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field. Part I deals with the transformation of aluminium alloys from the liquid to the solid 
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L’objet de ces articles de synthèse est de résumer les progrès récents de la métallurgie 
des alliages d’aluminium et, en partant de cette analyse, d’essayer de définir les déve-
loppements futurs dans ce domaine. La partie I traite de la transformation des alliages 
d’aluminium de l’état liquide à l’état solide, tandis que la partie II se concentre sur les 
transformations à l’état solide. Ces articles ne sont en aucun cas exhaustifs, car la littéra-
ture est très abondante, mais les auteurs souhaitent donner un point de vue personnel sur 
ce qu’ils pensent être les contributions scientifiques les plus pertinentes pouvant influer 
sur les développements technologiques futurs.
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1. Introduction

The metallurgical studies of the transformations of aluminium alloys from a liquid to a solid state are driven by in-
dustrial needs. Before going into the depth of the recent scientific developments in that field, it is useful to have a clear 
representation of the driving forces at work for process evolution in a metallurgical company. There are three kinds of 
requirements.

– Prescriptive requirements, or constraints, whether internal (existing assets, investment choice. . . ) or external (regulations), 
which apply to a given metallurgical company. The never-ending path toward reliability and robustness of a production 
process, including automation, is indeed a driving force for a company endlessly striving to standardize its processes 
as excellence must be reproduced every day! Although this could be considered as having little impact on the evolu-
tion of metallurgy, this stimulates some kind of knowledge improvement. In order to reduce scatter of the production 
and improve productivity, it is necessary to understand the sources of scatter. Control of process variability stimulates 
both the use of sensor/actuator systems and basic – mostly thermal – modelling of casting lines. Control of materials
variability sets off basic solidification studies relying more on statistical evidence than on in-depth understanding. It 
is in particular necessary to decide what to require in terms of specification evolution imposed to master alloys, grain 
refiners, modifiers, etc.

– Organic requirements, that is, what commands and justifies process evolution in relation with explicit customer specifica-
tions and implicit market trends. This evolution axis is organic in the sense that it leads to considering the production 
schedule as a whole, with emphasis on the heredity of the solidification structure in the downstream metallurgical 
transformations. For our purpose, this starts right from the liquid structure (see §2.4): the icosahedral short-range order 
(ISRO) is influenced by transition metals and is reflected in the crystal structure of many intermetallic phases that are 
quasicrystals approximants. This has an impact also on nucleation and growth. In aluminium alloys, solute elements are 
primarily of substitutional type and thus their diffusion in the liquid state is at least three orders of magnitude faster 
than in the solid. Therefore, the casting stage shall be considered as the first metallurgical step toward the end prod-
uct specifications. Besides, what is obtained at the solidification stage may not be reversible in the solid state unless 
the down gauging is strong enough to decrease the diffusion scales accordingly. The genes of this heredity are mostly 
borne by micro- and macro-segregations and consideration thereof leads to devising alloy design rules. The spatial dis-
tribution, size, morphology, and nature of secondary phases formed during solidification are primarily controlled by 
the local solidification conditions as well as by the grain size and morphology of the primary phase. Solidification and 
casting engineering requires the construction of adapted mock-ups or models, which have been and still are the basis 
of the engineer’s iconic language [1]. This effort is very demanding in terms of thorough knowledge of the physical 
mechanisms involved and has been in recent years fertilised by two imaging means, virtual and real. First, the fantastic 
development of numerical modelling, which gives insight to, and guides optimisation of, casting parameters in relation 
with solidification structure and end-product properties. Micro- and macro-scales are coupled by transport equations 
governing fluid flow, transport and deformation of the solid phase. The influence of convection on grain fragmentation 
and growth of primary dendrites is another important parameter. Capillary forces at free liquid surfaces may also play 
a crucial role at the scale of the melt when its dimensions are small, e.g., Marangoni thermal- or solutal-convection in 
the melt pool in laser melting or welding. The other visualisation technique is by means of quantitative metallography. 
Orientation imaging of the microstructure, based on Electron Back-Scattered Diffraction (EBSD), has demonstrated its 
power over the past twenty-five years not only in the solid state but also in solidification. Thanks to the transparency 
of aluminium to X-rays and the development of large instruments such as synchrotrons, in situ observations provide 
insight into otherwise opaque crystallising melts. Lab-scale transmission X-ray setups have also proven useful to visu-
alise solidification mechanisms. They allow studying the effect of grain refining strategies, solidification parameters and 
possibly external fields on the resulting structures.

– Innovative driving forces, or can we do things differently? We know of many casting processes, especially rapid solidifi-
cation processes such as melt spinning, which never quite succeeded in industrial applications, mainly because they did 
not meet the organic requirements mentioned above, viz. customer specifications and implicit market needs. Recently, 
the emergence of additive manufacturing, and in particular, for aluminium alloys, of Selective Laser Melting (SLM) of 
powder beds, leads us to revisiting rapid solidification studies and concepts dating back to the 1990s in a renewed 
process context with strong implications on alloy design rules (see §5).

This review paper is subdivided as follows. Section 2 summarizes the recent advances in numerical simulation of casting 
and solidification at various scales, with a particular focus on aluminium alloys. In situ observations of solidification made 
possible with large-scale (synchrotrons) or lab-scale X-Ray set-ups are summarized in Section 3. Section 4 is dedicated to 
microstructure selection, considering both nucleation and growth, while Section 5 outlines the needs for the specific de-
velopment of Al alloys in additive manufacturing, i.e. when the solidification speed can potentially induce non-equilibrium 
conditions at the solid–liquid interface. Finally, before the conclusion and perspectives, the influence of convection on solid-
ification is approached in Section 6.
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2. Panorama of recent numerical modelling progress in the field of casting and solidification of Al alloys

With the fantastic development of computing power and the advances of numerical methods, numerical modelling of 
solidification and casting processes has been able to address increasingly complex problems, at multiple scales. This section 
reviews some of these progresses, starting from the macroscopic scale down to the atomistic level, with a focus on alu-
minium alloys and processes. For readers interested to know more about solidification modelling approaches in general, we 
refer to two recent short review articles [2,3].

2.1. Multiscale modelling of the DC casting process

By multiscale modelling, it is meant that macroscopic equations governing energy − (most often reduced to heat-), 
mass-, momentum- and species-conservation are coupled with analytical models describing nucleation, growth and possibly 
settling of grains [4,5]. Such approaches for equiaxed grains have been made possible by replacing the complex dendritic or 
globular–dendritic microstructure by the concept of an envelope, whose growth kinetics is given by an analytical model of 
the growth of the active dendrite branches [6–8]. A local solute balance accounting for the solute concentration field in the 
vicinity of the envelope allows one to deduce the internal fraction of solid within the grains [9]. These multiscale models 
have brought very valuable insight into a process such as Direct Chill (DC) casting of Al alloys.

Before grain transport was included in such multiscale models, nucleation was thought to occur more or less uniformly 
in the whole casting, in a region close to the liquidus isotherm. Accounting for the transport by convection of inoculant 
particles, of already-formed nuclei as well as of solute elements taught us that nucleation events are limited to a small zone 
of the DC cast ingot, next to the ingot surface in contact with the mould. This zone acts as a “grain factory” and the uneven 
distribution of nuclei and solute elements due to convection fundamentally governs subsequent grain growth, and thus the 
final grain size, across the slab section [10].

Macrosegregation can bring some regions of a casting out of the composition specifications or lead to an unacceptable 
amount of secondary phases. Unlike microsegregation, which can be “erased” during homogenisation, macrosegregation 
profiles remain during the whole processing of the alloy. The final macrosegregation pattern in an ingot results from the 
possibility of a relative movement between the solid and liquid phases, which have different compositions, the solid being 
leaner (resp. richer) in eutectic (resp. peritectic1) solutes than the liquid within the solidification interval. In parallel, the 
difference between the transport of the liquid and solid phases governs the local supersaturation, and thus the growth rate 
of the microstructure. These complex mechanisms, which are of primary importance for industrial processes, can only be 
captured by complex models [11]. Since the pioneering work of Flemings [12], the negative2 segregation observed at the 
centre of DC cast ingots can be explained by the shape of the isotherms and of the diverging flow lines compensating for so-
lidification shrinkage [13], while according to the same principle the converging downward flow of eutectic-enriched liquid 
in the mushy zone, parallel to the front, may create a positive segregation peak at mid-thickness. However, while liquid en-
richment in dense solutes (Zn, Cu. . . ) upon cooling contributes to making it denser, the presence of light alloying elements 
such as Mg or Li creates a discordance between the respective effects of temperature decrease and solute enrichment on the 
liquid density, causing thermo-solutal convection to appear, with complex consequences on the macrosegregation pattern. 
Finally, the settling at the sump bottom of heavier grains being leaner in eutectic solute elements [4,14] can reinforce the 
negative centreline macrosegregation. Settling-induced macrosegregation is much more pronounced for globular-type grains, 
since dendritic ones tend to be transported with their internal fraction of liquid. Therefore, the way these grains tumble, 
pack and transport solute with them is an important part of the picture and depends on their morphology, itself dictated 
by their growth and thus by the local solute content and temperature. Recently, a multi-sphere clumping Discrete Element 
Method (DEM) approach was employed [15] to predict the solid packing fraction of grains depending upon their degree of 
sphericity. This opens the way to a better physical description of grain packing in macrosegregation models.

One of the remaining and important challenges of such mesoscopic models is the growth kinetics law describing the 
evolution of the envelope. While it is fairly well known for small spherical grains and for fully-developed dendritic equiaxed 
grains, the transition between these two morphologies – like cells in columnar growth – has no simple analytical solution. 
Inoculated Al alloys fall typically within this transition range since the final grains exhibit a so-called globular–dendritic 
morphology, i.e. neither globules nor dendrites. This is illustrated in Fig. 1 by plotting Rg−d (for a given cooling rate Ṫ =
1 K/s), that is the globular-to-dendritic destabilisation radius predicted according to [16], as a function of the growth 
restriction coefficient m(k − 1)C0 and comparing it with actual grain sizes. The globular-to-dendritic destabilisation radius 
scales as:

Rg−d =
(

96
D��s�Lf

m(k − 1)C0cp Ṫ

)1/3

(1)

1 In Al-based binary systems there are nine peritectic elements (i.e. with partition coefficient > 1), viz. Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W. All the others are 
eutectic (partition coefficient < 1) or have no solubility in liquid Al.

2 “Negative” should be understood as “leaner in eutectic elements”, but peritectic solutes exhibit the opposite trend.
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Fig. 1. Comparison between the grain radius for which the globular–dendritic transition is predicted (cloud of points) and the effective experimental grain 
sizes obtained at the laboratory for one set of cooling and inoculation conditions representative of ingot DC Casting (schematized by its envelop in dashed 
lines), for various alloys ranked by their “growth restriction coefficient”, mi(ki − 1)C0i .

where m is the liquidus slope, C0 is the solute content of the bulk liquid, k is the solute partition coefficient, D� is the 
diffusion coefficient of the solute in the liquid phase, �s� is the Gibbs–Thomson coefficient accounting for capillarity, and 
Lf/cp is the ratio of the latent heat to the specific heat. This figure shows that for alloys with a low coefficient, grains get 
dendritic before reaching their final size while alloys with a high coefficient reach their final grain size before grain growth 
fully destabilises, thus remaining globular [17]. Note that for a given alloy, the Ti contribution mTi(kTi − 1) = 272 K is such 
that even a small amount of Ti can shift the growth domain significantly.

2.2. Mesoscopic and granular modelling approaches

A difficulty of multiscale models is the handling in a single approach of both columnar and equiaxed morphologies [2], 
although a new approach has been proposed recently [18]. This problem is alleviated in so-called stochastic models of 
solidification such as the CAFE approach [19], in which the macroscopic continuity equations are solved with a Finite 
Element method at the scale of the casting, while nucleation and growth models are implemented at a much finer scale 
of cells. Again, while this CAFE approach has shown its full power for fully dendritic specimens, it is based on the growth 
kinetics of a dendrite tip and is thus not well adapted to globular–dendritic grains (and large castings).

For fully globular grains, another stochastic approach has been adopted to address the problem of hot tearing forma-
tion occurring deep in the mushy zone, i.e. at high solid fraction. First developed in two dimensions [20], this model was 
extended to three dimensions for small volume elements [21–23]. In this approach, nucleation centres (corresponding for 
Al-alloys to the positions of the most active TiB2 particles) are distributed randomly within the volume element. Taking 
the Voronoï tessellation of these centres, the faces correspond to the final grain boundaries. A solute balance made within 
each of the Voronoï pyramids allows one to predict the evolution of the solid–liquid interface and the last stage solidifica-
tion when liquid films are replaced by solid grain boundaries, i.e. coalescence [24]. Feeding through the network of liquid 
channels and deformation of the already coalesced solid are modelled. This allows us to visualise the percolation of the 
grains, while a defect criterion can determine at which pressure within the liquid channels cavitation will occur. The hot 
tear nucleated in this way will then propagate within neighbour liquid channels. This was successfully used to numerically 
simulate and interpret hot tearing observed under X-Ray tomography, see Fig. 2.

This stochastic hot tearing model corresponds to the so-called RDG (Rappaz–Drezet–Gremaud) criterion [25], which is 
based on average conservation equations (and thus average strain rate) and is thus similar to Niyama’s criterion for the 
prediction of porosity formation [26]. But it is much more refined in the sense that it can account for the influence on the 
alloys’ hot tearing sensitivity of grain size, grain boundaries and the balance between solid–liquid interfacial energy and 
grain boundary energy. Coalescence of the primary phase, which dictates the percolation and final solidification stage in di-
lute alloys, competes with the formation of eutectic in more concentrated alloys: the last eutectic valley where solidification 
terminates influences shrinkage-driven flow and the associated liquid pressure loss leading to hot tear [27].

2.3. Phase field modelling of Al alloy solidification

Since the first solutal dendrite of Ni–Cu simulated in two dimensions with the phase field method [28], this technique 
has shown its tremendous power to model microstructure formation in three dimensions (see, for example, [2] or [29]). It 
is quite intensive in terms of computation power, but this is the method of choice since, first, the shape of the solid–liquid 
interface is not prescribed (free boundary), and second, a fixed mesh rather than a front-tracking is used. It would be too 
long to enumerate the many problems addressed with this method, but for aluminium alloys let us mention:
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Fig. 2. In situ X-ray tomography observation of hot tear formation at the small notch of a cylindrical Al-8%Cu small specimen under tensile stresses (top 
left) and comparisons with the prediction of the stochastic hot tearing model (right). The diagram at the bottom left shows the depression in the liquid 
compared with the cavitation pressure required to nucleate a pore in the widest channel [22].

Fig. 3. (a) Longitudinal section of a quenched 〈110〉 twinned dendrite in an Al-20 wt% Zn alloy and (b) phase-field calculation of such a morphology with 
an imposed dihedral angle at the triple line between the twinned solid, un-twinned solid, and liquid in an Al-5 wt% Zn alloy; after M. Salgado’s PhD 
thesis [32].

– the transition from globular to dendritic morphologies [16], which provides conditions relating the cooling rate and the 
final grain size or grain density [30];

– the growth of twinned dendrites (so-called feathery grains) associated with the formation of a doublon growing along 
〈110〉 directions [31], see Fig. 3;

– the influence of solute elements such as Zn on dendrite growth directions [33]. With increasing Zn composition, it has 
been shown that the dendrite growth directions change from 〈100〉 to 〈110〉 directions, as a result of a change of the 
solid–liquid interfacial energy anisotropy [34].

2.4. AIMD of alloyed Al melts

An important attribute of aluminium is its ability, with certain alloying elements, to induce local covalent bonding, re-
sulting in strong icosahedral short-range ordering (ISRO) in the liquid. As a consequence, many intermetallic phases reflect 
this five-fold symmetry of building blocks and many of the quasicrystals (QC), starting with the first one Al6Mn, are based 
on aluminium. Ab Initio Molecular Dynamics (AIMD) modelling of liquid alloys gives insight into the atomic interactions 
governing these cluster arrangements, which in turn govern dynamic properties (diffusion and viscosity) and entropic con-
tribution to crystallisation.
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Ab initio modelling computes the behaviour of a restricted number of atoms (typically 500) for a short period of time 
(typically 500 ps) that is, however, sufficient to capture dynamic properties. Such calculations last typically three months. 
The relatively small number of atoms does not allow modelling multiconstituent alloys: ternary alloys with not too dilute 
solutes constitute the horizon of such calculations. In spite of these limitations, AIMD presents a huge potential for guiding 
alloy design and also for feeding process numerical modelling with thermophysical properties difficult or impossible to 
measure.

Regarding liquid Al alloys, ab initio simulations have been carried out on several systems. Comparison of two composi-
tions either known to form quasi-crystalline phases (Al80Mn20) or known not to form QCs (Al80Ni20) shows that in both 
cases there is a strong chemical order, the solute atoms being surrounded with solvent Al atoms. Whereas Mn atoms are 
mainly surrounded by Al atoms arranged along an icosahedral symmetry, the short-range order prevailing around Ni atoms 
is of the fcc type [35]. In Al80Mn20 alloy, it was found by AIMD that a key role is played on the SRO by the occurrence of lo-
calized magnetic moments of Mn atoms [36]. Other ab initio calculations [37] predict that Samarium strongly increases ISRO 
against fcc precursors in liquid Al. Monte Carlo simulations of another Al–RE system, namely Al–terbium, have shown that 
the special correlation between Tb and Al atoms in the liquid results in nanoscale chemical separation of Tb- and Al-rich 
regions. A Tb-rich network divides the melt matrix into nanoscopic regions forming isolated clusters of pure Al, in which 
the initiation of crystallization is inhibited under rapid solidification conditions [38]. In multiconstituent alloys, competition 
between conflicting ordering patterns becomes very complex and may lead, as described below (§4.1), to demixtion of the 
liquid into regions exhibiting different dynamics.

Ab initio molecular dynamics simulations were used recently to describe the diffusion of hydrogen in liquid aluminium 
at different temperatures [39]. Quasi-instantaneous jumps (Levy’s flights) separating periods of localized vibrations around a 
mean position were found to characterize hydrogen motion at the nanoscopic scale. A generalized continuous time random 
walk (CTRW) model was shown to describe the experimental diffusion coefficients in a satisfactory manner. Such a quantic 
diffusion mechanism cannot be predicted by empirical potentials, which therefore miss the experimental values by several 
orders of magnitude.

3. In situ observations of solidification: what they teach about Al solidification

The possibility offered by X-Ray imaging and especially by large instruments such as synchrotrons dedicated to materials 
science has renewed the interest to visualise solidification mechanisms and phenomena in otherwise opaque metallic melts. 
Correct representations are essential to innovation and aluminium alloys are ideal for that purpose since they are fairly 
transparent to X-rays. Studies include X-ray radiography, tomography and topography [40]. We will not mention the usage 
of such techniques for ex situ 3D-characterisation of specimens already solidified.

Synchrotron monochromatic radiography has been initially used to visualise in situ and in real time dendritic growth 
in binary aluminium alloys [41,42]. Advances in the technique allowed one to measure local concentrations in the liq-
uid between equiaxed Al grains during the solidification of binary Al–Cu alloys [43]. Recently, an improvement of the 
synchrotron-based technique for elemental imaging, combining radiography and fluorescence spectroscopy, has been realised 
and applied to study the spatial distribution of different solutes that can be mapped independently and simultaneously dur-
ing solidification [44]. This study made heavy use of machine learning to allow for automatic identification of individual 
growing equiaxed grains. Studies of equiaxed solidification of Al–Cu and Al–Si alloys [45] revealed that the frontier between 
nucleated regions and non-nucleated regions progresses by successive jumps and that growth rate fluctuates with a peri-
odicity between 0.2 and 0.4 s. This is to be related to the observation of concentration oscillations after the columnar to 
equiaxed transition in Bridgman solidification of Al–Ni or Al–Si alloys [46]. Synchrotron studies allow for grain counts over 
time, while post mortem analyses only give access to final grain size. Grains appear to rotate to fit into the spaces formed 
by the previous layer of grains and sometimes vertical channels of liquid between the grains seem to form [45].

Similar relative micro movements between grains and the liquid are also mentioned by a recent study performed in a 
transparent alloy [47], extending the pioneer work of Hellawell and co-workers [48]. These observations show that the ris-
ing of solute-rich less-dense liquid through the dendrite network causes solutal remelting of dendrite arms, entraining them 
in the bulk of the melt, and thus inducing self-inoculation of the alloy besides macrosegregation. Such self-grain-refining 
behaviours are experimentally observed in industrial casting of Al–Mg alloys, for example. But these mechanisms may also 
affect the formation of casting defects such as hot tearing, porosity formation, and eutectic segregated pockets. Movement 
of the interdendritic liquid can also be induced by mechanical vibration as in the experiments published in [49], which 
conclude that fluid flow in the permeable dendritic mush may be the key factor for the alteration of the solidification mi-
crostructure. Pulsed electromagnetic field may also cause dendrite fragmentation and grain refinement as evidenced in [50]. 
Thermo-electromagnetic forces can also be created by the interaction between the electric current generated by the ther-
moelectric effect in the vicinity of the liquid–solid interface submitted to a temperature gradient (Thomson–Seebeck effect) 
and a static magnetic field. Synchrotron observations evidenced the movement of dendrite fragments during solidification 
of an AlCu alloy in this configuration [51].

All these observations provide a lot of insight into the various mechanisms, in the absence or in the presence of external 
fields (besides gravity). The relative movements between the solid and liquid phases induce solutal remelting-activated 
fragmentation of dendrites and consecutive grain refinement of Al alloys by mechanisms other than allogeneic inoculation. 
This further suggests process levers for the tuning of industrial solidification structures.
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Another stimulating observation is the growth morphology modification of Al dendrites by nanoparticles due to the 
disturbance of the solute diffusion field caused by interfacially adsorbed nanoparticles, together with a greater degree of 
freedom left to the dendrite arms for following different directions dictated by the local variation of solute content [52]. 
In-situ radiography of eutectic formation in Al–Si alloys have allowed one to visualise the effect of Sr on the nucleation 
and growth of the silicon phase and the early stage of eutectic coupled growth [53]. Combined X-ray radiography and to-
pography under white beam illumination gave some unique information on the deformation of dendrites during directional 
solidification of alloys [54]. Finally, in situ 3D X-ray tomography (sometimes referred as 4D tomography) is progressing 
rapidly in time and space resolution. It has been used to visualise coarsening in Al–Cu alloys [55] or even the development 
of the full network of dendrites in Al alloys [56].

4. Microstructure selection in the solidification of Al alloys

Microstructure selection occurs during all stages of liquid-to-solid transformation. Most of the selection criteria are based 
on growth kinetics, i.e. fastest growing phase (under equiaxed conditions) or highest growth temperature. We will see that 
selection mechanisms controlled by nucleation may fall within either category.

Most of structure selection mechanisms in DC Casting of Al alloys, where isotherm velocity is imposed by the process, are 
governed by a highest growth temperature criterion. Aluminium alloys illustrate this criterion in specific ways in comparison 
with other alloy systems, as they exhibit:

– very low anisotropy of the solid–liquid interfacial energy, thus leading to various growth morphologies,
– strong proportion of Icosahedral short-range order (ISRO) of atoms in the liquid, which has many consequences on 

the nucleation and growth kinetics, the formation of stable or metastable phases e.g., metastable Al–Fe intermetallics, 
quasicrystals, and the fairly unique tendency to form twinned dendrites [57].

From an industrial point of view, it should also be noted that Al alloy melts can be easily inoculated, through a template 
effect exerted on the neighbouring liquid by crystalline substrate such as TiB2 or TiC [58] coupled with a peritectic reaction 
triggered in 2D at Ti concentrations well below the bulk equilibrium peritectic composition. This template effect locally 
erases ISRO and orient nucleation from the introduced crystalline precursors.

4.1. Nucleation mechanisms for the primary phase

Besides conventional grain refiners based on titanium borides and carbides, a so far unknown nucleation mechanism 
has recently been evidenced [59,60] in the {Al–Zn + 1000 ppm Cr} system. EBSD analysis of the as-cast microstructures has 
revealed a higher than statistically expected density of grain boundaries in a twin relationship. The grains exhibiting such 
orientation relationships are associated by groups of 5, a signature of the fact that these grains have probably grown from 
a common, transient quasi-crystalline substrate with 5-fold symmetry. Now, in the Al–Zn + Cr system, a peritectic reaction 
creates a solid substrate with 5-fold symmetry motifs, namely the complex intermetallic Al7Cr whose large monoclinic 
unit cell contains many icosahedral building blocks, with a Cr atom at each centre [61], a direct consequence of the ISRO 
pre-existing in the liquid. It was thus conjectured that this nucleation mechanism occurs in two steps: first, the formation of 
small icosahedral quasicrystals in the melt thanks to their low interfacial energy with the liquid, followed by hetero-epitaxy 
of the fcc phase on facets of these quasicrystals, which will thus have mutual twin relationships, see Fig. 4.

This provides ground to the idea that twinned grains growing from the melt – so-called feathery crystals, may nucleate 
on icosahedral motifs forming from the melt. The recent observation in a non-grain refined AlZnMgCr alloy as cast billet 
of concomitant feathery crystals and spherical Al cells divided into sectors of different orientations may support this view 
(Fig. 5).

From the atomistic point of view, the problem of how ISRO can evolve into medium-range order (MRO, that is, beyond 
the first neighbours) is a central one. AIMD calculations of the Al–Cr and Al–Zn–Cr liquid systems [62] have evidenced a 
demixtion instability of the liquid by spinodal decomposition into two intertwined families of MRO clusters at no interfacial 
energy cost (Fig. 6). The Cr-rich MRO regions have significantly slower dynamics than the fast-dynamic regions formed by 
Al (and Zn) atoms only, this dynamic heterogeneity leading to a breakdown of the Stokes–Einstein relation corresponding 
to a crossover from the Arrhenius to non-Arrhenius behaviour for diffusion coefficients and viscosity. One scenario is that 
the slow dynamics regions will serve as sacrificial metastable nucleants for the others as they will disappear by peritectic 
reaction. In any case, the homogeneous nucleation of iQCs appears as resulting from local fluctuations of icosahedral ar-
rangements of atoms in the liquid until a critical size is reached. It also means that the quasicrystalline order in the liquid 
is not only at the origin of frustration leading to glass formation, but may also in some cases be regarded as providing the 
substrate for epitaxial growth of crystalline order [63]. This may have practical implications in the future of Al solidification 
metallurgy.

This nucleation mechanism belongs to the “fastest growing structure selection criteria” family, as the liquid arrangement 
evolutions that lead to it correspond to Turnbull’s formula of “what is kinetically preferred within the range of thermo-
dynamic possibilities”. He further commented that “short-range order, whether compositional or topological, can develop 
more rapidly than long*range order” [65]. The recent descriptions published by Tanaka [62,66] fit in this view as the bond 
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Fig. 4. Schematic diagram showing the iQC mediated nucleation of the fcc phase during solidification: (a) ISRO atomic arrangement in the liquid; (b) forma-
tion of iQC; (c) formation of fcc on the iQC with heteroepitaxy relationship; (d) further growth of the fcc with disappearance of iQC during cooling, leaving 
only multiple twinned fc grains with some common 〈110〉 directions; after [59].

Fig. 5. Concomitant spherical Al cells divided into sectors of different orientations and twinned columnar dendrites in a non-grain refined AlZnMgCr as-cast 
billet. Both structures may have nucleated on icosahedral motifs formed from the melt (unpublished Constellium results; field width = 2.7 mm).

Fig. 6. AIMD calculations of icosahedral medium-range order in undercooled Al–Cr and Al–Zn–Cr melts at 800 K, after [64] and [63]. Cr atoms are drawn 
in blue, Zn atoms in grey, and Al atoms in pink; Al atoms in two typical Cr-centred icosahedra are highlighted in yellow for visual purpose. Left: Al80Cr20; 
right: Al83Zn10Cr7, but the local composition in the slow dynamics region is found to be Al85Zn3Cr12.

orientational order (BOO) initially increases without any change in the packing density (inhomogeneous supercooled liquid 
with crystal-like BOO fluctuations), followed by continuous increase in the phase coherency of crystal-like BOO in a region 
of high density and eventually the formation of a crystalline phase due to the development of a translational order induced 
by the growth of crystal-like BOO.

The above-mentioned ab initio molecular dynamics studies suggest that the introduction of slow-diffusing solutes in Al 
alloys will promote the formation of dynamic heterogeneities in the undercooled melt, which may either trigger some kind 
of homogeneous nucleation in the case of peritectic solutes (because the slow-dynamics, solute-rich zones have a higher 
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Fig. 7. Transverse and longitudinal sections of a 3D X-ray tomography reconstruction of quenched Al–Zn dendrites solidified in a Bridgman furnace at 
4 mm/min, showing the growth of (a) 〈100〉 dendrites in Al-10 wt% Zn and (b) 〈110〉 dendrites in Al-90 wt% Zn. From [68].

freezing point), or affect intermetallic selection or primary Al growth morphology in relation with slower diffusion kinetics 
of the partitioning solutes. In particular, at the onset of primary Al solidification the selected growth pattern will be more 
dendritic because more exchange area is needed for the partitioning of slow diffusing solutes.

Under this perspective, the fact that many quasicrystalline systems were found in Al-based alloys and the large number 
of complex intermetallics being crystalline approximants of icosahedral phases is a consequence of the versatility of Al 
melts atomic arrangements and of the propensity for dynamic heterogeneities that recent AIMD calculations have revealed; 
of particular interest in the selection of the fastest growing arrangements is the behaviour of those clusters, which cannot 
unambiguously be attributed to icosahedral SRO or cubic SRO and strongly depends upon composition: what makes them 
evolve into either of the two dominant short-range order types in the cooling melt is an open question.

Likewise, introducing substrates for heterogeneous nucleation can be seen as a way of guiding or forcing the config-
urational path, through a template effect exerted on the neighbouring liquid. But the physical mechanisms of nucleation 
are fundamentally the same: be it through the introduction of solute elements that modify the path toward medium-range 
order, or through the introduction of crystalline substrates that do so by imprinting crystalline order to the neighbouring 
liquid layers, the problem can be summarized as being the study of the lesser entropy path in the configurational space.

4.2. Primary phase morphology

Under directional solidification conditions (constrained growth), pattern selection in dendritic growth falls within the 
category of the higher temperature – or minimal undercooling – selection criteria, if we consider a given phase. Neglecting 
the contribution from the attachment kinetics of atoms (or clusters of atoms), it is linked to the crystal-melt interfacial free 
energy γs� . A general discussion of the atomistic ground for interfacial thermo-kinetics of metallic crystals can be found 
in [67]. Without anisotropy of γs� , it has been shown that seaweed-like grains form rather than dendrites. In simple cases, 
an anisotropy of γs� leads to dendrites growing along maxima of the interfacial energy, or more precisely minima of the 
interface stiffness defined as γs� + the second derivative of γs� along the principal radii of curvature. For a cubic crystalline 
phase such as Al, two anisotropy parameters, ε1 and ε2, characterize the first- and second-order terms in a cubic harmonic 
expansion of γs�(n), where n is the unit normal in three dimensions. Aluminium is known to have a weak anisotropy 
of γs�(n), typically �γs�/γs� is of the order of 1%, i.e. the two terms ε1 and ε2 are weak and can be influenced by solute 
elements. Although a competition between 〈100〉 and 〈110〉 dendrite growth appears to be an intrinsic feature of fcc crystals 
that exhibit positive ε1 and negative or zero ε2; it is best exemplified for Al alloys. Such a dendrite orientation transition 
(DOT) has been observed in Al–Zn, as the zinc composition is increased from 20wt% to 60wt% [68]; see Fig. 7.

Instead of the standard 〈100〉 growth direction, the directions 〈110〉 and 〈211〉 have been observed in Al–Cu–Mg alloys 
when the temperature gradient and the growth speed were varied [69] – see Fig. 8 – or even 〈320〉 [71]. Selection of the 
〈111〉 growth direction was also recently observed in rapidly solidified Al–Cu droplets [70]. It is to be noted that, as the 
speed is increased, the criterion based on the anisotropy of γs�(n) might be influenced, or overruled, by the anisotropy 
associated with the attachment kinetics anisotropy of ISRO building blocks.

Similarly, growth morphologies of equiaxed grains or of the eutectic aggregate are some of the features that are selected 
along a fastest growth criterion. This is of metallurgical interest, and relationships between the grain refinement strategy 
and microstructure selection have long been noted [72,73], leading to metallurgy-driven optimisation of solidification pa-
rameters. It has also been noted that the morphology and the extent of interconnectivity of intermetallics rather than their 
specific type may make the as-cast structure problematic for further downstream processing [74]. Such topological patterns 
of intermetallic size and distribution were explicitly related to the grain refinement strategy [75,76] as dendritic morpholo-
gies were found to promote finer and more homogeneous distribution of constituent particles, which poses the problem of 
dendrite morphology selection through the grain refinement strategy.
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Fig. 8. Left: Al-4.3%Cu-0.3%Mg alloy 1D-solidified under a gradient of 130 ◦C/cm at 1 mm/s), growth directions 〈110〉 and 〈211〉; centre: growth direction 
change during a solidification experiment, same alloy, curved dendrites obtain at 1 mm/s under a gradient of 230 ◦C/cm;) source: S. Henry’s PhD thesis [69]
On the right, synchrotron X-ray micro-tomography cross section in an Al-4.5 wt% Cu rapidly solidified droplet showing a 〈111〉 dendritic structure [70].

Fig. 9. Aspect of AlCuFe(Si) intermetallic particles after partial dissolution of Al matrix in an as-cast AlZnMgCu alloy; left: no modification; right: modifica-
tion by barium. (Source: Constellium.)

4.3. Nucleation and growth of intermetallics

In the Al–Si eutectic growth, the adsorption of large, tensioactive alkaline or alkaline earth or rare-earth atoms on Si 
facets has been understood since the 1980s [77] to provide further branching ability to the anisotropic faceted Si phase 
via an impurity-induced twinning (IIT) mechanism, making coupled growth possible. Recent experiments coupled with DFT 
calculations have confirmed the validity of this mechanism [78]. A probably similar twinning mechanism has been obtained 
with barium additions to modify Al7Cu2Fe growth in AlZnCuMg [79] (see Fig. 9).

Recent advances in the understanding of the Al–Si eutectic modification are related to a better knowledge of Al–Si–P 
ternary diagrams [80] and of phosphorus scavenging elements (AlP being a nucleant for primary Si as the lattice parameters 
of AlP cubic zinc blende, and Si cubic diamond, are respectively 5.421 Å and 5.430 Å). The formation enthalpy of Sr3P2
being more negative than that of AlP, strontium not only modifies the growth of Si by IIT, but also partially inhibits the AlP 
nuclei present in the melt. The same is reported for Ca, forming the Ca3P2 compound. Also, in AlSi alloys with additions of 
Ca, Sr, Y or Yb, the Al2Si2Ca [81], Al2Si2Sr [82], Al2SiY [83], Al2Si2Yb [84] phases were reported to deactivate the nucleation 
potency of the AlP phase for primary Si, either by taking some P in solution, or by nucleating on AlP particles prior to 
primary Si, while being themselves poor nucleants for primary Si.

Some studies suggest that the addition of Sr also alters the liquid structure around the growing Si. Diffraction data for 
liquid alloys Al-3%Si, Al-7%Si, Al-10%Si, Al-12.5%Si (all wt%) were obtained at various melt temperatures (5–220 K) above 
the respective liquidus temperatures [85]. It was observed that the addition of 0.04 wt% Sr results in significant change in 
the liquid structure parameters, such as structure factor, pair distribution function, radial distribution function, coordination 
number and packing density. It is probable that the Si growth modification is due to other dominant factors (see above); 
however, the role of Sr on the Al melt structure is enlightening for other reasons: it is expected more generally that solutes 
altering the diffusion kinetics of species near the interface of a growing intermetallic will play a role on intermetallic 
selection. This is to be linked to the known and opposite influences of transition metals or large alkaline earths on Al–Fe 
stable vs metastable intermetallics selection in Al alloys, while Cr [86], V [87], or Cu [88] are known to promote selection 
of metastable AlmFe phases at lower isotherm velocities; Ca, on the contrary, is known to expand the stability domain of 
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Fig. 10. Synthetic chart of possible selection steps from the liquid to the last forming solid in Al alloys solidification. Red curved forks: selection along a 
fastest growth criterion; green straight Ts: selection along a highest growth temperature criterion. CET = columnar equiaxed transition; DOT = dendrite 
orientation transition. Labels above, resp. below the chart list the main metallurgical levers relevant to the selection mechanisms, minimum undercooling, 
resp. fastest growth selection criterion.

the equilibrium Al13Fe4 phase to higher isotherm velocities [89,90]. Now Cr or V slow down atomic dynamics by increasing 
ISRO in the melt, while Ca, like Sr, is expected to decrease ordering of the melt, thus to increase atom mobility. It thus 
appears that metastable vs stable Al–Fe phase selection is governed by diffusion restrictors vs diffusion enhancers in the 
liquid. Prediction of these transport properties by ab initio modelling of the liquid is thus a potentially efficient tool for alloy 
designing.

4.4. Synthesis of selection mechanisms in Al alloys solidification

We propose here a synthetic view of the possible selection mechanisms from the liquid state to eutectic solidification at 
the end of the solidification path of an Al alloy (Fig. 10). The curved red forks represent the selection of the fastest growing 
structure, while the green, straight T-lines represent the selection of the structure growing at the minimum undercooling.

In the liquid state, medium-range order, that is proto-nucleation when it develops around peritectic elements, may 
develop faster than long range order, leading to the selection of either a homogeneous nucleation mode [59], or glass 
formation if iMRO takes over, depending on the cooling rate and the composition.

In general, except when micro-convection movements in the mush allow solutal remelting and dendrite fragments 
release, heterogeneous nucleation is necessary for an equiaxed growth of Al alloys, and a lower undercooling selection 
criterion will apply for the activation of the larger nuclei. However, equiaxed growth will overcome columnar (constrained) 
growth only if columnar undercooling is sufficiently large (and the temperature gradient sufficiently low). It is well known 
that for a given alloy, Ti concentration plays a major role, as small Ti amounts provide a lot of constitutional undercooling 
[m(k − 1) = 272 K], thus depressing the columnar growth temperature.

Then, while columnar vs equiaxed selection, or the selection of the nuclei for equiaxed growth, belong to a smaller 
undercooling criterion, the growth morphology of equiaxed grains is selected along a fastest growth criterion. The local 
solute diffusion field governs dendrite growth and parameter variations such as an increase in nucleation undercoolings 
(with smaller nuclei) or the presence of slow-diffusing solutes will cause a larger interfacial area to develop for diffusion to 
occur in the available time. This may select faster dendritic growth over sluggish globular growth.

In the case of constrained growth, Al alloys have the peculiarity of developing twinned columnar grains that probably 
result from the growth of doublons (see above). The groove at the middle of the tip accumulates solute, which allows for 
a reduction of the solute rejection ahead of the tip and of the corresponding constitutional undercooling, hence the growth 
advantage [57].

5. Alloy design for additive manufacturing

The ever-growing interest for the possibilities offered by Additive Manufacturing (AM) stimulates revisiting rapid solid-
ification studies that date back to the 1980s and 1990s in a renewed process context. Use of interface response function 
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theory to describe non-equilibrium solidification during welding and AM is being used by several teams. Usually, the ap-
proach consists in using a solute-trapping model like the classical one by Aziz [91] or a more-refined one such as developed 
by Galenko [92] and a velocity-dependent liquidus slope (asymptotically tending toward the T0-line). Such a model can be 
coupled with the equations governing the dendrite tip radius and the solid–liquid interface compositions [93]. Knowledge 
acquired in welding studies is valid, but boundary conditions have to be revisited for the specific case of AM.

Rapid solidification not only involves solute trapping, but also precipitation of metastable phases:

– in the Al–Zr system, cubic L12 Al3Zr, which exhibits a lattice parameter very close to that of Al, is selected at high 
cooling rates instead of the equilibrium tetragonal varieties [94,95], therefore acting as nuclei for fine equiaxed grains 
at the bottom of the pool during lasing;

– the formation of metastable quasicrystals has also been explored to reinforce Al alloys processed by rapid solidification: 
according to Tsai [96], the icosahedral order is in equilibrium in the liquid state above the liquidus for stable iQCs, 
whereas the icosahedral order prevails in the undercooled liquid state for metastable iQCs. In this respect also, AIMD 
calculations of undercooled compositions may prove useful for alloy design.

As some amount of solute trapping is usually sought for to increase hardness or the ability to precipitate hardening 
(meta)stable phases from the supersaturated solid solution in order to improve medium high temperature properties, al-
loys are developed, which exhibit low atomic mobility in the liquid state. However, slower diffusion goes along with larger 
viscosity through the Stokes–Einstein law, which states that the product of diffusivity by viscosity is equal to kB T /2π R , 
where T is the temperature and R is the position of the first peak of the pair correlation function. Too high viscosity as 
in amorphisable melts may thus hinder processability. AIMD calculations of the liquid alloys structure give access to the 
prediction of diffusion coefficients and viscosities in relation with the amount of cage effect caused by ISRO (see for exam-
ple [97] for aluminium alloys). They can predict under which conditions the Stokes–Einstein law breaks down along with 
the appearance of dynamic heterogeneities at medium range. They also give access to solid–liquid interfacial tensions [98].

But alloy design for selective laser melting (SLM) must also account for processability. Although the laser beam speed 
might be high, that is, melting is rapid, solidification is still controlled by the thermal gradient behind the molten pool. 
The latter depends on many factors: overall shape of the object, trajectory of the laser beam source, and heat transfer 
among various media (laser beam, consolidated vs unprocessed powder, ambient air. . . ). For smaller objects, the laser is 
positioned in a restricted area, and the overall component heats up, thus reducing the thermal gradient (and solidification 
speed), making the process closer to the Osprey process. For large dimensions, solidification might become indeed rapid 
and equilibrium might be lost at the solid–liquid interface. The powder bed that has not yet been processed acts somehow 
as a thermal insulator, and conduction occurs mainly through the already consolidated solid. Interaction of the laser with 
the powder bed involves complex mechanisms of reflection and absorption; liquid droplets coalescence depends upon their 
surface tension and the oxide layer present at the surface of the powder grains; strong powder ejection, droplets trying 
to grow but not succeeding because of the laser itself, and porosity formation by gas trapping due to the dynamics of the 
melt pool, all contribute to processability. In SLM, if the energy input is sufficiently high, the peak temperature in the melt 
pool can reach the boiling point and vaporisation of metal from the melt can occur: this regime is referred to as keyhole
melting mode. The complex physics of keyhole melting, including vaporisation and recoil pressure exerted by the vapour 
on the melt pool, have been studied recently [99]. Increase of laser power causes deeper penetration, improved remelting 
of powder grains and increased productivity, but this is at the detriment of metal quality as there is gas entrapment by 
keyhole depression collapse. On the other hand, increasing scanning speed for productivity reasons causes the so-called 
balling effect, that is, the molten track coalesces in separated drops according to a Rayleigh–Plateau instability mechanism, 
with non-melted zones in between [100]. A capillary stability analysis of the melt pool has been proposed, rationalising its 
dependency upon scanning velocity, powder layer thickness, and the material optical and thermal properties [101]. Various 
high-speed imaging techniques of melt track progression and powder movement under the influence of laser melting and 
vaporising [102–104] emphasize the overwhelming influence of coupling between heat flow, fluid flow (both gas and melt), 
including Marangoni convection and hydrodynamic instabilities. They provide essential insight to the physical parameters 
that have to be accounted for in alloy design for processability. In turn, alloy acceptability for SLM processing may be 
enhanced by progresses in melt pool instability control: for example, it has been shown that the grain morphology can be 
tailored by varying beam intensity spatial profile while maintaining constant laser power and scan speed [105]; likewise, 
beam oscillation in laser welding at typical frequencies of 500 Hz and sub mm amplitudes has been shown to allow for 
melt pool depth tuning and reduction of hot cracking [106]: such welding process advances are being transferred to the 
field of SLM.

6. Coupling of scales: role of fluid flow in solidification

Fluid flow interacts with solidification at both the microscopic scale (interaction with the solutal diffusion fields, influ-
encing growth direction and morphology) and macroscopic scale (transport and separation of solid and liquid phases with 
different compositions leading to macrosegregation).

Fluid flow is present everywhere in casting processes. Liquids are self-adapting bodies that organize themselves under 
body force fields, forming steady recirculation structures whose time constants are often commensurable with solidifica-
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tion typical times; hence their decoration with compositional and structural heterogeneities. This explains why stirring the 
melt during solidification usually creates macrosegregation; let us mention for example the reported formation of fishbone-
like macrosegregation during upward solidification of a small Al–Si cylindrical ingot when a rotating magnetic field is 
imposed [107,108]. Reciprocally, it is to be expected that fluid flow control by means of external fields might prevent recir-
culation patterns from spontaneously establishing and forming macrosegregation patterns. Fluid flow instability control has 
recently made dramatic progress: for example, vortex shedding in the wake of a cylinder could be successfully suppressed 
for the first time in 2015 [109] thanks to a non-linear stability approach; likewise, flame control was achieved [110]. This 
was made possible by the fact that stability theory is now not only able to predict the growth of unstable patterns but also 
to specify those areas of the flow where the growth of instabilities is most likely to be impeded by external forcing (so-
called sensitivity and receptivity analysis). Additionally, stability theory can now be applied to unsteady states by means of 
Floquet theory. It is therefore to be expected that application of this knowledge might provide scope for important progress 
in many casting processes where flow instability is associated with defect formation as, for aluminium, continuous casting 
melt inlet, vertical semi-continuous casting sump, welding or additive manufacturing pool, etc. Various flow actuators have 
been explored. Influence of forced flow direction [111] or of inlet flow [112] upon macrosegregation and microstructure 
has been studied, showing significant influence on the macrosegregation pattern and amplitude; this leads to tuning the 
flow pattern and grain transport by controlled flow velocity from the spout [113,114]. Besides this direct use of the liquid 
metal inlet, acoustic streaming (generated by sonotrodes) or traveling or rotating magnetic fields have been used to tune 
the solidification structure and segregation [115].

7. Conclusion and perspectives

Recent advances in the metallurgy of Al alloy solidification concern all scales: from that of atom cluster arrangements in 
the melt leading to a renewed understanding of nucleation and phase selection, to the variability of dendritic growth mor-
phology anisotropy, up to fluid flow at the scale of the melt pool of the concerned casting processes and the corresponding 
macrosegregation phenomena. These advances point out that it is necessary to account for the strong and complex coupling 
between physical phenomena at different scales to correctly describe solidification structure formation. Use of large instru-
ments together with fantastic progresses in numerical modelling are the most prominent tools fostering these advances, but 
more traditional, quantitative and semi-quantitative, metallography, such as EBSD, have allowed one to make essential steps 
forward.

AIMD modelling of liquid Al alloys recently renewed our understanding of nucleation and phase selection. Transition 
from SRO to MRO in Al-TM liquid alloys is now understood to be accompanied by the demixtion of the liquid into two 
intricate liquid phases with heterogeneous dynamics. Whereas icosahedral short-range ordering of the melt was thought to 
be a path to amorphisation through long-range ordering inhibition, it has been recently understood that the TM-rich regions 
of the de-mixed undercooled melt with slower dynamics could also either serve as templates for the nucleation of fcc-Al as 
in the recently explored Al–Zn + Cr system or prefigure (metastable) intermetallic selection.

At larger scales, there is such a strong influence of the solidification process on the solidification structure, and such a 
strong coupling between scales through fluid flow, that casting process studies and solidification studies have to be carried 
out jointly. The development of numerical modelling has thus combined process- and solidification structure-modelling, 
whereas scale bridging has been a constant necessity and the object of many numerical developments. Modelling therefore 
not only provides better representation and insight into the phenomena involved in solidification and casting of aluminium 
alloys, it also suggests engineering ways of acting directly where it is most efficient. To cite two examples: the recent 
model-based understanding of how the “grain factory” operates in DC casting suggests to act on melt flow to tune grain 
nucleation and growth and eventually act on macrosegregation and grain morphology [10], and the understanding of the 
localisation of the last liquid grain boundaries involved in hot cracking, governed by percolation of grain coalescence, where 
grain growth, grain disorientations, grain size, presence of tensioactive atoms and fluid flow in the remaining intergranular 
interstices all play a role [20,23].

This is also why synchrotron studies of solidification have proven so useful. The metallurgy of Al has luckily benefited 
from the possibility to combine a light matrix with heavy solutes, thus providing excellent contrast at not too high melting 
temperatures; quantified visualisation of nucleation and growth in Al-based alloys have led, among other interesting obser-
vations, to reconsider our averaged, simplistic view of nucleation, recalescence and growth by evidencing the major role of 
solute fields and transport at the microscale. Radiographic studies have also proven to be a precious way of understand-
ing the complexity of processes such as grain refinement, welding or selective laser melting of powder beds, pointing out 
processability concerns in relation with complex, diphasic flows and surface effects.

In view of the recent progress and developments in the field of solidification of Al alloys, it is thus possible to map out 
some tentative perspectives for a roadmap to Al alloys solidification science:

(1) fully account for the influence of liquid structure in solidification science: systematic investigation of short-range order, 
of the path to medium-range order in liquid (undercooled) melts, the understanding of the role played by atom pairs 
which cannot be unambiguously assigned to a precise motif and may govern the path to crystallisation or amorphi-
sation, are all promising research avenues. The use of AIMD should only grow in the field of alloy design for rapid 
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solidification as by construction this kind of simulation, for computing time reasons, really describes rapid quenching 
of melts;

(2) draw maximum information from experimental and synthetic visualisation techniques: machine learning and big data 
approach make it possible to derive physically-based behaviour laws from loads of both experimental (as in the recent 
examples of in situ X-ray studies of nucleation phenomena [44]) and synthetic data such as phase-field modelling 
results (as in the recent derivation of scaling laws for equiaxed growth of Al–Cu alloys [116]);

(3) use of external fields should continue to evolve from the lab curiosity stage to industrial processes, especially for the 
tuning of fluid flow aiming at optimising the resulting solidification structures, which leads to the following point;

(4) fertilise solidification and especially casting technologies by the most advanced fluid mechanics: tight collaboration 
between the solidification community and the theoretical fluid mechanics community is needed to fully understand 
and control the coupling between solidification and hydrodynamic instabilities which is omnipresent in solidification in 
a wide gamut of scales;

(5) finally, from the engineering point of view, a change in mind-set has started to occur and will only expand, which con-
sists in accounting for the detail of casting heredity in subsequent downstream solid-state transformations of aluminium 
alloys, as solid-state diffusion scales are set at the solidification stage in tight relation with grain refining strategies 
and micro-alloying, together with the spatial distribution of constituent particles (mostly Fe-bearing intermetallics) that 
play such a determinant role in recrystallization, nucleation, damage initiation, and formability of Al-based metallurgical 
products.
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