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We present a study of the melting dynamics of a two-phase eutectic solid. In situ, thin-sample
experiments using a transparent eutectic alloy and two-dimensional phase field simulations calibrated for
the very same alloy are combined to assess pattern formation during directional melting in a temperature
gradient. Depending on the melting velocity Vm and the spacing λ of the presolidified lamellar
microstructure, an unexpectedly rich diversity of melting patterns is observed, with good agreement
between experiments and simulations. We unravel the different physical mechanisms leading to this
diversity, and establish the scaling behaviors of (i) the penetration of the liquid along the solid-solid
interface at large Vm, (ii) the thickening of the primary-phase fingers at low Vm, and (iii) a period-doubling
instability for small λ values. Our Letter provides a fundamental basis for further investigations of eutectic
melting, including additive manufacturing during which melting or solidification cycles take place.
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Melting plainly refers to the reverse process of solidi-
fication. Nevertheless, the way a material melts upon
heating is very different from the way crystals grow from
a liquid upon cooling. Indeed, while solidification micro-
structures arise from self-organizing patterns at the growth
front, the very same microstructures serve as an initial
condition for melting. This poses deep questions of key
relevance to natural phenomena [1,2] and elaboration
processes [3]. Recently, this largely unexplored research
topic started to attract more attention in reference to
additive manufacturing, during which a material is repeat-
edly submitted to partial melting and solidification cycles
[4,5]. In this respect, multiphase eutectics are specially
attractive. Eutectic solidification delivers composite micro-
structures with remarkable properties [6,7], including via
additive manufacturing [8–10]. It is also a paradigmatic
nonequilibrium pattern formation phenomenon [11–20]. In
contrast, eutectic melting has still received small attention
on a fundamental level [21–24]. We propose an inves-
tigation of the melting of eutectic microstructures by
combining in situ experiments using thin samples of a
model alloy, and two-dimensional phase-field simulations
calibrated for that very same alloy. The aim is to cast new
light on physical mechanisms that govern steady-state
melting patterns and their morphological transformations.
In a binary eutectic, two solid phases α and β coexist

with the liquid at the eutectic temperature TE. Upon
cooling, the liquid solidifies into αβ microstructures.
Good control of their spatial distribution can be achieved
in directional solidification (DS) of a nonfaceted alloy at an
imposed velocity Vs in a fixed temperature gradient G.
Regular (e.g., lamellar) microstructures are then delivered

by periodic, coupled-growth patterns that extend in steady-
state over a planar isotherm close to TE. Depending on
boundary and initial conditions, the spacing λ of a lamellar
eutectic [Figs. 1(a) and 1(b)] falls close to a charac-
teristic length, the Jackson-Hunt spacing λJH, which varies

as λJH ∼ V−1=2
s [14,25]. The physics of the system is

determined by solute diffusion in the liquid on the scale
of λ, and capillary (or curvature) effects. This basic des-
cription holds for a wide range of alloy concentrations
around the eutectic point, independently of G, basically
owing to the overall planarity of the coupled-growth front.
For directional melting (DM), it suffices to change the

sign of the sample translation speed in the temperature
gradient. Yet, as illustrated in Figs. 1(c) and 1(d), eutectic
melting patterns are, after an initial transient (see movies
in [26]), commonly far from being planar, and a new
theoretical approach has to be found.
The nonfaceted transparent CBr4-C2Cl6 alloy (Table I) is

a model lamellar eutectic that has been previously used for
numerous solidification studies (see, e.g., Refs. [16,27]),
and for eutectic melting in Ref. [21]. The chosen nominal
concentrationC0 is slightly hypereutectic (C0 > CE). In the
solid, the β (α) phase has a volume fraction of about 0.35
(0.65). Thin (12 μm-thick) samples are protected by flat
glass walls. In the DS setup, a thermal gradient (G ¼
9� 1 Kmm−1) establishes by heat diffusion in the sample
(axis z) in contact with two metallic blocks regulated at
temperatures Tþ and T− (Tþ > TE > T−; see Fig. 6).
Directional solidification or melting is carried out by
translating the sample along z towards either the T− or
the Tþ block. The DS setup is placed on the XYZ stage of
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an optical, transmitted-light microscope equipped with a
numerical camera—for more details, see Ref. [28]. For
numerical simulations, we used the well-known phase-field
(PF) method [18]. In the PF study of Ref. [24], the authors
considered a simplified symmetric eutectic alloy. Here, we
used the MICRESS software [29] for quantitative simu-
lations implementing the physical parameters of the
CBr4-C2Cl6 system. We assume vanishing diffusion in
the solid phases and local equilibrium at the solid-liquid
interfaces. In the simulations, we set G ¼ 22 Kmm−1 for
minimizing the size of the simulation box along z, thus

sparing computation time.We took the contact angles of the
α- and β-liquid interfaces at a trijunction both equal to 60°
without loosing accuracy with respect to experimental
uncertainties.
In both experiments and simulations, we first solidify

a lamellar structure at Vs (1–10 μms−1). The resulting
spacing is close to λJH ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d0D=ðVsPÞ
p

[25], where d0 is a
weighted solid-liquid capillary length, D is the solute
diffusion coefficient in the liquid, and P ≈ 0.0293 is
an integration constant [27]. Directional melting of the
solid microstructure is performed at a velocity Vm

(0.1–100 μms−1) close to, or much different from Vs.
Figure 2 shows experimental DM patterns for various
Vm values at a given λ. For comparison, PF simulations
for a similar sequence are displayed in Fig. 3(a). Simu-
lations and experiments are in a good agreement. Overall,
our numerical results are also in qualitative accordance with
those of Ref. [24].
The sample is fully solid below TTJ, the temperature at

the trijunction (TJ) [see Figs. 1(c) and 1(d)]. Above TTJ, β
protrudes, yielding a mushy zone (MZ) consisting of an
array of apparently almost straight β fingers extending,
in continuity with the β lamellae in the solid, to the tip
temperature T tip > TTJ. Then, above T tip, the system is
fully liquid. Assuming a temperature-dependent Gibbs
lever-rule condition, the hypereutectic composition C0

provides β with the role of so-called primary phase (this
role is acquired by α when C0 lies below CE in the
hypoeutectic case), and one may at first glance understand
in this way the protrusion of β. However, as shown later,

TABLE I. Parameters of the CBr4-C2Cl6 alloy [27]. Eutectic
temperature (TE); eutectic concentration (CE); concentration of
the eutectic solid α at TE (Cα); concentration of the eutectic solid
β at TE (Cβ); slope of the β liquidus (mβ); solute diffusion
coefficient in the liquid (D); capillary length (d0); nominal
concentration of the alloy (C0).

TE
[K]

CE
[mol%]

Cα
[mol%]

Cβ

[mol%]
mβ

[K=mol]
D

[μm2 s−1]
d0
[μm]

C0

[mol%]

357.4 11.6 8.8 18.5 165 500 0.011 12.2

(a)

(b) (d)

(c)

FIG. 1. In situ optical images in a thin CBr4-C2Cl6 sample. (a)
and (b) Directional solidification of a lamellar growth pattern
(Vs ¼ 1 μms−1). (c) and (d) Directional eutectic melting pattern
(Vm ¼ 1 μms−1) issued from the microstructure formed in (a).
(b) and (d) are 4 times enlarged details of the region of the
trijunctions for the patterns in (a) and (c), respectively. MZ:
β-liquid coexistence region (mushy zone). α and β: eutectic solid
phases. z: axis of the temperature gradient (x is parallel to the
isotherms). λ: interlamellar spacing.

FIG. 2. In situ experimental snapshots (details) of directional
melting patterns for various Vm. Same alloy as in Fig. 1. The
thermal gradient is oriented vertically upwards. Here, the eutectic
α-β structure is generated by a solidification stage at a
velocity Vs ¼ 2 μms−1.
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a primary solid phase melting necessarily at a higher
temperature than the other solid phase should not be
considered as a general rule.
Pattern formation during DM of eutectics can be

described in terms of a competition between several length
scales involving the four control parameters C0, Vm, G,
and λ, but also the capillary length d0. While only two
parameters, namely, Vm and λ vary in this Letter, several
morphological transitions were apprehended, for example,
when at low enough Vm=Vs, the actual periodicity of
the eutectic melting pattern becomes a multiple of λ.
Obviously, the multiplicity of characteristic length scales
in competition pushes far beyond the scope of this Letter
a complete unraveling of the pattern formation process
during DM of eutectics. For example, since C0 is kept
constant here, the transition, when C0 becomes close
enough to CE, from what is called “noncoupled” to
“coupled” melting in Refs. [21,24] is not described here.
Moreover, three-dimensional effects, imperfections of the
experimental setup (for example a degradation of the
sample at long melting times), or uncertainties on physical
parameters, may hinder a full correspondence between the
conditions of the competition between characteristic length
scales in experiments and in simulations. As a conse-
quence, qualitative differences between observed and
simulated patterns may appear. For example, in contrast
to the PF simulations for which we have T tip ≈ T0 where
T0 ¼ TE þmβðC0 − CEÞ is the liquidus temperature and
mβ the liquidus slope, T tip exceeds significantly T0 at large
Vm in experiments.
One can distinguish three different types of regions along

z for the diffusion field in the liquid: (i) the neighborhood
of the TJs where the three phases (α, β, liquid) are present,
with diffusion fluxes naturally generated owing to the

difference between the concentrations at the α-liquid
(CLα) and the β-liquid (CLβ) interfaces; (ii) the MZ where
the primary β crystals coexist with the liquid (the α phase is
absent), and where lateral (i.e., perpendicular to the thermal
gradient) and vertical (i.e., aligned with it) fluxes compete;
and (iii) the bulk liquid, where vertical fluxes may develop,
a priori on the scale of the diffusion length ld ¼ D=Vm,
when T tip deviates from the liquidus temperature T0. Note
that the lateral fluxes in the MZ, that increase with Vm,
ensure a continuous melting of β from TTJ to T tip. On the
other hand, the Vm-independent vertical flux in the MZ,
driven by the temperature dependence of CLβ, ensures the
melting of the β tip at the boundary between (ii) and (iii).
Up to a small curvature effect, the temperature TTJ is

very close to TE. The α crystals melt close to TTJ, but while
the α-liquid interface is quite flat when Vm is small, it
bulges significantly into the liquid when Vm is large. In the
latter case (in practice, Vm ≥ 10 μms−1), the β fingers take
the form of thin needles with sharp tips. Importantly, in this
regime, the diffusion flux close to the TJ is perpendicular
to Vm and connects the α- and β-liquid interfaces [see
Fig. 8(a), blue frame]. The melting of the two solids is
strongly coupled, i.e., it is driven by ΔCTJ ¼ CLαðTTJÞ−
CLβðTTJÞ. The liquid penetration dynamics along the α-β
interphase boundary is then similar, at least locally, to the
one studied theoretically by Brener and collaborators
[22,23]. This establishes when the length ρ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

d0D=Vm

p

,
which gives a measure for the radius of curvature of the
interfaces close to the TJ [14,20,30,31], is much smaller
than the spacing. Since λ ≈ λJH, the condition ρ ≪ λ is
equivalent to Vm ≫ Vs. This regime is clearly reached for
Vm ¼ 100 μms−1. Then TTJ and the shape of the DM
pattern in the neighborhood of the TJ are largely indepen-
dent of λ and G, and the quantity ΔCTJ, proportional to
TTJ − TE, scales as the Peclet number ρ=ld. Both α- and
β-liquid interfaces are slightly concave. The concentration
in the liquid at the TJ lies above the two liquidus lines,
outside the two-phase regions [see Fig. 8(b)], and
TTJ > TE. This yields a solute flux in the liquid from β
to α, of opposite sign as compared to eutectic coupled
growth. Moreover, the flux within the MZ (ii) presents a
significant lateral component illustrated by the curvature of
the black isoconcentration line (see Fig. 3), yielding a
continuous melting of β between TTJ and T tip, in line with
the direction of the flux near the TJ (i). Let us also note here
that, for an even smaller ratio ρ=λ, nothing guarantees that α
melts at a lower temperature than β, owing to the large
fraction of α in the solid. This renders inoperative a
hypothetical criterion stating that the solid phase melting
at the highest temperature is the primary one.
When Vm decreases (here, below 10 μms−1), the con-

dition ρ ≪ λ is no longer valid. The diffusion flux close to a
TJ acquires a substantial component parallel to the z axis
[see Fig. 8(a), pink frame]. Moreover, the α-liquid interface

FIG. 3. Two-dimensional phase-field simulations of directional
melting patterns in the CBr4-C2Cl6 system at varying Vm

(Vs ¼ 1 μms−1). The liquid is shown in red, the β phase in
yellow, and the α phase in blue. The white horizontal dashed-
dotted line locates the eutectic temperature, while for Vm ¼
100 μm=s and 1 μm=s, an isoconcentration line is shown
in black.
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progressively becomes significantly convex (curvature of
order 1=λ), while the β-liquid interface remains slightly
concave. The temperature of the TJ decreases below TE, as
previously noticed in Ref. [24], with a concentration lying
inside (αþ L) and outside (β þ L). This still permits a
solute flux from β to α in the liquid, and the diffusive
coupling between the two melting solids is sustained in that
regime as well. In the MZ, the β fingers thicken, i.e., their
width lβ increases (Figs. 2 and 3) when Vm decreases. This
may be explained as follows. The lateral flux progressively
vanishes as illustrated by the flatness of the black iso-
concentration line at Vm ¼ 1 μm=s and, when Vm is small
enough, the β fingers melt only at their very tip. Then at
steady state, the total amount of solute transported by
diffusion in the interfinger liquid channels of width lL ¼
λ − lβ is balanced, for conservation of mass, by the melting
of the β tips at velocity Vm. Since the vertical flux in the MZ
is approximately given by the quantity DG=mβ, this entails
lLDG=mβ ≈ lβVmðCβ − C0Þ, where Cβ is taken at TE (see
Table I) for simplicity—we recall that in the simulations,
the temperature of the tip of the β finger remains approx-
imately equal to that of the β liquidus for C0. Let us define
the thermal length lt ¼ mβðCβ − C0Þ=G. The mass con-
servation can then be rewritten so as to find the β fraction
fβ ¼ lβ=λ (2fβ ¼ lβ=λ for 2-λ patterns—see thereafter) in
the MZ as

fβ ¼ ð1þ μÞ−1; ð1Þ

where μ ¼ lt=ld ¼ Vm=Vc. We note that the characteristic
velocity Vc ¼ D=lt is Vc ¼ 1.06 μms−1 for the simula-
tions, and ≈0.43 μms−1 for the experiments, the difference
stemming from the different values of G. As shown in
Fig. 4, Eq. (1) predicts well the variation of fβ in the PF
simulations, evidencing the validity of the approximation
for Vm ≲ Vc. As expected, the PF data deviate from this law
for large Vm when lateral fluxes are non-negligeable. The
experimental data reported in Fig. 4 fall substantially above
the numerical data. They also exhibit a large dispersion, at
given Vm, which actually corresponds to a dependence of
fβ on the local spacing in slightly nonuniform micro-
structures. More specifically, fβ decreases, and approaches
the theoretical curve, when λ increases. We also shall
note that uncertainties relative to image processing and/or
three-dimensional effects become less important for large λ
values.
While, for Vm close to Vc, eutectic melting patterns are

true steady-states, we observed an oscillatory motion of the
TJs about their average position when Vm ≪ Vc. This can
be interpreted as follows. For Vm ≈ Vc, the concentration
gradient in the liquid pocket ΔCTJ=ρ [22] is of orderG=mβ.
The solute diffusion flux near the TJ essentially matches
that in the MZ, which is a condition for steady-state motion
at Vm. When Vm ≪ Vc, the diffusion gradient that is

necessary for the TJ to move at Vm becomes smaller than
the diffusion gradient within the MZ. This is actually
accommodated by an oscillatory dynamics, with a pulsa-
tion (alternation of growth and shrinkage) of a liquid pocket
in the vicinity of the TJ, and provokes an undulation of the
sides of the β fingers (see Figs. 2 and 3). On average,
Eq. (1) remains nevertheless valid (Fig. 4). For the lowest
Vm values, the oscillatory dynamics is inefficient, and
the β fingers coalesce. Melting of the primary β phase
then takes place when liquid droplets, migrating owing
to the so-called thermal gradient zone melting (TGZM)
phenomenon [32–35] at a velocity close to Vc, reach the
bulk liquid. These droplets are emitted close to the TJs; see
Fig. 3. We note that the inaccurate treatment of small size
droplets or liquid nucleation in PF simulations does not
invalidate the qualitative picture.
Up to this point, we have mainly considered period

preserving (1-λ) melting patterns. A period doubling (2-λ)
instability has also been brought to light both experimen-
tally and numerically [Figs. 5(a) and 5(c); see also Fig. 4].
We consider a lamellar microstructure with a smaller
spacing than above, produced by solidification at a higher
velocity (Vs ¼ 10 μms−1; λJH ≈ 4.4 μms−1). For Vm ≈ Vs,
1-λ patterns form, in consistency with the above results. In
contrast, for Vm ≪ Vs, we observed a 2-λ instability with
one β lamella out of two developing into a finger in the MZ,
while the other β lamella melts close to TE, at the same
level as the α lamellae. Preliminary PF simulations dem-
onstrate that this transition still exists in absence of thermal
gradient. This deserves more investigations in the future.
Let us finally note that the observed morphological

changes must go along with a rotation of the three inter-
faces at the TJ, as in the idealized case studied in Ref. [22].

FIG. 4. Fraction of β phase fβ in the solid-liquid (MZ) region as
a function of μ ¼ Vm=Vc (see text). Symbols: PF simulations
(1-λ and 2-λ patterns; see below). Blue vertical lines: exper-
imental data (arrow: increasing λ). Dashed line: Eq. (1).
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While the solid-liquid interfaces are obviously free to
rotate, a bending of the α-β interphase boundaries, which
are straight interfaces in the solid, also entails a local
curvature that is hardly observed experimentally. In the PF
simulations (also see Ref. [24]), it is enabled (and possibly
exaggeratedly) by the finite diffusion across the interfaces,
the diffusion coefficient varying smoothly from D in the
liquid to 0 in the solid on the scale of the interface widthW.
However, we checked the independence of our results
with respect to (reasonable) changes in W. This effect,
which has been identified for a long time in PF simulations
of eutectic growth (see, e.g., Ref. [18]), is still under
discussion.
In conclusion, we have studied the directional melting of

a regular eutectic lamellar structure, using in situ thin-
sample experiments and two-dimensional phase field sim-
ulations in the model CBr4-C2Cl6 alloy. This combined
methodology allowed us to uncover the basic physical
phenomena at play during the formation of different
directional eutectic melting patterns, including an unprec-
edented morphological transition from period-preserving to
period-doubling shapes. Based on the scaling behaviors of
characteristic parameters, our analysis brings clear evi-
dence that the large-scale shape of a eutectic melting
pattern is essentially determined by a local diffusive
coupling at the trijunction at large Vm, while it is strongly
influenced by the thermal gradient when Vm decreases
below a critical value. Each of these phenomena deserve
further investigations. Some open questions remain to be
addressed that concern, e.g., solid-state diffusion, departure
from local equilibrium at interfaces, and 2D vs 3D geo-
metries, and their effect on the eutectic melting dynamics.
In view of the importance of melting in additive manufac-
turing, we hope that our Letter encourages new experi-
mental and numerical studies.
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End Matter

Appendix—In this End Matter section, we first provide
in Fig. 6 a scheme of the experimental setup. The thin
sample is in contact with two metallic temperature
regulators (hot block at Tþ > TE and cold block at
T− < TE) so that a thermal gradient establishes by heat
diffusion across the sample. Directional solidification
(melting) takes places when the sample is translated
along the z-axis using the motor with velocity Vs (Vm)
in the direction of the cold (hot) block. The in situ
visualization is enabled by an optical, transmitted-light
microscope equipped with a numerical camera (for more
details, see Ref. [28]).

Second, we present in Fig. 7 the CBr4-C2Cl6 phase dia-
gram in the neighborhood of the eutectic point at CE [27].
In addition, we locate our hypereutectic nominal compo-
sition C0 > CE.
Finally, in Figs. 8(a) and 8(b), we illustrate the features

(see caption) of the two regimes, i.e., ρ ≪ λ and ρ ∼ λ, with

ρ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dd0=Vm

p

. In the ρ ≪ λ regime, in blue, the liquid
penetrates along the α-β interface [22]. The trijunction
(TJ) temperature TTJ is located above TE. In the neighbor-
hood of the TJ, the diffusion flux is perpendicular to the
growth direction, yielding here vertical isoconcentration

FIG. 6. Schematic representation of the thin-sample directional solidification method.
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lines. Then, at the TJ, the two solid-liquid interfaces are
concave and the concentration lies outside of both two-
phase regions αþ L and β þ L, each of them bounded by
its liquidus line, respectively, CLαðTÞ and CLβðTÞ.
In the ρ ∼ λ regime, in pink, the diffusion flux in the

neighborhood of the TJ acquires a component parallel to

the growth direction, and isoconcentration lines are no
more vertical. The temperature TTJ is located below TE. At
the TJ, while the β-liquid interface remains concave, the
α-liquid interface becomes convex. The concentration at
the TJ thus lies outside the β þ L region and inside the
αþ L region.

FIG. 7. Phase diagram of the CBr4-C2Cl6 eutectic [27].

(a) (b)

FIG. 8. (a) Focus on the trijunction (TJ) with isoconcentration lines in the liquid for the situation ρ ≪ λ (blue) and ρ ∼ λ (pink);
(b) focus on the eutectic point in the phase diagram: the horizontal dotted lines schematically indicate the temperature TTJ of the TJ, and
the circles indicate the concentration in the liquid at the TJ.
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