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a b s t r a c t

Recent advances in the understanding of eutectic and peritectic two-phase pattern formation under
purely diffusive transport are reviewed. The parallel progress of two key techniques, namely, in situ
experimentation with model, low-melting transparent and metallic alloys in thin and bulk samples,
and numerical phase-field simulations, is highlighted. Experiments and simulations are interpreted in
the light of the theory of non-equilibrium pattern formation phenomena. Focus is put on microstructure
selection and morphological transitions, multiscale patterns in ternary alloys, and the influence of crys-
tallographic effects on pattern formation. Open problems, for example on crystallographic effects, irreg-
ular eutectics, and peritectic solidification, are outlined.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The solidification of eutectic and peritectic alloys of composi-
tion close to a nonvariant point in the phase diagram frequently
produces multi-phased microstructures in the bulk. Eutectic or
peritectic structures are also frequently found to form during the
late stages of a solidification process. Those microstructures are
essentially a frozen-in trace of the pattern-formation dynamics at
the solidification front [1–3]. The latter is governed by the inter-
play between solute diffusion in the liquid and the response of
the interfaces due to capillary and kinetic effects. We will focus
on metallic alloys and organic ‘‘metal analogs”, for which the
solid–liquid interfaces are non-faceted and kinetic effects can be
neglected; irregular eutectics will therefore not be addressed here.
We will concentrate on recent developments in this field; earlier
works are covered in textbooks [4,5] and previous review articles
[6–11].

In recent years, considerable progress on complex morphologi-
cal features of multiphased solidification microstructures has been
made on a fundamental level thanks to the parallel advancement of
in situ experimentation and numerical simulations. The rapid
development of phase-field modelling [12,13] makes it now possi-
ble to perform quantitative simulations of multi-phase solidifica-
tion in three dimensions for extended systems [14–16].
Experimentally, in addition to major improvements of the classic

thin-sample directional solidification technique, novel real-time
observation methods have been developed, which allow for the
imaging of eutectic front patterns in bulk samples of transparent
organic alloys with a micron-scale resolution [17,18]. Moreover,
implementing high-resolution X-ray radiography and tomography
has brought unprecedented information on solidification
microstructures in bulk and thin metallic samples [19].

Theoretical interpretation of the data obtained from experi-
ments and simulations crucially benefits from the concepts and
methods of fundamental physics of nonequilibrium pattern forma-
tion. The interaction of this field with solidification science started
in the 1980s [20] and has been fruitfully pursued since then, thus
shedding new light on increasingly complex questions that include
microstructure selection and morphological transitions, solute
redistribution transients, multiscale patterns in ternary alloys
and interfacial-anisotropy (crystallographic) effects. Therefore, in
the following, we will seek to establish a close link between exper-
imental and numerical results, and the theory of pattern formation.

To this end, it is useful to concentrate on model (binary and
ternary) alloys and investigate them in well-controlled laboratory
experiments. In particular, the use of thin samples or microgravity
environments can suppress the convective motions in the liquid.
This simplifies the numerical treatment, and makes the results
directly comparable to theories of diffusion-limited crystal growth.
While this approach omits several aspects that are important for
practical applications (multiple components, convection), it can
validate the theories and models that are needed as a basis for a
complete understanding of such situations. Most of the results that
are reviewed below have been obtained either by (in situ)
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directional-solidification experiments, that is, solidification in a
fixed temperature gradient of magnitude G, with an imposed
velocity V, or by phase-field simulations.

In the following, we will discuss subsequently binary eutectics,
with an emphasis on various phenomena that influence the
dynamics of two-phase pattern formation, ternary eutectics, in
which an entirely new microstructure, namely spiral two-phase
dendrites, was discovered, and peritectics. The review will be con-
cluded by a list of what we consider to be important open
questions.

2. Binary eutectics

2.1. Background

In a binary eutectic alloy, two distinct solid phases, generically
called a and b in the following, coexist with the liquid phase at the
eutectic temperature TE, with the composition CE of the liquid fall-
ing in between the compositions of the two solids. For a range of
compositions around CE, the liquid can solidify into a two-phase
composite (coupled growth). For two solid phases with isotropic
and nonfaceted solid–liquid interfaces, the theoretical description
of this growth mode includes bulk diffusion in the liquid phase,
mass conservation at the moving interfaces (Stefan condition),
and local equilibrium at interfaces (Gibbs–Thomson equation)
and trijunction points (Young’s law). The resulting free-boundary
problem has been stated in many publications, and can be found
for example in Ref. [21].

The cornerstone for our understanding of eutectic growth fronts
is the Jackson–Hunt theory [3] (also see the pioneering works by
Zener and Hillert [1,2]), which solves an approximate version of
this problem for a steady periodic pattern of spacing (spatial per-
iod) k. The interplay between diffusion and capillarity is character-
ized by a scaling length km (at which the front undercooling
exhibits a minimum in directional solidification), which is propor-
tional to V�1=2. Eutectic-growth dynamics essentially depends on a
single parameter, k=km, proportional to kV1=2, and is little sensitive
to the magnitude of the temperature gradient G [22].

The two morphologies that are most frequently observed in
eutectic composites are parallel platelets (lamellae) of the two
phases, and fibers (rods) of one phase, located on the nodes of a
regular triangular lattice, and surrounded by a matrix of the other
phase. Jackson and Hunt have calculated km for these two mor-
phologies. In fact, many other arrangements of the solid phases
along the (planar) front are also observed. This morphological
‘‘multistability” is a direct consequence of the symmetry properties
of the system. The same symmetry elements are also exhibited by
many other pattern-forming systems with an axial symmetry, such
as Rayleigh–Bénard convection, Faraday surface waves, reaction–
diffusion systems, and magnetic thin films. Lamellae and fibers in
eutectics correspond to regular stripe and dot patterns that are
common in these systems. For the present review, it is useful to
take advantage of the knowledge accumulated on generic aspects
of these systems in the theories of nonequilibrium pattern forma-
tion [23,24].

In nonequilibrium pattern forming systems, steady periodic
patterns are generally stable over a finite range of values of the
spatial period k, at fixed control parameters. Inside the region of
stability in the space of control parameters (stability balloon), pat-
tern uniformization is ensured by a generic relaxation mechanism
of diffusive nature (‘‘phase” or ‘‘spacing” diffusion). The limits of
the stability balloon are set by morphological instabilities (bifurca-
tions), which break one or several symmetries of the underlying
regular pattern. Outside the basic-state stability balloon, the

system restabilizes into a steady, symmetry-broken periodic pat-
tern or displays a complex spatio-temporal dynamics.

These facts imply that in laboratory experiments, particular
attention has to be paid to the preparation of the initial state:
which kind of pattern forms depends, in practice, on sample his-
tory and boundary conditions. This has been explicitly demon-
strated for lamellar patterns in a thin-sample geometry [25]. A
common directional-solidification protocol (also see numerical
simulations [26]) consists of establishing a steady-state pattern
at constant V, and observing the response of the system to succes-
sive V jumps.

In this way, many results have been obtained in thin-sample
directional solidification of transparent alloys. The stability balloon
(stable spacings as a function of alloy concentration) has been
determined experimentally and numerically. Its limits are set by
various oscillatory instabilities for large spacings, and by lamella
elimination for small spacings [25–27]. This constitutes a reference
basis for more recent studies on bulk solidification, which are
reviewed in the next section. Bulk solidification is a much more
challenging subject due to the large number of geometrical degrees
of freedom (two-dimensional translational and rotational symme-
try) of the (‘‘ideal”) system. New real-time experimental methods
have been set up, which combine the use of a long-distance optical
microscope with subsequent image processing for yielding the
equivalent of a ‘‘top view” of the growth front in samples of inner
thickness reaching 1 mm [17,18]. Due to possible thermo-solutal
instabilities, experiments are mostly limited to near-eutectic com-
positions. Efficient and accurate phase-field models for bulk eutec-
tic growth have been developed [28] that have made it possible to
perform three-dimensional simulations on a length scale of several
microstructural units [14,15].

In the following, we will review the morphological transforma-
tions of lamellar and rod eutectics, as well as space–time dynami-
cal features and topological defects which determine the long-time
evolution of extended patterns in directional solidification. Finally,
the universality of the above-mentioned phenomenology breaks
down in more ‘‘realistic” situations, when new physical effects
(external or internal) break the symmetries of the ideal system.
We will consider two dynamic forcing phenomena: the effect of
an imperfectly-shaped temperature gradient, and crystallographic
effects.

2.2. Dynamics of patterns with isotropic interfaces

Lamellar eutectics. Lamellar eutectic patterns in bulk-sample
solidification have been studied both in experiments and simula-
tions [29,30,14]. A new instability mode was identified in the
experiments, namely, the zigzag instability (Fig. 1a), which is a
transition from straight to chevron patterns or wavy lamellae
(for general bases of the zigzag bifurcation, see Ref. [23]). Phase-
field simulations in three dimensions [14] have helped to clarify
the connection to the results obtained in thin samples [25,26].
Other instability modes, that extend the known two-dimensional
modes to three dimensions, do exist but grow more slowly than
the zigzag instability for all parameter sets that were investigated.
This explains why in the experiments only the zigzag mode was
clearly identified.

Let us now turn to the dynamics of extended systems. In the
experiments that revealed the existence of the zigzag instability
in lamellar eutectics [29], quite frequently the eutectic fronts did
not self-organize into well-ordered lamellar arrays, but remained
disordered during the entire time of the experiment (Fig. 1b):
while the characteristic spacing is clearly visible, the local orienta-
tion of the lamellae varies from point to point in space, and no glo-
bal ordering emerges. In the simulations, this is actually the
generic behavior when a mixture of the two phases with random
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