at 20 mm.
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Figure S4: Geometries of the investigated samples for TXM: 11 different samples are shown with both low
(left) and high (right) magnification SEM images from a “bird’s-eye view.” They include rectangular pillars
of thickness 20 µm and 10 µm; “windows” of thickness 15 µm (resembling dog-bones in cross-section); and
(d) near-cylindrical pillars 40 µm in diameter. The orientation of the Al3Ni crystals (red) are included within
the schematics. These crystals grow out of the plane of the page during the real-time TXM experiments.
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Figure S5: Axial temperature distributions (along z axis), near the center of the two zones, where x-rays
illuminate the sample. Data were obtained using a thermocouple at different set temperatures for each zone.
Thermal gradients (evaluated at the position z = 0 mm) range from 5 to 20 Kmm−1.
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Fig. 2d

Fig. 2aFig. 2bFig. 2c Fig. 3a

Fig. 3b

Fig. 3c

Fig. 3d

V1

V2

V3

V4

Figure S6: a) Large-scale (panorama) optical view of the same thin Al-Al3Ni sample as in Fig. 3. The image
is contracted by a factor of 4 vertically. Yellow ticks: changes of solidification velocity (V1 = 0.5 µms−1;
V2 = 1.0 µms−1; V3 = 5.0 µms−1; V4 = 10.0 µms−1). Red (blue) frames correspond to the optical (SEM)
images shown in Fig. 3 (Fig. 4). Black regions of large extension correspond to dewetting.
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Figure S7: Interfacial orientations of Al3Ni. We calculate normal vectors of patches of interface bounding the
intermetallic crystal and display them stereographically in (a). The zone axis of the projection corresponds
to the growth direction of the intermetallic crystal. The four peaks in the probability distribution are due
to two sets of normal vectors (indicated by cyan and orange arrows). The angle between these two facets is
approximately 72°. For reference, in (b) we show the Wulff shape for the Al3Ni along the [010] direction [114].
It is bounded by {101} facets with an interplanar angle of 72.0547°.
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Figure S8: Crystallographic growth direction identified by EBSD. The pole figures are viewing down the
growth direction. The Al3Ni (010) and Al (110) are nearby, with a misorientation of 16°.
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Figure S9: Quantification of interfacial morphologies in hypereutectic alloy. Interfacial shape distributions
(ISDs) of the Al3Ni structure formed at (a-b) low velocity and (c-d) high velocity (cf. Fig. 9). The latter
distribution shows a high-probability tail corresponding to curved, cylinder-like interfaces (κ1 ∼ 0, κ2 > 0),
which is absent in the former. In both cases, principal curvatures were scaled by the surface area per unit
volume of Al3Ni in order to probe morphology independent of length-scale.
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