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Abstract

The formation of feathery grains during semi-continuous casting of Al-alloys [1, 2] is an
interesting problem from both practical and theoretical points of view. These structures
are formed by a lamellar sequence of twinned and untwinned regions separated by straight
and wavy-like boundaries. Each pair of lamellae contains twinned dendrites split in their
trunk center by a coherent {111} twin plane, while lateral arms meet at an incoherent
{111} boundary. In practice, feathery grains are considered as defects which reduce the
mechanical properties of a solidi�ed ingot. In theory, an understanding of twinned den-
drite growth includes di�erent solidi�cation phenomena, e.g., interfacial energy anisotropy,
crystallographic growth directions, twinning, growth competition mechanisms, etc. Al-
though several studies have been performed in order to understand the physics leading to
the nucleation and growth of twinned dendrites, various questions remain unanswered.

In this work, a comprehensive study of twinned dendrite growth has been undertaken,
with the main objectives being: i) to study the e�ect of di�erent alloying elements and
solidi�cation conditions on twin formation in binary Al-alloys; ii) to establish a better
understanding on the stability of twinned dendrites and the growth kinetic advantage
that they exhibit over regular ones; and iii) to elucidate the stable shape of the twinned
dendrite tip.

In order to study alloying-element e�ects, binary Al-X alloys (where X = Zn, Mg, Cu
and Ni), were produced under Directional Solidi�cation (DS) conditions in the presence of
a slight natural convection in the melt. Analysis of these castings has shown that feathery
grains can form for all solute elements of interest, but not for all compositions. The prob-
ability of forming feathery grains is relatively high when the alloying elements are hcp (Zn
or Mg), but decreases for fcc solute elements (Cu or Ni). A study on the e�ect of forced
convection in the melt, performed using di�erent experimental set-ups, con�rms previous
observations suggesting that it is the shearing components of the liquid �ow which induce
twin nucleation [3, 4]. However, the poor reproducibility of these experiments and the
variable rate of feathery grains formation indicate that twin nucleation is governed by a
highly stochastic behavior. The probability of such an event decreases as the melt �ow is
less complex and the associated Stacking Fault Energy (SFE) of the alloying element is
increased.

In terms of growth kinetics advantage, a characterization using various metallography
techniques and X-ray synchroton tomography has shown that this is in part due to the
complex morphology of twinned dendrites. Indeed, it has been con�rmed that these den-
drites grow along 〈110〉 directions with 〈110〉, and also sometimes 〈100〉 secondary arms,
the primary trunk spacing of these dendrites being much less anisotropic than previously
thought [5, 6]. It has been shown that twinned dendrites grow in a stable manner at
a lower undercooling than regular ones. In addition, the distribution and orientation of
their side arms favors their growth at the expense of less developed regular dendrites. A
mechanism to explain the lateral multiplication of twin planes is also proposed in this
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work. In terms of stability, observations after partial remelting of twinned DS specimens,
then re-solidi�cation in a Bridgman furnace, have shown that even if twin planes remain
stable during partial remelting, independent regular non-twinned dendrites issued from
the twinned and untwinned parts of the seed grow during solidi�cation. This implies that
the formation of twinned dendrites is not only related to the ability to nucleate a stacking
fault, but also to the imposed solidi�cation conditions.

The favorable growth kinetics of twinned dendrites is also explained by their tip mor-
phology. Three hypotheses have been evaluated in this work: i) the grooved tip [7],
stabilized by the Young-Laplace equilibrium condition; ii) the doublon [5], i.e., a double
tip dendrite that grows with a narrow liquid channel in its center that solidi�es at a com-
position close to C0; and iii) the pointed (or edgy) tip [8], equilibrated by torque terms of
γs` when it is too anisotropic. Observations performed at the twinned dendrite tip have
revealed the presence of a small groove, which eliminates de�nitively the hypothesis of
the edgy tip. Further examination of the stable growth morphology of twinned dendrites
has been done by using a phase �eld model that reproduces the presence of a twin plane
through an appropriate boundary condition. The results of these simulations show that
twinned dendrites are doublons that grow with a narrow liquid channel (0.2 to 3 µm width)
whose depth depends strongly on the alloy composition and the solidi�cation conditions.
In order to validate these simulations, Focused Ion Beam (FIB)-microtomography and
X-ray chemical analysis (EDS) in a Scanning Transmission Electron Microscope (STEM)
were performed on small specimens extracted from twinned dendrite trunks. These have
shown the existence of a positive solute gradient in a region localized within 2 µm around
the twin plane, i.e., as expected for a doublon morphology. Additionally, the presence of
small particles aligned within the twin plane is in agreement with the formation of small
liquid pockets below the doublon root as predicted by the numerical model, but further
work is required to explain this remarkable feature. Finally, composition measurements
performed after quenching a partially remelted specimen also seem to con�rm the exis-
tence of a doublon.

This work contributes to the understanding on twinned dendrite growth kinetics in
several aspects, principally the e�ect of alloying elements on twin formation, their growth
kinetic advantage, their stability and their stable tip morphology. However, further work
must be carried out to overcome the limited knowledge on the mechanisms leading to
twinned dendrite nucleation. In the same manner, the growth mechanisms of the doublon
morphology should also be further investigated in future works.

Key Words: Twinned dendrites, Directional Solidi�cation, Aluminum alloys, Twin
boundary, Stability, Growth kinetics, Phase Field.
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Version Abrégée

Dans le procédé de coulée semi-continue des alliages d'aluminium [1, 2], la formation de
grains maclés est un problème intéressant tant du point de vue pratique que théorique.
Ces grains maclés sont constitués d'une succession de lamelles maclées et non-maclées sé-
parées par une alternance de frontières rectilignes et ondulées. Chaque paire de lamelles
contient des dendrites maclées coupées en leur centre par un joint de macle cohérent {111},
tandis que des branches secondaires se rencontrent dans un joint de macle non-cohérent.
Du point de vue pratique, les grains maclés sont considérés comme des défauts pour les
propriétés mécaniques des lingots solidi�és. Du point de vue théorique, la compréhen-
sion de la croissance de dendrites maclées doit inclure divers aspects des phénomènes de
solidi�cation, comme l'anisotropie de l'énergie interfaciale, les directions de croissance,
le maclage, les mécanismes de compétition de croissance, etc. Bien que de nombreux
travaux aient été menés pour étudier la germination et la croissance de dendrites maclées,
plusieurs questions restent encore sans réponse.

Dans ce travail, une étude de la croissance de dendrites maclées a été e�ectuée avec
les objectifs principaux suivants: i) étudier l'e�et de di�érents éléments d'alliage et des
conditions de solidi�cation sur la formation de macles dans des alliages binaires d'Al;
ii) établir une meilleure compréhension sur la stabilité des dendrites maclées, ainsi que
l'avantage cinétique de croissance que ces dendrites exhibent sur les dendrites ordinaires;
et iii) élucider la forme stable de la pointe d'une dendrite maclée.

Dans le but d'étudier l'e�et des éléments de soluté, des alliage binaires Al-X (où X =
Zn, Mg, Cu et Ni) ont été produits sous des conditions de solidi�cation directionnelle en
présence d'une faible convection naturelle dans le liquide. L'examen de ces échantillons a
montré que les grains maclés peuvent être obtenus avec tous ces éléments d'alliage, mais
pas pour toutes les compositions. La probabilité de germer une macle est relativement
élévée quand il s'agit d'un élément hcp (Zn ou Mg), mais diminue quand ce dernier est
remplacé par un élément cfc (Cu ou Ni). Une étude sur l'e�et de la convection forcée a
con�rmé que ce sont des composantes de cisaillement de l'écoulement du métal liquide qui
peuvent induire la germination de macles [3, 4]. Cependant, le manque de reproductibil-
ité dans ces expériences et le très variable taux de formation de macles suggèrent que le
mécanisme de germination a un comportement très stochastique. La probabilité d'un tel
événement diminue si l'écoulement du liquide est plus uniforme et si l'énergie de faute
d'empilement de l'élément d'alliage augmente.

Concernant l'avantage cinétique de croissance, une caractérisation e�ectuée à l'aide
de di�érentes techniques de métallographie et de tomographie par rayons-X a montré que
cet avantage est la conséquence de la morphologie très complexe des dendrites maclées.
En e�et, il a été con�rmé que ces dendrites croissent selon des directions 〈110〉, avec des
bras secondaires 〈110〉, mais aussi des bras 〈100〉. Cette étude a révelé que l'espacement
entre les troncs primaires des dendrites maclées est moins anisotrope qu'auparavant sug-
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geré [5, 6]. Il a été aussi montré que les dendrites maclées croissent de manière stable à une
surfusion moindre que les dendrites ordinaires. De même, la distribution et l'orientation
des bras secondaires leur confèrent un avantage de croissance sur des dendrites ordinaires
très peu développées. En outre, un nouveau mécanisme est proposé pour expliquer la mul-
tiplication latérale des plans de macle. Concernant la stabilité, une étude après refusion
partielle des échantillons maclés, puis recroissance dans un four Bridgman, a montré que
même si la cohérence du plan de macle est maintenue dans l'étape de refusion partielle,
des dendrites non-maclées croissent pendant l'étape de re-solidi�cation. Elles sont très
in�uencées par l'orientation cristallographique du solide dans la partie non-refondue et
par le gradient thermique. Ceci indique que la formation de grains maclés n'est pas seule-
ment liée à la probabilité de germer une macle, mais aussi aux conditions de solidi�cation
imposées.

L'avantage cinétique de croissance des dendrites maclées est aussi expliqué par la mor-
phologie de leur pointe. Trois hypothèses sur ce sujet ont été évaluées dans ce travail:
i) la dendrite creuse [7], stabilisée par la condition d'équilibre de Young-Laplace; ii) le
doublon [5], i.e. une dendrite à deux pointes séparées par un puits liquide dont le fond so-
lidi�e à une composition proche de C0; iii) la dendrite acérée [8], équilibrée par des termes
dérivatifs de γs` quand ce dernier est très anisotrope. Des observations e�ectuées sur la
pointe des dendrites maclées ont révélé la présence d'un sillon, ce qui élimine de manière
dé�nitive l'hypothèse de la dendrite acérée. Une étude approfondie sur la morphologie
stable de croissance de dendrites maclées a été menée en utilisant un modèle de champ de
phase dans lequel une condition de frontière adéquate est imposée pour simuler la présence
d'un plan de macle. Les résultats de ces simulations ont montré que les dendrites maclées
croissent avec une morphologie de doublon avec un puits liquide très �n (d'une épaisseur
de 0.2 à 3 µm) et dont la profondeur est très fortement dépendente de la composition de
l'alliage et des conditions de solidi�cation. Ces simulations ont été validées par observa-
tions et reconstructions tridimensionnelles obtenues à l'aide d'un Faisceau d'Ions Focalisé,
ainsi que des analyses chimiques obtenues dans un Microscope Électronique à Balayage
par Transmission. Une ségrégation positive dans une région d'environ 2 µm localisée au-
tour du plan de macle a été montrée par ces études, con�rmant la théorie du doublon. En
outre, la présence de petites particules riches en soluté le long du plan de macle est co-
hérente avec la formation de petites poches de liquide sous la racine du doublon présentes
dans les simulations. Cependant, une analyse plus détaillée de cette particularité serait à
accomplir dans un travail futur. Finalement, des mesures de composition chimique après
trempe d'un échantillon maclé partiellement refondu semblent aussi con�rmer l'existence
d'un doublon.

Ce travail contribue à la compréhension de la cinétique de croissance des dendrites
maclées principalement en ce qui concerne l'e�et des éléments d'alliage sur la formation
de macles, leur avantage cinétique de croissance, leur stabilité et la morphologie de leur
pointe. Cependant, il reste encore beaucoup à comprendre sur les mécanismes respons-
ables de la germination des dendrites maclées. De même, des travaux futurs sont aussi
nécessaires pour approfondir les connaissances acquises sur les mécanismes liés à la crois-
sance des doublons.

Mots clés: Dendrites maclées, Solidi�cation directionnelle, Alliages d'aluminium, Joint
de macle, Cinétique de croissance, Champ de phase.
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Chapter 1

Introduction

This document presents an investigation aimed at the understanding of the formation and
growth of twinned dendrites. These structures appearing within feathery grains were �rst
observed almost 60 years ago by Herenguel [1, 2] in semi-continuous casting of aluminum
alloys. Considered as a defect detrimental to the homogeneity and mechanical properties
of ingots, the presence of such structures has been investigated from an empirical point
of view in industry. However, since the physics involved in their formation goes beyond
the merely engineering problem, some studies have also been done at a more fundamental
level.

Some of the most compelling characteristics of twinned dendrites are the symmetrical
patterns they exhibit. Figure 1.1 shows the microstructure contained within a feathery
grain of a directionally solidi�ed Al-20wt.%Zn alloy and reveals a sequence of alternated
lamellae separated by straight and wavy-like boundaries. Each pair of lamellae is made
of columnar dendrites split in their center by the straight boundary. These dendrites also
appear very disoriented with respect to the direction of the thermal gradient G.

1 mmG

Figure 1.1: Feathery grains in an Al-20wt.%Zn alloy.

The attempts to comprehend why feathery grains form and why they are kinetically
more advantageous than regular dendrites appearing in the same specimen, have already
shed some light on the subject. Nevertheless, several questions have remained open during
these years and the purpose of the present work is to try to elucidate some of them. Such

1



Chapter 1. Introduction

studies, either focused on their nucleation or on their complex morphology, are interesting
not only to understand the issue of twinning itself, but also to address the formation of
various structures and the associated growth competition mechanisms that may arise
during solidi�cation of aluminum alloys.

1.1 Generalities about Aluminum

Pure aluminum is obtained from a mineral called Bauxite, which has an important content
of aluminum oxide or alumina (Al2O3). Bauxite is �rst re�ned through the Bayer process,
invented in 1887 and consisting in dissolving the mineral into sodium hydroxide (NaOH)
at 175◦C. Aluminum is then separated from oxygen by using the Hall-Héroult process,
patented in 1889 [9]. This electrolysis process is performed on a molten bath of alumina
dissolved in cryolite, which has a melting point of about 1000◦C. It is easy to guess that
the energy costs related to primary aluminum production are very high, on the order of
15 kWh kg−1. Nevertheless over the past 20 years, primary aluminum production has
increased from 36 to 70 thousands metric tons per day [10], Western Europe contributing
with 18% to the overall world stock. Another drawback of this metal is that its produc-
tion is responsible for 1% of the global human-induced greenhouse gas emissions. This
emphasizes of course the interest of recycling and also promotes the sustainable devel-
opment of this industry. The costs of the production can be counterbalanced eventually
by the e�ciency and energy savings issued from the use of light-weight products made in
aluminum. As an example, 1 kg of aluminum replacing 2 kg of steel saves 20 kg of CO2

emmissions during the average lifetime of a car [11]. This also implies savings in energy
consumption and the reduction of other potential environmental impacts.

In summary, the demand for aluminum will continue to increase in the near future.
In 2008 the annual world manufacture of aluminum was about 20 millions of tons, with
more than 58% of the production being done by only three industrial groups: UC Rusal,
Alcoa and Rio Tinto Alcan [12]. The applications of this light metal are in the �elds
of transport, in particular aeronautics, electronics and electrical transmission, packaging,
building and architecture, among others.

A critical step in the chain of production of aluminum-alloys is casting. A large variety
of processes related to the solidi�cation of molten Al-alloys exists, each of them aimed
to satisfy particular needs in the mechanical properties and �nal product quality and
geometry. In particular, semi-continuous casting of Al-alloys is widely used to fabricate
ingots and billets. In such a process, the cooling and processing conditions, and the
composition of the alloy, control altogether the �nal microstructure, in particular the
formation of feathery grains.

1.2 Semi-continuous casting of Al-alloys

1.2.1 Generalities of the process

Due to the high thermal conductivity and moderate processing temperatures of aluminum,
the continuous-casting process of steel cannot be transferred directly to the aluminum in-
dustry. In particular, the slabs cannot be cast vertically and then bent to the horizontal
without risking a catastrophic fracture. Therefore, cylindrical ingots or slabs of about
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1.2. Semi-continuous casting of Al-alloys

10 m in height are produced vertically and semi-continuously with compositions that
suite speci�c needs. In Fig. 1.2 a schematic representation of this process is presented
(copied with permission from Dantzig and Rappaz [13]). Such a process, known also as
Direct Chill (DC) casting, consists in pouring into an open mold the over-heated molten
alloy. At the beginning of the process, a bottom block is inserted into the mold. As it is
at room temperature, solid �rst forms near the lateral wall and bottom of the mold, thus
avoiding any liquid leaks. Then, the bottom block is pulled down at a given velocity, v,
typically on the order of mm s−1. A system of water jets below the mold increases heat
extraction and solidi�cation proceeds towards the center of the piece, as can be seen by
the direction of the thermal gradient G in Fig. 1.2. Once the desired height of the ingot
is achieved, the whole solid piece is cooled down and stocked for further processing.

Butt swell

Butt 
curl

Incoming metal
Mold

Bottom block

Water jet

Figure 1.2: Semi-continuous casting of Al-alloys (reproduced with permission from Dantzig and Rap-
paz [13])

As manufacturers typically deal with multiple component alloys, solid and liquid
phases coexist in a region called the mushy zone (dark grey region in Fig. 1.2). The slope
of the isotherms and the characteristics of the alloy can lead to a variety of microstruc-
tures and defects. To name a few, hot tearing, butt swell and butt curl, macrosegregation,
inhomogeneous microstructures or undesirable morphologies are a major source of prob-
lems that can lead to a failure upon further processing. Except for the case of feathery
grains, the details of each of these defects is beyond the scope of this work, but can be
found in basic textbooks [13, 14, 15].

1.2.2 Feathery grains

In order to isolate and study speci�c phenomena, industrial processes can be down-scaled
to the size of the laboratory. Thus, the previously described semi-continuous casting
process can be reduced to a relatively simple Directional Solidi�cation (DS) set-up. It
was already shown by S. Henry [16] that such a DS experiment reproduces fairly well
the same microstructures appearing during DC casting. Hence, Fig. 1.3 shows a typical
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Chapter 1. Introduction

macrostructure of a binary Al-20wt.%Zn alloy obtained in a DS ingot. The ingot has been
mainly cooled down only from the bottom surface, which means that the thermal gradient
was essentially along the vertical axis of the ingot. Such conditions give rise to a struc-
ture that starts with equiaxed grains heterogeneously nucleated at the bottom surface of
the mold, then followed by the growth of regular columnar grains. The gray contrast of
the grains is due to their di�erently oriented crystallographic structure. At some height
during solidi�cation, some feathers or fan-shaped structures nucleate (small circles), then
grow and expand laterally, invading the whole volume of the ingot (for instance the tri-
angular area highlighted in Fig. 1.3), and overgrowing regular columnar grains. Near the
top of the ingot, regular and feathery columnar grains are stopped eventually by equiaxed
grains. The conditions for the formation of these feathery grains are fairly well known
and will be discussed later.

GG

Columnar grains

Equiaxed grains

Feathery grain

Nucleation 
center

Figure 1.3: Longitudinal section of a typical macrostructure observed in an Al-20wt.%Zn DS specimen
showing the presence of some feathery grains. The location where these grains �rst appear in this section,
which is close to their nucleation center, is indicated with small circles.

From a general point of view, feathery grains are made of a sequence of alternated
and progressively misoriented lamellae. Namely, each pair of these lamellae is made of
twinned columnar dendrites, split along their trunk center by a coherent {111} twin plane,
whereas side arms on both sides meet neighboring dendrite arms at wavy-like incoherent
{111} boundaries [5]. Twinned dendrites got actually their name due to the presence of
the straight boundary that di�erentiate the lamellae as two di�erent regions e.g., twinned
and untwinned, having two mirror-related crystallographic orientations.

As mentioned before, in an industrial environment, twinned dendrites growing with
this fan-like structure are considered as defects. The empirical solution to avoid their
formation is to add into the melt some grain re�ners such as TiB2 or TiC, which promote
the formation of an equiaxed morphology [17, 18]. However, for certain alloy composi-
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1.3. Objectives of this work

tions, inoculation is undesirable. On the other hand, the understanding of this growth
morphology is interesting from a fundamental point of view.

1.3 Objectives of this work

This investigation was inspired from previous works done on this topic, in particular that
of S. Henry during his PhD in the same laboratory [5]. Although his work was performed
at a fundamental level and did answer some questions about the necessary conditions
for the formation of twinned dendrites, it was focused mainly on industrial-type alloys.
Within the present approach, only binary Al-alloys have been considered, isolating then
the independent e�ect of di�erent alloying elements on twin formation. In the same way,
the role played by convection on twin nucleation, also addressed by Henry and cowork-
ers [3, 5], has been undertaken again here, but from a slightly di�erent perspective, at a
laboratory scale.

Moreover, while the crystallographic growth directions of twinned dendrites were
clearly identi�ed through a coupled method of optical microscopy and Electron Backscat-
ter Di�raction (EBSD) in Henry's work, this analysis is extended here up to the very com-
plex branched morphology appearing in binary systems. Therefore, the metallographic
and EBSD assessment was complemented with a three dimensional characterization of
twinned dendrites using the recently developed technique of X-ray synchrotron tomogra-
phy.

From this point, the main goal of the present work is to contribute to the under-
standing of the growth mechanisms of twinned dendrites and in particular of their growth
kinetic advantage over regular columnar dendrites. To achieve this, three approaches were
undertaken:

� Studies were performed on the propagation mechanisms of twins and the competi-
tion phenomena occurring between regular and feathery grains, and within twinned
dendrites issued from di�erent grains. This was done on DS specimens with or
without quenching twinned dendrites during their growth.

� Twinned dendrites were also remelted and then re-solidi�ed in a Bridgman furnace
in order to study their stability during heating, and their ability to grow from a
pre-existent twinned seed under less favorable solidi�cation conditions.

� The twinned dendrite tip shape, partially responsible of their growth kinetic advan-
tage, was �rst studied by means of microstructural and microsegregation analyses.
Then, numerical simulations of dendrite growth were performed using a phase �eld
model implemented in 3 dimensions (3D), and adapted to be solved on a cluster of
memory-distributed parallel computers. The results of these simulations were then
put into perspective with Focused Ion Beam (FIB) micro-tomography observations,
with composition measurements performed in a Scanning Transmission Electron Mi-
croscope (STEM), and �nally with a study of twinned dendrites directly quenched
after partial remelting.
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Chapter 1. Introduction

1.4 Thesis structure

After this short introduction, the core of the present document has been divided into
�ve main chapters. In the literature survey (Chap. 2), the fundamentals of transport
phenomena occurring during solidi�cation are �rst reviewed, then followed by a quick re-
minder of the theory of constrained dendritic growth. A general description of the studies
performed in the past on twinned dendrite structures is given next, together with the dif-
ferent hypotheses conjectured for their dendrite tip shape. Finally, after a brief overview
of remelting phenomena, this chapter ends with a general description of the phase �eld
method used within the frame of this work.

Chapter 3 is dedicated to the experimental techniques employed to produce specimens
and the various characterization techniques that were used to study them. It also presents
the details of the numerical implementation of the phase-�eld code and the boundary con-
ditions that had to be set for the modeling of twinned dendrite growth.

The results of this investigation are presented in the next three chapters. In Chap. 4,
the necessary conditions for twin nucleation and the e�ect of di�erent parameters, alloying
elements and convection in the melt, are discussed. In Chap. 5, a study of the twinned
dendrite growth directions is presented together with an assessment of their morphology,
performed through metallographic analyses and X-ray tomography. Then, a study is pre-
sented on the morphology of twinned dendrites quenched during growth in a modi�ed DS
experiment. From the observations of these characterization studies, Chap. 5 continues
with a discussion on the in-plane and lateral propagation mechanisms of twins. These are
then put into relation with the competition mechanisms occurring among feathery grains.
An explanation for the kinetic growth advantage of twinned dendrites over regular den-
drites is also discussed within this section. Finally, this chapter is complemented with a
study concerning the stability of twinned dendrites. The growth of regular dendrites issued
from twinned seeds is also investigated. In Chap. 6, the di�erent attempts to elucidate
the twinned dendrite tip shape from both experimental and modeling approaches, are pre-
sented. Observations on twinned dendrite tips near the Twinned-to-Equiaxed Transition
(TET) and near the impingement of two twinned grains are discussed �rst. Then, quan-
titative measurements of microsegregation in post-mortem specimens performed using
Energy Dispersive X-Ray Spectrosocpy (EDS) and Wavelength Dispersive X-Ray Spec-
troscopy (WDS) are also presented. Since these observations were not su�cient to either
accept or reject the hypotheses introduced in Chap. 2 for the twinned dendrite tip, these
studies were complemented with numerical simulations of twinned dendrite growth repro-
ducing the presence of a twin plane. The simulation results are discussed and put �nally
into relation with some experimental observations made on one hand, on DS specimens
using FIB-microtomography and STEM coupled with EDS analysis, and on the other
hand, on partially remelted, then quenched specimens.

Chapter 7 contains the conclusions that summarize what has been previously dis-
cussed and presents an updated general view of the growth of twinned dendrites in binary
aluminum alloys.
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Chapter 2

Literature Survey

The purpose of this chapter is to highlight the theoretical aspects that are needed in the
present study. The fundamentals of solidi�cation built up during the second half of the
past century [19, 20, 21, 22, 23] have set the basis for the understanding of primary phase,
eutectic and peritectic formation and competition mechanisms. While the growth mech-
anisms of twinned dendrites are still not fully understood, they share many features with
the constrained growth of regular dendrites. It is therefore necessary to introduce the
theory related with the latter, from the basics of transport phenomena occurring during
directional solidi�cation, to the kinetics of dendrite growth and microsegregation. This is
done accordingly in the �rst and second sections of the present chapter.

Afterwards, the third section presents an overview of the previous studies done on
the topic of twinned dendrites, from the conditions involved in their nucleation during
solidi�cation, up to their crystallographic growth directions and the di�erent hypotheses
concerning the shape of the twinned dendrite tip. In the following, as a background to the
study on the stability of twinned dendrites from a partially remelted seed, the basics of
remelting phenomena are introduced. Finally, the phase-�eld methodology, used in this
investigation to complement the experimental characterization of the twinned dendrite
tip, is brie�y presented at the ending section of the chapter.

2.1 Fundamentals of directional solidi�cation

2.1.1 Heat �ow

The di�erent types of grains of Fig. 1.3 and the internal microstructure are a consequence
of heat �ow, momentum and mass transfer phenomena. This includes of course feathery
grains whose formation is strongly in�uenced by the thermal conditions and the presence
of convection in the melt. In the context of the laboratory experiments made in this
work, the associated phenomena are considered in the directional solidi�cation process
schematized in Fig. 2.1. Heat is mainly extracted through the bottom surface of the mold
which is in direct contact with a water jet. Without taking into account convection in the
melt, heat �ow is governed by the following equation, averaged over the solid and liquid
phases [13]:

∂〈ρh〉
∂t

=
∂

∂z

(
〈k∂T
∂z
〉
)

(2.1)

where ρ is the speci�c mass (it is assumed that ρ = ρs = ρ`), h the speci�c enthalpy, T
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Figure 2.1: Schematic view of a 1D directional solidi�cation process.

the temperature, t the time and z is the position along the vertical axis. The term in the

parenthesis (〈k∂T
∂z
〉) is the average heat �ux:

〈k∂T
∂z
〉 = gsks

∂

∂z
〈T 〉s + (1− gs)k`

∂

∂z
〈T 〉` (2.2)

where gs is the volumetric solid fraction, and ks and k` are the thermal conductivities
of the solid and liquid, respectively. The speci�c enthalpy is also averaged over the two
phases and can be written as:

〈h〉 =

∫ T

0

cp(u)du+ Lf (1− gs) (2.3)

where cp(u) = cpsgs + cp`(1 − gs) is an average speci�c heat with cps and cp` being the
speci�c heat at constant pressure in the solid and the liquid, respectively, and Lf is the
latent heat of fusion. At a �xed boundary, such as the bottom mold surface, one imposes
the boundary condition [24]:

qb = k
∂T

∂n
= −hT (T − Text) (2.4)

where qb is the overall heat extracted from the ingot at the boundary (in W m−2), hT
is the convective heat transfer coe�cient (on the order of 2 × 103 W m−2 K−1 for water
impinging a steel bottom plate), n is the normal to the boundary, pointing outside the
domain, and Text is the temperature of the water jet. The heat exchange in the upper
boundary of this domain is governed by a very similar heat balance, except that the heat
transfer coe�cient in that case is about two orders of magnitude smaller.

2.1.2 Convection

The movements of convection in the liquid can be induced either by natural thermal
and/or solutal bouyancy, by pouring the melt into the mold or by an external force
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2.1. Fundamentals of directional solidification

(stirring, electromagnetic forces). A velocity �eld in the melt will modify the heat �ow
equation (Eq. 2.1), which can be then rewritten as:

∂〈ρh〉
∂t

+ g`ρ`cp`v` · ∇T = ∇ · (〈k∇T 〉) (2.5)

where v` is the velocity of the liquid. Please note that only the speci�c heat of the liquid is
transported under the assumption vs = 0 (�xed solid). The averaged momentum equation
is given by:

ρ
∂v

∂t
+
ρ

g`
(v · ∇)v− µ∇2

v +
µg`
K

v = ρg`g− g`∇p (2.6)

Here, v = v`g`, µ is the viscosity of the melt, K is the permeability coe�cient, g is the
acceleration due to gravity and p is the pressure. Equation 2.6 must be completed with
the continuity equation, which for an incompressible �uid is simply:

∇(g`v`) = ∇ · v = 0 (2.7)

The solution of these equations is not straightforward. Besides, in a real experiment, it
is very di�cult to estimate the form and magnitude of the velocity �eld. From a thermal
point of view, convection usually decreases the thermal gradient G, simply because heat
is transported within the volume, thus partially homogenizing the temperature �eld. In
terms of the �nal microstructure, the e�ect of convection might modify the growth direc-
tions of dendrites [5, 25] or even promote solid fragmentation. It also induces transport
of solute species (and fragments), thus leading to macrosegregation.

Within this study most of the specimens containing twinned dendrites were obtained
in an installation whose principle can be reduced to the representation given in Fig. 2.1.
However, it will be seen later that some modi�cations were made in order to better
account for the e�ect of convection on twin nucleation and growth. Having this in mind,
if a melt free of forced convection is desired, su�cient time should be given to the molten
metal after pouring, before solidi�cation starts. However, the speci�c mass of an alloy
is temperature and composition dependent. According to the Boussinesq approximation,
the speci�c mass in the gravity term of Eq. 2.6 is given by:

ρ` = ρ0(1− βT (T − T0)− βi(Ci − C0i)) (2.8)

where T is the temperature, Ci the mass fraction of the solute element i, βT and βi
are the volumetric thermal and solutal expansion coe�cients, respectively, and ρ0 is the
reference speci�c mass taken at T0 and C0i. When a positive thermal gradient is imposed
along the z axis in the direction opposite to g, convection currents can form depending
on the magnitude of the thermal and solute gradients. Indeed, assuming planar front
solidi�cation at the limit of stability (solutal and thermal gradients are equivalent), one
can compute the dot product of g with the gradient of Eq 2.8, thus giving:

∇ρ` · g = −ρ0βTGgz

(
1 +

βC
m`βT

)
(2.9)

Generally βT > 0, and provided that k0 < 0 and m` < 0, which is the case for the
alloys used in this work, a stagnant situation is observed when βC < 0. On the contrary,
for βC > 0 if the ratio inside the parenthesis on the right hand side term of Eq. 2.9
βC/m`βT < −1, a convective instability might develop in the region close to the interface.
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Another source for liquid motion in the melt is solidi�cation shrinkage. In constrained
growth of most aluminum alloys, ρ` < ρs, and thus �ow is opposite to the speed of the
isotherms. A well known criteria used to study macrosegregation e�ects was derived by
Flemings [26, 27]. As another outcome of this criteria, at steady state, v` is simply related
to the isotherms velocity vT by the relationship v` = −βvT where β = (ρs/ρ` − 1). Typi-
cally for aluminum β = 0.11. Of course, variations in composition and non-steady states
slightly modify this relationship, but one can easily show that the liquid velocity due to
shrinkage is of the same order of magnitude than that induced by natural convection.

Now, in order to introduce the equations that characterize the �uid �ow when an
external force is introduced in the mold to create an amount of convection, let us consider
a system in which a melt is poured into a cylindrical mold by means of a tundish. Such
a con�guration was used in this work in order to better control the liquid velocity pro�le
before and during solidi�cation and put it into relation with the formation of twinned
dendrites (see Fig. 2.2). A tundish of height h1 is located at the upper part of the mold.
An outlet of height h2 and diameter d = 5 mm allows to �ll the mold at a constant rate,
provided that the level of liquid metal in the tundish is kept constant (at z = 0, the
downwards �uid velocity vz is assumed to be zero).

h

h

v(A (z))

v*(z*)

v  (A  )0 0

1

2

S

l

d

z = 0
pa

Figure 2.2: Schematic view of a cylindrical mold �lled from a tundish.

In this case, the volume conservation is written as:

v0A0 = vzAz = v∗zAm (2.10)

where v0 and vz are the �uid velocities at the tundish outlet, and at a given height
z, while v∗z is the speed of the upper �uid level in the mold. A0, Az and Am are the
corresponding areas of the outlet, the �uid at a height z and the mold, respectively. Under
the assumption of laminar incompressible �ow and taking into account the molten metal
viscosity forces, �uid �ow occurs following Poiseuille's law [28], i.e. a parabolic velocity
pro�le, inside the narrow outlet of the tundish (along h2). Given that the maximum
pressure p at z = −h1 is:
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p = pa + ρgh1 (2.11)

with pa being the atmospheric pressure, the average outlet velocity, v0, can be then
expressed as:

v0 =
R2

8µ

ρgh1

h2

(2.12)

where R = d/2 is the radius of the outlet. Another approach that can be made is to
neglect the viscosity forces and assume that the �uid is perfect and falls freely due to
gravity. At steady-state, such a behavior is described by Bernoulli's equation:

pa + ρgz +
ρv2

z

2
= C (2.13)

where C is a constant that equals pa if the level of liquid metal in the tundish is kept
constant. The solution to this equation allows to also calculate v0:

v0 =
√

2g(h1 + h2) (2.14)

and from this it is easy to estimate the velocity at which the metal impacts the bottom
of the mold and also the mold �lling rate. It should be noted that the streaming currents
originated by the impact of the �uid with the bottom of the mold can be quite complicated
and probably promote turbulence and chaotic �ow patterns. In fact, using Eq. 2.14 to
estimate v0, the associated Reynolds number at the outlet of the tundish is Re ≈ 6000,
which is in the limit of the transition from laminar to turbulent regime in such a geometry.
The �uid is accelerated during free fall but then it impacts the bottom plate or the upper
surface of the �uid. The upwards �lling stream might be smooth, but complex �ow
patterns may evolve due to the interaction of the bouncing back wave and the incoming
�ow at the center of the mold.

2.1.3 Constrained growth of dendrites

The solidi�cation parameters �xed by the process i.e., the thermal gradient G, cooling rate
Ṫ , the presence of some convection, and the composition of the melt, strongly in�uence
solidi�cation and the �nal microstructure. To understand the formation of dendrites, let
us start with the assumption of the solidi�cation of a planar front. The solid and liquid
compositions at the interface, C∗s and C∗` respectively, are given by the phase diagram.
They are related by the partition coe�cient k0, i.e. C

∗
s = k0C

∗
` . At the moving solid-liquid

interface, the solute balance is written as:

Ds
∂Cs
∂z
−D`

∂C`
∂z

= C∗` (1− k0)
dz∗

dt
(2.15)

where Ds and D` are the solid and liquid di�usion coe�cients, respectively, and z∗ is the
location of the interface. Under steady-state conditions, neglecting di�usion in the solid
state (Ds � D`), the liquid composition pro�le in the reference frame moving with the
velocity v∗ of the interface is given by:

C`(z) = C0

(
1 +

1− k0

k0

exp

(
−v
∗z

D`

))
(2.16)

Ahead of the interface, a solute gradient G∗c exists along a distance δ = D`/v
∗, known

also as the solute boundary layer. One has:
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G∗c = −C0
1− k0

k0

v∗

D`

(2.17)

Converting this solute gradient into a liquidus temperature gradient with the slope
m` of the liquidus, a stability criterion condition can be de�ned by comparison with the
actual thermal gradient G. A perturbation of the planar front will evolve naturally if:

G

v∗
≤ −m`C0(1− k0)

D`k0

=
∆T0

D`

(2.18)

where ∆T0 = −m`C0(1 − k0)/k0 is the solidi�cation interval of the alloy. If the ratio on
the left hand side of Eg. 2.18 decreases, the front forms cells and then dendrites at higher
velocity or for more concentrated alloys (∆T0 larger). This behavior is due to the fact
that solute can be more easily rejected from a cell or a dendrite tip than from a planar
front.

Mullins and Sekerka [20] analyzed the evolution of a perturbation of wave length λi
and amplitude 2ε of the planar front. They found that this perturbation is:

λi ∼= 2π

√
Γs`

m`G∗c −G
(2.19)

where Γs` is the Gibbs-Thomson coe�cient, given by the ratio γs`Tf/Lf , where γs` is the
solid-liquid interfacial energy and Tf the melting temperature of the pure metal (for in-
stance in binary Al-alloys, that of Al). Perturbations with λ < λi are unstable, while those
with λ > λi grow over time. Once the front has been destabilized and a dendrite grows,
its tip can be approximated to a paraboloid needle of radius Rtip . The supersaturation
Ω, ahead of the solid-liquid interface at the tip is given by the Ivantsov solution [29]:

Ω =
C∗` − C0

C∗` (1− k0)
= Iv(Pe) (2.20)

where the Peclet number Pe = Rtipv
∗/D` and Iv(Pe) is given by [30]:

Iv(Pe) = Pe exp (Pe)
∫ ∞
Pe

e−s

s
ds (2.21)

For a given undercooling (or supersaturation) in the melt, ∆T = Tliq − T ∗, where
Tliq is the liquidus temperature and T ∗ is the temperature at the dendrite tip, there is
a family of solutions for Eq. 2.20 of the form Rtipv

∗ = C, with C being a constant.
The graph shown in Fig. 2.3 relating both Rtip and v∗ in a logarithmic scale presents
the Ivantsov solution as a straight thick dark line. Temkin proposed to �nd the working
point of a dendrite by considering the in�uence of the surface energy on the dendrite tip
temperature, and to take the extremum [31]. This solution is plotted with a dashed line
in Fig. 2.3. However, the extremum condition derived from Temkin's solution failed to
predict the actual geometry and growth velocity of dendrites observed in experiments [21].

Langer and Müller-Krumbhaar [23] extended the numerical analysis of Old�eld [32]
and proposed that the dendrite tip grows instead close to the marginal stability limit, i.e.,
with Rtip ≈ λi (Eq. 2.19). This gives another relationship of the type R2

tipv
∗ = C (dotted

line in Fig. 2.3). Combined with the Ivanstov solution this allows to determine univocally
v∗(Ω) and Rtip(Ω), or v∗(∆T ) and Rtip(∆T ). For constrained growth, neglecting the
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 Marginal stability criterion

Extremum

R    vtip
2 *

R    vtip *

R min Log R

Log v*

tip

Figure 2.3: Logarithmic representation of the di�erent models for the growth of a needle dendrite tip.
The dashed curve is Temkin's solution to the Ivantsov function with the extremum stability criterion
identi�ed with a circle. The Ivantsov solution is plotted with the continuous straight thick line. The
marginal stability condition R2

tip
v∗ = C is represented with a straight short-dashed line and intersects

the Ivantsov solution at the point indicated in the graph (redrawn with permission from Dantzig and
Rappaz [13]).

thermal and curvature undercoolings and for Pe� 1, one gets [13]:

R2
tipv

∗ = − 8π2D`Γs`
m`C0(1− k0)

(2.22)

Then, approximating Iv(Pe)= 1.5Pe0.8, Dantzig and Rappaz [13] computed analytical
expressions for Rtip and v∗ of the form:

Rtip = 6.64π2Γs` (−m` (1− k0))
0.25

(
C0.25

0

∆T 1.25

)
(2.23)

v∗ =
D`

5.51π2Γs` (−m` (1− k0))
1.5

(
∆T 2.5

C1.5
0

)
(2.24)

These expressions are in good agreement with predicted values for the operating state
of a dendrite. From these parameters and assuming a hexagonal distribution of columnar
dendrites within a grain, the primary trunk spacing can be estimated. A solid columnar
dendrite is treated as enveloped by an ellipsoid of base b ≈ λ1/2, where λ1 is the primary
trunk spacing, and major axis a measuring the extent of the mushy zone. From such a
construction, the tip radius of the ellipsoid b2/a can be equated to Rtip and one has:

Rtip =
b2

a
=

λ1G

3∆T0

(2.25)

Together with the marginal stability criterion giving Rtip , λ1 can be approximated as:
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λ1 =

(
−72π2Γs`D`∆T0

k0

)0.25

G−0.5v∗−0.25 (2.26)

Besides the primary trunk spacing, another important parameter of dendrite morphol-
ogy is the secondary arm spacing λ2. During constrained growth, side branches appear as
perturbations of the primary trunk and then grow laterally. As these are locally a�ected
by the thermal and solutal �elds, the space between them varies along the mushy zone due
to a coarsening mechanism implying the elimination of certain arms and growth of others.
The driving force of coarsening is the Gibbs-Thomson e�ect. Indeed, since neighboring
dendrites are of di�erent size, the di�erent curvature of their solid-liquid interfaces gen-
erates a composition gradient that promotes a �ux of solute from the coarser to the �ner
structures which eventually remelt. Since coarsening is a time-dependent phenomena, an
expression for the evolution of λ2 can be obtained by solving the solute �ux between two
neighboring arms. One obtains [33]:

λ2 = 5.5(Mtf )
1/3 (2.27)

where tf is the �nal solidi�cation time and M is a function of the phase diagram, the
di�usion coe�cient of the liquid D`, and the Gibbs-Thomson coe�cient Γs`.

All these equations are adequate to predict the characteristics of columnar dendrites
and work fairly well with low solute content aluminum alloys. Nevertheless, the dendrite
morphology is also strongly dependent on the anisotropy of γs` i.e., its dependence on
the crystallographic direction. Hence, more complex morphologies may deviate from the
predictions of the analytical expression for the operating state (Eq. 2.22). In what is
called the microscopic solvability theory, Kessler and Levine [34] de�ned a relationship
that accounts for the e�ect of the solid-liquid interfacial energy anisotropy on the operating
state through a function C(ε):

R2
tipv

∗ = C(ε) (2.28)

The parameter ε measures the anisotropy of γs`. For instance, in the case of aluminum,
ε is relatively small ≈ 1% [35, 36], whereas in the case of an hcp element such as Zn, it
is rather large ≈ 9% [37] between the 〈101̄1〉 and 〈0001〉 directions. This anisotropy of
γs` is necessary to produce dendrites with preferred growth directions. On the contrary,
if γs` is isotropic, seaweed-like structures are produced.

Until recently, it was believed that fcc metals grow always along 〈100〉 directions, i.e.,
secondary arms evolving at 90 deg. from the primary trunk. However, several authors re-
ported that these growth directions could vary depending on the amount and nature of the
alloying elements as well as the growth conditions. Henry et al. [16] �rst observed 〈110〉
columnar dendrites in an Al-4.5wt.%Cu-0.3wt.%Mg DS specimen. Afterwards, Sémoroz
et al. [38] found in Al-43.4wt.%Zn-1.6wt.%Si thin coatings deposited on steel substrates,
that equiaxed dendrites grow with a complex structure having twelve 〈320〉 arms. Such
a departure from what was previously observed in fcc metals promoted new studies on
dendrite morphology and growth directions. As the e�ect of hcp Zn revealed to be quite
important, Gonzales and Rappaz [39] performed a study on the Al-Zn binary system.
Although the large solubility of Zn in aluminum ensures an fcc structure, a smooth tran-
sition on the crystallographic growth directions from 〈100〉, below 25wt.%Zn, to 〈110〉
directions, above 60wt.%Zn, was evidenced. Furthermore, in between these compositions
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2.1. Fundamentals of directional solidification

and independently of the imposed growth velocity, these authors observed a continuous
rotation of the denrite growth direction with respect to a (001) direction [40]. At the
onset and end of what they called the Dendrite Orientation Transition (DOT), textured
seaweeds were evidenced. Changes in dendrite growth directions were also observed in
preliminary studies in NH4-water [41], but the velocity and the attachment kinetics played
a major role in this case. Akamatsu et al. [42] observed di�erent morphologies in 2D so-
lidi�cation of thin specimens of a hypoeutectic organic mixture composed of CBr4 and
8% C2Cl6 (percentage in molar weight). The characteristics of these morphologies (see
further discussion in Sect. 2.2.4) were strongly dependent on the imposed solidi�cation
velocity and the anisotropy of γs`, this latter dictated by the geometry and orientation of
the solid within their experimental set-up. All these observations imply that the function
C(ε) dependes strongly on the conditions and nature of the alloys being solidi�ed.

2.1.4 Equilibrium shape and dendrite morphology

Theoretical and experimental work has been done to deduce the shape of the dendrite
tip, i.e, the function C(ε). It is however out of the scope of the present work to introduce
the so-called solvability theory. Neverhteless, it might be useful in relation with twinned
dendrites to brie�y present the concept of equilibrium shape of a crystal from which the
dendrite growth directions can be deduced [43, 44, 45].

The equilibrium shape of a crystal is the geometry that a solid acquires when it is
left to reach its equilibrium state in an undercooled melt for a long time. In other words,
it is the result of minimizing its anisotropic surface free energy under the constraint of
constant volume. From this shape, a dendrite will evolve accordingly along preferred
directions when the undercooling is suddenly increased. The Wul� construction [46, 47]
and the Ho�man-Cahn ξ-vector formalism [48, 49] allow to calculate the equilibrium shape
of a crystal when the orientation-dependency of γs` is known. Under the assumption of a
locally spherical interface, it is possible to relate the curvature undercooling, ∆TR to the
solid-liquid interfacial energy with the expression:

∆TR = 2κ̄Γ0
s`Φ(n) (2.29)

where κ̄ is the local mean curvature of the interface, Γ0
s` is the mean Gibbs-Thomson

coe�cient, and Φ(n) can be expressed, using Herring's relations [50, 51]:

Φ(n) =
1

γ0
s`

(
γs` +

1

2

(
∂2γs`
∂ϑ2

1

+
∂2γs`
∂ϑ2

2

))
(2.30)

The variables ϑ1 and ϑ2 are the principal curvature directions. This expression is the
interfacial sti�ness, whose minima corresponds to the larger mean curvature, i.e., the most
convex parts of the crystal when ∆TR is constant. When the undercooling is increased,
these most convex parts are believed to give the growth directions of the dendrites.

The Ho�man-Cahn's formalism of the ξ-vector allows to calculate geometrically the
form of the equilibrium shape of a crystal. It can be written as:

ξ = ∇ (r γs`(n)) (2.31)

where r is the radius in spherical coordinates. For coherency issues with Sect. 2.2.4, the
anisotropy of γs` will be here introduced through the parameter ε:
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ε(n) = ε̄η(n) (2.32)

where n = (nx, ny, nz) is the unit vector in the crystallographic reference frame, and η is
a function that describes the orientation dependence of γs`. For materials with a cubic
structure, the equivalent form of the spherical harmonics that respect the cubic symmetry
of the fcc structure is expressed as [51, 52]:

η(n) = 1 + a1(Q− 3/5) + a2(3Q+ 66S − 17/7) + a3(65Q2 − 94Q− 208S + 33)... (2.33)

with Q = n4
x + n4

y + n4
z and S = n2

xn
2
yn

2
z. The nomenclature of the anisotropy coe�cients

a1, a2, a3 that appear in Eq. 2.33 was chosen in order to avoid any confusion with the
parameter ε de�ned in phase �eld models aimed to simulate the growth of 〈100〉 dendrites
(e.g., simple four-fold symmetry) [53, 54]. These coe�cients can induce various dendrite
growth directions (higher order terms are not considered). For a1 > 0 and a2 = a3 = 0,
a minimum of the sti�ness corresponds to a maximum of the γ-plot along the 〈100〉 di-
rections. In the same manner, for a1 = a3 = 0 and a2 < 0, the minima of the sti�ness
correspond to 〈110〉 directions [5]. This can be observed clearly in Fig. 2.4 where the
γ-plot, the sti�ness plot and the ξ-vector result for a given set of ai parameters have been
drawn. Only a quarter of the spherical plots is presented. For the former case, 〈100〉
directions are selected, and for the latter, growth should occur along 〈110〉 directions, as
evidenced by the maxima of the ξ-plots (in Fig. 2.4, colors red and blue correspond to
maximum and minimum values, respectively).

It should be noted that the ideal case presented on the bottom row of Fig. 2.4 is not
very realistic, since the anisotropic parameter a1 cannot be neglected in reality. However,
it has been shown [44] that there is a critical ratio a2/a1 above which 〈110〉 directions
are selected1. For mixed values of the anisotropy coe�cients and below this critical ratio,
e.g., a1 6= 0, a2 6= 0 and a3 = 0, it has been shown recently that 〈hk0〉 growth directions
can vary from 〈100〉 to 〈110〉 depending on the strength of the coe�cients [45]. For these
cases, the maxima on the γ-plot do not always coincide with the minima of the sti�ness.
Niederberger et al. [51] performed calculations with an inverse method to estimate the
equilibrium shape in Al-Zn coatings. They estimated the equilibrium shape from experi-
mentally observed dendrites and found that, for such a system, the minima of the sti�ness,
which is at least one order of magnitude more anisotropic than γs`, can be taken as an
indication of the preferred growth directions. However, in a recent work, Friedli et al. [53]
clearly showed that in 3D solidi�cation and at intermediate growth directions, for exam-
ple in the transition regime existing in Al-Zn alloys between 25wt.%Zn and 60wt.%Zn,
neither the maxima of the γ-plot nor the minima of the sti�ness can predict the preferred
growth directions observed experimentally. These authors proposed that for the simplest
dendritic structures, the mean radius of curvature can be used as a criterion to estimate
growth directions, although more complex morphologies, such as textured seaweed, are
more di�cult to calculate and require a more complete analysis. In some cases, for a
given set of parameters, the mean curvature can be degenerate in one plane, with the two
principal radii of curvature varying in opposite way, i.e., one is maximum while the other
is minimum.

1Sekerka [44] showed that a too high value of the anisotropy coe�cients may lead to the faceting
of the calculated equilibrium shapes, so care must be taken when choosing these values in numerical
calculations.

16



2.1. Fundamentals of directional solidification
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Figure 2.4: γ-plot, sti�ness (Φ-plot) and ξ-vector calculated for di�erent sets of values ai. In both
cases, the maxima of γs`(n) matches the minima of the sti�ness and the maxima of the equilibrium
shape. Growth along 〈100〉 and 〈110〉 directions is respectively selected for the upper and bottom rows.

In particular for the case of twinned dendrites, one can suppose that the set of ai
parameters is such that a growth direction contained within the twin plane is favored.
However, although this growth direction has been well-determined (see Sect. 2.2.1), little
is known about the e�ect of the presence of twin plane, related to the twin energy γt, on
the anisotropy of γs` and the equilibrium shape for this type of morphologies.

2.1.5 Microsegregation

Microsegregation deals with the evolution of the solute distribution pro�le surrounding a
dendrite during solidi�cation. As this distribution pattern may be slightly di�erent (but
with important consequences) for twinned dendrites, some notions of this phenomenon
should be introduced. Figure 2.5 shows three di�erent approaches to microsegregation
assuming complete mixing in the liquid and a 1D geometry. The domain has a length
equal to one half of the secondary arm spacing (λ2/2) and the solid-liquid interface is
located at x∗. Densities in both solid and liquid are considered constant and equal. First,
let us consider two extreme cases:

a) Complete mixing in both phases (lever rule).- The Fourier numbers Fo= 4Dνtf/λ
2
2,

where Dν is the di�usion coe�cient in the phase ν, are su�ciently large to assume �at
composition pro�les in both phases (see Fig. 2.5a). With this model, the last liquid com-
position is that dictated by the phase diagram.

b) Complete mixing in the liquid, no di�usion in the solid.- Known also as the Gulliver-
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Figure 2.5: Microsegregation models: a) Lever rule; b) Gulliver-Scheil; c) Back-di�usion.

Scheil model, it assumes that D` =∞ and Ds = 0. The solute rejected at the interface is
balanced by an increase of solute in the liquid, as indicated with the corresponding light
gray areas in Fig. 2.5b. The composition pro�le in the solid is frozen.

In most Al-alloys the complete mixing approximation for the liquid is fairly valid, but
back di�usion in the solid cannot be neglected. Many models that attempt to solve this
problem have been derived [55, 56, 57, 58]. Basically, the solute balance equation for the
domain [0, λ2/2] can be written:

∫ x∗(t)

0

Cs(x, t)dx+

(
λ2

2
− x∗

)
C` = C0 (2.34)

Di�erentiating this equation with respect to time, and combining terms involving the
interface velocity, one obtains:

− (1− k0)C
∗
`

dx∗

dt
+Ds

∂Cs(x
∗, t)

∂x
+

(
λ2

2
− x∗

)
dC∗`
dt

= 0 (2.35)

At this point, the manner to solve this equation varies in the di�erent models reported
in literature. In the Brody-Flemings approach [55], the following assumptions are made:
i) thermodynamic equilibrium exists at the interface; ii) the interface position x∗ is related

to time t through a parabolic law of growth, x∗ = λ2/2
√
t/tf . Solving Eq. 2.35 under

these assumptions gives:

C∗` = C0 [1− (1− 2k0Fos) gs]
−(1−k0)/(1−2k0Fos) (2.36)

Although this model deviates from the exact solution to the di�usion equation in the
solid, calculated by Kobayashi [58], it gives a fairly good analytical expression for the
composition pro�le in the solid. Note that the lever rule and the Gulliver-Scheil ap-
proximations are recovered from the Brody-Flemings model when Fos = 0.5 and Fos = 0,
respectively. An empirical expression for the Fourier number Fo'(Fos) has been introduced
by Clyne and Kurz [56] in order to recover the lever rule in the limit Fo→∞.
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2.2. Formation and growth of feathery grains

2.2 Formation and growth of feathery grains

2.2.1 Twinning during solidi�cation

In the introduction to this document, the DS ingot of Fig. 1.3 shows several feath-
ery grains. As mentioned before, these grains grow and form a sequence of alternated
twinned and untwinned lamellae that can appear progressively misoriented with respect
to G, depending on the 2D section that is being observed. Figure 2.6 shows a typical
microstructure of an Al-40wt.%Zn twinned grain obtained in a DS ingot. It can be seen
that each dendrite is split in its center by a straight boundary (yellow line) while lateral
side arms meet at a wavy-like boundary (�S-shape� curve). The corresponding twinned
(T) and and untwinned (U) regions of these dendrites are also identi�ed in the micrograph.

500 µm500 µm500 µm

T U
Wavy-like boundary Straight boundary

G

Figure 2.6: Twinned dendrites from an Al-40wt.%Zn specimen split in their center by a straight bound-
ary (yellow line) with secondary arms meeting at a wavy-like boundary (black �S-shape� curve). Side
arms appear to grow at 60 deg. from the trunk in this projection, but there are also some side arms
growing o� the observed section.

More speci�cally, it has been demonstrated by Henry and coworkers [5, 59] that the
straight and the wavy-like boundaries correspond to coherent and incoherent {111} planes,
respectively. An EBSD grain reconstructed micrograph of a section perpendicular to
the thermal gradient of an Al-0.5wt%Mg-0.4wt.%Si DC-cast specimen containing three
twinned grains is reproduced in Fig. 2.7a. It clearly reveals the lamellar structure of the
feathery grains labeled A, B, and C. In the 〈111〉 pole �gure shown in Fig. 2.7b, the
corresponding directions of the blue (twinned) and purple (untwinned) lamellae of grain
B have been plotted. Although there are some misorientations within the same grain, the
points corresponding to each orientation are grouped within well-de�ned spots. These are
numbered from 1 to 7. The directions labeled 2, 4 and 6 belong to the twinned lamellae of
grain B whereas those labeled 3, 5 and 7 belong to the untwinned lamellae. It is evident
that the two di�erent crystallographic orientations share a common 〈111〉 direction (spot
labeled 1) whose corresponding perpendicular plane is identi�ed with an arc of a circle
in the pole �gure. These authors showed that a symmetry operation with respect to this
plane superimpose the three other 〈111〉 directions of the twinned region onto those of
the untwinned region, thus proving de�nitively the twinned nature of aluminum dendrites.
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Figure 2.7: a) EBSD grain reconstructed micrograph in false colors (related to the Euler angles triplet)
showing three twinned grains labeled A, B and C in a 6060 alloy (Al-0.5wt%Mg-0.4wt.%Si); b) 〈111〉
pole �gure showing the crystallographic orientation of the untwinned and twinned lamellae of grain B in
the EBSD micrograph. The arc of a circle corresponds to the coherent twin boundary (taken from [6]).

Among the various grain boundaries that exist in a polycrystalline specimen, twins are
characterized by a low excess energy. A twin is also referred to as a coherent Σ3 boundary
[60]. The Σ3 nomenclature implies that the volume of the characteristic unit cell of one
grain is one third of the volume of the Coincident Site Lattice (CSL). The CSL results of
extending two di�erent �xed crystal lattices into each other, then looking at a coincident
site and retrieving the unit cell corresponding to the combined structure. In the case
of aluminum, Kogtenkova et al. [61] have shown that a stable Σ3 coherent boundary, of
the lowest energy, exists along the respective (111) planes of two di�erently oriented cells
e.g., {111}1/{111}2 (the subscript indicates the corresponding cell). Such is the type of
boundary observed in twinned dendrites. These authors observed that there are other
stable boundaries of much higher energy that can appear under equilibrium conditions,
but these have never been observed in twinned dendrites.

A coherent twin in fcc crystals corresponds then to a sequence ...ABCABCBACBA...
of the {111} planes. The mechanism of twinning during solidi�cation is summarized in
Fig. 2.8: a) three layers of atoms corresponding to {111} planes are located in relative
positions ABC. At some point during growth, an atom gets located in the wrong position,
say B instead of A. The sequence is then ABCABCB...; b) more atoms come to this
atomic layer and locate themselves in B sites too, promoting the formation of a Shockley
partial dislocation; c) the next layer of atoms will naturally continue the stacking at A
sites. Therefore, the sequence is locally altered and becomes ABCABCBACBA, thus
forming a mirror {111} symmetry plane at a C layer. Locally, the stacking sequence
(BCB) corresponds to a hexagonal close pack structure.

Recent atomistic scale simulations [62, 63] indicate that many stacking faults can form
in fcc metals near the di�use solid-liquid interface. In the work of Hoyt and Asta [63], the
atomic arrangement was studied in the liquid, the solid, and at the interface between the
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Figure 2.8: Occurrence of a Shockley partial during solidi�cation. a) stacking fault of a B atom next to
a C layer; b) formation of a Shockley partial; c) new atomic arrangement with a mirror symmetry plane
along a C layer.

two phases. The arrangement was quanti�ed by an order parameter based on the average
displacement of the twelve nearest neighbors with respect to their ideal positions. The
results of these simulations are shown in Fig. 2.9. On the left, a volume containing the
solid-liquid interface has been schematized. It indicates with three horizontal black lines
the sections displayed on the right for the liquid, the interface and the solid, respectively.
The sections are parallel to the {111} planes of the solid. In the liquid region, near the
interface, atoms are randomly arranged (gray circles). Then, at the interface, most of
the atoms are ordered according to a fcc structure (white circles) with some regions that
are more likely to be ordered in a hexagonal arrangement. These faults at the interface
would normally induce twins during growth but, as can be evidenced in the last section
of Fig. 2.9, they are quickly eliminated by atomic rearrangement within the solid phase.
However, it is possible that, depending on the conditions existing in the system, these
defects could survive and give actually origin to a twin.

Liquid Interface s - Solid

s

l

l

interface

Figure 2.9: Simulation of the atomic arrangement in sections parallel to {111} planes of the solid in
di�erent regions near the solid-liquid interface. The left image shows the physical system for which the
simulations have been performed. Cross sections in the liquid, the interface and the solid are then drawn
on the right. A selection parameter was de�ned: white atoms are arranged in a fcc structure, whereas
gray atoms are either disordered in the liquid or in hcp clusters at the solid-liquid interface. The red
arrows indicate hcp structures formed at the interface (taken from [63]).
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2.2.2 Necessary conditions for twin formation

From a more practical point of view, the apparition of twins is directly related to the
processing parameters. During the past 60 years that feathery grains have been studied,
several works have been done in order to determine the e�ect of the solidi�cation condi-
tions on twins formation. In his thesis dissertation, S. Henry [5] presented an extensive
review of these works, but only the most representative are mentioned in the following
paragraphs:

a) Alloying elements
Several authors have discussed about the alloying elements that may induce twins

during solidi�cation. Elements such as Fe, Ti, Si, Cu, Zn or Mg might then be involved in
twin nucleation [1, 64, 65], but in most cases the investigated alloys were industrial-type,
i.e., multicomponent systems that make it di�cult to elucidate what is the actual role of
each solute content. On the contrary, feathery grains in pure aluminum have never been
observed.

b) Thermal conditions
The e�ect of solidi�cation parameters e.g., thermal gradient G, cooling rate Ṫ or

the isotherms velocity vT , have also been investigated. Herenguel [1] �rst reported that
a strong thermal gradient and cooling rate are necessary to form twins. Gullmann et
al. [66] found that feathery grains appeared in a region cooled at a rate of 100 K s−1

when solidi�ed in a DS installation where the thermal gradient was parallel to gravity.
Later, Anada et al. [67] presented G-vT charts for Al-7wt.%Mg specimens produced in a
Bridgman furnace (crucible diameter of 25 mm). In their experiments, feathery grains
formed at thermal gradients in between 100 and 175 K cm−1 with solidi�cation velocities
ranging between 1 and 2.5 mm s−1. Finally, S. Henry performed also measurements to plot
G-vT and G-Ṫ charts which clearly showed that twins form when relatively high thermal
gradients in the melt, and high cooling rates and solidi�cation velocities are achieved, i.e.
G ≈ 100 K cm−1, Ṫ ≈ 10 K s−1 and vT ≈ 1 mm s−1.

c) Convection
The presence of convection in the melt seems to be necessary for twin nucleation and/or

growth, although the role played by the �ow has not been completely clari�ed. Several
works [1, 68, 69] reported that feathery grains appear in solidi�ed billets at particular
locations, depending on the �ow conditions. Recently, Henry et al. [3] studied transverse
sections of billets that were solidi�ed in a semi-continuous casting process. The mold for
the production of these billets was �lled through a lateral pouring gate with an in-�ow
velocity of 0.02 m s−1. Figure 2.10a shows the thermal and velocity �elds in one half of
these billets calculated with the Fidap software. The arrows indicate the direction and
intensity of the liquid velocity which at 80 mm below the inlet was about 0.005 m s−1. The
colored surface is a superposed map of the maximum shear rate. These authors showed
that feathery grains form at this height in the side opposite to the inlet, precisely in the re-
gions where the shear rate is maximum. The orientation pattern of the feathery grains on
both sides of the �ow inlet axis also showed a quite remarkable symmetry. In Fig. 2.10b,
an EBSD grain structure reconstructed micrograph obtained from a transverse section of
the billet shows two feathery grains as pairs of lamellae oriented at 30 and 45 deg. from
the pouring axis, respectively. The 〈110〉 pole �gures corresponding to each grain indicate
the average orientation of the (111) coherent twin planes and the 〈110〉 growth directions
of the primary trunks and side branches as well. An important �nding of this study is the
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2.2. Formation and growth of feathery grains

clear correlation existing between the twinned dendrites and the �ow pattern: primary
trunks and lateral side arms seem to be oriented against the incoming �ow. This lead to
the conjecture that shearing forces in the melt are responsible of twin nucleation, whereas
the liquid �ow direction act as a selection mechanism for better oriented side arms.
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Figure 2.10: a) Temperature and velocity �elds in a billet as calculated with the Fidap software
(temperatures are in degrees Celsius). A shear rate map is superimposed; it shows that the maximum
shear rate occurs in the same region where feathery grains were obtained; b) EBSD grain structure
reconstructed micrograph of a transverse section obtained in one half of the billet, and corresponding
〈110〉 pole �gures (taken from [3]).

On the same matter, Turchin et al. [4] also reported the formation of twinned den-
drites in Al-4.5wt.%Cu specimens during directional soli�cation with a melt �owing at
relatively low velocity (vx = 0.02 m s−1) in a direction perpendicular to the vertical axis
of the DC installation.

Although these works agreed on the necessary thermal conditions for twin formation
and revealed that convection plays an important role on twining during solidi�cation, it is
still not clear how a twin actually nucleates. The most pertinent study of twin nucleation
was performed by Kato and Cahoon [70]. By computing an expression for the change in
the Gibbs free energy due to the formation of a twinned embryo, these authors calculated
the heterogeneous nucleation rate of twins assuming that during DC casting, these only
form over the surface of the mold bottom plate. In spite of the apparently good agreement
between their predictions and experimental observations, the actual nucleation site of the
twins was not determined, and their predictions were strongly dependent on the geometry
of the nuclei and the associated undercooling. In fact, the major di�culty to construct a
predictive model of twin nucleation during solidi�cation is that no information about the
twin nucleation site and associated undercooling is available: nucleation could occur in
the bottom plate, epitaxially in a regular dendrite or even in the bulk. On the contrary,
it can be accepted that the probability of creating a twin defect scales exponentially with
the stacking fault energy [71]. Under such a context, given the appropriate thermal and
convective conditions, twins can be favored by the presence of solute elements which could
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either reduce the stacking fault energy or promote a hexagonal pack structure.

2.2.3 Twinned dendrite growth directions

Depending on the way the atoms attach at the solid-liquid interface, growth of crystals
is classi�ed into two categories: faceted and non-faceted. An expression for the varia-
tion of Gibbs free energy due to the incorporation of atoms to a monolayer solid-liquid
interface was derived by Jackson [72]. It basically de�ned a criteria, the ratio ∆Smf /R,
where ∆Smf is the molar entropy of fusion and R the ideal gas constant, to recognize if a
substance grows in a faceted manner or not. For ∆Smf /R > 2 the crystal is bounded by
well de�ned crystallographic planes. Typical cases of this situation are the growth of Ge
and Si crystals. Hamilton [73] summarizes very well the associated growth mechanism
under the hypothesis of re-entrant angles formed in a diamond-like Ge faceted crystal
(octahedron bounded by eight {111} planes) at which a twinning operation is performed.
Given the crystallographic structure of such a metal, three 〈211〉 preferred directions are
chosen by the system to grow if the crystal is immersed in a highly undercooled liquid.
Unless a second or multiple twinning operations are performed in the same crystal, the
reentrant angles eventually disappear during growth. In more recent studies, Nagashio
and Kuribayashi [74] explained that in faceted Si dendrites, not only 〈211〉 is the preferred
growth direction, but also 〈110〉 and, eventually non-twinned 〈100〉 dendrites can form,
depending on the magnitude of the undercooling. These authors also reported multiple
twinning in the region near the nucleation point, as in the case of Ge.

When ∆Smf /R < 2, growth occurs in a non-faceted manner. Such is the case of Al
(∆Smf /R = 1.3), which then has a rough interface whose preferred growth directions are
mainly dictated by the very low anisotropy of the solid-liquid interfacial energy. For the
case of twinned dendrites in non-faceted alloys, although little is known about their nu-
cleation, the evidence collected so far has not showed the presence of multiple twinning
in the region near the nucleation point, thus in-plane propagation must occur according
to a di�erent mechanism than that of faceted crystals.

The presence of the twin plane is a crystallographic constraint that greatly a�ects the
growth directions of twinned dendrites. These must correspond to one direction that is
contained within the twin plane, otherwise a twin could not be propagated. This issue
has been debated over the years. Morris et al. [65] were the �rst to measure the twinned
dendrite growth direction using X-ray di�raction patterns. They determined that the
trunks were oriented along a 〈110〉 direction. Later, based mainly on optical observations
with polarized light, Frederiksson et al. [75] suggested that growth of twinned dendrites
in Al-alloys occurs along 〈211〉 directions. Eady and Hogan [7] also contested Morris mea-
surements by associating the growth of twinned dendrites directly with the direction of
the thermal gradient G. In their study, they claimed that twinned dendrite trunks grow
along any direction contained within the twin plane, provided that it is aligned with G.

Given that feathery grains have a very complex morphology and grow at some angle
with respect to G, the problem of identifying correctly the dendrite growth direction
from a 2D projection is not so trivial. Indexing the thermal gradient direction G by 〈hk`〉
indices in the crystallographic reference system, though used by some authors, is certainly
wrong. Indeed, in the case of regular growth, for any 〈hk`〉 direction, the probability of
making an angle θ with G varies as sin θ, at least for small θ angles. Due to cubic
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2.2. Formation and growth of feathery grains

symmetry, this probability reaches a maximum at an angle θmax ≤ arccos(1/
√

3) and
then decreases to zero. For these reasons, a random population of regular dendritic grains
nucleated at a surface develops a 〈hk`〉 texture during the growth selection process, but
the maximum of the distribution is not exactly 〈hk`〉 due to the sin θ [76, 40]. In such
cases, the dendrite growth direction can be easily identi�ed from the texture. This is
not always the case for feathery structures and care must be taken when comparing the
crystallographic orientation measurements and the corresponding microstructure. The
contradiction regarding twinned dendrite crystallographic growth directions was put to
an end when Henry et al. determined without any ambiguity in industrial-type low
solute-content Al-alloys that twinned dendrites grow along 〈110〉 directions [5, 6, 59]. To
achieve this, these authors either observed twinned dendrites fairly well-aligned with G,
or in sections parallel to the twin plane. As will be seen in the following paragraphs, the
structures they observed generally had only two lateral secondary arms growing at 60 deg.
from the trunk in sections perpendicular to the twin plane.

2.2.4 Twinned dendrite tip shape hypotheses

In order to accommodate the energy of the twin plane, it has been suggested that the
shape of the tip of twinned dendrites must be somehow modi�ed from the �at paraboloid
needle shape typically observed for regular dendrites. A di�erent tip geometry could also
help to explain the favorable growth kinetics of feathery crystals over regular columnar
grains. Based on previous works aimed at measuring the solid-liquid interfacial energy in
transparent systems [77, 78], and treating the two lamellae as two di�erent grains with a
strong crystallographic relationship in a low tilt angle boundary, �rst Chalmers [79], then
Eady and Hogan [7] suggested that the tip would develop a re-entrant angle or a �cusp�
in order to satisfy the Young-Laplace condition at the triple junction (liquid - twinned
solid - untwinned solid). Indeed, the condition at the triple line is given by:

2γs` cos θ − γt = 0 (2.37)

where γs` and γt are the solid-liquid interfacial and twin energies, respectively, and θ is the
angle between the solid-liquid interface and the twin plane (see top of Fig. 2.11a). As γt
is smaller than γs`, the twinned dendrite tip would evolve in a stable manner with a small
groove, as schematized in Fig. 2.11a, respecting a compromise between microsegregation
and solute pile-up ahead of the interface. The simple 2D representation of such a mor-
phology does not take into account the second main curvature radius of the tip (i.e., the
three dimensional component of the system), nor the anisotropy of γs`. A more complete
picture (3D) of this equilibrium is given in Sect. 3.6.2.

Years later, based on numerical simulations in which a �xed angle was imposed be-
tween the interface at the dendrite tip and the twin plane, Wood et al. [8] proposed on
the contrary that a sharp (or edgy) dendrite tip would be more advantageous in terms
of solute segregation and growth undercooling with respect to regular dendrites having a
dendrite tip with a larger radius of curvature. They argued that torque terms were in-
volved in the equilibrium at the triple line (see Fig. 2.11b). Nevertheless, this hypothesis
could be more suitable for the growth of faceted crystals, like Ge or Si. In fact, in the case
of Al-alloys, this explanation can probably be ruled out considering the weak anisotropy
of γs` that has been measured experimentally [36]. Even though this anisotropy could be
increased slightly by the addition of solute elements such as Zn or Mg [45, 80], an edgy
tip would not satisfy the equilibrium conditions in such alloys. Furthermore, this model
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predicted the growth of sharp twinned dendrites in a relatively low thermal gradient,
which is opposite to what has been experimentally observed.
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Figure 2.11: Schematic view of twinned dendrite tip morphologies according to a) Eady and Hogan [7],
b) Wood et al. [8], and c) Henry [5]. On the upper part of a) and b) the corresponding equilibria at the
triple junction have been drawn. The upperscripts on the growth directions of side arms indicate that
they correspond to the twinned (light gray) and untwinned (dark gray) regions. The coherent twin plane
and wavy like boundaries are identi�ed with straight yellow lines and black �S-shape� curves, respectively.
The small red arrow in (c) indicates the solute pile-up that would create the narrow liquid channel in the
center of the doublon. The lateral twin propagation mechanism is encircled at the right tertiary arm of
the doublon morphology in (c).

More recently, Henry [5] extended Eady and Hogan's hypothesis and suggested the
possibility of the existence of a doublon morphology, which is in fact perfectly compatible
with a weak anisotropy of γs`. Such a type of morphology has been observed experimen-
tally in 2D and 3D only on transparent materials [42, 81] or predicted theoretically [82, 83].
Namely, from the di�erent works that have addressed this issue, it has been concluded
that when the anisotropy of the solid-liquid interface is negligible, double �nger structures
form in a 2D geometry at a relatively low solidi�cation velocity, with no particular pre-
ferred growth directions. On the contrary, when some anisotropy is present, but rather
at high solidi�cation velocities, these morphologies appeared to form and evolve along
speci�c directions [42, 83].

As conjectured by Henry for the growth of twinned dendrites, such a doublon mor-
phology is schematized in Fig. 2.11c as a double-tip oriented dendrite that grows with a
narrow channel of liquid, a few microns width, in its center. It would be initiated also
by the small groove necessary to accommodate the twin energy. As solute piles up in the
groove, it would make it recede up to nearly the solidus temperature of the alloy. Under
equilibrium conditions, this liquid channel would see its composition increase with a tem-
perature decrease (for k0 < 1), and eventually, solidify near the solidus temperature, with
a �nal liquid composition close to C0/k0, i.e., solid composition close to C0. Thus, such
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2.2. Formation and growth of feathery grains

a morphology is believed to induce a positive segregation pattern in the doublon trunk
center. The doublon conjecture was supported mainly by two experimental evidences [5]:

1� In a section parallel to the twin plane, no secondary arms were clearly observed
and growth seemed to be cellular rather than dendritic. The in-plane spacing λ// of
these cellular trunks was much smaller than the distance λ⊥ separating two succes-
sive rows of twinned dendrite trunks [5]. Figure 2.12 reproduces the corresponding
observations made by Henry for sections parallel to the twin plane and transverse
to G on an Al-0.11wt.%Cu specimen.

2� Using High Resolution Transmission Electron Microscopy (HRTEM), the solute
composition in a region close to the twin plane was measured to be close to C0

for an Al-4.3wt.%Cu-0.3wt.%Mg alloy.

G G

λ
10 λ //

a) b)
Figure 2.12: a) Section nearly parallel to the twin plane for an Al-0.11wt.%Cu specimen (the trace of
the twin plane appears as a wavy line separating dark and light grey regions). Primary trunks appear as
cells with a very small primary spacing λ// and a few side branches; b) cross section of the same specimen
showing the drastically di�erent primary spacings λ// and λ⊥ measured parallel and perpendicular to
the twin planes (identi�ed with dark lines) [5, 59].

The very anisotropic rejection of solute associated with the growth of 〈110〉 doublons
aligned in a {111} plane could explain that λ// � λ⊥. Besides, as less solute is rejected
in this case, this would also give a growth advantage to twinned doublon-type dendrites
over regular dendrites. On the other hand, the strong solute gradient near the doublon
and perpendicular to the twin plane could explain the gradual misorientation associated
with the successive branching of new twinned trunks.

Another important contribution of Henry's hypothesis is the mechanism associated
with the lateral propagation of twin planes. It is also schematized on the tertiary arm
originated at the lateral right side arm of the doublon in Fig. 2.11c. Based on obser-
vations of the sequence of twinned and untwinned regions in feathery grains, Henry et
al. [6] suggested that as a twinned dendrite evolves, a new stacking fault respecting the
lamellar sequence occurs at a tertiary arm. This mechanism was further complemented
with a selection criteria of better oriented side arms, supposedly in�uenced by convection
currents in the melt [5].

Except for the edgy dendrite hypothesis that can be ruled out quite safely, the ex-
perimental observations performed over the years have not been categoric on determining
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whether the twinned dendrite tip is a groove or a doublon. In the case of Henry's mea-
surements, reported in his thesis dissertation [5], some doubt arises from the chemical
analysis performed near the trunk center of the twinned dendrites. In fact, due to the
limitations of the equipment used at that time, the location of the zone of interest could
not be de�ned very well. Although the analyses were done very carefully, the value near
C0 measured for the solid was not necessarily at the center of the trunk and could have
been confused easily with a side arm or interdendritic region, misleading the interpreta-
tion. Consequently, the assessment of the twinned dendrite tip shape still remains a very
important task to accomplish.

2.3 Remelting phenomena

Even if this work is focused on twinned dendrites solidi�cation, some experiments have
been done to study the stability of twins during remelting and their re-growth in a Bridg-
man furnace. Although it has been studied to a much less extent than solidi�cation, it is
worth saying a few words about the phenomena associated with remelting.

Far from behaving symmetrically with respect to solidi�cation, remelting of a dendritic
structure takes place out of equilibrium and implies the combined occurrence of di�erent
mechanisms such as coarsening, thermal gradient zone melting (TGZM) and droplets or
liquid �lm migration (LFM) [84]. As an intrinsic part of solidi�cation, local remelting
may happen during casting, leading for example to the Columnar-to-Equiaxed Transition
(CET), grain fragmentation or freckle formation [85, 86, 87]. The same mechanisms ap-
ply also to remelting as an independent process. The departure from equilibrium during
remelting is mainly dictated from the di�usion coe�cient in the solid Ds, which implies
that the pre-history of the sample is most important to predict the remelting path [88, 89].
For the case of Al-Zn alloys, for example, remelting velocities as low as 10−4 m s−1 are
enough to have a loss of local equilibrium. Furthermore, remelting can be in�uenced by
convection e�ects in the liquid and/or solid-state transformations that may have occurred
during cooling in the �rst place. The �nal picture of a remelted specimen might be quite
complex. However, through such a treatment it is possible to enhance some features of the
original microstructure like overall morphology, segregation patterns or grain boundaries.

To understand remelting, let us consider a simpli�ed binary phase diagram, as drawn
in Fig. 2.13, and a solid dendritic network with an average composition equal to C0. If
the temperature is raised at a temperature T ∗ above the eutectic temperature, the solute
enriched interdendritic regions will melt. At the solid-liquid interface, C∗` will decrease,
as indicated by the blue arrow in Fig. 2.13. Within the solid, back di�usion will tend
to homogenize the solute gradient issued from solidi�cation in the �rst place (curvature
e�ects are being neglected), therefore slowing down the remelting operation [84]. Simul-
taneously, the solubility of B in the primary phase decreases, and therefore the solute
near the solid-liquid interface tends to migrate to the interdendritic region (red arrow in
the phase diagram of Fig. 2.13).

If now one assumes that the system is partially melted in a positive thermal gradient,
say into a Bridgman furnace, di�erent phenomena will occur. Just below the liquidus
isotherm, the liquid phase will surround the remaining solid dendrites. These will slowly
lose their well de�ned morphology through partial melting and coarsening, and some side
arms will fragment from the primary structure. To get an idea of how coarsening a�ects
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Figure 2.13: Simpli�ed binary phase diagram showing remelting phenomena. On the right, the migra-
tion mechanism of a liquid droplet in a thermal gradient has been also schematized.

the microstructure, one can refer to the work of Mendoza et al. [90], who have shown that
dendritic coherency is kept for longer than 600 s in an Al-15wt.%Cu specimen (gα = 0.74)
maintained at a temperature of 553°C, i.e., 5°C above the eutectic temperature.

Below the partially remelted region, where the solid network is still interconnected,
two phenomena, mainly controlled by di�usion in the liquid phase, can occur: i) thermal
gradient zone melting TGZM [91, 92], or ii) liquid �lm migration LFM [84]. In the
�rst case, liquid droplets �rst nucleate and grow in between secondary arms or at grain
boundaries. A single droplet sees a migration of B atoms from the colder to the warmer
region alongG, for k0 <1. The depletion of solute in the colder side promotes solidi�cation,
whereas the enrichment on the warmer side creates local remelting. If the temperature
continues to increase, this migration can be accelerated. This phenomenon has been
schematized on the right side of Fig. 2.13. A simple solute balance for the droplet,
neglecting curvature e�ects, can be written as:

vzC`(1− k0) = D`
(Cz+

` − C
z−
` )

d
(2.38)

with d being the diameter of the droplet and Cz−
` and Cz+

` the liquid compositions at the
lower and upper interfaces. This di�erence in composition can be directly related to the
phase diagram on the left, and, knowing G, the upwards velocity of the droplet can be
estimated. Considering a droplet at the root of the mushy zone, for which C` ≈ C0/k0,
one has:

vz =
D`G

∆T0

(2.39)

The TGZM can also be involved with side arms migration in the liquid phase or the
formation of macroscopic composition gradients along the mushy zone [84, 93]. In the
case of LFM, liquid �lms nucleating along grain boundaries could also migrate because of
composition di�erences along the liquid layer, coherency strains in the solid or anisotropic
interfacial energy [84].

29



Chapter 2. Literature Survey

2.4 Modeling

2.4.1 Heat and mass transfer modeling

In order to better characterize a solidi�cation process, numerical calculations are a power-
ful tool to estimate the associated thermal and velocity �elds. Within the context of this
work, the software CALCOSOFT® (Calcom ESI Group, Lausanne, Switzerland) [94] was
used to solve the average heat �ow and momentum equations (Eqs. 2.5 and 2.6) using a
Finite Element Method (FEM). The numerical implementation of these equations is made
by following an implicit scheme. These simulations were correlated with the solidi�cation
of cylindrical ingots in either a DS installation or a Bridgman furnace. The details con-
cerning the boundary and initial conditions for these calculations are given in Sects. 3.2
and 3.3.

2.4.2 The phase-�eld method

To fully understand the kinetics of solidi�cation, di�erent numerical methodologies have
been developed in the past. At the nanometric scale, for example, molecular dynamics
is mainly used to calculate the solid-liquid interfacial energies [47, 62, 95]. At inter-
mediate scales, the front-tracking technique, mainly based on �nite element and �nite
volume methods, has been used to simulate the growth of equiaxed and columnar den-
drites [96, 97]. At a slightly larger scale, �nite element-cellular automaton models have
been implemented to predict the growth and competition of dendritic grains [98, 99]. All
of these di�erent modeling approaches have their advantages and drawbacks, and are used
consequently to study di�erent phenomena.

A major disadvantage of the front-tracking method is that the position of the sharp
interface needs to be followed and updated at each time step. This requires remeshing
operations in regions near the interface and, consequently, long CPU times and major
di�culties in 3D. A recent and very successful technique for modeling dendrite solidi�ca-
tion is the phase �eld method [100, 101, 102]. Through this approach, a continuous time-
and space-dependent phase scalar variable, φ(r, t), smoothly evolves across the interface
between two phases. In each of the phases, φ has a constant value. For instance, in the
present work, φ = 1 in the solid and φ = 0 in the liquid. In order to meet the require-
ments of current computational capabilities, the physical size of the rough solid-liquid
interface δ, of a few nanometers, needs to be arti�cially enhanced, (≈ 1 µm in this work).
Asymptotic analysis has shown that in the limit of a thin-interface, i.e., vanishing δ, the
phase �eld model recovers the sharp-interface formulation [103]. Although the mathemat-
ical approximation implied by the too-thick interface needs to be accounted for during
the calculations, this approach allows the use of a regular uniform mesh, and avoids any
boundary condition to be solved at the solid-liquid interface and any remeshing operation.

In the following paragraphs, only the model used within the context of this work is
introduced. From a thermodynamic point of view, as described by Boettinger et al. [102],
the free energy functional F of the considered domain V is given by:

F =

∫
V

[
f(T,C, φ) +

ε2

2
|∇φ|2

]
dV (2.40)

where f is the volumetric local free energy, constructed from the free energies of the
individual elements and their solutions in both the solid and liquid phases. Thus, it is a
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function of temperature T , solute composition C and phase �eld φ. The volumetric free
energy can be expressed as:

f(φ, T ) = f`(T )− p(φ) [f` − fs] +Wg(φ) (2.41)

The p(φ) and g(φ) functions are chosen to comply with the evolution of the phase
variable along the solid-liquid interface and the double well potential Wg(φ) is used to
partially account for the excess free energy at the interface. The parameter ε appearing in
Eq. 2.40, together with the parameter W of the double well potential appearing globally
in f , de�ne the solid-liquid interface energy γs`, and thickness δ.

Equilibrium is satis�ed when,

δF

δφ
=
∂f

∂φ
− ε2∇2φ = 0 (2.42)

The phase-�eld evolution equation is then given by the functional derivative of F [102]:

∂φ

∂t
= −Mφ

δF

δφ
= −Mφ

[
∂f

∂φ
− ε2∇2φ

]
(2.43)

where Mφ is the mobility coe�cient related to the interface kinetic coe�cient.

When the interfacial energy is anisotropic, i.e., ε(n) (see Sect. 2.1.4), this equation
becomes slightly more complicated [102]:

∂φ

∂t
= −Mφ

δF

δφ
= −Mφ

[
∂f

∂φ
−∇ · (ε2∇φ) +∇ · |∇φ|2 ε ∂ε

∂(∇φ)

]
(2.44)

The solute di�usion equation in its simplest form was derived by Tiaden et al. [104]
for a multiphase �eld model. A volume average method was used to compute solute
di�usion through the di�erent phases based on the composition of the mixture i.e., C =
C`(1 − φ) + k0C`φ. For the single solid-liquid transformation, and assuming that the
partition coe�cient k0 is constant, the solute di�usion equation can be written as:

∂C

∂t
= ∇ ·

[
D̄

(
∇C +

(1− k0)C

1− φ+ k0φ
∇φ
)]

(2.45)

with

D̄ = Ds +
1− φ

φk0 + (1− φ)
(D` −Ds) (2.46)

where C` is the liquid composition, D` and Ds are the di�usion coe�cients in the liquid
and the solid, respectively, and D̄ is an average di�usion coe�cient.

Figure 2.14 presents a typical solute distribution pro�le across the di�use interface.
The composition in the liquid near the interface is naturally higher than the nominal com-
position and then progressively decreases to C0. The solid composition at the interface,
C∗s is simply obtained from the equilibrium C∗s = k0C

∗
` . From the solute pro�le ahead of

the interface, it is easy to retrieve the length of the boundary layer, D`/v
∗.
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Figure 2.14: Solute distribution pro�le across the interface in a phase �eld calculation.

Since thermal di�usion is much faster than solute di�usion, the e�ect of the tempera-
ture �eld on dendrite growth can easily be accounted for by imposing a thermal gradient
and/or a cooling rate. Such an operation only implies a continuous updating of the tem-
perature �eld at each time step, thus saving also CPU time.

Within the phase �eld approach described so far, the enhanced non-equilibrium e�ects
associated with a thick solid-liquid interface are still not corrected. Such e�ects translate
into the arti�cial trapping of atoms that cannot escape the advancing solidi�cation front
fast enough to maintain equilibrium at the interface. If quantitative analysis is to be done,
this must be accounted for. An anti-trapping current term, j, developed by Karma [105]
is included in the model. This term obeys certain rules:

� The �ux of solute j must occur from the solid to the liquid. It should be then
expressed in terms of the normal to the interface pointing towards the liquid:

n = − ∇φ
‖∇φ‖

the minus sign appears simply because of the values that the phase variable has in
the solid and the liquid in the present model (1 and 0, respectively).

� This �ux must be proportional to the speed of the interface (critical stability value
v ≈ D/δ), hence to ∂φ/∂t.

� It must also be proportional to the interface thickness δ and the local composition
di�erence between solid and liquid.

� Finally, it must include a shape function a(φ), related to the evolution of φ .

This leads then to write [105]:

j = −a(φ)δ(1− k0)C0`e
u∂φ

∂t

∇φ
‖∇φ‖

(2.47)
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where u is a dimensionless variable that measures the departure from equilibrium of the
chemical potential (considering a �at solid-liquid interface). The overall term j is �nally
added on the left hand side of Eq. 2.45.

It should be noted that this model has been successfully implemented already in 2D
in the commercial code CALCOSOFT® and was also used for the simulation of dendritic
growth in hot-dipped galvanized coatings [106]. The speci�c points concerning the use
of this model to study the growth of twinned dendrites, principally its adaptation to be
solved on a cluster of parallel computers, and the implementation of a wetting angle as a
boundary condition, are given in Sect. 3.6.
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Chapter 3

Experiments and Methods

Microstructure analysis requires various characterization techniques that allow to reveal
their main features and to put them into relation with the process parameters. This
chapter presents �rst the binary Al-alloys that were investigated in the present study.
Then, the DS installation used to produce twinned dendrites is described together with
the di�erent modi�cations that were made to this experimental set-up in order to study
the e�ect of convection on one hand, and to quench twinned dendrites during growth on
the other. A Bridgman experiment used to promote twinned dendrite growth from a par-
tially remelted twinned seed is also described. For each of these experiments, temperature
measurements were complemented with inverse method calculations in order to have a
full picture of the temperature �eld. The results from this process characterization are
also described along this chapter.

In a second part, the di�erent techniques used to characterize twinned dendrites are
brie�y introduced, together with the methodologies followed to address particular aspects
of twins such as their crystallographic growth directions or their morphology. Finally, the
implementation of the phase-�eld model on parallel computers and the way this method
was adapted to study the twinned dendrite tip shape are also explained.

3.1 Alloys

Unlike previous studies on feathery grains dealing mainly with technical alloys, this work
focused on binary Al-alloys only in order to clearly reveal the in�uence of individual so-
lute elements. The choice of the secondary element was done based on the susceptibility
of certain elements to form twins. Al-X binary alloys, where X = Zn, Mg, Cu or Ni,
were prepared from pure elements (99.995 wt.% purity) with the following composition
ranges: 10-70wt.% for Zn, 5-20wt.% for Mg, 2-10wt.% for Cu and 2.5wt.% for Ni. Figure
3.1 shows the di�erent binary phase diagrams within the composition ranges used in this
study. The chemical composition of each specimen was measured by means of a Philips
XLF30-FEG SEM coupled with an EDS detector.

Zn and Mg have been chosen because they are hcp elements that could have a tendency
to locally modify the atomic arrangement and induce twinning on a regular fcc structure.
Moreover, Zn and Mg in binary Al-alloys have been shown to induce a change in the
dendrite growth directions from regular 〈100〉 directions at low compositions, to 〈110〉 at
higher solute contents [39, 108]. Therefore, these elements should de�nitively favour the
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Figure 3.1: Phase diagrams of the di�erent alloys used in this study [107].

growth of 〈110〉 twinned dendrites. On the other hand, Cu has been often mentioned as
a feathery-structure inducer during semi-continuous casting or DS [5, 25, 109]. Although
some other elements were always present in those studies, its low Stacking Fault Energy,
SFE (41 mJ m−2) [110], could be associated with its ability to promote the formation
of twins. Finally, Ni has on the opposite a relatively high SFE (240 mJ m−2) [110],
and thus should normally prevent the formation of twins. Note that the SFE of Al is
135 mJ m−2 [110].

3.2 Directional Solidi�cation

A laboratory-scale DS installation was designed to produce nearly cylindrical ingots of
55 mm diameter and heights ranging between 70 and 150 mm, depending on the needs
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3.2. Directional Solidification

for further processing. Such a set-up was already used in the past by S. Henry [16, 39]
and only slightly adapted in this study. Basically, the mold consists of a stainless steel
cylinder with a lateral wall 2 mm thick, closed at the bottom by a thin steel sheet (0.5 mm
thickness). The interior of the mold is coated with a thin �lm of boron nitride in order
to prevent Fe contamination of the melt and facilitate extraction of the specimen after
solidi�cation. The outer lateral surface of the mold is tightly surrounded by a heat-
ing Kanthal wire, itself surrounded by a layer of �ber glass wool. Figure 3.2a shows a
schematic drawing of the basic experimental DS set-up. For each experiment, the mold
was �rst preheated by the heating wire 70°C above the liquidus temperature of the alloy.
Three K-type thermocouples were introduced in the melt near the wall of the mold at 1,
5 and 30 mm from the bottom plate and connected to a NetDAQ Data Acquisition System.

G

G

a) b)

d)c)



10 mm

Figure 3.2: a) standard mode of the DS installation; b) DS mold with a four-blade propeller (bending at
45 deg.) to induce rotational movements in the liquid; c) DS mold with tundish having a 5 mm diameter
outlet to control �lling rate and �ow pattern during pouring; d) same as (c) but with parallel plates at
the bottom of the mold in order to impose a directional �ow. In this case, the outlet of the tundish is
located near the mold wall.

In the �standard� mode, the melt was let to rest 5 minutes after pouring in order to
eliminate forced convection. Then, the external heating source was shut down and a water
aspersion located underneath the mold bottom surface was turned on (800-3200 lt/hr).
Except for the case of the Al-Mg alloy, for which the rejection of the lighter element
magnesium can induce upward solutal convection, the three other alloys correspond to a
stagnant situation in a strictly vertical thermal gradient. Under such conditions, a slight
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thermal convection is induced by reducing the thermal insulation of the top and lateral
walls of the mold.

Subsequently, in order to induce and be able to assess more accurately a forced pat-
tern of convection in the melt before and during solidi�cation, the standard DS set-up
con�guration was modi�ed with 3 small devices:

1� A four-blade propeller was inserted at about 60 mm from the bottom of the mold.
After pouring the liquid alloy, the propeller was switched on and set to spin at 50,
80, 100, 130 or 200 rpm (see Fig. 3.2b).

2� A tundish having a 5 mm diameter outlet in the center was located at the top of the
mold (see Fig. 3.2c). In this case, the liquid alloy was poured into the tundish at
the same time the water aspersion was turned on. The level of liquid in the tundish
was maintained constant until the liquid height inside the mold was about 75 mm.

3� With the same tundish of (2), but with the outlet located near the mold wall,
two steel half cylinders of 22.5 mm width and 25 mm height, coated with boron
nitride, were located at the bottom of the mold, so as to create a well directed �ow
between the two parallel plates. The resulting channel was centered of course with
the tundish outlet (see Fig. 3.2d).

After solidi�cation of the di�erent alloys, the cylinders were cut into halves, then pol-
ished up to mirror quality and etched with Keller reactive (see Sect. 3.5.1) to reveal the
macrostructure. From these �rst observations, three di�erent regions of interest were ma-
chined out of one half ingot. Figure 3.3 shows a typical macrostructure of an Al-10wt.%Zn
indicating the regions from which smaller samples were cut.

20 mm20 mm
(1)(1)

(2)(2)

(3)(3)

G

Figure 3.3: Al-10wt.%Zn DS ingot with three regions of interest indicated with white rectangles: (1)
nucleation region; (2) fully developed growth region; (3) twinned-to-equiaxed transition.
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3.2. Directional Solidification

Near the �rst appearance of twinned dendrites (region 1), small samples were succes-
sively cut in order to get close to the twin nucleation site. The idea was to correlate the
crystallographic orientation of twins with that of the columnar grain from which they
are apparently issued. Electron backscattered di�raction (EBSD) measurements and mi-
croscopy observations were put into relation in order to try to achieve this goal.

Longitudinal and transverse sections, i.e., parallel and perpendicular to G, respec-
tively, were obtained from regions where twinned dendrites were fully developed (region
2 of Fig. 3.3, typically between 35 and 60 mm from the bottom of the solidi�ed ingot).
Both sections were mirror polished and etched in order to reveal the microstructure. Once
a single feathery grain was identi�ed in both sections, the sample was polished again to
mirror quality and electrochemically etched for EBSD examinations. As will be explained
in more details later in this chapter, a third section parallel to the coherent twin planes
was prepared for each analyzed grain. As for the previous region, EBSD and microscopy
were combined to identify the growth directions and the morphology of twinned dendrites
of the di�erent alloys.

Finally, longitudinal sections were obtained from the Twinned-to-Equiaxed Transi-
tion region (TET), also identi�ed at the top of Fig. 3.3 (region 3). As the solidi�cation
microstructure is coarse near the top of the ingot, geometric characteristics of twinned
dendrites can be evaluated easily. Moreover, as twins are being stopped by equiaxed
grains growing ahead, features of the tip shape can also be revealed.

�

�

G
  (

K
 c

m
  )-1

v T

-1

T

v
  (

m
m

 s 
 )

T

z (mm)

120

100

80

60

40

20

0

0 10 20 30 40 50 60 70 80

1.4

1.2

1.0

0.8

0.6

0.4

0

0.2

Figure 3.4: Calculated evolution of the thermal gradient and liquidus isotherm velocity as a function
of the distance from the bottom of the mold, for an Al-10wt.%Zn alloy. The black arrows indicate the
corresponding y-axis scale of each curve.

In order to estimate the temperature pro�le in the melt, in particular the axial thermal
gradient G, and the speed of the liquidus isotherm vT , as well as the convection induced by
the small radial thermal gradient, 3D axisymmetric calculations of heat and mass transfer
were performed using the software CALCOSOFT®. The simulated domain was half of
a longitudinal plane of the cylindrical ingot. A homogeneous Neumann condition was
imposed on the axis of the ingot (symmetry condition). At the other lateral boundary,
a constant and relatively small heat transfer coe�cient was set (Neumann condition) in
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order to account for the reduced isolation of the external wall of the mold once the heating
wire is shut down. Finally, Neumann boundary conditions were imposed at the bottom
and top boundaries, e.g., temperature-dependent e�ective heat transfer coe�cients with
water and air, respectively. These calculations were calibrated with the cooling curves
measured by the three thermocouples using an inverse method [94]. From the measured
values of temperature, the thermal gradient G near the liquidus temperature Tliq, was
found to vary between 95 and 200 K cm−1, depending on the experiment, at about 1 mm
from the water-cooled bottom surface, while the speed of the corresponding isotherm vT
was in the range 1-2 mm s−1. Figure 3.4 shows calculated curves of G and vT as a func-
tion of the distance with respect to the bottom of the ingot for an Al-10wt%Zn alloy.
The shape of the gradient curve is a measure of the strong unidirectional heat extraction.
The isotherm velocity curve is non-monotonic with maxima at the beginning and end of
solidi�cation. The �rst maximum correspond to the rapid advance of the solidi�cation
front, near the bottom of the ingot, while the second occurs once the superheat of the
melt is eliminated, near the upper part of the mold.

Natural convection in the liquid, induced by the reduced isolation of the lateral wall
(Fig. 3.2a), was estimated to be of the same order of magnitude as the liquidus isotherm
velocity, typically 0.7 mm s−1 near the liquidus at 1 mm from the bottom plate. Shrinkage-
induced �ow at this stage corresponds to a velocity v` ≈ 0.15 mm s−1.

3.3 Bridgman Solidi�cation

A Bridgman solidi�cation experiment was also performed to try to form twinned dendrites
directly from the melt. However, because the specimen diameter was too small (5 mm),
convection was probably not strong enough to induce twinning. Thus, this approach was
slightly modi�ed to rather study the stability of twins and, eventually to try to quench a
twinned dendrite that grows from a solid twinned seed. To do so, twinned specimens of
binary Al-Zn alloys, typically Al-23wt.%Zn and Al-35wt%Zn, were �rst produced into the
DS mold (nearly 150 mm height) described in the previous section. After solidi�cation,
cylindrical specimens of 5 mm diameter were machined out of the DS ingots in such a way
that the axis was nearly parallel to the twin plane of a single feathery grain. These small
cylinders were then introduced into an alumina crucible (5/9 mm inner/outer diameter),
which was placed in the water-cooled region of a two-zones Bridgman furnace. Figure 3.5
presents a schematic drawing of such an installation.

After raising the temperature of the furnace to 500°C, the sample was pulled up into
the hot region at time t0. The temperature of the furnace was then increased up to 760°C
for the Al-23wt.%Zn alloy and 730°C for the Al-35wt.%Zn alloy (their respective liquidus
temperatures di�er by 30°C too), in order to ensure partial remelting of the sample. By
using test samples, the partial remelting operation was controlled with the help of ther-
mocouples placed within the specimen and within the crucible. At time tp, the specimen
was either directly quenched into a water container located below the Bridgman furnace,
in order to simply visualize the solid-liquid interface after remelting, or resolidi�ed at a
controlled velocity vp by pulling the specimen downward a certain distance before quench-
ing it at time tq. Typical pulling velocities were vp = 66 µm s−1 and vp = 330 µm s−1.

To analyze the microstructures obtained after quenching, the remelted and regrown
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Hot 
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Cooling 
System

Specimen

Alumina 
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Figure 3.5: Two-zones Bridgman furnace and water container for quenching the specimens.

parts of the specimen were prepared for metallography in the same way as the DS speci-
mens. Even though the twin planes were fairly well aligned with G, the twinned dendrites
might not. Consequently, for more speci�c studies at the solid-liquid interface and the
thermal heat a�ected zone within the twinned seed, care was taken on performing EBSD
and microscopy observations over a section nearly perpendicular to the twin plane and
aligned with the growth axis of the dendrites in the analyzed grain.

Temperature measurements obtained from the thermocouples located inside the sam-
ple and in the external wall of the crucible were used to calibrate again heat transfer
calculations performed with the software CALCOSOFT®. The 2D axisymmetric simu-
lation included both the specimen and the crucible. As can be identi�ed on the left of
Fig. 3.6, di�erent boundary conditions were de�ned for these calculations, performed for
an Al-23wt%Zn alloy. On the symmetry axis of the specimen (boundary 1), a zero heat
�ux was imposed. Dirichlet boundary conditions were set at the top boundaries (2 and
3) by correlation with the corresponding temperature measurements. At the interface
between the alloy and the mold (boundary 4), the contact varies as solidi�cation proceeds
and an e�ective heat transfer coe�cient he�(gs) was imposed:

he� = hTsgs + hT`
(1− gs) (3.1)

where hTs and hT`
are the heat transfer coe�cients for the liquid and solid, respectively,
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and gs is the solid fraction. The size of the air gap between the solid specimen and the
mold was estimated to be about 100 µm, and with the thermal conductivity of the air
kair = 0.025 W m−1 K−1, hTs was estimated to be about 250 W m−2 K−1. The contact
between the liquid alloy and the mold is much better, so hT`

was set to 2000 W m−2 K−1.
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Figure 3.6: On the left, de�nition of the di�erent boundary conditions set in the 2D simulation domain
consisting of the specimen and the crucible. On the right, calculated temperature (color scale) and
solid fraction (gray scale) �elds inside the Al-23wt%Zn specimen at tp i.e., after partial remelting in the
Bridgman furnace. (a) Remelted region; (b) partially remelted region and heat a�ected zone containing
the TGZM; (c) solid region.

At the right boundary i.e., crucible in contact with the hot air inside the furnace
(boundary 5), a temperature pro�le was imposed. It was deduced from a linear interpola-
tion between the experimental measurements obtained from three thermocouples located
at the top, middle and bottom of the external side of the mold (indicated with arrows in
Fig. 3.6). The bottom boundary corresponding to the mold (6) was set to 293 K. Finally,
at the bottom of the specimen (boundary 7), a convective heat �ux was imposed with
hTs = 250 W m−2 K−1 and an external temperature equal to 293 K.

The temperature and solid fraction pro�les shown in Fig.3.6 were obtained at time tp,
the interval (tp − t0) being about 10 minutes. Both �elds show that the remelted region
covers about half of the specimen length with a large region below containing the par-
tially remelted region, the TGZM and the heat a�ected zone (only di�usion through the
solid at relatively high temperatures). From the temperature �eld, it was deduced that
the longitudinal thermal gradient inside the specimen was about 25 K cm−1, while the
radial thermal gradient was about 0.1 K cm−1. The outcome of the characterization of
this furnace is that both the thermal gradient and natural convection are fairly reduced
in a Bridgman furnace, compared with those of a DS experiment. However, it should
be pointed out that even a slight convexity of the isotherms in a Bridgman furnace can
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rapidly degenerate into a more pronounced positive curvature of the solidi�cation front
due to macrosegregation induced by the radial gradient. For heavier solute elements such
as Zn, this leads to a positive segregation near the crucible wall and to a negative segre-
gation near the center [13].

3.4 Quenching experiments

In order to quench dendrites during their growth and to possibly see their tip morphol-
ogy, the DS installation described before was adapted with a quenching device, fabricated
also with stainless steel, and located at the top of the DS mold. Figure 3.7 shows this
quenching set-up. Through this experiment, two mechanisms related to twinned dendrites
growth were assessed: i) reducing the transverse section of the ingot diminishes the ra-
dial thermal gradient and thus natural convection, which allows to evaluate the e�ect of
convection on twin propagation; ii) since Bridgman solidi�cation with quenching failed
to produce twinned dendrites, the second goal was to perform a quenching experiment
while they were growing and to try to elucidate both their complex branch morphology
and their tip shape. As can be seen in Fig. 3.7, the diameter of the device is progressively
reduced from 35 mm at the base, down to 5 mm in the thinest region. A slight connicity
was machined along the internal walls of the quenching device, which were coated also
with boron nitride, in order to facilitate the extraction of the specimen.

Water In

Water Out

Thermocouples

d = 5 mm



d = 20 mm

d = 10 mm



(1)

(2)

(3)

25 mm

5 mm

20 mm

d = 25 mm



d = 35 mm 

Figure 3.7: Quenching device for the DS experiment of Fig. 3.2a. The cooling system of the thinest
region on the left side is partially controlled by the temperatures measured by the thermocouples located
on the right side.

The quenching system was heated in the same manner as the cylindrical DS mold, but
with a second heating source. Prior to pouring the melt, a small specimen of liquid metal
was solidi�ed in a graphite crucible in order to obtain a cooling curve, from which the
liquidus temperature of the alloy was deduced. Then, the �rst part of the experiment was
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conducted as in the standard DS practice, but in this case the bottom water aspersion
was turned on at the same time as the melt was poured. The heating wire of the base DS
mold was only turned o� when the thermocouple (1) of Fig. 3.7 indicated that the liquidus
isotherm was entering the quenching device. Two other thermocouples were located at
25 and 50 mm from the base of the quenching device. The secondary cooling system was
turned on when the liquidus isotherm passed at the level of thermocouple (3).

The cooling curves measured for an Al-26wt.%Zn alloy solidi�ed in this installation
are shown in Fig. 3.8. The solid line corresponds to the test specimen solidi�ed in the
graphite crucible (calibration curve). It indicates that Tliq = 612°C. As can be seen from
the other three curves measured in the quenching device, a fairly strong thermal gradient
exists in the mold before pouring the melt at about 760°C at time t ≈ 110 s. The temper-
ature rapidly decreases when the �rst cooling system is started, as can be evidenced from
the slope of the cooling curve of thermocouple (1). However, since the heating wire on
the quenching device was still turned on, temperature decreases slowly at the locations of
thermocouples (2) and (3). Final quenching was performed at time t = 475 s. The mea-
sured thermal gradient and cooling rates at each stage are further discussed in Chap. 5
to better put them into relation with the microstructure obtained from this experiment.
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Figure 3.8: Cooling curves measured from the thermocouples in the Al-26wt.%Zn test specimen and in
the quenching device (Fig. 3.7).

After quenching, the upper part of the ingot was extracted from the mold. A transverse
section obtained from the 25 mm diameter region was mirror polished and etched to reveal
the microstructure and to identify the presence of feathery grains. After location of the
twins, the specimen was again polished and etched electrochemically in order to perform
an EBSD analysis of the twin planes orientation. The next step was to cut from the
quenched region of the ingot a longitudinal section nearly parallel to G and perpendicular
to the twin planes. A chemical etching known as anodic oxidation (see Sect. 3.5.1) was
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used to reveal the quenched microstructure. It allowed to clearly identify the extension of
the twinned dendrites up to the solid-liquid interface and the quenched region. Di�erent
morphological aspects of these structures were then studied through optical and Scanning
Electron Microscopy (SEM), EBSD and X-ray tomography.

3.5 Characterization Techniques

3.5.1 Sample preparation

For both macro- or microstructure observations, solidi�ed samples were mirror polished
through a standard procedure: grinding with SiC papers of progressively smaller particle
size (or increasing grades: 500, 1000 and 2400), then polishing with diamond emulsions
containing particles of 6 and 1 µm diameter on soft clothes. For the next steps, speci�c
chemical etching was performed:

1� Macrostructure.- Except for the Al-Mg alloy, a concentrated Keller solution contain-
ing 10 ml of HF, 15 ml of HCl, 25 ml of HNO3 and 500 ml H2O was used to etch
the polished surface of the half ingots. The specimen was introduced in the etching
bath for 5 - 15 s, depending on the alloy. A solution containing 10% of NaOH was
used to etch the Al-Mg samples during 5 minutes.

2� Microstructure.- The same Keller solution used before was diluted in pure H2O in
a ratio 1:10. Etching was performed during 5 - 60 s, depending on the alloy. For
Al-Mg specimens, the solution containing 10% NaOH was used without any further
dilution. Alternatively, an anodic oxidation, also known as �Barker etching�, was
performed on some specimens, mainly those obtained from the quenching experi-
ments. It consisted of applying an electrical current (30 V, 40 s) through a reservoir
containing the specimen in a dissolution of 2.5 ml of �uoroboric acid, HBF4 (35%
purity) in 97.5 ml of H2O. The specimen acted as the anode in the electrical circuit
while a stainless steel plate, also in contact with the solution, was the cathode.

3� EBSD.- Electrochemical etching (5-10 V, 5 - 15 s, depending on the alloy composi-
tion [59, 111]) with a standard solution A2-Struers containing 72 ml of ethanol, 20
ml of 2-butoxyethanol and 8 ml of HClO4 was performed on the di�erent specimens
in order to analyze the crystallographic orientation of the grains.

3.5.2 Microscopy

Metallography was completed by means of di�erent microscopy equipments located at
the Interdisciplinary Center of Microscopy (CIME) of EPFL. A Leica optical microscope
was used to make observations of the microstructure and obtain single micrographs of
speci�c regions in a sample. An Olympus BX-61 optical microscope coupled to an auto-
mated stage was used to obtain complete surface reconstruction from multiple 2D images
of twinned grains. Finally, image acquisition and chemical analysis were performed on a
Philips FEI XLF30-FEG equipped with an Everhart-Thornley Secondary-Electron (SE)
detector (image resolution of 2 nm at 30 kV), a Backscattered Electron (BSE) detector
and a EDAX Si(Li) EDS detector, with ultra-thin window for light element analysis.

The SE detector was basically used to perform topographic analysis of the sample
surface, mainly because the electrons detected with this instrument are those characterized
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by a low energy, thus coming from regions very near to the surface of the sample (≈ 2
nm depth). The BSE detector, on the contrary, measures high-energy electrons that
have passed through several scattering events. The interaction volume is larger for those
electrons (10 nm - 2 µm, depending on the energy of the beam), so the images obtained
show a gray scale intensity distribution that is a function of the atomic number Z of
the elements present in the sample, therefore allowing to di�erentiate simply by chemical
contrast the phases existing in a given specimen.

3.5.3 Electron Backscattered Di�raction

The Electron Backscattered Di�raction (EBSD) technique, strongly developed over the
last �fteen years, is based on the elastic interactions of the electrons, i.e., BSE electrons,
with the crystallographic planes of a solid structure. Normally, a tilt of 70 deg. is
imposed to the sample in order to get the maximum backscattering intensity. From those
interactions, BSE are di�racted in certain directions according to Bragg's law:

2dhk` sin θB = nλ (3.2)

where dhk` is the distance between the (hk`) crystallographic planes, θB is the incident
angle, n is the order of di�raction and λ is the wavelength of the electrons. The beam
di�racted by a set of (hk`) planes lies on a cone that intersects a phosphor screen located
at about 12-17 mm from the tilted surface of the sample. Each crystallographic plane
is then de�ned by a pair of nearly parallel lines, called pseudo-Kikuchi lines, that corre-
spond actually to two hyperbolic bands of di�erent brightness [112]. These bands, of width
≈ 2θB, intersect each other and form zone axes or poles from which the crystallographic
structure and its orientation can be automatically reconstructed through comparison with
an existing database. While di�racted electrons interact with the phosphor screen, a BSE
or SE image can be obtained simultaneously through the corresponding detectors.

Within the context of this work, texture and crystallographic orientation assessment
was achieved using a Philips XLF30-FEG SEM (nominal resolution < 2.0 nm at 30 kV)
enhanced with a NordlysS II EBSD detector composed by a phosphor screen and a CCD
camera (1300×1000 pixels) developed by HKL Technology. The latter detects the pseudo-
Kikuchi bands appearing on the phosphor screen. The pattern was automatically treated
using the software Channel 5 [113, 114]. After scanning the desired surface, either by
tilting the incident beam or by translating the specimen, the grain structure was recon-
structed by means of the Euler angle triplets {φ1, ϕ, φ2 } [112].

3.5.4 Chemical analyses

Two di�erent techniques were used to quantify the chemical content of the di�erent sam-
ples:

� Dispersive Energy Spectrometry EDS.- A photon emitted by an electron coming back
to its normal orbital after it had been excited with an energy higher than ≈ 3.8 eV,
is absorbed in a lithium-doped silicon detector maintained at 77 K (liquid nitrogen).
Electron-hole pairs are created depending on the energy of the photon and, by means
of an electrical �eld, these pairs are separated while electrical charges appear on their
boundaries. A multichannel analyzer counts the number of impulsions, i.e, intensity
I, in di�erent energy ranges, E, thus giving a spectrum of energy dispersion I(E)
re�ecting the local composition of the specimen.
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� Wavelength Dispersion X-Ray Spectrometry WDS.- In this case, the spectrum I(E)
is analyzed by means of several monochromators oriented in such a way that di�erent
speci�c wavelengths are selected, reducing then the signal noise and increasing the
accuracy.

EDS was mainly used to measure the composition of the alloys that were solidi�ed,
and to perform composition pro�les in regions near the twinned dendrite tips. For more
accurate analysis, namely in the regions containing a twinned dendrite trunk and the
twin plane, solute content pro�les were obtained through WDS performed in an Electron
Microprobe Microanalyzer (EPMA JEOL 8200 superprobe) at the University of Lausanne.

3.5.5 Assessment of texture and growth directions

A coupled technique of optical microscopy and EBSD was employed to identify the crys-
tallographic growth directions of twinned dendrites. As was mentioned in Sect. 2.2.3, a
straight comparison between a section micrograph and the corresponding EBSD orienta-
tion pattern can be misleading. In order to avoid any misinterpretation, in a �rst approach,
feathery grains in DS ingots were identi�ed by means of a texture analysis performed over
longitudinal sections obtained from regions containing fully developed twinned dendrites
(zone of interest 2 in Fig. 3.3). A reconstructed map of the microstructure was obtained
�rst using optical microscopy and then an EBSD analysis was performed over a smaller
surface containing the feathers. In this respect, it should be pointed out that the possible
distortion of the image recorded by the EBSD detector, due to the angle at which the
sample is tilted inside the microscope chamber, is properly corrected by the optics of the
equipment. However, minor corrections were still made, when necessary, in order to match
precisely the EBSD maps with the corresponding optical micrographs. These consisted of
a rotation of a few degrees (≤5 deg.) about the axis orthogonal to the observed section.
Figure 3.9 shows the EBSD orientation map in false colors (related to the Euler angles
triplet), superimposed to the reconstructed micrograph of an Al-10wt.%Cu specimen. At
the extreme right and left sides, columnar grains can be identi�ed, whereas a sequence of
lamellae progressively misoriented from right to left, with respect to the vertical thermal
gradient G, appears at the center. The orientation of the di�erent grains appearing in
this specimen can be very well di�erentiated from each other. More speci�cally, there is a
very well de�ned alternance of the red and blue lamellae which indicates that all of these
correspond to a single feathery grain.

From the EBSD measurements, pole �gures having the same axes as the analyzed
surface can also be drawn according to the principle of the stereographic projection [115].
A simple routine was programmed in the software Mathematica V 6.0 to transform the
reference system of the unit cell, whose principal axes are parallel to the 〈100〉 directions,
into the (x, y, z) reference system of the sample, and then to plot the projection of any
family of directions. To identify correctly the growth direction of a dendrite, a single
trunk should be visible over a fairly long distance along the studied surface. Ideally, for
a dendrite trunk of diameter ≈ 20 µm, it should appear continuous in the section of the
micrograph over a distance of at least 600 µm in order to correlate it with a pole �gure
with an error lower than 2 deg.

As mentioned before, unlike regular dendrites, twinned dendrites present a large and
progressive misorientation with respect to G and thus it is rather di�cult to determine ac-
curately their growth direction and their morphological complexity. A speci�c procedure
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Figure 3.9: Superimposed optical micrograph and EBSD grain structure reconstructed map of a longi-
tudinal section of an Al-10wt.%Cu alloy.

was then implemented. An EBSD analysis on either parallel (longitudinal) or perpendic-
ular (transverse) sections to G, allows to clearly identify the orientation of the twin plane
in a feathery grain. Afterwards, a section parallel to the twin plane was cut and prepared
for metallography and EBSD analysis. Since the twinned trunks were now contained in
this plane, their growth direction could be determined without any ambiguity. Then, from
the 3 di�erent sections (parallel and perpendicular to G, and parallel to the twin plane),
the distribution of side arms could also be determined.

3.5.6 Focused Ion Beam

The Focused Ion Beam (FIB) is a recently developed technique widely used to mechani-
cally modify materials at a nanometric scale. The FIB principle consists of imposing an
electromagnetic �eld through a liquid metal source (typically gallium) in order to extract
Ga+ ions and make them travel along a column through speci�c lenses towards the surface
of a sample. Depending on the beam energy, these ions interact with the solid matter
di�erently: i) they emit secondary electrons (SE) from the surface of the sample (2-3
electrons per ion); ii) they sputter or mill the surface at a given depth (relatively high
beam energy); iii) they react with some other chemical agents (normally a gas compound)
to deposit layers of speci�c composition and thickness over the substrate.

In the present study, FIB was used to perform serial sectioning of a volume of about
10×10×20 µm3, taken from transverse sections of twinned dendrite trunks containing the
coherent twin plane. More speci�cally, a layer of a few nanometers thickness and surface
of 10×20 µm2 is �rst removed from the sample in the region of interest, then a SEM image
is taken from the remaining 2D surface. The reconstruction is made directly from the
stack of 2D images obtained after the volume of interest has been completely removed.
Figure 3.10 presents an SE micrograph obtained before starting the procedure of serial
sectioning. A region was milled around the volume of interest, as indicated in the �gure,
in order to facilitate extraction of the 2D layers. In the sample shown in this �gure,
an Al-6wt.%Cu specimen, the twin plane was located at the near left of the volume, as
indicated with a yellow straight line. It will be seen in more detail in Chap. 6 that a gray
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level contrast helped to distinguish the two di�erent crystallographic orientations of the
lamellae composing the corresponding twinned dendrite.

5 µ m5 µ m5 µm

FIB-milled 
region

Twin plane

Mechanically 
polished surface

2D surface

G

Figure 3.10: Serial sectioning of an Al-6wt.%Cu sample using FIB. A dendrite trunk split by a coherent
twin plane, indicated with a straight yellow line, is contained within the volume of interest. The transverse
surface was mechanically polished, as evidenced by the scratches at the surface perpendicular to G.

FIB was also used to extract a thin slice for Scanning Transmission Electron Mi-
croscopy (STEM) analysis. This technique, used to investigate the atomic structure of
specimens (TEM) and perform high quality image acquisition and accurate chemical anal-
ysis when coupled with EDS, consists of passing an electron beam (≈ 300 keV) through a
very thin sample (typically ≈ 100 nm). After interaction with the sample, speci�c infor-
mation can be obtained, depending on the characteristics and position of the detectors.
The bright �eld shows a contrast given simply by occlusion or absorption of electrons in
the sample. The dark �eld allows to collect a di�racted beam passing through a small
objective aperture in such a way that only crystals ful�lling a particular di�raction condi-
tion contribute to the (S)TEM image. The di�raction contrast is used to identify defects
in the lattice structure due to Bragg scattering of the electron beam. Phase contrast deals
with di�erences in phase of the electrons wavelength and is used to enhance resolution
(down to 0.1 nm). Finally, di�raction patterns can be generated in order to obtain in-
formation about symmetry relationships existing among di�erent crystalline structures.
In particular in this work, the atomic structure near the twin plane was �rst revealed
through di�raction analysis, then image acquisition with an Annular Dark Field Detector
(ADF) and chemical analysis of regions near the twin plane were performed by using a
Philips/FEI CM300 high resolution (S)TEM coupled with an EDS detector.

As the necessary thickness of the sample for STEM analysis presents a number of com-
plications when prepared with traditional methods (mechanical milling, chemical or ion
etching), FIB is a real asset to produce samples of accurate and homogeneous thickness.
Another great advantage of using FIB to machine this sample is that SEM imaging allows
to precisely locate the region of interest in the whole specimen [116].
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3.5.7 X-ray Tomography

X-ray tomography is becoming increasinlgy used to characterize specimens with compli-
cated 3D morphologies. In the �eld of solidi�cation, dendrite growth, coarsening, remelt-
ing or even the deformation behavior of semi-solids have been investigated by using this
technique [117, 118]. Electrons turning in an annulus at a velocity close to that of light,
emit a type of electromagnetic radiation called synchrotron light1. With the aid of �l-
ters and monochromators and depending on the desired applications, particular discrete
wavelengths of the synchrotron light are focused along beamlines tangent to the syn-
chrotron annulus. The highly brilliant beam (≈ 1020 photons s−1 mm−2 mrad−2 (0.1%
bandwith)−1), �nally passes through and interacts with the sample. In X-ray tomography,
two types of radiographies can be obtained, depending on the position of the sample with
respect to the detector:

� Absorption.- It is based in the local changes in amplitude of the X-ray beam trans-
mitted through the sample. The distance between sample and detector should be
reduced to a minimum. Elements having a higher value atomic number Z and
molar density absorb more light, so in alloy systems, the contrast results from the
segregation of solute elements in the di�erent phases.

� Phase Contrast.- The distance between the sample and the detector is much larger
than in the previous case and the contrast is mainly based on the phase change of
the coherent X-ray beam induced by the specimen. This mode is particularly suited
when the chemical elements do not have signi�cantly di�erent Z numbers (e.g., Al
and Si).

The acquisition system is simply a high resolution CCD camera. In order to increase
the signal-to-noise ratio, an operation called binning is often performed in the 2D images.
It simply consists in combining the information of adjacent pixels (for instance in groups
of 2×2 pixels) and convert them into a single one. Although resolution could be lost with
this operation, it gives a gain in the resulting image �le size and the overall acquisition
time. On the other hand, a rotating stage holding the sample allows to rapidly turn it
and make a large number of projections of the same volume. The raw projections are �rst
aligned by rearranging the data into sinograms, then the whole volume is reconstructed
with the aid of relatively complex computer algorithms [119].

In the present study, cylindrical samples of 0.3, 1 and 1.4 mm in diameter were ma-
chined from feathery grains of Al-Zn and Al-Cu alloys produced by DS. The twinned
dendrite morphology was studied within the frame of two di�erent projects:

� TOMOSOLIDAL project (ANR-05-BLAN-0286-01 ) at the European Synchrotron
Radiation Facility (ESRF- beamline ID19) in Grenoble, France.

� Proposal ID 20090118 at the Swiss Light Source (SLS - beamline TOMCAT) in
Villigen, Switzerland.

Table I shows the typical conditions used on both experimental facilities.

1The ESRF in Grenoble, France, one of the largest synchrotron in the world, has a diameter of 844 m
and reaches an energy of 6 GeV. On the other hand, the Swiss Light Source in Villigen, Switzerland is
144 m in diameter and reaches an energy of 2.4 GeV.
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Table I

X-ray tomography typical conditions at ESRF and SLS
used in the present study for Al-Zn and Al-Cu specimens.

- ESRF SLS

Synchroton Energy 6 GeV 2.4 GeV
Energy beam 38.5 keV 18 - 25 keV
Binning (2×2) Yes Yes
Resolution 2.8 µm 1.48 µm

Sample/Detector distance 30 mm 5 mm
Number of projections 400 1500

Exposure time 0.035 s 0.225 s
Sample diameter 1.4 mm 1 mm

CCD Camera (pixels) 2048 × 2048 2048 × 2048

3.6 Phase Field Method

3.6.1 Parallel code implementation

The phase �eld program used within the frame of this study was adapted to 3D from the
2D PHF-module of the software CALCOSOFT®. It is still based on an explicit �nite
di�erence method (FDM) and a �xed orthogonal grid. The 3D version was developed
by Jean-Luc Desbiolles from the Computational Materials Laboratory at EPFL and has
been written in order to be run on distributed memory parallel computers. Thus, the
3D grid is sub-divided into as many sub-grids as processors involved in the calculation,
and the Message Passing Interface (MPI) [120] is used to exchange nodal values at the
sub-grid boundaries.

Since the discretization of the Laplacian operator involves neighbors of a central node,
�ctitious nodes located at the external boundaries of each sub-grid were de�ned to ex-
change �eld values between processors. Figure 3.11 indicates how the information is
transfered from one sub-grid to another. First, the phase �eld at time t + ∆t is calcu-
lated at the nodes located within the dark blue squared region of each sub-grid while the
values at the corresponding boundary nodes are exchanged through the �ctitious nodes.
To simplify the explanation, only lateral information exchange between the �black� and
�green� sub-grids is considered in Fig. 3.11. To compute the new values of φ at the re-
spective boundaries, the known values of φ at time t on the right-side boundary of the
left sub-domain (black nodes) are transfered to the left-side �ctitious nodes (connected
with a red line) of the right sub-domain (green nodes), and vice-versa. Then, the val-
ues of φ at time t + ∆t at the boundary of each sub-grid can be calculated. Once the
phase �eld is known everywhere, the same operation is performed for the composition �eld.

All calculations done in this work have been performed on a large cluster of AMD
Opteron bi-processors at 2.4 Ghz with 4 Gbytes memory each, in the MIZAR facility of
EPFL. Typically, 64 processors were used for 3D calculations of a 30 × 140 × 34 µm3

overall domain volume (1.428×108 cells). The corresponding mesh size was 0.1 µm and
the time step was 5×10−7 s. CPU time was about 1 week to solve 0.15 s of dendrite
growth.
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Figure 3.11: Implementation of the phase �eld code on a massively parallel computer. The calculation
is solved in the inner nodes (dark blue square) of both sub-grids while the known values at the boundary
are copied onto the �ctitious nodes (connected with a red line) of the adjacent sub-grid. After infor-
mation exchange between two neighboring sub-grids, indicated with respective black and green arrows
corresponding to each sub-grid, the values at the sub-grid boundary are calculated.

3.6.2 Wetting angle implementation

As stated before, twinned dendrites are split in their trunk center by a mirror symme-
try plane. So, in order to model their growth, a suitable boundary condition needs to
be implemented to reproduce the physics governing the shape of the twinned dendrite tip.

Figure 3.12 shows a schematic representation of the calculation domain with a quarter
of a nucleus, corresponding only to the twinned region of such a dendrite, located at the
bottom-right corner of the domain. The twin plane was set as one domain boundary, in
the present case the right yz plane, with a wetting angle condition2, imposed in a way
similar to that of Sémoroz et al. [106] for dendrite growth in thin coatings.

Instead of the condition ∇φ ·nb = 0 (where nb is the normal to the boundary) usually
set for a symmetry plane, a condition ∇φ ·nb = ‖∇φ‖ cos θ′ was imposed (note the change
of sign due to the convention used for φ in the solid and the liquid). Such a condition
assumes that the solid and liquid have locally isotropic properties, in particular the solid-
liquid interfacial energy γs`(n). The wetting angle θ′ remained constant throughout the
calculation and was measured in the solid, e.g., an angle larger than 90 deg. corresponds
to a grooved dendrite tip. It is related to the Young-Laplace equilibrium condition (Eq.
2.37) simply by applying the equality θ′ = π − θ, therefore being scaled to a constant
twin energy. This approach was su�cient to simply study the evolution of the dendrite
tip during solidi�cation. It should be noted, however, that when γs` is very anisotropic,
its orientation dependence must be accounted for [122].

Finally, a constant thermal gradient G ≈ 1×105 K m−1 was applied at an angle α with

2The term �wetting angle� used in this document, although often referred in this manner in the �eld
of solidi�cation, is rather imprecise. Strictly speaking, the wetting of a crystalline grain boundary by a
liquid is quanti�ed by the dihedral angle θ subtended by the liquid along the liquid/solid/solid triple line.
This angle obeys the Smith relation [121], which is equivalent to the Young-Laplace equation (Eq. 2.37).
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Figure 3.12: Calculation domain with the imposed thermal gradient and the Young-Laplace equation
imposed at the right yz boundary. Only a quarter of a nucleus, corresponding to the twinned region of
a twinned dendrite, is simulated. The (112) plane is perpendicular to the (111̄) plane.

respect to the twin plane along the vertical y-axis. Setting G to be one order of magnitude
higher than the experimental value obeys simply to a calculation capability limitation:
the mushy zone being extremely wide, compared to the scale at which these calculations
are performed, the necessary time and computation domain to achieve growth at steady-
state are also excessively long and large, respectively. Besides, due to the existence of the
grooved geometry, this transient is not only related to the dendrite tip velocity, but also
to the evolution of the bottom of the cusp, near the twin boundary.

Table II

Thermophysical Properties of an Al-9at.%Zn
Ds (m2 s−1) D` (m2 s−1) Γ (K m) Lf (J m−3) k0 Tf (◦ C) m` (K)
1.16× 10−13 2.7× 10−9 2.3× 10−7 1× 109 0.375 660 -357

Increasing the thermal gradient reduces the extent of the mushy zone and therefore
partially diminishes the problem related to the transient. It will be seen in Chap. 6 that
decreasing the initial alloy composition C0 and arti�cially increasing the partition coe�-
cient k0 also reduces the size of the solidi�cation interval, thus allowing to capture within
reasonable time and space the physics of twinned dendrite growth. A constant cooling
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rate Ṫ , was also imposed, thus allowing to update simply the temperature of each point
of the domain at each time step (no heat equation is solved). Typical properties of the
alloy used for these simulations (namely Al-9at.%Zn) are shown in Table II.
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Figure 3.13: Implementation in three dimensions of the wetting condition at one boundary in the
domain.

Figure 3.13 helps to understand how the wetting angle was numerically implemented
in 3D. Let us consider �rst the drawing on the left. The normal to the solid liquid interface
n has two components, nx and nyz, where the latter is the projection vector on the yz
plane, with components ny and nz. One can write:

‖nyz‖ =
√
n2
y + n2

z (3.3)

If an isovalue of φ is considered, the angle θ between the normal to that isovalue and
the component in the x axis nx is de�ned as:

tan θ =
‖nyz‖
nx

=

√(
∂φ
∂y

)2

+
(
∂φ
∂x

)2

∂φ
∂x

≈
√

(φN − φS)2 + (φF − φB)2

φE − φW
(3.4)

with the subscripts N, S, F, B, W and E corresponding to the nodes at the north, south,
front, back, west and east, respectively, of the central node, C (see right side of Fig. 3.13).
The east node is outside the domain and corresponds to a �ctitious node. If the dis-
cretization is performed with respect to the boundary node, it is possible to write that
φE − φW = 2(φE − φC). One can �nally calculate the value of the phase �eld at the
�ctitious node, φE that suits the boundary condition:

φE = φC +

√
(φN − φS)2 + (φF − φB)2

2 tan θ
(3.5)

This �ctitious value is used in the FDM formulation of the Laplacian of the phase �eld
(see Eq. 2.44), when a node at the corresponding boundary is considered.
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Experimental observations of twins

formation

Previous studies of twinned dendrites have not addressed to a large extent the question of
their nucleation. It is known that their formation occurs with the combination of several
factors: alloying elements, thermal conditions and convection. Unlike previous investi-
gations on this matter that were mainly focused on industrial multi-component systems,
the occurrence of twinning during solidi�cation is studied in the present work for binary
Al-alloys. In this chapter, the e�ect of the crystalline structure and Stacking Fault Energy
(SFE) of the alloying element is �rst addressed. Then, the thermal conditions existing
during solidi�cation of several DS specimens are reported.

On the other hand, although its e�ect has been scarcely investigated before [3, 4],
convection in the melt seems to be necessary to nucleate and maybe also to propagate
twinned dendrites. Several experimental attempts were performed in order to induce,
then qualify and quantify the velocity pro�le in the liquid during solidi�cation. Due to
the lack of reproducibility of these experiments, a de�nitive answer to this question was
unfortunately not obtained. Nevertheless, the results of these studies give new evidences
that allow to precise the e�ect of convection on twinning. Furthermore, interesting obser-
vations relating the �uid �ow patterns on the resulting microstructures are also presented.

4.1 E�ect of alloying elements

Due to the fact that Ni has a relatively high SFE, it could be expected that a twin defect
in a binary Al-Ni alloy is unlikely to appear. From this argument and based on previous
observations, the susceptibility to twin nucleation of the alloy should increase when Ni is
replaced by Cu, a low SFE solute element or, the hcp Mg and Zn. Various binary alloys
were solidi�ed in the standard DS installation (see Fig. 3.2a) with a reduced insulation of
the mold top and lateral walls (i.e., only natural convection present). After observations
of the microstructures obtained in these specimens, it was found that feathery grains can
appear regardless of the nature of the alloying element, but not for all the compositions
that were prepared. In order to simply illustrate the presence of twins in di�erent spec-
imens, Fig. 4.1 shows results of EBSD measurements performed on longitudinal sections
extracted from the fully developed region of the corresponding feathers (region (2) accord-
ing to Fig. 3.3). The EBSD false color reconstruction based on the Euler angles triplet,
allows to clearly identify twinned grains appearing as an alternated sequence of lamellae
in each specimen. It was observed that twinned grains coexist with a few regular grains.
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These are columnar in the case of alloys having Zn, Cu and Ni, equiaxed in the case of Mg.

2 mm

Al-10wt.%Zn

Al-40wt.%Zn

Al-7wt.%Mg

Al-10wt.%Cu

a)

b)

c)

d) G

Figure 4.1: EBSD reconstructed grain structures of longitudinal sections containing twinned grains
appearing in specimens of di�erent alloy compositions: a) Al-10wt.%Zn, b) Al-40wt.%Zn, c) Al-7wt.%Mg
and d) Al-10wt.%Cu.

In the case of Al-Zn alloys (Fig. 4.1a and b), twinned dendrites were easily obtained
but up to a composition of 40wt.%Zn only. This result is rather surprising as zinc is an
hcp solute element which should have increased the propensity of forming twins. Addi-
tionally, according to Gonzales and Rappaz [39], the growth of regular 〈100〉 dendrites
at low zinc composition (typically C0 < 25wt.%Zn) is replaced by 〈110〉 dendrites above
60wt.%Zn. According to Henry et al., who studied twinned dendrites in a 5182 alloy
(mainly Al-5wt.%Mg) [16], 〈110〉 regular and twinned dendrites could coexist in the same
specimen. This lead to believe that in alloys where 〈110〉 regular dendrites grow, the
formation of 〈110〉 twinned dendrites should be easier. Such was not the case in the
Al-Zn system. Apparently, the formation of 〈110〉 twinned dendrites in the presence of a
slight convection is not necessarily favored in alloy systems where 〈110〉 regular dendrites
normally grow without convection. It seems more in�uenced by the hcp solute element
content, a too high composition of the alloy decreasing the ability of forming twins. In the
similar Al-Mg system (magnesium is also an hcp solute element), twins were observed only
in an Al-7wt.%Mg specimen. Interestingly, these grains coexisted with equiaxed regular
ones, as can be seen in Fig. 4.1c. The formation of equiaxed grains in this specimen is
consequence of the important solutal bouyancy existing in the melt which is inherent to
the solidi�cation of dilute Al-Mg alloys [123] and induces partial remelting and solid frag-
mentation. For other Al-Mg alloys produced under the same conditions, fully equiaxed
microstructures were always obtained.
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Twinned dendrites were also observed in Al-Cu specimens with compositions ranging
in between 1 and 10wt.%Cu. An EBSD recontructed map extracted from an Al-10wt.%Cu
ingot is shown in Fig. 4.1d. However, for these alloys only about 25% of all Al-Cu so-
lidi�ed ingots presented twins. Please note that further analyses of the microstructures
associated with feathers in Al-Zn and Al-Cu specimens are presented in the following
chapters.

2 mmG

0° 45°

‹100›

‹110›

Figure 4.2: EBSD false color reconstructed grain structure in a longitudinal section of a DS Al-
2.5wt.%Ni specimen (left). The color indicates the angle between the vertical gradient G and the closest
〈100〉 direction (see scale at the bottom). On the right, the 〈100〉 pole �gure of the regular blue-green
columnar grain is shown as well as the 〈110〉 pole �gure of the yellow and orange lamellae of the central
feathery grain. The stereographic projections have the same axes as the grain structure.

Surprisingly, in spite of the high SFE of Ni, feathery grains were also formed in an
Al-2.5wt%Ni specimen. Figure 4.2 shows an EBSD reconstructed grain structure micro-
graph of a longitudinal section obtained from a region just above the nucleation center
of a feathery grain. The color goes from blue to red according to the angle θ between G
and the closest 〈100〉 direction. As can be seen, the regular columnar grains are either
blue or green, which means that those regions of the sample are texturized with 〈100〉
grains, i.e., dendrites inside those grains have a 〈100〉 direction nearly parallel to the
vertical thermal gradient. This is expected according to the grain selection mechanism
mentioned in Sect. 2.2.3 and modelled by Gandin et al. [76] using cellular automata. In
the same sample, an orange-yellow twinned grain is present at the center of the recon-
structed macrostructure. This indicates that its closest 〈100〉 direction is at about 40
deg. to G. The corresponding 〈100〉 pole �gure on the right corresponds to the regular
(blue-green) grains. The 〈110〉 pole �gure for the yellow and orange grain clearly reveals
its twinned nature: three 〈110〉 directions belonging to the {111} twin plane (arc of a
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circle) are common whereas the three other orange and yellow spots are in a symmetry
relationship with respect to this {111} plane. In the pole �gure of this feathery grain, one
can clearly see the fairly large orientation distribution, shown by the extent of each 〈110〉
�spot�. It is due to growth-induced misorientations in twinned and untwinned regions
originated from a single nucleus, whereas the extent of the 〈100〉 upper spot of regular
(blue-green) grains is due to the orientation distribution of individual grains.

4.2 Thermal conditions

In a similar way as other authors did in the past (see Sect. 2.2.2), values of G and
vT were calculated in this work from temperatures measured by thermocouples located
at di�erent heights with respect to the bottom of the DS mold. The thermal gradient
was calculated by looking at the temperature di�erence between 1 and 5 mm from the
mold bottom plate, while the isotherm velocity was obtained by dividing this distance
by the necessary time to have the liquidus isotherm positioned at the thermocouples
location. Such a calculation assumes that the growth undercooling of the dendrites is
the same at 1 and 5 mm. Independently of the alloying element, it was found that
feathery grains appear when G ranges in between 80 and 160 K cm−1 and vT between 0.75
and 2.7 mm s−1. However, it was found that for fairly similar experimental conditions,
e.g., use of the standard DS installation with reduced insulation of the mold top and
lateral walls (only natural convection), there is an important stochastic component to the
formation of feathery grains. Indeed, a considerable number of specimens produced under
these conditions showed only regular columnar structures. On the other hand, it can be
misleading to correlate the presence of twins directly with the calculated solidi�cation
parameters. Indeed, although twins seem to nucleate within the �rst 10 mm along the
vertical axis of the ingot, the actual twin nucleation site was in most cases unknown.
Moreover, as can be con�rmed in Fig. 3.4, the slopes of the G and vT curves are very
steep precisely within the �rst millimeters, making even more di�cult to de�ne a good
correlation criterium.

4.3 E�ect of convection

The velocity �eld in the melt seems to have a strong e�ect on twin nucleation (see Sect.
2.2.1). Hence, several devices were integrated into the DS installation in order to induce a
well-controlled pro�le of forced convection in the melt, as described in Sect. 3.2. A four-
blade propeller rotating at 80 rpm inserted in a solidifying melt of an Al-10wt.%Zn alloy
produced the macrostructure presented in Fig. 4.3. At least three feathery grains, identi-
�ed in the �gure, appear in this ingot, one on the near left (F1), and two on the near right
(F2 and F3). However, other ingots, including four Al-10wt.%Zn and four Al-10wt.%Cu,
produced under the same thermal conditions and various rotational speeds (50, 80, 100,
130 and 200 rpm), did not always reveal the presence of twins. Typically, the equivalent
tangential velocity of the liquid at the extremity of the propeller turning at 80 rpm is
0.16 m s−1. As the momentum is transferred to the melt and then progresively down to
the bottom of the mold, this velocity rapidly decreases down to a few mm s−1. Imposing
di�erent rotational speeds was aimed at inducing di�erent velocity magnitudes that could
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4.3. Effect of convection

eventually have a positive e�ect on the formation of twins1. Only one Al-10wt.%Zn and
one Al-10wt.%Cu ingot exhibited feathery grains when the rotational speed of the pro-
peller was 130 rpm. A possible explanation to the systematic absence of feathers in these
experiments is that G is strongly reduced due to the homogenization of the temperature
�eld when the melt is stirred with the propeller.

Whether twins were present or not, all the ingots produced under these conditions
present a �ne equiaxed microstructure near the bottom plate that evolves into columnar
grains that grow up to the occurrence of a Columnar-to-Equiaxed Transition (CET) at
di�erent heights, depending on the propeller rotational speed. Near the propeller, the
e�ect of the rotation created a small vortex in the center of the ingot. In this region and
up to the top, a very �ne equiaxed structure was formed mainly because of the complex
�uid �ow pattern induced by the propeller and also because of dendrite fragmentation in
the semi-solid region at the end of solidi�cation.

1 cm

Propeller

500 mm

F

F

F

1

3

2

G

Figure 4.3: a) Longitudinal section of an Al-10wt.%Zn ingot. The melt was stirred with a four-blade
propeller located at 60 mm from the bottom of the mold. The propeller rotational speed was 80 rpm.
Three feathery grains are identi�ed as F1, F2 and F3;

Considering the e�ect of the propeller rotation, when the speed was 200 rpm, the for-
mation of the CET occurred at a height of 2 cm. On the contrary, a rotational speed of 50
rpm apparently did not a�ect the solidi�cation front, since the columnar grains remained
nearly parallel to G up to about 5 mm below the propeller. At intermediate rotational
speeds, the �ow pattern promoted the de�ection of columnar grains from the axis of G
towards the mold wall. This is evident in the macrostructure shown in Fig 4.3.

The second device modifying the standard DS installation (Fig. 3.2c), was aimed to
better control mold �lling. The �ow going into the mold was regulated by a tundish of
height h1 = 10 mm having an outlet of height h2 = 10 mm and diameter d = 5 mm.

1An attempt was made in order to quantify the velocity distribution pro�le in the melt through the
technique of particle image velocimetry (PIV) [124, 125], widely used to characterize �uid �ow patterns
in transparent media. However, this e�ort was abandoned when the actual experiment failed to produce
feathers on a reproductible basis.
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Through a series of thermocouples located at di�erent heights in one experiment, the ad-
vance of the liquidus isotherm was used to estimate the �lling rate. It was found that the
upper liquid surface moved up at a velocity v∗ ≈ 5 mm s−1. Using Poiseuille's approxima-
tion (Eq. 2.12) to calculate the �uid velocity v0 at the tundish outlet, the predicted �lling
rate was too high as compared with the measured value. On the contrary, a calculation
assuming simply free fall of the liquid and a zero velocity at the upper liquid surface of
the tundish, i.e., not a�ected by viscosity forces within the narrow outlet (Eq. 2.14), gave
a �lling rate of v∗ ≈ 5.2 mm s−1, which is comparable with the measurement.

Figure 4.4: a) and b) longitudinal and transverse sections, respectively, of an Al-20wt.%Zn alloy poured
through a tundish with a 5 mm outlet diameter located at a height of 75 mm; c) and d) the same for a
melt poured without any tundish.

Similarly to the results obtained with the propeller, feathery grains were not obtained
in all the specimens produced using the tundish. The reproducibility of this experiment
was considerably better for the case of Al-20wt.%Zn specimens, but no twins were ob-
tained in any binary of the Al-Cu system.

Typical longitudinal and transverse sections of the macrostructure of an Al-20wt.%Zn
ingot are shown in Fig. 4.4a and b. Feathery grains in this specimen nucleate within the
�rst 5 mm of the ingot, then rapidly invade the whole volume. The e�ect of the �uid �ow
pattern during �lling can be evidenced in the longitudinal section by looking at the extent
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4.3. Effect of convection

of the equiaxed grains region appearing at the bottom of the cylinder. It is indicated with
a dashed �U-shape� curve in Fig. 4.4a. Since during �lling the molten metal falls directly
at the center of the mold, the solid front in this region is slowed down with respect to the
sides of the mold. Near the lateral walls, the extent of the equiaxed grains region is larger
than at the center because of the fragmentation of dendrites and sedimentation of grains
in these regions. In the transverse section, taken at about 10 mm from the bottom, the
nucleation centers of several feathery grains appear all concentrated in the same region,
at the right of the mold �lling axis.

This overall macrostructure can be compared with that of an ingot solidi�ed in a mold
that was �lled without the tundish. The cooling system in this case was turned on at the
same time the melt was poured into the mold. Figure 4.4c and d shows longitudinal and
transverse sections of the resulting macrostructure from such experiment. Filling occurs
much faster in this case. The �ow is clearly more chaotic and nucleation of feathery grains
occurs randomly at di�erent locations near the bottom of the mold, although they are
mostly concentrated only in one half of the ingot, as can be seen in the corresponding
transverse section. In both specimens shown in Fig. 4.4, it seems that nucleation of the
di�erent feathers occurs very early during solidi�cation.

Two important facts can be extrapolated from the comparison presented in Fig. 4.4:
i) convection does a�ect the susceptibility of a solidifying melt to form twins, as already
pointed out by Henry et al. [3]; ii) a relatively well-controlled �uid �ow pattern restricts
the probability of forming twins and in�uences also the location where these structures
may nucleate.

Positioning the tundish at only 25 mm from the mold bottom promotes a less turbu-
lent pattern during �lling and induces the following e�ects: when the outlet was located
at the center of the tundish, no twins were formed; however, when it was located near
the mold wall, feathers formed at the opposite side of the ingot. This can be observed in
Fig. 4.5 which shows a longitudinal section of an Al-20wt.%Zn specimen solidi�ed under
these conditions. Two di�erent feathery grains have been indicated with black arrows.
The upper part of the ingot is in contact with the tundish, therefore an equiaxed structure
rapidly forms near the top, preventing further growth of the twinned dendrites.

G 1 cm

Flow in 

Figure 4.5: Longitudinal section of an Al-20wt.%Zn alloy poured through a tundish with a 5 mm outlet
diameter located near the wall at 25 mm from the bottom of the mold. Twinned grains are indicated
with black arrows in the side opposite to the pouring axis.

Now, in order to reduce the complexity of the velocity �eld in the mold and better
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control the �uid �ow pattern, two half cylinders were introduced in the mold so as to
create a channel of 10 mm width and 25 mm height at the center (see Fig. 3.2d). The
�ow in this con�guration should move in a sense parallel to the channel walls. Several
experiments were conducted by locating the tundish at di�erent heights (75 and 25 mm),
but surprisingly no feathery grains were obtained.

All these experiments summarized can be put into relation with the previous obser-
vations of convection a�ecting the formation of twinned dendrites, reported by Henry et
al. [3] on industrial ingots and by Turchin et al. in the Al-Cu system [4]. They lead to
the following conclusion: given the appropriate thermal conditions (relatively high ther-
mal gradient and cooling rate), the shearing component of a complex velocity �eld can
promote twin nucleation, even if �uid �ow is only induced by natural convection. On the
contrary, a simple laminar unidirectional �ow seems to be insu�cient to promote twin
nucleation. The lack of reproducibility in the di�erent experiments that have been dis-
cussed above suggests that even when the necessary conditions are met, twin nucleation
is not always guaranteed. The e�ect of the �uid �ow on the thermal gradient near the
liquidus isotherm must also be accounted for. Increasing convection decreases G and even
promotes dendrite fragmentation, thus preventing the formation of feathery grains.

On the other hand, it is still unclear why twins nucleate at particular locations when
the �ow is well controlled (�lling with a tundish, for instance), or randomly when the
velocity pro�le is much more complex (�lling directly from the crucible). The answer to
this question might lie on the statistics related to the probability of stacking fault occur-
rence during solidi�cation. This probability could be enhanced precisely by a complex
�ow pattern and the extreme solidi�cation parameters that prevent the relaxation of those
faults during cooling. However, it should be noted that the shearing force induced on the
atoms at the solid-liquid interface by the �uid �ow is orders of magnitude lower than that
required to promote slipping of an atomic layer and create a twin. Twinning must be then
only a consequence of faults occurring either at the bottom plate, as suggested by Kato
and Cahoon [70] or during atomic attachment at the solid-liquid interface through the
mechanism explained in Sect. 2.2.1. From this point of view, if one considers atomic at-
tachment at a rough interface, all dendrites contained in a columnar ordinary grain could
be susceptible of giving origin to a twin. It would only grow if the thermal conditions
after nucleation, and its orientation with respect to G are favorable for its development.

To address the possibility of epitaxial nucleation of twinned dendrites in regular struc-
tures, regions near the nucleation site of twinned dendrites were studied using EBSD. The
goal was to try to relate the crystallographic structure of the twinned grain with that of
the adjacent regular columnar one. Figure 4.6 shows on the left two EBSD reconstructed
grain structure maps in false colors obtained from the same region of an Al-20wt.%Zn
DS specimen. They represent: a) Euler angles of each grain separated by their respective
boundaries (the misorientation criteria between adjacent grains was 5 deg.), and b) mis-
orientation between G and the nearest 〈100〉 direction. In both reconstructed maps two
twinned structures have been labeled T1 and T2. In order to respect the notation de�ned
in Sect. 2.2.4, the right and left sides of a twin plane correspond to the untwinned and
twinned regions, respectively. On the EBSD micrograph shown in (a), a columnar grain
appearing below T1 has been labeled A. The 〈100〉 pole �gure in Fig. 4.6c shows the 〈100〉
crystallographic orientations of the grains within the white box of Fig 4.6b. It clearly
shows that all the regular columnar grains have a 〈100〉 direction pointing at about 10
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Figure 4.6: a) False colors EBSD grain reconstructed map with grain boundaries; b) texture map colored
by the angle between G and the nearest 〈100〉; c) 〈100〉 pole �gure corresponding to the grains contained
inside the white box in (b). d) 〈110〉 pole �gure showing the crystallographic relationship between the
twinned grain T1 and the columnar grain labeled A. The blue arc of a circle in the 〈110〉 pole �gure
indicates the coherent twin plane of the twinned grain, while the red arc of a circle indicates the {111}
plane of the columnar grain.

to 20 deg. from G. The 〈110〉 pole �gure in Fig. 4.6d shows the 〈110〉 directions of the
untwinned right lamella (�lled squares) and twinned left lamella (empty squares) of twin
T1 as well as of the regular grain A (empty circles). A blue arc of a circle indicates the co-
herent {111} plane with the three 〈110〉 directions shared by the twinned and untwinned
lamellae, whereas a red arc of a circle indicates the {111} plane of the columnar grain.

It can be seen that the 〈110〉 pole �gure of the columnar grain coincides fairly well
with that of the untwinned lamella. A misorientation of 10 deg. around a 〈110〉 direction
(circled in the pole �gure) exists between A and the untwinned lamella of T1. No other
coincidence relationship was found between the other neighboring regular dendrites and
T1. Such a coincidence relationship was observed in some of the specimens produced
in this work, but since the exact location of the nucleation site is still uncertain, care
should be taken in interpreting these observations. Based on this, it is still a conjecture
that twinned dendrites nucleate epitaxially from regular 〈100〉 dendrites. It would be
necessary to clearly isolate the columnar grain from which a twin is issued (e.g., by X-ray
tomography or EBSD reconstruction in 3D), in order to con�rm this conjecture.
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4.4 Summary

The e�ect of di�erent alloying elements on the nucleation of twinned dendrites has been
evaluated. Regardless of the nature of the solute elements but not of the composition,
feathery grains formed in DS ingots produced under natural convection conditions, i.e.,
reduced insulation of the mold top and lateral walls. Twinned dendrites were obtained
easily in Al-Zn specimens but only when C0 < 40wt.%Zn. The additions of hcp Mg to
Al only produced twins when the alloy composition was 7wt.%Mg. In the case of the fcc
elements Cu and Ni, feathery grains were also observed, but they formed less often than
in binaries of the Al-Zn system. In particular, only one Al-2.5wt.%Ni specimen exhibited
feathery grains. From these experiments, it was also found that a global assessment of
the thermal conditions during the �rst stages of solidi�cation is not su�cient to estab-
lish a well-de�ned criterion for twins formation. A more detailed analysis linking each
macrostructure, in particular the location of the nucleation center of the feathery grains,
with a full picture of the evolution of the temperature �eld would probably give a more
clear idea of the e�ect of these parameters. This would be also useful to determine uni-
vocally if there is an eptiaxial relationship between regular and twinned grains.

In terms of the e�ect of forced convection, di�erent �uid �ow patterns were studied.
Although there was poor reproducibility of these experiments, several observations indi-
cate a correlation between the �ow pattern and twin formation. A strong shear component
of the �ow is required to form twins, but at the same time the �ow should not decrease
too much the thermal gradient at the liquidus front. This is consistent with previous
observations [3, 4]. On the other hand, shearing forces at the level of the solid-liquid
interface are insu�cient themselves to induce slipping of an atomic layer.

The outcome of this part of the investigation is that there is an important stochastic
behavior in twin nucleation. The probability of such an event is relatively high in Al-Zn
alloys, but it decreases as the melt �ow is less complex and as the associated SFE of the
solute element present in the alloy is increased.
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Chapter 5

Growth and Stability

This chapter presents �rst an overview of twinned dendrites crystallographic growth di-
rections as an extension to S. Henry's work, focused in this case on binary Al-alloys.
Next, based on this preliminary approach, a general portrait of the 3D morphology of
these structures is presented. Traditional metallography studies are then discussed in or-
der to describe di�erent microstructural features that characterize these dendrites. These
are further investigated in reconstructed volumes obtained through X-ray tomography
performed on DS specimens. In the following, these studies are complemented with in-
teresting observations performed on twinned dendrites quenched during growth in a DS
installation modi�ed for that purpose.

As a result of this morphological characterization, mechanisms for the in-plane and
lateral propagation of twinned dendrites are discussed in the next section of the chapter.
These are then put into relation with the competition mechanisms taking place during
simultaneous solidi�cation of twinned and regular dendrites. A partial explanation to the
overall growth kinetic advantage of twins is also presented.

The ending part of this chapter deals with the stability of twinned dendrites, inves-
tigated through a technique consisting in partially remelting twinned specimens, then
proceeding to solidi�cation at di�erent pulling velocities in a Bridgman furnace, and
quenching in a water bath. The resulting microstructures are discussed not only from
the point of view of twinned growth, but also regarding the evolution of regular dendrites
issued from the twinned and untwinned parts of the partially remelted seed.

5.1 Twinned dendrite growth directions

Preliminary texture analyses of twinned grains reveals that they can grow with a large
misorientation with respect to G. This means that a 2D section of a feathery grain cuts
the twin planes at di�erent angles, as can be seen, for instance, in Fig. 4.4a. Straight in-
terpretation of observations performed on single 2D projections could be misleading when
determining the crystallographic growth directions of twinned dendrites. A more detailed
explanation to this problem can be outlined from Fig. 5.1. Longitudinal and transverse
sections taken at 35 mm from the bottom of an Al-7wt.%Mg alloy (fully developed re-
gion) were analyzed through EBSD. The color scale of the corresponding grain texture
reconstructed maps in Fig. 5.1 is de�ned by the angle between G and the closest 〈211〉
direction. Both sections come from the same volume, thus they contain the same grains,
but seen from di�erent perspectives. A region of equiaxed grains is present on the left,
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whereas two twinned grains on the right occupy the rest of the volume. Equiaxed grains
appearing in between the feathers, probably nucleated ahead of the columnar solidi�ca-
tion front, are rapidly overgrown by twinned dendrites. Like in Fig 4.2, twinned grains
in the Al-Mg specimen are texturized with a relatively large misorientation distribution
(about 30 deg. in this case). If texture was used as a criterion to identify the growth di-
rections of dendrites within these feathery grains, one could easily suppose that dendrites
from the blue-green region grow along a 〈211〉 direction. According to this supposition,
micrographs of regions within the blue-green and yellow-red parts of the feather should
exhibit well-de�ned dendrites in the former and discontinuous trunks in the latter. On the
contrary the micrograph appearing in Fig. 5.1c, taken from the region identi�ed with a
black square inside the yellow-red zone of the longitudinal section, exhibit dendrite trunks
that actually seem to be in the section and are nearly parallel to G. The outcome of this
kind of observations is that the grain competition mechanisms of regular grains, which
result in an homogeneous texture, simply cannot be applied to the growth of twinned
grains.
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Figure 5.1: EBSD reconstructed grain structure maps of (a) transverse and (b) longitudinal sections
of an Al-7wt.%Mg alloy containing twinned and equiaxed grains. The color scale is de�ned by the angle
between G and the nearest 〈211〉 direction. The actual microstructure in (c) was taken from the square
region highlighted on the longitudinal EBSD map.

To avoid these misleading interpretations, three di�erent sections of fully developed
feathery grains obtained from the di�erent binary alloys produced in this work were ana-
lyzed. The �rst two correspond to those shown in Fig. 5.1, i.e., perpendicular and parallel
to G, and the last one is a section parallel to the twin plane after having determined
the orientation of the grain. This latter contains undoubtedly the primary trunks and
therefore their growth direction can be determined unambiguously. An example is shown
in Fig. 5.2, in which three micrographs and their corresponding 〈110〉 pole �gures for a
twinned grain of an Al-20wt.%Zn DS specimen are shown. In order to be consistent with
Sect. 2.2.4, and for the sake of simplicity, a basic nomenclature was adopted [59] for the
representation of the trunk and side arms of the twinned dendrites and their corresponding
pole �gures. As before, the common {111} plane of the twinned dendrites is represented
by an arc of a circle in the pole �gures. The average crystallographic orientation of the
twinned and untwinned parts are shown with empty and �lled squares, respectively, while
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5.1. Twinned dendrite growth directions

common directions along the {111} twin plane are represented by half-�lled squares. The
growth direction of the trunk is identi�ed as (T ), coplanar arms growing parallel to the
plane of the twin as (C1) and (C2), the two lateral arms growing at 60 deg. from the
trunk as (Lt) and (Lu) and the two arms growing at 90 deg. from the trunk as (Pt) and
(Pu), where the indices �t� and �u� indicate twinned and untwinned, respectively.
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Figure 5.2: Microstructures and corresponding 〈110〉 pole �gures of sections a) parallel to G, b)
perpendicular to G and c) nearly parallel to the twin plane, for an Al-20wt.%Zn DS specimen. The
direction of the twinned dendrite trunk (T ) and that of the main side arms (L, P or C) have been
indicated in both, micrographs and pole �gures.

Since the particular grain presented in Fig. 5.2 has dendrites fairly well aligned with G,
the section parallel to G (Fig. 5.2a) clearly shows trunks coinciding with a 〈110〉 direction
almost in this plane. However, the trunks are not exactly continuous in the section as the
〈110〉 direction is slightly o� this plane. Although the lateral arms (Lt) and (Lu) are not
lying in the plane of the section, their projections are at nearly 60 deg. from the trunks.
In the case of the section perpendicular to G (Fig. 5.2b), primary dendrite trunks appear
as rows parallel to the {111} planes. The side arms have complex morphologies as they
can be either perpendicular side arms (Pt) and (Pu) growing parallel to the plane of the
section or (Lt) and (Lu) arms growing slightly inclined towards the observer. Tertiary
arms with the (L) orientation developing from (P ) or (L) secondary branches in each
twinned and untwinned region can also be seen. This makes the dendrite morphology of
twinned dendrites fairly complex as three 〈110〉 variants can develop on each side of the
twin, besides the three common 〈110〉 directions growing parallel to the twin. On the
left of the micrograph shown in Fig.5.2b, regular dendrites can be observed. They have
been identi�ed to grow along 〈100〉 directions. The section presented in Fig. 5.2c is nearly
parallel to the twin plane and clearly shows the two coplanar side arms (C1) and (C2)
that have grown at 60 deg. from the trunk. As this section is at about 10 deg. from the
twin plane (see the corresponding 〈110〉 pole �gure at the top), a slight contrast between
the lower-left and upper-right parts of the micrograph can be seen: the transition line
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between these two regions corresponds to the trace of the {111} twin plane in this section.
Unlike previous observations [5, 59], the coplanar arms are very well developed in this
alloy on both sides of the twin plane. The apparent curvature of the trunks in Fig. 5.2c
is probably due to the twin plane misalignment with respect to the section.

Such a treatment performed for all the alloys investigated in this study revealed that
twinned dendrites grow always along 〈110〉 directions regardless of their nominal compo-
sition. Their secondary branches were found to be also usually 〈110〉, but as will be shown
later, 〈100〉 side arms were observed in some cases.

5.2 Morphological aspects

From the three micrographs of Fig. 5.2, the complete 3D morphology of a twinned den-
drite can be summarized. A schematic view of such a simpli�ed version of this structure is
shown in Fig. 5.3. A twinned dendrite grows at an angle α from the plane of a longitudinal
section that is parallel to G. A (111) twin plane cuts along its center the dendrite trunk
which then corresponds to a [011] direction. In the twin plane, two secondary coplanar
arms are at 60 deg. from the trunk, along [101]C and [1̄10]C . On one side of the twin
plane facing the viewer, two other secondary arms have been drawn: they appear at 60
and 90 deg. from the trunk along [110]L and [011̄]P directions, respectively. Because of
the symmetry imposed by the twin plane, two additional arms exist in a mirror symmetry
with respect to the P and L arms, but are not entirely visible in the schematic view for
the sake of clarity.
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Figure 5.3: 3D schematic picture of a 〈110〉 twinned dendrite growing at an angle θ with respect to the
thermal gradient G.
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Several details of the morphology of twinned dendrites are further discussed in the
following, �rst from a purely metallographic point of view, i.e., in simple 2D sections,
then based on 3D reconstructions performed through X-ray tomography.

5.2.1 Metallographic observations

The growth of 〈110〉 and 〈100〉 side arms in twinned dendrites is illustrated in Fig. 5.4
for an Al-10wt.%Cu DS alloy (longitudinal section). Above the optical micrograph, 〈110〉
(squares) and 〈100〉 (circles) directions for the twinned/untwinned parts are being shown
in pole �gures with open/�lled symbols, respectively. The corresponding EBSD recon-
structed false color map of the same zone is shown on the left (red and brown correspond
to the twinned/untwinned parts, respectively). Besides the presence of secondary 〈100〉
arms, it can be seen that the coherent twin plane is not continuous, as seen from the fairly
corrugated boundaries in the EBSD map. A 〈100〉 arm (in red, twinned) was even able
to grow slightly from below into the untwinned (brown) region: it is labeled (L∗t ) because
it is 〈100〉 and it has been circled in the corresponding pole �gure. Since the trunk is not
continuous in the longitudinal section, it is not clear, however, if this extended L∗t 〈100〉
side arm is issued directly from the trunk or from another secondary branch. In the red
region, other 〈100〉 lateral arms have also grown together with 〈110〉 (C1) (also circled in
the twinned region pole �gure). In the untwinned region, (Lu) arms have been identi�ed.
All these evidences make this twinned dendrite morphology much more complex than the
small sketch shown in Fig.5.3, reason why no transverse section is shown for this specimen.
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Figure 5.4: 〈100〉 side arms growing in an Al-10wt.%Cu alloy. The 〈110〉 and 〈100〉 directions are
identi�ed with squares and circles, respectively in the correspondent stereographic projections at the top.
The twinned and untwinned orientations of the grain are drawn with open and �lled symbols, respectively.
The EBSD false color reconstructed grain structure on the left shows the twinned and untwinned parts
in red and brown, respectively.

Nevertheless, the presence of 〈100〉 side arms, most recurrent in Al-Cu and Al-Ni al-
loys, indicates how the system tends to regain somehow its regular growth pattern, at
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Figure 5.5: a) Optical micrograph of a longitudinal section of an Al-10wt.%Cu DS specimen showing the
growth of secondary 〈100〉 arms and a discontinuity of the coherent twin plane; b) EBSD reconstructed
grain structure map of the twinned grain containing the dendrites shown in the micrograph (white squared
region) showing multiple discontinuities of the coherent twin planes.

least for the alloys containing an fcc solute element. Such a behavior, reminiscent of the
fairly low anisotropy of Al-alloys, will be further discussed, but it is important to notice
that these side arms, growing in this case at 45 deg. from the trunk, seem to have a
growth advantage over the 〈110〉 arms evolving at 60 deg. from the trunk.

Another interesting feature of twinned dendrite growth in an Al-10wt.%Cu specimen
can be observed in the micrograph of Fig. 5.5a. In this case, the twin plane (marked with
a white line) appears quite inclined with respect to the vertical thermal gradient, and
therefore the dark zone, corresponding to the untwinned region, is favored for the growth
of secondary arms. These arms (marked also with a white line) are nearly parallel to the
longitudinal section and grow at 45 deg. from the twin plane and actually correspond
to regular 〈100〉 side arms. At some regions, some side arms of one side of the twin
plane grow into the other region, interrupting the continuity of the twin plane. This is
indicated with a white arrow in Fig. 5.5a. In fact, this micrograph was obtained from a
much larger surface whose grain structure is reconstructed on the EBSD map shown in
Fig.5.5b. The twinned and untwinned lamellae in this �gure appear as light and dark
grey alternated regions. It can be noted from the traces of the {111} twin planes that at
least two feathery grains are present. The alternated sequence of wavy/incoherent and
straight/coherent twin boundaries can be observed in this specimen. The latter, identi�ed
by small arrows at the top, are interrupted at several places. The thermal gradient being
vertical, it appears that the light grey part of the lamellae located �below� the coherent
twin planes (i.e., at lower temperature) frequently extend in the dark grey regions, thus
making the coherent twin boundaries discontinuous.

An important morphological aspect of twinned dendrites is the systematic misorienta-
tion existing between lamellae of a single grain. It was brie�y mentioned at the beginning
of this chapter that these misorientations are at the origin of the overall fan-shape ap-
pearance of feathery grains. Figure 5.6 shows such misorientations in feathery grains of
an Al-40wt.%Zn alloy, the highest zinc-content specimen having twinned dendrites. In
this transverse section, the color scale of the EBSD reconstructed grain structure map
corresponds to the angle between G, perpendicular to the EBSD map, and the nearest
〈110〉 direction (labeled (T ) in the corresponding pole �gure). Although the {111} twin
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Figure 5.6: EBSD reconstructed image of a transverse section of a single Al-40wt.%Zn twinned grain
showing progressive disorientation of twin planes and dendrite trunks, as can be evidenced by the pole
�gure on the right. The trace of the twin plane has been drawn for the lamellae located at the right and
left sides of the reconstructed map.

planes traces remain nearly parallel in this section, they show an increasing misorienta-
tion as one moves from the top-right to the bottom-left of the picture, i.e, from yellow
(about 15 deg. misorientation between G and (T )) to red (about 28 deg.). Nevertheless,
this is a single grain as observed in the corresponding 〈110〉 pole �gure. The axis of ro-
tation is not exactly parallel to the normal to G contained in the {111} plane. Probably
because the 〈110〉 twinned dendrite trunks are not aligned with G, there is also a small
rotation of the twin planes along an axis parallel to G as shown by the two traces of
the twin planes drawn in the pole �gure (blue and black for the right, respectively left,
lamellae in the micrograph). Furthermore, a misorientation discontinuity of a few degrees
is observed in each lamella, i.e., sudden change of color as one moves parallel to the twin
traces. Although these misorientations are at this point not fully understood, they are
most probably linked to systematic solute gradients occurring in a speci�c alignment of
twinned dendrite trunks, in a way similar to misorientations observed in dendritic ar-
rangements [126]. These solute gradients are nearly constant through the perfectly well
aligned dendrites lying within a twin plane. On the other hand, the complex branch
morphology developed outside (perpendicularly to) the twin plane varies those gradients
from plane to plane.

5.2.2 Assessment by X-ray Tomography

Several volumes obtained from fully developed feathery grains of di�erent compositions
were studied through X-ray tomography. Unlike the regular 2D sections obtained through
classical metallographic techniques, the 3D reconstruction performed after scanning a
specimen in a synchrotron beamline allows to observe the overall microstructure at pre-
cise sections of the specimen. In this manner, the complex 3D morphology of twinned
dendrites can be better understood. It should be mentioned that the apparent absence
of important solute gradients near the coherent twin planes in the specimens studied
using this technique prevented the actual identi�cation of this boundary within the re-
constructed volumes (resolution was of 1 or 1.4 µm, depending on the experiment). The
presence of the twin plane was then deduced by preliminary observations of these speci-
mens in 2D longitudinal projections and the morphology of the symmetrical patterns of
the dendritic structures after reconstruction.
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Figure 5.7: 3D reconstruction from X-ray tomography of an Al-40wt.%Zn specimen. a) section parallel
to the (111) plane; b) section parallel to a (112) plane; c) transverse section to G. In this projection a
twinned dendrite is highlighted with a blue polygonal envelop.

A 3D reconstruction of a volume obtained from an Al-40wt.%Zn specimen is shown in
Fig. 5.7. This specimen was studied at the beamline of the ESRF facility. In Fig. 5.7a and
b, two sections aligned with the direction of G are displayed: a) section nearly parallel to
the (111) twin plane (see Fig. 5.3 for nomenclature reference); b) section perpendicular
to the twin plane (i.e., a (112) plane). In Fig. 5.7c a section perpendicular to G of the
same volume is presented (note that the scale is the same for the three sections). The
contrast being given by the absorption of X-rays, these reconstructed 3D views show the
Zn segregation in the interdendritic regions. When comparing the (111) and (112) planes,
it seems that the interdendritic regions at the incoherent boundaries are more segregated
than those along the twin plane. Along this latter (Fig. 5.7a), coplanar 〈110〉 arms are
very well de�ned and grow at 60 deg. from the trunk. On the contrary, side arms in the
(112) plane are more di�cult to elucidate. Indeed, while coplanar arms growth direction
is �xed by the presence of the twin plane, lateral arms seem to evolve with a less de�ned
morphology. For an alloy having 40wt.%Zn Gonzales and Rappaz [39] have reported the
growth of seaweed structures in DS. The di�culty on determining the growth directions
of lateral arms within the (112) plane may be due to a tendency of these arms to gain
their regular growth morphologies even if they are restrictred by the symmetry imposed
by the twin plane.

The primary trunk clearly observed along the (111) plane is also identi�ed in the �rst
row of twinned dendrites (from left to right) appearing in the transverse section presented
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in Fig. 5.7c. Also from this transverse section a single well-de�ned projection of a twinned
dendrite has been highlighted with a blue polygonal envelope in the second row of twinned
dendrites. The trunk can be easily identi�ed together with the beginning of coplanar arms
above and below the trunk. These are cut at their intersection with the observed projec-
tion. Four lateral arms, two at each side of the twin plane, can also be identi�ed, although
it is impossible to say whether they grow along 〈110〉 or 〈100〉 directions, i.e., at 45, 60 or
90 deg. from the trunk. The neighboring solid structures are rather di�cult to elucidate
with the same level of detail again because the observed transverse plane is intercecting
secondary coplanar arms.
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40 µm

Figure 5.8: 3D view of a reconstructed volume of a twinned dendrite in an Al-20wt.%Zn specimen.
A few secondary arms are indexed with their speci�c growth directions. The trace of the twin plane is
indicated with continuous white lines.

In an Al-20wt.%Zn specimen, this time studied at the SLS facility, it was possible to
partially isolate a single twinned trunk and observe the evolution of secondary coplanar
arms. The 3D view of this sample is shown in Fig. 5.8. In order to keep consistency with
the indexation of previous �gures, the twin plane and a few side arms have been indexed
in the projection. Similarly to the previous specimen, the trunk is at about 12 deg. from
G. Lateral [110] twinned and untwinned arms are clearly visible on the front whereas long
coplanar [1̄10] arms develop away from the observer. These coplanar branches give birth
to tertiary arms that are parallel to the lateral arms. Moreover, for this composition,
lateral arms are better de�ned than in the previous case, i.e., they are 〈110〉 lateral ter-
tiary arms, oriented at 60 deg. from the coplanar arm. Such di�erences between twinned
dendrites of di�erent composition are a clear indication of how the weak anisotropy of γs`
can also a�ect their overall morphology, even if it is restricted by the presence of the twin
plane.
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Figure 5.9: X-ray tomography reconstruction for the twinned-to-equiaxed transition (TET) of an Al-
6wt.%Cu specimen. From left to right, sections perpendicular and parallel to the twinned dendrites
trunk, and section parallel to the twin plane. The corresponding traces of the longitudinal sections are
indicated with red and yellow dashed lines on the transverse section.

A specimen obtained from the twinned-to-equiaxed transition region of an Al-6wt.%Cu
DS ingot was also prepared to perform X-ray tomography. Although the main idea of
choosing this specimen was to elucidate the twinned dendrite tip shape, such a study
unfortunately allowed only to better characterize the general morphology of twins in this
system, but not the details of the dendrite tip shape. Figure 5.9 shows three di�erent pro-
jections of the reconstructed volume corresponding to sections perpendicular and parallel
to the twinned dendrite trunks, and parallel to the twin plane. The light gray and white
regions correspond to the primary α-Al phase and the eutectic, respectively. The section
in Fig. 5.9a was taken taken from the bottom of the reconstructed volume. It shows on
the near right a well de�ned twin plane nearly aligned with the vertical axis of the image.
The neighboring solid is made of several equiaxed grains. In this transverse section, the
traces of the two longitudinal sections of Fig. 5.9b and c have been indicated with red and
yellow thin dashed lines, respectively. In section b), parallel to a (112) plane, the dendrite
trunk can be seen on the right. It develops well-de�ned secondary 〈110〉 lateral arms at
60. deg. from the trunk. Unlike Figs. 5.4 and 5.5, no 〈100〉 arms seem to grow in this
specimen. The small yellow arrow at the bottom of this projection indicates the trace of
the twin plane, which is perpendicular to the observed section. At the intersection of the
twinned dendrite with the equiaxed region solidi�ed above, the former simply impinged
with the equiaxed grain growing ahead, thus preventing any interpretration about its tip
shape. This was repeatedly observed in other longitudinal slices perpendicular to the
twin plane for this specimen. Within the section of Fig. 5.9c, which is parallel to the twin
plane, 〈110〉 primary trunks and coplanar arms can be clearly identifed.

In summary, twinned dendrites appear to grow in either system with a complex branch
morphology of at least six secondary arms, including two perfectly well-de�ned coplanar
arms, corresponding to 〈110〉 directions in all specimens. Sometimes, depending on the
solute content, a more intricate structure is developed: i) high solute content Al-Zn alloys
exhibit a seaweed-like structure on both sides of the twin plane (as observed for instance in
the (112) plane of Fig. 5.7); ii) in Al-Cu, 〈100〉 arms may also appear and can sometimes
dominate 〈110〉 side arms; iii) �nally, as twin planes are progressively misoriented with
respect to G, their continuity appears also to be systematically interrupted during growth.
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5.2.3 Quenched twinned dendrites

Since all previous observations were performed on DS specimens without quench, the
morphologies so far elucidated are certainly a�ected by solid state di�usion, coarsening
and coalescence. It is well known that nothing describes better a solidi�ed microstructure
than a micrograph obtained from a quenched specimen. However, as mentioned before, it
was not possible to quench twinned dendrites during their growth in a Bridgman furnace
since they would not grow, even from a twinned seed. Therefore, the DS installation was
adapted with a quenching device, as described in Sect. 3.4. In such a mold, a twinned grain
is expected to nucleate near the bottom of the cylindrical mold, then to grow through
the device of gradually reduced transverse section. At some point within the thinnest
region of this mold, a secondary cooling system allowed to quench the solidi�cation front.
Although this DS quenching device was not e�cient enough to allow a clear observation
of the twinned dendrite tip shape, some observations on the morphology of the twinned
dendrites near the quenched interface are discussed here.

The microstructure revealed after anodic oxidation of quenched twinned dendrites in
an Al-26wt.%Zn ingot solidi�ed in such an installation is shown in Fig. 5.10a. The same
longitudinal section is reproduced in Fig. 5.10b, but after etching with a diluted Keller
solution. This longitudinal section corresponds to the plane perpendicular to the twin
plane, i.e., a (112) plane. EBSD analysis showed that all the twinned and untwinned
lamellae in the projection (brown and yellow respectively in Fig. 5.10a) correspond to
a single feathery grain, although some slight misorientations can be measured between
some of the twinned dendrites. Several of these have been labeled from left to right as Ti,
with i=1,2,...7. The 〈110〉 pole �gure in Fig. 5.10c clearly indicates the twinned nature of
these structures. It was drawn from the average crystallographic orientation of the pair
of lamellae corresponding to T5.

Quenching was performed when the liquidus isotherm (Tliq = 612°C) was measured at
the level of the thermocouple TC(3), which is indicated on the left of the micrograph in
Fig. 5.10a. The liquidus isotherm is also indicated with a white dashed line. Although
the quenched interface is not perfectly �at in the micrograph, it can be clearly seen that
the transition from twinned to a quenched equiaxed structure occurs within the region
where the thermocouple is located. Near the location of TC(3) an equiaxed grain ap-
pears, partially preventing the growth of dendrites labeled T1, T2 and T3. The rest of the
twinned dendrites in this projection grow into the undercooled region with a much �ner
microstructure, comparable with that of the equiaxed grains formed during quenching.
This can be clearly observed by comparing the extent of the twin planes in Fig. 5.10a
with the transition from coarser to �ner structure in Fig. 5.10b.

By taking the temperature di�erence between thermocouples TC(2) and TC(3) on the
quenching device (see Fig. 3.7), the thermal gradient G ahead of the liquidus isotherm
was estimated to be ≈ 9.5 K cm−1. The liquidus isotherm velocity vT was 0.54 mm s−1,
which, assuming steady-state growth, corresponds to the tip velocity v∗ of a relatively
well oriented twinned dendrite (nearly parallel to G).
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Figure 5.10: Quenched microstructure of an Al-26wt.%Zn specimen produced in the DS installation
improved with a quenching device: a) after anodic oxidation; b) after Keller etching. In both microgrpahs
several twinned dendrites are labeled from left to right as Ti, where i = 1,2,...7. c) 〈110〉 pole �gure drawn
from the crystallographic orientation of T5. The location of the thermocouple controlling the temperature
on the quenching device is indicated on the left. It corresponds to the liquidus isotherm (white dashed
line) at the time of quench, as indicated by the temperature scale. The small white arrows identify some
of the regions where the untwinned lamellae extend into the twinned regions.

The mushy zone extension in this quenched specimen, about 21.2 mm, was calcu-
lated from the temperature di�erence between TC(3) and TC(2). Adapting Eqs. 2.25
and 2.26 to a square array of dendrites with the assumption that λ// ≈ λ⊥, and taking
the measured values of G and v∗, the calculated primary spacing is ≈ 630 µm, which is
larger than the spacing observed in Fig 5.10 (λ⊥ ≈ 270 µm). However, in the case of
twinned dendrites the primary spacing is not only in�uenced by the dendrite tip shape,
whose operating state (the values of the tip radius Rtip(v∗)) might be also in�uenced by
their crystallographic growth direction, its two main curvature radii being probably not
equivalent as generally assumed for regular 〈100〉 dendrites, but also by the morphology
and con�guration of secondary arms. From a more practical point of view, the disagree-
ment between measured and theoretical values can be related to the fact that in between
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the two thermocouples, the transverse section of the grain selector is reduced from 10 to
5 mm, which a�ects the solidi�cation conditions. Moreover the slightly di�erent slopes
of the cooling curves (shown in Fig. 3.8) indicate that the isotherm velocity is not steady
between TC(2) and TC(3). Another aspect to take into account is that the measured
λ⊥ is not really the distance between primary trunks, but between twin planes. There
is no certainty that actual primary trunks are being cut by the projection shown in the
micrographs of Fig. 5.10. A 3D reconstruction of this specimen will be discussed in the
next section.

The small white dashed arrows in Fig 5.10a indicate regions where the continuity of
the twin planes is interrupted by the extension of the untwinned lamellae into the twinned
regions. This phenomenon was already observed in Al-Cu alloys (see Figs. 5.4 and 5.5),
but never before in an Al-Zn specimen. For some of these regions, for instance along the
lamellae on each side of T1, it is not clear if this occurs by the growth of the untwinned
lamellae of T1 or of the left neighbor into the twinned lamellae of T1. However, for most
cases the �rst mechanism is occurring. A detail of this kind of extension event, occurring
in the dendrite labeled T5, is shown in the micrograph and corresponding 〈110〉 pole �gure
of Fig. 5.11. A lateral 〈110〉 arm having the crystallographic orientation of the untwinned
lamella extends into the twinned lamella. It is rather di�cult to say if it grows at 60 or
90 deg. (L2

u or P arm) from the trunk, given that the trunk is at about 18 deg. from
the observed projection. This shows that this extension event has occurred at a level of
a secondary (or higher order) side branch. It will be seen in the next section that these
extensions might be related to the lateral twin growth propagation.
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Figure 5.11: Micrograph and corresponding 〈110〉 pole �gure showing the extension of a lateral 〈110〉
arm of the untwinned region into the twinned region.

A detailed SEM-BSE micrograph of the region indicated with a red dashed square
in Fig. 5.10 is shown in Fig. 5.12. The 〈110〉 and 〈100〉 pole �gures on the top identify
growth directions of the primary trunk and some of the side arms appearing on the mi-
crograph. Although the microstructure is very �ne in this region, two twinned dendrites
can be clearly identi�ed. They correspond to the growth of T6 and T7. The traces of their
twin planes have been indicated with white arrows. Some continuous primary trunks are
visible in the micrograph together with well-developed lateral 〈110〉 arms. As previously
observed also in Al-Cu specimens, tertiary arms issued from lateral 〈110〉 branches evolve
at 90 deg. from these secondary arms, along a 〈100〉 direction. Only one of these ter-
tiary arms has been labeled on the micrograph, but they appear alternatively in both the
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twinned and untwinned lamellae. Such a behavior is quite interesting. It seems that the
presence of the twin plane imposes a preferred 〈110〉 growth direction, but then, far from
the twin plane, the system has a tendency to regain its growth directions i.e., growth
along 〈100〉 directions for a specimen of relatively low Zn content and the corresponding
〈hk0〉 directions in a (001) plane for higher solute Zn content alloys [39].
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Figure 5.12: Micrograph obtained with a SEM-BSE detector from the quenched region containing T5

and T6 (see Fig. 5.10). The twin planes are indicated with white dotted arrows. Lateral 〈110〉 arms are
indicated with dotted lines in the micrograph and encircled in the 〈110〉 pole �gure. A tertiary 〈100〉 arm
is also indicated in the micrograph with a dotted line and encircled in the 〈100〉 pole �gure.

5.2.4 3D assessment of quenched twinned dendrites

Several cylindrical volumes of 1 mm diameter containing the twinned dendrites shown in
Fig. 5.10 were reconstructed by X-ray tomography at the SLS beamline. A section parallel
to a (112) plane from a region near the quenched interface is shown in Fig. 5.13. Two
twinned dendrites can be identi�ed in the section. The twin planes are indicated with
small white arrows at the bottom. The section was made on the computer so that it is
precisely parallel to the left dendrite trunk whereas the trunk on the right is slightly o� by
a few microns. This shows on one hand that the twinned dendrite trunk is perfectly con-
tinuous along a relatively long distance, thus proving that the interruption of the coherent
twin plane seen before (Figs. 5.5 and 5.10) does not occur through a dendrite trunk. This
was con�rmed by looking at similar sections of various volumes reconstructed along a
vertical distance of a few millimeters in the same quenched specimen. On the other hand,
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it can be observed that for this composition, 〈110〉 side arms are better de�ned than in
the case of the Al-40wt.%Zn specimen (see Fig. 5.7).

250 µm
G

(112)

Figure 5.13: Longitudinal section parallel to a (112) plane showing a continuous twinned dendrite trunk.
The reconstructed volume was taken from the region near the quenched interface of an Al-26wt.%Zn
specimen.

In Fig. 5.14, successive sections parallel to the (111) twin planes contained in a re-
constructed volume of the DS quenched specimen are presented. In order to evidence
the distribution of primary trunks in the specimen, their traces are identi�ed with small
white ellipses in the corresponding transverse sections. This �gure put forward several
aspects of twinned dendrite growth: i) the spacing between twin planes λ⊥, is not always
characteristic of the spacing between primary trunks λ1. This is evidenced in Fig. 5.14b
where the parameters λ⊥, λ// and λ1 are indicated accordingly; ii) when looking at the
primary trunk spacing, λ// is sometimes larger than λ⊥ and sometimes smaller. As for
regular dendrites, the selection of λ1 is a very adaptive process [127, 128]. When this dis-
tance is too small, a primary trunk is eliminated by coplanar 〈110〉 arms (see for instance
Fig. 5.14b and left side of Fig. 5.14c). On the contrary, when λ// is to large, a new twinned
trunk appears (see right side of Fig. 5.14c); iii) while these competition mechanisms take
place along the twin plane quite often, lateral translation or elimination of twin planes
are rather seldom events.

5.3 Twin growth propagation

An important aspect of feathery grains growth is twin propagation. This occurs according
to two di�erent mechanisms: i) propagation of twinned dendrites along the twin plane,
and ii) multiplication of twins in the direction perpendicular to the coherent planes. These
two mechanisms are illustrated in Fig. 5.15a and b. First, an EBSD reconstructed grain
structure map of an Al-20wt.%Zn DS ingot shows the fan-like spreading of at least four
feathery grains, all nucleated in the same region at the bottom of the ingot. Then, as
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Figure 5.14: Successive sections parallel to (111) twin planes containing the primary trunks of a re-
constructed volume of the Al-26wt.%Zn DS quenched specimen. The traces of the trunks are indicated
with small white ellipses in the corresponding transverse sections. In (b), the parameters λ⊥, λ// and λ1

are indicated. The white arrows in (b) and (c) correspond to the in-plane interruption or propagation or
primary trunks.

they grow upwards, their transverse section progressively increases as well as their spacing.
Various twinned grains appear also in the near right of the EBSD micrograph, but their
twin planes are nearly parallel to the observed section. Interestingly, in the middle of the
feathers at the upper part of the micrograph, a fairly large region exhibits no alternated
lamellae, but the single structure of the untwinned lamellae of neigboring grains, as if no
lateral propagation occurred there.

In the half transverse sections of the Al-10wt.%Zn DS specimen shown in Fig 5.15b,
taken at two di�erent heights, 10 and 45 mm from the bottom, it can be seen that the
feathers propagate more easily along the twin planes. Indeed, at 10 mm the twinned grain
labeled F1 close to the center of the section has a length slightly smaller than the radius
of the cylindrical ingot, with only 5 or 6 parallel twin planes. Two other twinned grains
less developped, F2 and F3, appear on the right of this transverse section. At 45 mm,
these three grains have completely invaded the observed section by lateral propagation.
Along the twin plane, it seems that propagation is straightforward; the presence of the
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5.3. Twin growth propagation

twin plane induces the growth of a morphology that is more advantageous than that of
neighboring regular dendrites. In-plane propagation of twinned dendrites occurs simply
by coplanar twinned arms giving birth to tertiary branches that are parallel to the pri-
mary trunk.
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Figure 5.15: a) Longitudinal EBSD reconstructed map of an Al-20wt.%Zn DS ingot; b) half transverse
sections of an Al-10wt.%Zn specimen taken at 10 and 45 mm from the bottom of the ingot.

On the other hand, in order to propagate laterally a feathery grain, the nucleation
of a new stacking fault in a tertiary arm issued from a lateral or perpendicular branch
is necessary. Based on the hypothesis of Henry et al. [6] for twin propagation (see Sect.
2.2.4) and the evidences collected so far, the stacking fault must be such that the alter-
nance twinned/untwinned is respected. These authors also suggested that this condition
is ful�lled thanks to a selection mechanism in�uenced by the e�ect of convection in the
melt during twinned growth. However, this mechanism is probably insu�cient to explain
the increasing number of twin planes that multiply laterally during the growth of feathery
grains.

Based on the overlapping phenomena described in the previous section, another mech-
anism for lateral twin propagation is proposed in the following. In Figs. 5.5 and 5.10, it
was shown that one side of the twin plane systematically extended into the other side.
These discontinuities of the coherent twin plane are now further examined in a transverse
section of an Al-10wt.%Cu specimen. Figure 5.16 presents the etched surface as observed
with a SEM-SE detector, i.e., contrast essentially topographic. Besides a pore (dark re-
gion) seen on the right boundary of the micrograph, the eutectic phase appears white and
the twinned/untwinned regions in light and dark grey, respectively. The position of an
interrupted coherent twin is marked with a small arrow at the top. The straight parts
of the twin are coherent and correspond to dendrite trunks split in two parts. At some
locations identi�ed with small arrows, one side of the twinned grain extends slightly into
the other: in this case, it forms some eutectic at the twin boundary and this latter is
incoherent. The eutectic forms at such locations in a way similar to the wavy incoherent
boundaries outlining the regions where secondary arms meet.
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100 µmG

Figure 5.16: Coherent twin plane interrupted by the growth of side arms of one side into the other as
observed in a transverse section of an Al-10wt.%Cu specimen.

Although it is clearly shown that the extension of one side of the twinned dendrite
into the other disrupts the coherency of the twin plane and a�ects the solute distribu-
tion pro�le, little can be said from this transverse section about the way these extended
regions continue to evolve during growth. This is related to the complex branch mor-
phology of the twinned dendrites in the Al-Cu system. However, it is assumed that the
coherent {111} plane gets interrupted by the extension of secondary or higher order 〈110〉
or 〈100〉 branches into the opposite side. This kind of interaction between side branches
that overgrow each other to extend into another regions has been observed in 2D direc-
tional solidi�cation of organic alloys [129, 130]. The path and growth velocity of these
branches is greatly a�ected by the thermal conditions, the orientation of the dendrite and
the solutal interactions between neighboring structures [131]. In Fig. 5.10, several regions
showing these extensions were already identi�ed. Figure 5.17 magni�es the region of the
microstructure that contains T2 and the upper part of T3, just below the thermocouple
location. In the bottom of the micrograph, a 〈100〉 lateral side arm of the untwinned
region of T3 clearly extends into the twinned lamella. Its growth direction is indicated
in the 〈100〉 pole �gure on the left. Further up along the direction of G, a new pair of
lamellae, labeled T2 appears on the left. Initially, the boundary between these two newly
formed lamellae does not appear to be a coherent twin, but as growth proceeds, it be-
comes straight and coherent.

In order to further clarify this propagation mechanism, Fig. 5.18 summarizes what
has been described in the previous �gure. As seen in a section parallel to G, a twin
propagates when a branch of the untwinned lamella grows into the twinned region (or
viceversa). Both crystallographic orientations remain unchanged and it is simply a matter
of how side arms meet each other which eventually gives origin to a straight boundary.
This is probably why not each overlapping phenomena guarantees the formation of a new
coherent twin plane. The schematized transverse section presented in Fig. 5.18 describes
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Figure 5.17: Micrograph showing an extension of a 〈100〉 arm of the untwinned region into the twinned
region of the twinned dendrite labeled T3 in Fig. 5.10. This extension gives eventually origin to a new
twin plane, labelled T2. The alternance of untwinned (U) and twinned (T) lamellae is indicated in the
micrograph. The 〈100〉 direction of the arm growing at 45 deg. from the twin plane in the micrograph is
indicated in the corresponding pole �gure on the left.

in a very simpli�ed manner what appears to be the most logical sequence. The twinned
trunks have been simpli�ed to circular structures whereas side arms are ellipsoids. 〈110〉
coplanar and lateral branches evolve at 60 deg. from the trunk, slightly pointing towards
the observer, but similar reasoning can be done with 〈100〉 side arms:

1� A 〈110〉 (or sometimes 〈100〉) lateral arm of the untwinned lamella (dark gray) grows
into the twinned region (light gray), interrupting the coherency of the twin plane.

2� A 〈110〉 lateral arm grows normally in the twinned lamella from the neighboring
twinned dendrite trunk along the twin plane (it could be also from a coplanar arm).
It eventually gives origin to a tertiary arm oriented at 60 deg. from the lateral
branch, pointing towards the observer. Note that this tertiary arm is parallel with
the coplanar arms lying within the original twin plane.

3� Before the twinned region extends laterally up to the wavy-like boundary (a dashed
�S-shape� curve), the tertiary arm meets with the lateral arm (higher order branch)
of the overextended region of the untwinned lamella.

4� A twin plane forms and a new twinned trunk rises. It develop its lateral 〈110〉 arms
with the corresponding crystallographic orientations.

83



Chapter 5. Growth and Stability

G

G

1

2

3
4

UU UUTTUU

TT UUUU

TT

Figure 5.18: Schematic representation of the twin lateral propagation mechanism. In the longitu-
dinal section, parallel to G (bottom), only the lamellar sequence is drawn. In the transverse section,
perpendicular to G (top), a detailed schematic sequence of twin multiplication is described (see text).

This mechanism is to some extent a direct consequence of an increased primary trunk
spacing in a direction perpendicular to the twin planes, which then is reduced when a new
twinned dendrite trunk is formed. Certainly, it could be argued that if this mechanism
is valid, secondary arms meeting at the wavy-like boundary could also give origin to
a twin plane, with a reverted sequence on the twinned-untwinned lamellae. Such an
inversion on the lamellar sequence has never been observed. The mechanism proposed
here implies that two side branches of di�erent crystallographic orientation, but issued
from the same dendrite, meet at some point during growth and eventually generate a new
twin plane. This branching mechanism can be an alternative to the spontaneous stacking
fault formation suggested by Henry et al. [6].

5.4 Competition mechanisms

The competition mechanisms inherent to the growth of regular dendrites can be brie�y
summarized as follows [76, 131, 132]: given two converging grains A and B, where
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5.4. Competition mechanisms

〈100〉dendrites in A are fairly well aligned with G and those of B are misoriented by
a few degrees, the latter have a higher speed and thus are more undercooled. As a result,
they are stopped in their growth by the well oriented dendrites. For diverging 〈100〉 ori-
entations, both grains survive, but complex branching mechanisms in the opening space
create a grain boundary which is more or less a bisector.

G1 mm

B

A

‹110› - Grain A

‹110› - Grain B

BA

Figure 5.19: EBSD reconstructed map of a longitudinal section of an Al-40wt.%Zn DS specimen. Two
di�erently oriented grains A and B have their corresponding 〈110〉 pole �gures shown on the right, each
with a small circle indicating the trunk growth direction

Two di�erent types of competition phenomena are inherent to twinned dendrite growth:
competition among twinned dendrites only, and competition against columnar regular
dendrites. Let us consider �rst competition between twinned dendrites. It was shown in
Fig. 5.15 that in most cases, twinned dendrites grow with a divergence angle with respect
to the twin plane passing through the nucleation center. If only one twinned grain appears
in the whole ingot, it eventually invades the whole volume by in-plane and lateral expan-
sion. However, when several feathery grains exist in the same ingot, they might compete
among each other. Considering that A and B are feathery grains, in a convergence situ-
ation dendrites of B might be stopped by those of A if the latter is better oriented with
the thermal gradient. This is illustrated in Fig. 5.19, which shows an EBSD map of the
fully developed region of an Al-40wt.%Zn specimen containing two twinned grains labeled
A and B. Even though the twin planes of grain B are much misoriented with respect to
G than those of grain A, one can clearly see that they disappear momentarily and then
emerge again near the upper part of the EBSD reconstructed grain structure micrograph.
The underlaying mechanism for the survival of grain B is very similar to that leading to
the extension of one lamella into the other. Furthermore, this type of propagation is also
encountered sometimes in the growth of regular 〈100〉 dendrites [133].

On the other hand, the growth advantage of twinned dendrites over regular dendrites
is partially explained by the competition mechanism issued from the interaction between
these two structures. The micrographs shown in Fig 5.20a and b were obtained from a
transverse section (i.e. perpendicular to G) of an Al-23wt.%Zn DS ingot. They exhibit
regions where twinned and regular columnar grains have grown, respectively. In (a), rows
of twinned dendrite trunks can be clearly identi�ed: they correspond to the traces of
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nearly parallel {111} twin planes. The spacing between two successive rows λ⊥, is about
200 µm. Although the actual primary spacing could be slightly di�erent if one keeps
in mind what was discussed for Fig. 5.14, the microstructure still shows that the solute
di�usion �eld around a twinned dendrite envelope and its secondary arms exhibits an
important asymmetry. Most of the solute rejected from the growing dendrites is pushed
out to the interdendritic region, presumably even more in a direction perpendicular to
the twins, i.e., towards the wavy incoherent boundary. On the contrary, in the regular
columnar grain (Figure 5.20(b)), the dendrites appear in this transverse section as crosses
typical of 〈100〉 growth with a fairly uniform spacing λ1 ≈ 100 µm and with side arms of
fairly reduced length, as compared with those of the twinned dendrites. Solute distribution
around the dendrite envelope appears to be more symmetric.

Figure 5.20: Transverse sections of twinned (a) and regular columnar (b) grains in a DS Al-23wt.%Zn
ingot, at 90 mm from the chill.

Two main factors a�ect the interaction between the two di�erent morphologies: i)
side arms of twinned dendrites are more numerous and better developed compared to
those of regular dendrites and, due to their 〈110〉 nature, they are better oriented with
respect to G; ii) there is a strong solute gradient in the direction perpendicular to the
twin planes, as seen for instance in Fig. 5.20. The e�ect of these two factors can also
be evidenced in Fig. 5.21. A feathery grain labeled B, obtained in an Al-10wt.%Zn DS
ingot, appears on the bottom right corner of the micrograph, then rapidly evolves from
right to left, overgrowing the columnar grains labeled A. These contain very �ne regular
dendrites that grow almost parallel to G and do not develop secondary arms. The pri-
mary trunk of the twinned lamellae nearest to the columnar grain is growing at an angle
α ≈ 25 deg. from G. Since this is a converging situation, it should be expected that
dendrites from grain B are stopped by the better oriented structure of grain A, but this
is clearly not happening. This is due to the fact that the lateral arms of the twinned den-
drites reject the solute away in a direction perpendicular to the twin planes. The liquid
composition ahead of the regular dendrite tips is locally increased (i.e., local undercool-
ing decreases). Because of this, the regular dendrite tips are �rst decelerated, and then
eventually stopped. Additionally, regular dendrites being overgrown by twinned dendrites
in a converging situation where the latter are much misoriented with respect to G, indi-
cates indirectly that twinned dendrite tips grow at a lower undercooling than regular ones.

Let us now consider the micrograph shown in Fig. 5.22. It was obtained from the same
quenched specimen presented in Fig. 5.10. Near the liquidus isotherm, a 〈100〉 equiaxed
grain appears on the left of the micrograph. Most likely, it has nucleated ahead of the
twinned columnar front during solidi�cation, as can be evidenced by the evolution of side

86



5.5. Stability of twinned dendrites

2 mmG

A

B

Figure 5.21: Competition between columnar regular grains (zone labeled A) and a feathery grain (zone
labeled B).

arms along four main orthogonal directions, indicated by the small cross in the center of
the equiaxed grain. Naturally, since this grain starts to grow at a lower undercooling,
a branch growing almost perpendicular to G stops easily the right neighboring twinned
dendrite, labeled T2 (see 1 in Fig. 5.22). Due to quenching, the equiaxed grain evolves
into a rather columnar structure that competes with the neighboring twinned dendrites.
A few hundred microns up, either a new twin plane propagates from the dendrite labeled
T3 (see 2), or simply the twin plane T2 extends through the equiaxed grain by side arms
and trunks that are not visible in this section (see 3). In any case, T2 reappears at the
level of (3). The lateral arms of this twinned dendrite start to overgrow the primary
trunks of the 〈100〉 grain (see 4). These �nally meet with an equiaxed grain growing
in the quenched region. The occurrence of these phenomena clearly shows that solutal
interactions between side arms of a twin and primary 〈100〉 trunks are partially responsi-
ble of regular dendrites being easily overgrown by twins. This sequence also proves that
twinned dendrites grow in a stable manner at a lower undercooling than regular dendrites.

5.5 Stability of twinned dendrites

Along this document, it has been shown that, once they have nucleated, twinned dendrites
evolve with little or almost no restrictions. Despite this, the control of their growth con-
ditions and the investigation of their tip shape have been very di�cult to achieve. Direct
solidi�cation of twinned dendrites in a Bridgman furnace, which brings the possibility of
setting independently various parameters, was unsuccessful. Based on the idea of single
crystal growth from a well-oriented seed under the controlled conditions of a Bridgman
furnace, a procedure was developed here to investigate the stability of twinned dendrites
under conditions less favorable than those encountered in the DS experiment. As ex-
plained in Sect. 3.3, Al-Zn specimens containing twinned dendrites were �rst partially

87



Chapter 5. Growth and Stability

G

1

3

4

2

200 µm

TC(3)612.0

609.6

610.8

T (°C)

T2 T3

Figure 5.22: Competition between regular 〈100〉 and twinned 〈110〉 dendrites in a quenched Al-
26wt.%Zn specimen: 1) twinned dendrite overgrown by an equiaxed grain nucleated ahead of the colum-
nar front; 2) lateral propagation of a twin plane; 3) a twin plane appearing next to the columnar 〈110〉
structure; 4) regular 〈100〉 trunks overgrown by lateral arms of a twinned dendrite.

remelted within a Bridgman furnace, then quenched or re-solidi�ed at di�erent pulling
velocities. Since zinc is heavier than aluminum and the partition coe�cient k0 is smaller
than one, solidi�cation in a vertical thermal gradient of such alloys minimizes solutal
(and thermal) natural convection. The reduced radial thermal gradient existing in the
specimen of small diameter also diminishes natural convection.

The �rst experiment, whose results are shown in Fig. 5.23, enables the visualization of
the remelted microstructure, quenched directly after the interval (tp− t0), where t0 is the
time when the specimen is introduced into the hot zone of the furnace, and tp the time
when the specimen is pulled down into the cold zone. In the SEM-SE micrograph, the
dark and light gray areas correspond to the primary phase (α−Al) and solute enriched
interdendritic regions, respectively. The coherent twin plane survived heating for as long
as the primary phase was not completely remelted. This can be seen for the twin plane
indicated with a small arrow which extends up to the quenched solid-liquid interface,
identi�ed with an horizontal black dashed line on the SEM-SE micrograph and the EBSD
reconstructed grain structure map. The dashed �S-shape� curve at the bottom of both
images corresponds to the incoherent twin boundary. Only one pair of twinned lamellae
was present in the specimen. The neighboring structures on the side of the lamellae are
texturized as 〈100〉 grains. The 〈110〉 pole �gure shows that the twin plane was nearly
perpendicular to the observed section, with the twinned dendrite trunk fairly well aligned
with G. The quenched region above the interface exhibits a small transition from an in-
termediate to a very �ne microstructure that grows epitaxially from the partially remelted
region, with exactly the same crystallographic orientation of the light and dark gray lamel-
lae. Even though the coherent twin plane can be well identi�ed, the dendritic morphology
is now very di�cult to distinguish in the region that was partially remelted and quenched.
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Figure 5.23: SEM-SE micrograph (left), ESBD reconstructed micrograph (right) and corresponding
〈110〉 pole �gure (top) of the twinned lamellae taken from the region near the quenched interface after
partial remelting of an Al-23wt.%Zn specimen. The coherent twin plane and incoherent twin boundaries
are indicated with a small arrow and dashed �S-shape� curve, respectively. The solid-liquid interface after
remelting is identi�ed with a horizontal black dashed line.

A transverse section of this partially remelted Al-23wt.%Zn specimen was taken at
about 12 mm below the quenched interface. A SEM-BSE micrograph (i.e., intensity pro-
portional to the Z-number of the element) of this section is presented in Fig. 5.24. The
dark gray regions correspond again to the primary phase, whereas the light gray indicates
the regions that are solute-enriched. Because of the multiple di�usive mechanisms taking
place in this region of the specimen, it is di�cult to distinguish the morphology of the
solid in this transverse section, but it is clear that along the twin plane, indicated with
a small black arrow at the top of the micrograph, a thin �lm of solute-rich phase has
formed. In general, the solute enriched particles that can be observed in this micrograph
may correspond to regions where isolated liquid droplets have formed during heating.
Thus, the thermal gradient zone melting (TGZM) process occurs (see Sect. 2.3). In a
thermal gradient, such droplets tend to migrate in the direction of G but at fairly low
speed. Typically, under the present conditions, the migration velocity was estimated to
be 0.1 µm s−1, which means that within the time (tp− t0), liquid droplets have moved by
no more than 100 µm. The thin liquid �lm apparently formed within the twin plane could
be related to the shape of the dendrite tip, namely to the possibility of having a twinned
doublon as a stable growth morphology. Further discussion on this matter is presented in
the following chapter.

Since the twin plane apparently remained coherent after heating, it was considered
that a twinned solid seed was present prior to quenching. The next stage was to pull
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Figure 5.24: SEM-BSE micgrograph of a transverse section taken 12 mm below the quenched solid-
liquid interface of the Al-23wt.%Zn specimen shown in Fig. 5.23. The twin plane is indicated with a
black arrow.

down the specimen into the cold region of the Bridgman furnace at a given velocity and
try to induce the growth of a twinned structure. A typical macrostructure of a twinned Al-
23wt.%Zn specimen remelted, then re-solidi�ed at vp = 66 µm s−1, and �nally quenched
into a water bath is shown in Fig. 5.25. The di�erent zones of the sample have been iden-
ti�ed in the �gure: i) on the right, the zone of the seed specimen where partial remelting
has occurred; ii) on the left, the quenched liquid after re-growth at vp; and iii) in between,
the quenched microstructure that has formed during re-growth.

Before focusing on this last part of the specimen, let us discuss brie�y the partially
remelted part of the seed. As microsegregation occurred during DS solidi�cation, solute-
rich regions �rst melt. It should be emphasized that the solid-liquid interface during
remelting is not necessarily at equilibrium due to slow di�usion in the solid. Further-
more, the solid state transformations that can occur below the monotectoid temperature
of Al-Zn might complicate this picture. Simultaneously with remelting, back-di�usion in
the solid phase occurs, with a di�usion coe�cient Ds that is function of the local tem-
perature and composition. The associated Fourier number, 4Ds(tp − t0)/λ2

2, where λ2 is
the secondary dendrite arm spacing, is on the order of unity. This contributes to homog-
enize the composition in the solid, and therefore to slow down the remelting operation.
In regions where the liquid is continuous, the main evolution mechanism is coarsening
and di�usion. Because the temperature gradient induces a solute gradient in the liquid,
the typical di�usion distance (without convection) associated with the time (tp− t0), i.e.,√
D`(tp − t0), is typically 1 to 2 mm, which is comparable to the scale shown in Fig. 5.25.

As solute di�uses in the direction of the solute gradient G, indicated with an arrow, this
has a tendency to remelt the hot solid and to solidify the cold region. This also induces a
positive segregation in the hot region and a negative segregation in the cold one. All these
complex and interconnected phenomena lead to the various contrasts seen in Fig. 5.25, the
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dark/light regions corresponding to zinc-lean/rich regions in this SEM-BSE micrograph.
A composition pro�le measured by EDS on lines perpendicular to the thermal gradient
is shown at the top of the �gure. As can be seen, the quenched liquid has a �nominal"
composition of 23 wt.%, whereas the re-growth zone and the partially remelted zone are
slightly leaner and richer in zinc, respectively.

21.5
21.75

22
22.25
22.5
22.75

23
23.25
23.5
23.75

24

-12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 11 12

s- interface position  
after remelting

Quenched s-
interface

Partially remelted
zone

1 mm

Regrowth
zone

G

C
   

  (
w

t.%
)

d, mm

A B
C

A B C

D

D

l l

 Z
n

Figure 5.25: Macrostructure of an Al-23wt.%Zn twinned specimen partially remelted and then re-
solidi�ed at vp = 66 µm s−1. The s-` interface position at the end of remelting is identi�ed with a dashed
line, with the partially remelted region on the right and the re-grown dendrites on the left of this mark.
The quenched liquid is clearly seen on the left of the picture. A composition pro�le measured by EDS is
shown on the top with indications of a few positions (A-D) corresponding to the micrograph.

Once re-growth from the partially remelted seed starts, the actual distance of growth
does not correspond to vp(tq − tp) where tq is the quenching time after pulling down the
specimen. As a matter of fact, if C`0 is the composition of the fully liquid region at the on-
set of pulling, the solute layer that has to build up during re-growth makes the solid-liquid
front �rst recede before it destabilizes and gives dendrites growing under steady-state at
a velocity vp just below the liquidus Tliq(C`0).

Figure 5.26(a) shows an enlarged view of the transition zone between the partially
remelted seed and the re-solidi�ed region. Again, the Al-dendrites appear in dark with
the zinc-rich interdendritic regions in light. Two coherent twin-planes have been out-
lined with a straight white line, whereas the transition between remelted and re-solidi�ed
regions is marked with a dashed black line. As in the case of direct quenching after
remelting, despite the fact that the specimen temperature in this region is in between the
liquidus and solidus of the alloy, the twin planes have remained present in the partially
remelted region. The square in Fig. 5.26(a) is a region where EBSD measurements were
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Figure 5.26: (a)SEM-BSE micrograph of the longitudinal section of a twinned Al-23 wt.%Zn specimen
partially remelted and then re-solidi�ed at vp = 330 µm s−1. Two coherent twin planes in the partially
remelted seed are shown in white, whereas the transition with the re-solidi�ed part is marked by a dashed
line. (b) False grey-level reconstructed EBSD micrograph of the square region shown in (a). (c) 〈110〉
pole �gure of the twinned grain with the normal to the section placed at the center of the projection. The
coherent {111} twin plane is indicated with an arc of a circle, the three 〈110〉 directions shared between
the twinned and untwinned regions being shown with half-�lled squares. The three other 〈110〉 directions
of the dark/light grey regions in (b) are shown with �lled/open squares.

performed. The false grey-level reconstructed EBSD micrograph in (b) shows the twinned
and untwinned regions in light and dark gray, respectively. Respecting the nomenclature
that has been used so far, in the 〈110〉 pole �gure in Fig. 5.26(c), the coherent {111} twin
plane is indicated by an arc of a circle, while the three 〈110〉 directions shared by the
twinned and untwinned regions have been represented by half-�lled squares. The three
other 〈110〉 directions of these two zones of this twinned grain are represented as �lled
(for dark grey regions) and open squares (for light grey regions).

As can be seen from Fig. 5.26(b), solidi�cation at vp = 330 µm s−1 induces in this
specimen epitaxial growth from the partially remelted seed, i.e., twinned and untwinned
regions with the same crystallographic orientation as the parent zones of the seed can be
observed in the re-solidi�ed zone. However, the dark regions have clearly grown at the
expense of the light ones and moreover, the transitions between them do no longer corre-
spond to coherent twin planes. This indicates that, under the present conditions, regular
dendrites had a growth advantage over twinned morphologies, even with the pre-existence
of twinned planes.

Indeed, in Fig. 5.26(a), a regular dendritic morphology is observed within each re-
solidi�ed region issued from the twinned and untwinned parts of the seed. It should
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be noted that the same kind of result, i.e., growth of independent dendrites during re-
solidi�cation from the twinned and untwinned parts of the seed, was observed also when
the pulling speed vp was of 66 µm s−1.
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Figure 5.27: SEM-BSE micrograph of a longitudinal section of a twinned Al-23 wt.%Zn specimen
partially remelted an then re-solidi�ed at vp = 66 µm s−1, showing the re-growth region (left). On the
right, pole �gures of zones A and B showing the 〈100〉 (circles) and 〈110〉 (squares) directions of the
re-grown dendrites, with the original {111} twin plane trace of the seed (arc of circle). The highlighted
squares/circles correspond to the directions of dendrites trunks/secondary arms in each case.

The re-growth of dendrites from a twinned seed revealed quite interesting information.
Figure 5.27 shows an enlarged view of the re-growth zone of an Al-23wt.%Zn specimen
solidi�ed at vp = 66 µm s−1. The pole �gures on the right correspond to the 〈100〉 (circles)
and 〈110〉 (squares) directions of the dendritic structures in regions A and B, issued from
the untwinned (�lled symbols) and twinned parts (�lled symbols) of the seed, respectively.
While the twin relationship is still evident between these two zones, it is also clear that the
separation between them does no longer correspond to a coherent twin plane, i.e., white
vertical curved boundary going in between the two grains (indicated with a dashed black
�S-shape� curve on the top). Looking more closely at each region A and B, the growth
direction of regular dendrites can be identi�ed: the direction of the primary trunk and
secondary arms has been identi�ed by black, respectively white, lines in the micrograph.
Their orientation is highlighted in the corresponding pole �gure with a slightly bigger
square and circle(s). In both cases, it appears that the trunk of these regular dendrites
has grown along the 〈110〉 direction closest to the vertical thermal gradient, whereas sec-
ondary arms have grown along 〈100〉 directions which are seen at either 45 deg. (zone A)
or 90 deg. (zone B) from the trunks.
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Figure 5.28: EBSD grain structure reconstructed map and corresponding SEM-SE micrograph of a
region near the solid-liquid interface, identi�ed with a dashed red line, after partially remelting of an
Al-35wt.%Zn specimen. Re-growth was conducted at 66 µm s−1. A re-entrant angle is indicated at the
end of the coherency relationship of one pair of lamellae.

An interesting microstructure was obtained for an Al-35wt.%Zn specimen remelted,
then re-solidi�ed at vp = 66 µm s−1. The EBSD reconstructed grain structure map of
the region containing the interface after partial remelting, indicated with a red dashed
line, is shown in Fig. 5.28. The white dashed square in the EBSD map corresponds to
the BSE-SEM micrograph shown on the right. As in the previous cases, twins survive
heating as long as they are not completely remelted. The coherency of the twin plane
near the solid-liquid interface after remelting ends systematically with a re-entrant angle.
One of them has been indicated in the EBSD map, but it is clear that this angle varies
signi�cantly when comparing all the pairs of lamellae and it cannot be directly associ-
ated with the Young-Laplace equilibrium condition. The growth competition mechanism
installed between the two adjacent lamellae when the specimen is pulled down together
with the solidi�cation parameters imposed by the furnace greatly a�ect the shape of this
triple point at the �rst stages of re-growth. At this point, it is mainly the untwinned
lamellae (dark pink in this case) that grows ahead of the interface. However, the growing
structures reminds more of a seaweed than a dendritic pattern. In fact, the crystallo-
graphic growth directions of this solid could not be formaly determined. These grains
issued from the twinned seed are rapidly stopped by elongated equiaxed grains growing
ahead of them. Some time later, when steady-state growth is achieved, fully columnar
grains were observed in the re-growth region. A micrograph of such a region is presented
in Fig. 5.29 with its corresponding 〈210〉 pole �gure. The growth direction observed for
these regular dendrites is consistent with the observations of Gonzales and Rappaz [39]
regarding the dendrite growth directions in the Al-Zn system. Very similar results were
obtained in this binary alloy when the solidi�cation speed was increased up to 330 µm
s−1, with a much �ner microstructure.

Based on these �ndings, this section can be summarized as follows:

� The formation of twinned dendrites in aluminum alloys is not only related to the
ability to nucleate a stacking fault. Indeed, even if twinned planes are already
present in a partially remelted seed, re-growth does not induce the formation of
such morphologies. Instead, independent regular dendrites grow epitaxially from
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Figure 5.29: Micrograph of a fully developed dendritic region of the same specimen of Fig. 5.28. Dashed
lines indicate the trunk and lateral arms growth directions, also encircled in the 〈210〉 pole �gure on the
right.

the twinned and untwinned parts of the seed. They compete in the temperature
gradient as regular dendrites and form an incoherent boundary after solidi�cation.

� The propagation of the twinned morphology is not favored in the Bridgman spec-
imen because the thermal gradient and convection in the melt are greatly reduced
compared to the DS specimen. It is unlikely, however, that solely the e�ect of a
reduced G inhibits the propagation of twinned dendrites, since in the DS sample,
twin growth can occur up to nearly the top of the ingot where the thermal gradient
is comparable to that of the Bridgman furnace.

� In the re-growth region, the direction of the primary trunk of regular Al-23wt.%Zn
dendrites is 〈110〉, even though it was shown that 〈100〉 regular dendrites are ex-
pected for such compositions [39, 40]. However, it should be kept in mind that
these 〈100〉 growth directions were only observed in Al-Zn below 25wt.% when free
competition was allowed to take place among many grains of random orientation. In
the present case, re-growth was forced to take place from a twinned seed, in which
a 〈110〉 direction was nearly aligned with the thermal gradient. Furthermore, the
present composition is also close to that where regular dendrites start to deviate
from 〈100〉. It is recalled that, just above 25wt.%Zn, textured seaweeds were ob-
served [39, 40], which indicate that the solid-liquid interfacial energy anisotropy is
anyway weak. When composition is increased up to 35wt.%Zn, epitaxial growth
from the twinned seed occurs in a seaweed pattern. Clearly, under the conditions of
these experiments, the thermal gradient and the initial orientation of the seed can
strongly in�uence the growth direction of the re-grown dendrite trunks.

� Remarkably, in the low solute content alloy, secondary arms tend to grow along the
regular 〈100〉 directions.
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Chapter 5. Growth and Stability

5.6 Summary

In this chapter it was �rst shown that twinned dendrites of binary Al-alloys always grow
along 〈110〉 directions, con�rming previous observations in low solute-content multicom-
ponent Al-alloys [5, 16]. However, a complex branch morphology of 〈110〉 and 〈100〉 arms
were also observed in the alloys investigated in this work. Interestingly, metallography
and X-ray tomography analyses revealed the presence of 〈110〉 coplanar arms growing at
60 deg. from the trunk. Moreover, the presence of the twin plane seems to �x the growth
directions of twinned dendrites, but away from the trunk, higher order branches have
often a tendency to grow along their regular growth directions.

The DS installation modi�ed to quench twinned dendrites during growth was un-
successful in revealing the twinned dendrite tip shape, but several observations on the
specimen obtained with this set-up allowed to better characterize the overall morphology
of twinned dendrites. By correlating these observations with those performed in regular
DS specimens, it was found that the interactions between secondary (and higher order)
branches lead to several interesting phenomena: i) on a systematic basis, it was observed
that one side of the twinned dendrite often extends into the other side, interrupting the
coherency of the twin plane. These extensions occur only at the level of secondary or
higher order branches. Additionally, based on these extensions, a mechanism for the
lateral propagation of twin planes is proposed as an alternative to the spontaneous stack-
ing fault occurrence suggested by Henry et al. [6]. It implies that a new coherent twin
plane is formed by the interaction of two branches issued from the same twinned dendrite
but with di�erent crystallographic orientations; ii) the competition between two feathery
grains occurs in such a manner that side arms intersect each other during growth, but at
the end of solidi�cation both grains can survive; iii) the orientation of side arms of twinned
dendrites, their increased number with respect to regular dendrites, and their orientation
with respect to G, gives them a clear growth advantage. Moreover, these studies have
shown that twinned dendrite tips grow in a stable manner at a lower undercooling that
regular dendrites, thus giving them a de�nitive growth kinetic advantage.

The stability of twinned dendrites under Bridgman solidi�cation conditions was also
studied. Due principally to the absence of convection, it was not possible to nucleate a
twin in such an experiment. Furthermore, to induce growth of feathers from a partially
remelted twinned seed was also unsuccessful. Indeed, the coherency of the twin planes
is kept during partial remelting. However, upon re-growth at di�erent velocities, a reg-
ular structure issued from the twinned or untwinned lamellae of the seed is observed.
Interestingly, regular growth is strongly a�ected by the thermal gradient and the initial
crystallographic orientation of the seed, and therefore the primary trunks of regular den-
drites grow along 〈110〉 directions. Secondary arms of these dendrites tend to grow along
their regular growth directions.
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Chapter 6

Twinned dendrite tip shape

Among the various hypotheses suggested in the past for the growth advantage and mor-
phology of twinned dendrites, the formation of a groove at the tip, leading possibly to the
formation of a doublon due to the solute accumulation ahead of the re-entrant solid-liquid
interface, is the most appealing. Di�erent preliminary studies were performed in this work
in order to try to elucidate which of these hypotheses is the most probable. In the �rst
part of this chapter, the results of such studies are presented. They integrate a discussion
of the pertinent metallographic observations already described in the previous chapters
with various analyses of solute segregation performed on twinned dendrites obtained in
DS specimens. A study of several self-quenching mechanisms occurring after the impinge-
ment of a feathery grain with either an equiaxed grain or another twinned grain is also
presented here.

Although these observations indicate already interesting features of the twinned den-
drite tip, they do not allow to make a clear decision between the grooved tip and the
doublon conjecture presented in Chap. 2. Thus, a 3D phase �eld model was implemented
in order to study the growth of twinned dendrites from a numerical approach. In the
second section of this chapter, the boundary condition set in order to simulate the pres-
ence of the twin plane is �rst evaluated. This is followed by a discussion concerning the
results of the simulations relevant to the growth of twinned dendrites, including the e�ect
of di�erent solidi�cation parameters.

The �nal part of the chapter presents an assessment of the doublon morphology. In the
�rst place, observations performed on small volumes containing the dendrite trunk center,
reconstructed using the FIB-microtomography technique, are presented. Then, STEM
and EDS analyses of thin samples also obtained from regions close to the twin plane
are put into relation with the doublon hypothesis. Finally, this conjecture is reviewed
through a study of a quenched microstructure obtained after partial remelting of a twinned
specimen.

6.1 Study of microsegegation in twinned dendrites

6.1.1 General considerations

One of the arguments for the presence of doublons in feathery grains is the very anisotropic
primary trunk spacing measured by S. Henry [5] along the twin plane and perpendicular
to it, i.e., λ// � λ⊥. However, these measurements were made in industrial alloys of fairly
low composition. Indeed, under high thermal gradient, the growth conditions can be close
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Chapter 6. Twinned dendrite tip shape

to those of the cellular regime, which might therefore explain Henry's observations. In
this work, speci�cally in Sect. 5.2, it was shown that in relatively high solute content
Al-alloys, λ// is actually comparable to λ⊥. Then, a more detailed analysis of the 3D dis-
tribution of primary trunks in a quenched specimen revealed that twinned dendrites are
distributed similarly to regular dendrites (Fig. 5.14). The absence of a strong anisotropy
in the primary trunk spacing is therefore a factor that may not support the doublon con-
jecture.

Another argument put forward by S. Henry [5] to support the doublon conjecture is
the systematic misorientation between lamellae. These misorientations are responsible
for the fan-shape of feathers and could be the consequence of strong solute gradients in
a direction perpendicular to the twin planes. Such misorientations were clearly observed
in the specimens produced in this work (see Fig. 5.6).

Finally, the last argument of Henry for the formation of doublons was the solute
composition close to C0 measured through HRTEM near a coherent twin plane [5]. In
order to quantify the solute content pro�le across a coherent twin plane and con�rm the
relatively high positive segregation near the trunk center observed by S. Henry, WDS
chemical analyses were performed in a transverse section of an Al-30wt.%Zn specimen.
The optical micrograph shown in Fig. 6.1a exhibits the alignment of trunks along the
{111} twin planes. In a region close to the center of a twinned trunk (white dashed
line), 25 WDS measurements were made over a length of 50 µm along the black thick
line shown in the SEM-BSE micrograph of Fig. 6.1b. The solute pro�le measured along
this line is shown in Fig. 6.1c. From both the absence of contrast near the twin plane
evidenced in the SEM-BSE micrograph and the shape of the solute composition pro�le, it
is deduced that no strong segregation occurs near the twin plane. Furthermore, the zinc
composition has the standard shape associated with regular dendrites, i.e., near the cen-
ter of the trunk it is slightly higher than Cs, calculated with the KGT model of marginal
stability [134]1 (dashed horizontal line in Fig. 6.1c), and then increases as one moves away.

This �nding together with the homogeneity of the primary spacing measured between
twinned dendrites lead to assume that the doublon conjecture might not be valid for
high solute content aluminum alloys. However, the arguments of Henry et al. cannot
be completely ruled out since his work was mainly focused on low solute content alloys.
Moreover, two further considerations to this analysis need to be made: i) the width
of the narrow liquid channel of a doublon might be a few microns only, and ii) solute
di�usion during and especially after solidi�cation is expected to smear out the solute
gradient possibly installed in the region close to the twin plane in the dendrite trunk
center. Therefore, the resolution of the WDS could not be su�cient to reveal the small
solute-enriched regions issued from the existence of a doublon.

6.1.2 Self-quenching mechanisms

In order to evaluate the geometry of the twinned dendrite tip, various observations were
performed in regions near the end of a twin plane due to impingement of a twinned den-
drite with either a regular dendrite or another twinned dendrite issued from a di�erent

1The KGT model simply applies the criterion of marginal stability (Eq. 2.19) and the Ivantsov solution
(Eq. 2.20) to solve the mass balance at the solid-liquid interface and deduce the operating point of a regular
dendrite.
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Figure 6.1: (a) Optical micrograph of a DS Al-30wt.%Zn alloy in a cross section (Keller's etching);
(b)BSE-SEM micrograph showing the trace of the twin plane (dashed white line) and the thick black line
along which the composition pro�le (c) was measured using WDS.

grain. The former case was investigated in the Twinned-to-Equiaxed Transition (TET)
(see zone (3) in Fig. 3.3). It should be noted that under the conditions imposed in the
DS experiments this transition occurred over the last 10 mm near the top of the ingots
due to the top mold reduced insulation.

The TET region was �rst investigated through X-ray tomography in an Al-6wt.%Cu
specimen exhibiting feathers, as described in Fig. 5.9. In such specimen, it was revealed
that the twinned dendrite impinged and coalesced directly with the equiaxed grain grow-
ing ahead. This was generally observed in all Al-Cu specimens and sometimes in low
solute content Al-Zn specimens.

Instead of a TET, a few specimens exhibited the end of the twinned structure not by
the impingement with another grain, but with the overgrowth of one lamella of the twinned
dendrite by the other one, very similarly to the re-solidi�cation of partially remelted
twinned seeds. An example of such a transition is presented in Fig. 6.2a which shows an
optical micrograph of a longitudinal section of an Al-10wt.%Zn specimen. The coherent
and incoherent boundaries, revealed by the Keller etching in the optical micrograph, cre-
ate a re-entrant angle in the region where the twin plane stops and the untwinned part
(dark gray lamellae) overgrows the twinned part (light gray lamellae). This re-entrant
angle is di�erent in each pair of lamellae, similarly to the observations performed in the
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Figure 6.2: a) Optical micrograph of an Al-10wt.%Zn DS specimen; b) EBSD reconstructed grain
structure map, and c) 〈110〉 pole �gure. The coherent twin planes are indicated with small arrows in the
bottom of the micrograph and of the EBSD map. The trunk growth direction is also identi�ed in the
pole �gure. The end of the twin planes is also indicated with white arrows in both micgrographs.

partially remelted, then re-solidi�ed specimen of Fig. 5.29. The EBSD reconstructed grain
structure in Fig. 6.2b shows that the crystallographic orientation of the regular structure
above the twin planes is the same as that of the untwinned lamellae. The 〈110〉 pole �gure
on the top of the EBSD micrograph was obtained from the average crystallographic orien-
tation of the dark gray untwined (�lled symbols) and light gray twinned (empty symbols)
lamellae. The twin plane is identi�ed with a blue arc of a circle while the twinned dendrite
trunk direction is indicated with a black circle. It should be noted that the twin plane is
not perfectly perpendicular to the studied surface (about 8 deg. of misorientation). This
experimental evidence discards de�nitively the hypothesis of the edgy tip. Indeed, such a
geometry is incompatible with a re-entrant angle. However, this groove cannot be directly
related to the Young-Laplace equilibrium and is not su�cient to validate one of the two
other hypotheses.

An attempt was made to visualize the shape of the twinned dendrite tip in the
quenched Al-26wt.%Zn DS specimen. Two characteristic microstructures obtained from
the quenched region are shown in Fig. 6.3. Due to the lack of e�ciency of the quench,
the microstructure observed in these micrographs is analogous of that observed in the
TET region of DS ingots. In the twinned dendrite on the left, a trend very similar to that
observed in the specimen described in the above paragraph was observed, i.e., the twinned
lamella seems to overgrow the untwinned one before it impinges with the equiaxed grain
appearing above. In the twinned dendrite on the right of Fig. 6.3, the picture is slightly
di�erent. In this case, both lamellae impinge simultaneously with the equiaxed grain
formed above and a small groove appears at the end of the twin plane.

A study of a grooved twinned dendrite, but in this case formed at the TET region
of an Al-30wt.%Zn DS specimen (non-quenched) is shown in Figs. 6.4 and 6.5. Fig-
ure 6.4a shows a longitudinal SEM-SE micrograph of this specimen as etched with a
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20 mm 20 mmG

Figure 6.3: Optical micrographs (Barker's etching) showing two twinned dendrite tips obtained in a
Al-20wt.%Zn DS quenched specimen.

diluted Keller's solution. Although the contrast is mainly topographic, the dark and light
gray correspond to the primary phase and solute enriched interdendritic regions, respec-
tively. The twinned and equiaxed structures are also identi�ed in the micrograph. The
EBSD analysis performed on this specimen showed that twin planes are perpendicular
to the micrograph (misorientation of 5 deg. only) and that the trunk is almost perfectly
aligned with G. The topography of the observed surface also allows to clearly identify the
twin planes as black straight thin traces. They are also indicated in all the micrographs
of Fig. 6.4 by small black arrows at the bottom.

100 µm 20 µm 20 µm

a) b) c)

Equiaxed 
region

G

Twinned 
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Figure 6.4: a) SEM-SE longitudinal micrograph of the TET in an Al-30wt.%Zn DS specimen. The
twinned and equiaxed regions can be clearly identi�ed; b) detail of the region inside the white square
of (a) containing a twinned dendrite that has a small re-entrant angle at the tip; c) detail of another
twinned dendrite tip within the same specimen. The re-entrant angle in this case is asymmetric with
respect to the twin plane. Small white arrows indicate the solute enriched areas above the grooved tips.
In the three micrographs, the coherent twin plane is indicated at the bottom with a small black arrow
pointing along the growth direction.

The region inside the white square of Fig. 6.4a is magni�ed in Fig. 6.4b. The twinned
dendrite is covered by a well-de�ned solute-rich layer and the tip exhibits a slightly grooved
shape. As in the Al-10wt.%Zn specimen presented above, this groove or re-entrant an-
gle appears in most ot the twinned specimens, but its magnitude can vary considerably.
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Chapter 6. Twinned dendrite tip shape

Another twinned dendrite from the same specimen is shown in Fig. 6.4c. This has also
a re-entrant angle but the perfect symmetry with respect to the twin plane is broken
near the tip, and the untwinned lamella appears slightly ahead of the other one. What is
common to both dendrites of Fig. 6.4b and c is the presence of a solute enriched region,
indicated with small white arrows, appearing just ahead of the groove. EDS analyses
revealed that such regions have an average composition ≈ 40wt.%Zn. They appear as a
well-de�ned phase that forms after a solid state transformation occuring in between 350
and 288°C, according to the Al-Zn phase diagram (see Fig. 3.1). Interestingly, in the
micrographs of Figs. 6.4b and c, it seems that the twin plane had a small divergence angle
separating the two lamellae, but it is di�cult to draw any conclusion from this apparent
separation.

A more detailed view of the twinned dendrite tip of Fig. 6.4b is presented in Fig. 6.5a.
The 〈110〉 pole �gure on the top shows that the twinned dendrite trunk is contained within
the observed surface. Since the micrograph was obtained with a SEM-BSE detector, the
gray contrast is directly related to the composition i.e., dark gray regions correspond to
the primary phase and light regions to the Zn-rich secondary phase. The twin plane ap-
pears as a thick black straight boundary. The precipitate region ahead of the twinned
dendrite is made of a matrix of primary phase and small Zn-rich light elongated particles.
Chemical EDS measurements were performed in this section in directions parallel (A) and
perpendicular (B) to the twin plane. It should be noted that the composition pro�le A
was measured at about 2 µm at the right of the twin plane whereas the composition pro-
�le B was measured in the specimen at about 50 µm below the bottom of the micrograph.
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Figure 6.5: a) SEM-BSE micrograph of a twinned dendrite tip at the TET region of an Al-30wt.%Zn
specimen. The 〈110〉 pole �gure indicates the orientation of the twin plane and the growth direction of
the twinned dendrite trunk. The arrow A indicate the lines along which the corresponding composition
pro�le was measured using EDS; b) Measured composition pro�les (B is the pro�le perpendicular to the
twin plane).

In Fig. 6.5b the composition pro�le across the twin plane (B) reveals that there is no
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6.1. Study of microsegegation in twinned dendrites

positive segregation close to the dendrite trunk center. On the other hand, the compo-
sition pro�le along the twin plane (A) revealed that as the tip is approached there is a
slight solute content increase in the primary phase. It should be noted that due to the size
of the interaction volume inherent to EDS measurements, this result might be a�ected by
the precipitate ahead of the groove. Besides, although the twin plane is nearly perpendic-
ular to the observed surface, there is no certainty on where the dendrite trunk is cut by
the micrograph shown in Fig. 6.5a. However, it is very interesting that the composition
pro�le exhibits an oscillatory behavior with well-de�ned peaks a few percents higher than
Cs (solid composition calculated with the KGT model), which intensify as the end of the
twin plane is reached. Note that the spacing between the peaks is about ≈ 3 µm. It will
be seen later in this chapter (Sect. 6.3.1) that these composition peaks might be related
to the presence of small Zn-rich particles aligned within the twin plane.
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Figure 6.6: a) EBSD grain structure reconstructed map of an Al-35wt.%Zn specimen (false colors
correspond to the Euler angles triplet). The 〈110〉 pole �gure on the top corresponds to the average
crystallographic orientation of the lamellae of grain A; b) SEM-BSE micrograph from the region inside
the white square in the EBSD micrograph. The corresponding grains are also identi�ed. Note that the
twin planes are well-de�ned straight black boundaries. Composition measurements were performed using
EDS along the white dashed arrow; c) composition pro�le along the twin plane. The locations of peaks
I and II are indicated in the SEM-BSE micrograph.

Another interesting microstructure was observed in an Al-35wt.%Zn specimen par-
tially remelted in a Bridgman furnace. Note that this ingot was re-solidi�ed at a pulling
velocity vp = 66 µm s−1, but the region of interest for this study is located at about
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20 mm below the solid-liquid interface after partial remelting. The corresponding EBSD
reconstructed grain structure and SEM-BSE micrographs are shown in Fig. 6.6a and b.
Two grains, A and B can be identi�ed in both micrographs. These were prepared from a
section containing the trunk growth direction of grain A (at about 30 deg. from G). In
the 〈110〉 pole �gure, the trunk growth direction and the position of G are both indicated.
The twin plane, identi�ed with a blue arc of a circle in the pole �gure, is cut at an angle of
about 82 deg. by the section. The twin planes of grain B are nearly parallel to the plane
of the micrographs and cut the section along traces which are at about 20 deg. from the
horizontal.

In the SEM-BSE micrograph, the black straight vertical boundary that corresponds
to the twin plane of a pair of lamella of grain A ends at about 40 µm below the inter-
granular boundary, i.e., region labeled I in the micrograph and corresponding to the �rst
peak in the composition pro�le shown in Fig. 6.6c. However, according to the EBSD
measurements, the extension of the coherent {111} twin plane reaches the solute-rich re-
gion induced by the impingement of grain A with the side arms of grain B, i.e., region
labeled II in the micrograph. It should be noted that dark and light regions are lean and
rich in Zn content, respectively. The intergranular boundary has an average composition
CZn ≈ 62wt.%. The micrograph in Fig. 6.6b shows that the tip of the twinned dendrite of
grain A ends with a small groove when it impinges grain B. Composition measurements
were performed in a section perpendicular to the twinned dendrite trunks inside of grain A
in a region of the specimen located 5 mm below the bottom part of the EBSD micrograph.
The result is a homogenous composition of 33wt.%Zn along a 10 µm line crossing the twin
plane. This composition is only 2wt.% lower than the nominal composition of the speci-
men. The same type of measurement was performed on a twinned DS specimen that was
not introduced into the Bridgman furnace for remetling. The composition pro�le accross
a twinned dendrite trunk was also almost �at along 10 µm containing the twin plane, but
with an average composition of 28wt.%Zn, which is only 2wt.%Zn higher than Cs (solid
composition calculated with the KGT model). In fact, since the region containing the
intersection of grains A and B was only 2 cm below the solid-liquid interface after partial
remelting, the calculated temperature �eld for such experiment predicts that the associ-
ated temperature is about 500°C. Taking the solid di�usion coe�cient Ds ≈ 10−13 m2 s−1

and the time interval during which the specimen remained in the furnace at that temper-
ature (10 min.), the corresponding di�usion length is ≈ 25 µm. This length is comparable
with the diameter of the twinned dendrite trunk and therefore explains the solute distri-
bution homogeneization observed in the partially remelted specimen.

The composition pro�le along the twin plane, presented in Fig. 6.6c, shows on the
contrary a slight positive slope as the intergranular boundary is approached. The two
peaks labeled I and II in the plot correspond to the measured spots located at 40 µm
below the intergranular region and at the boundary itself, respectively.

These �ndings seems to con�rm the existence of a groove at the twinned dendrite tip
whose depth is still not well determined. Depending on the type of self-quenching phe-
nomena associated with the presence of the groove, i.e., impingement at the TET region
or with another twinned grain, and also on the thermal conditions during solidi�cation,
the geometry of this small cusp is di�erent. No positive segregation has been measured
in regions near the dendrite trunk center, but a slight increase in solute content near the
tip of twinned dendrites could be associated with the presence of a narrow doublon which
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solidi�es rapidly during quenching or self-quenching.

6.2 Phase �eld modeling of twinned dendrite growth

A numerical approach was undertaken in order to further study the stable growth mor-
phology of twinned dendrites. The phase �eld model introduced in Sect. 2.4.2 was im-
plemented in a cluster of parallel computers. As mentioned in Sect. 3.6.2, an isotropic
wetting condition is imposed in the yz plane through an angle θ′ measured in the solid.
This plane corresponds to the (111̄) twin plane. For all the simulations performed in
this work, a quarter of a spherical nucleus of a dendrite that should grow along 〈110〉
directions, i.e., a1 = a3 = 0, a2 = −0.0172 in Eq. 2.33, is located at the bottom-right
corner of a 3D domain with an initial undercooling of ∆T = 5 K. In all cases, the cell size
∆x = 0.1 µm, and the time step ∆t = 5 × 10−7 s. Table III summarizes the solidi�cation
conditions and the simulation parameters particular for each �gure that is going to be
discussed in the present section. Note that C0 is the initial composition of the alloy, k0

is the partition coe�cient, G is the thermal gradient, α is the angle between G and the
vertical axis of the domain, measured in the xy plane, Ṫ is the cooling rate, vT = |Ṫ |/G is
the isotherm velocity, t is the simulated time, and tCPU is the CPU time. The number of
processors (# Proc.) used for each calculation is also speci�ed in Table III. It is reminded
also that m` = -3.57 K/at.% is the liquidus slope of the linearized phase diagram used
for these calculations.

Table III

Solidi�cation conditions and simulation parameters
Fig. Domain C0 k0 G Ṫ vT t tCPU # Proc.

- (µm3) (at.%) - (K m−1) (K s−1) (mm s−1) (s) (h) -
6.7 30×60×30 9 0.375 1×105 -50 0.5 0.11 52 64
6.8 10×40×2 9 0.375 1×105 -70 0.7 0.11 1.3 16
6.9 30×100×30 9 0.375 1×105 -70 0.7 0.104 92 64
6.10 30×140×34 9 0.375 1×105 -70 0.7 0.152 192 64
6.10 30×140×34 4 0.5 1×105 -70 0.7 0.152 192 64
6.12 30×140×34 4 0.5 1×105 -70 0.7 0.152 192 64
6.16 30×100×34 4 0.5 1×105 -70 0.7 0.08 71 64
6.17 30×100×34 4 0.5 1×105 -10 0.1 0.296 261 64

To make a quantitative assessment of the morphologies obtained with the present
model, a comparison of 3D simulations was performed with and without including the so-
lute anti-trapping current term j in Eq. 2.45. The conditions selected for this computation
are indicated in Table III. For this preliminary study, a wetting condition θ′ = 90 deg. is
imposed, i.e., growth of a regular 〈110〉 dendrite is expected.

The 3D views of the composition distribution pro�les after 0.11 s of simulation are
shown in Fig. 6.7a and b for j = 0, and j 6= 0, respectively. When comparing the position
of the 〈110〉 dendrite tips as indicated by the composition �eld, it can be seen that
the solid evolves at a slightly lower undercooling if the anti-trapping term is neglected.
Indeed, the associated tip undercooling ∆Ttip at the end of these calculations is 5.26 and
5.66 K for j = 0, and j 6= 0, respectively. By taking the minimum and maximum values
of composition C along the solid-liquid interface at the dendrite tip (see Fig. 2.14), the
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Figure 6.7: 3D views of the composition pro�le in the (111) and (112) planes after 0.11 s of simulation,
a) for j = 0, and b) for j 6= 0. Domain is 30×60×30 µm3, vT = |Ṫ |/G = 0.5 mm s−1, ∆T = 5 K,
θ′ = 90 deg.

average partition coe�cient k∗0 = 0.404 when j = 0. This is about 6.6% larger than
the value introduced into the model with the properties of the alloy. On the contrary,
when including the anti-trapping current term, k∗0 = 0.383, only 2.1% above k0. The
corresponding instantaneous dendrite tip velocities, calculated from the length covered
by the dendrite during ∆t = 0.01 s are 0.52 mm s−1 and 0.47 mm s−1, respectively, thus
very close to the imposed solidi�cation velocity vs ≈ vT = 0.5 mm s−1.

6.2.1 E�ect of wetting condition

To evaluate �rst the e�ect of the wetting angle on the dendrite morphology, 2D simula-
tions2 were performed in the xy plane of Fig. 3.12 (also identi�ed as the (112) plane). In
this case, the direction of G is perfectly aligned with the vertical axis (α = 0). Figure 6.8
shows the isovalue φ = 0.5 after 0.11 s for di�erent wetting conditions on the vertical-right
twin boundary: θ′ = 90, 92.3, 93.5, 94.6, 99.4, 108.9 deg. As solidi�cation proceeds, it
can be seen that the dendrite tip tends to grow away (split) from the twin plane when a
wetting angle θ′ > 90 deg. is imposed. First, a small groove is formed due to the wetting
condition. Then, solute pile-up ahead of the groove decelerates its growth, and �nally, the
dendrite tip eventually splits away from the boundary. As the wetting angle increases, tip
splitting occurs earlier and since the detached tip evolves freely away from the boundary,
it grows slightly faster. Such a behaviour has already been observed by Niederberger et
al. under isothermal conditions for a dendrite growing in thin coatings [135]. In between
the solid and the twin boundary, a narrow solute-enriched liquid region remains. Due to
the restriction of the 2D geometry, solute is not allowed to segregate along the third axis
of the domain. Therefore, it could be argued that splitting of the solid tip away from the
boundary is related to this restriction.

2Note that calculations are actually performed in a 3D domain reduced to a layer of only 2 cells along
the z axis. The nucleus at the onset of the calculation has a cylindrical geometry, instead of spherical.

106



6.2. Phase field modeling of twinned dendrite growth

Calculation 
onset

108.9
99.4

94.6

93.5

92.3

90

q´ 

s

(112)

x

y G

l

Figure 6.8: E�ect of wetting angle on dendrite tip morphology in two dimensions. Dendrite tip splits
earlier from the twin boundary as θ′ is increased. Domain is 10×40 µm2 (only 30 µm along the vertical
axis are shown), t = 0.11 s, vT = |Ṫ |/G = 0.7 mm s−1, ∆T = 5 K, C0 = 9at.%Zn. The line contours
represent the isovalues φ = 0.5.
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Figure 6.9: a) 3D view of an isosurface (φ = 0.5) showing the evolution of the phase variable after 0.104
s of simulation when a wetting condition (θ′ = 100 deg.) is imposed; b) 3D projection of the composition
distribution pro�le in the (112) and (111̄) planes. The observed domain is 30×50×30 µm3, t = 0.104 s,
vT = |Ṫ |/G = 0.7 mm s−1, ∆T = 5 K, C0 = 9at.%Zn.

The extension of this situation to 3D is shown in Fig. 6.9. The conditions are the same
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Chapter 6. Twinned dendrite tip shape

as in the 2D case, but the wetting angle has been �xed to θ′ = 100 deg. The simulation
domain was 30×100×30 µm3, but only the bottom half of the entire domain is shown in
the two 3D views of Fig. 6.9. In Fig. 6.9a, the blue surface corresponds to the isovalue
φ = 0.5 after 0.104 s of growth. The solid attached to the twin and (112) boundaries
can be clearly identi�ed in the �gure as red �elds (φ = 1). The liquid remains as the
transparent media. As solute rejection can occur also in the third dimension in 3D, the
dendrite tip grows faster as compared with the 2D case, with the following consequences:
i) for the same wetting angle, the solid grows away (splits) from the twin boundary at
an earlier stage in 3D; ii) the width of the liquid channel near the twin boundary, on the
order of 0.5-2 µm, depends on the depth of the groove and is reduced by about 25% when
solute di�usion can occur also parallel to the twin boundary in 3D; iii) the small groove at
the begining of the calculation evolves rapidly into a doublon morphology. The dendrite
tip instantaneous velocity vdtip , calculated from the length covered by the dendrite during
∆t = 0.008 s, is 0.7 mm s−1. It varies slightly around this value (± 0.02 mm s−1) within
the next time intervals but it can be assumed that the dendrite tip has reached the im-
posed solidi�cation velocity (vT = 0.7 mm s−1), i.e., steady-state. However, the doublon
root is still not growing at the same velocity and thus the overal morphology cannot be
considered as steady.

The solute composition �eld within the (112) and the (111̄) planes after 0.104 s of
growth is shown in Fig. 6.9b. It can be seen clearly that there is a positive segregation
pattern within the liquid phase along the twin plane. This is simply due to the accumu-
lation of solute around the growing side arms and also within the liquid channel of the
doublon.

6.2.2 Growth kinetics

The main problem that arises from the simulations presented above is that the dendrite
tip reaches the imposed solidi�cation velocity vs ≈ vT , but not the root of the doublon.
Steady-state growth will be reached when the tip and root of the doublon grow at the
same velocity. This could occur when the composition of the liquid at the root of the
doublon is close to C0/k0, i.e., solid composition equal to C0. In order to reduce the nec-
essary simulation time and domain size to reach this condition, besides the enhancement
of G (one order of magnitude higher than in the experiments), the initial liquid composi-
tion was decreased to C0 = 4at.%Zn and the partition coe�cient was increased to k0 = 0.5.

Figure 6.10 presents an analysis of the growth velocity of regular (θ′ = 0 deg.) and
twinned (θ′ = 100 deg.) 〈110〉 dendrites as a function of time for di�erent alloys. The
thermal gradient for these simulations is aligned with the vertical axis (α = 0). In the
graph, empty and �lled symbols correspond to an Al-9at.%Zn alloy with k0 = 0.375 and
an Al-4at.%Zn alloy with k0 = 0.5, respectively. The doublon tip and root growth veloci-
ties, vdtip and vdroot , are plotted with triangles and squares, respectively. The regular 〈110〉
dendrite tip growth velocity vtip is represented by circles. The �rst observation that can
be made on this graph is that, for each alloy, the curves of the dendrite and doublon tip
velocities are superimposed, thus vtip ≈ vdtip during almost the entire calculation. Only
during the few �rst time steps does the doublon tip lag slightly behind the regular tip
before they both reach the imposed solidi�cation velocity, vs = 0.7 mm s−1. It can be also
observed that vdtip and vtip reach vs faster when the corresponding alloy has a narrower
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6.2. Phase field modeling of twinned dendrite growth

solidi�cation interval. However, for the two alloys, the doublon root evolves very slowly;
while the doublon root of the Al-9at.%Zn alloy reaches a relatively constant growth ve-
locity (vdroot ≈ 0.045mm s −1), that of the Al-4at.%Zn alloy decreases down to zero and
then varies in between this value and 0.025 mm s−1.

For doublons in both alloys, the di�erent tip and root velocities imply that the depth
of the liquid channel is being continuously increased. Given the growth velocities at time
t = 0.152 s, for instance in the case of the Al-4wt.%Zn alloy, the depth of the doublon
should be ≈ 100 µm, but it is less due to the transient period. On the other hand, if
it is expected that the doublon root reaches a composition close to C0/k0 in order to
satisfy that vdroot = vT , solidi�cation must proceed for as long as ≈ 140 µm, which is the
corresponding length of the mushy zone under the thermal conditions imposed. For the
present simulations, this is in fact the size of the simulation domain along the y axis. This
analysis clearly shows that even by reducing the solidi�cation intervale it is still necessary
to increase the time, and enlarge the simulation domain, in order to obtain fully stable
growth of the doublon morphology. Nevertheless, as it will be seen in the following para-
graphs, further examination of these simulations allows to obtain interesting information
on the twinned dendrite growth kinetics.
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Figure 6.10: Comparison of the growth velocities of regular and doublon-like 〈110〉 dendrites for two
di�erent alloys: Al-9at.%Zn with k0 = 0.375 (empty symbols) and Al-4at.%Zn with k0 = 0.5 (�lled
symbols).

Depending on the alloy, the tip growth undercoolings for regular and twinned dendrites
∆Ttip and ∆T dtip , respectively, evolve during time and tend to reach also steady-state.
This can be observed in Fig. 6.11. First, let us consider the Al-9wt.%Zn alloy. The tip
growth undercoolings of both types of morphologies increase from the initial undercooling
(∆T = 5 K) and reach a maximum at about 0.96 s. Then both values smoothly decrease.
The regular dendrite reaches a growth undercooling ∆Ttip = 6.46 K at time t = 0.152 s.
At this time there is a very small di�erence (∆Ttip−∆T dtip) = 0.03 K, and both curves are
getting close to each other. On the other hand, in the case of the Al-4wt.%Zn alloy, the
regular and twinned tips growth undercoolings exhibit a minimum at 0.032 s and then
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Chapter 6. Twinned dendrite tip shape

stabilize at fairly constant values. At time t = 0.152 s, ∆Ttip = 4.08 K. However, as
can be seen in the corresponding curves in Fig. 6.11, these intersect each other at time
t = 0.072 s, and therefore the doublon grows afterwards at a slightly lower undercooling
than the regular dendrite, (∆Ttip −∆T dtip) = -0.03 K
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Figure 6.11: Comparison of growth tip undercoolings of regular and doublon-like 〈110〉 dendrites of
two di�erent alloys: Al-9at.%Zn with k0 = 0.375 (empty symbols) and Al-4at.%Zn with k0 = 0.5 (�lled
symbols).

Let us now take a look in more detail to the simulation concerning the twinned den-
drite of the Al-4at.%Zn alloy. Figure 6.12a and b shows two views of the composition
�elds of the (112) plane containing the dendrite trunk. The image in Fig. 6.12a was taken
after 0.152 s of calculation. The width of the doublon goes from ≈ 3 µm near the tip
down to ≈ 0.2 µm at the root. The most interesting aspect of this view is that, below
the apparent root of the doublon, small solute-enriched liquid regions are gradually sur-
rounded by the solid phase, �rst from the side of the (112) plane, then also from the side
of the twin plane. A slightly magni�ed picture of this simulation at time t = 0.088 s is
shown in Fig. 6.12b. It corresponds to the instant when a �srt solute-rich liquid droplet
has been surrounded by the solid in the (112) plane. This event corresponds to the partial
coalescence of the twinned and untwinned regions of the dendrite [136]. It is poorly re-
produced here for two reasons: i) imposing a wetting angle instead of using a multiphase
�eld approach [104] may bias the results, ii) coalescence is very much in�uenced by the
thickness of the di�use interface (≈ 1 µm) and the mesh size. Within the simulated time
frame, the depth of the liquid channel is slightly reduced as the small liquid regions get
trapped below the doublon root. The linearized phase diagram on the right of Fig. 6.12b
shows a schematic view of the corresponding equilibrium compositions C∗s and C∗` at the
solid-liquid interface at the dendrite tip, and the liquid compositions at the doublon root
Cd
` , and in the liquid pocket formed below Cp

` .

The mechanism associated with the formation of these small liquid pockets is illus-
trated in Fig. 6.13. Three 3D projections of the composition distribution near the doublon
root in the (112) and (111̄) planes at times t = 0.072, 0.096 and 0.112 s are shown. During
solidi�cation of this region, the solute rejected at the solid-liquid interface piles-up just
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Figure 6.12: a) Solute distribution map in the (112) plane after 0.152 s of simulation. The liquid
channel width is reduced from ≈ 3 µm near the tip down to ≈ 0.2 µm at the doublon root. Small liquid
pockets form below the doublon root; b) detail of the composition distribution pro�le after 0.088 s of
simulation. The corresponding equilibrium compositions at the interface of the tip, the doublon root and
the liquid pocket are shown schematically in the linearized phase diagram on the right. The domain of this
simulation is 30×140×34µm3, vT = |Ṫ |/G = 0.7 mm s−1, ∆T = 5 K, θ′ = 100 deg, and C0 = 4at.%Zn

ahead of the root, but it is also di�used along the twin plane. Simultaneously, lateral
growth of the solid reduces the width of the doublon all along the liquid channel, but
the equilibrium at the doublon root imposed by the wetting condition ensures a negative
curvature of the solid-liquid interface on the side of the (112) plane, and therefore a solute-
rich liquid region remains. This combined e�ects create a slight solute depletion at about
2 µm above the root, as indicated in Fig. 6.13a. The solute-rich region at the doublon
root is indicated with a dashed ellipsoid. Since 2γs` > γt, when the width of the doublon
near the solute depleted region is comparable to the thickness of the di�use solid-liquid
interface, the solid coalesces at the boundary (symmetry condition) at the solute depleted
region (see Fig. 6.13b). While this happens, the solid attached to the twin boundary in
the doublon root grows and gradually surrounds the small liquid region until it forms a
small pocket. This can be observed in Fig. 6.13c. A few microns above the liquid pocket,
the same mechanism starts to take place again. The small white arrows in Fig.6.13a and
c indicate how the solid will surround periodically the solute-rich region formed at the
doublon root. It should also be noted from this simulation that, in the solid, there is a
negative solute gradient Gc, measured from the twin plane, in a direction parallel to the
(112) plane, as indicated in Fig. 6.13c.

The periodic formation of solute-enriched regions (or liquid pockets) below the dou-
blon root can also be observed in Fig. 6.14. A 3D view of the phase �eld computation near
the region containing the doublon root is shown. The liquid is transparent and the blue
isosurface corresponds to the value φ = 0.5, whereas the solid attached to the boundaries
of the domain appears in red (φ = 1). Only one completely closed liquid pocket appears
at the bottom, then two small solute-enriched regions partially surrounded by the solid
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Figure 6.13: Detailed 3D view of the doublon root at di�erent times t = 0.072 s (a), 0.096 s (b) and
0.112 s (c). The corresponding (112) and (111̄) planes are indicated (see text for description).

appear periodically at intervals of a few microns. The diameter of these closed liquid
pockets after 0.152 s of simulation is about 0.5 µm. It should be noted that the in-plane
〈110〉 secondary arm also splits away from the twin boundary after some growth distance
and then develops tertiary arms parallel to the primary trunk.

The graph on Fig. 6.15 plots the evolution of the liquid pocket composition Cp
` . Two

important points are indicated in the plot: i) the time corresponding to the closure of the
doublon in the (112) plane; and ii) the time of complete closure. The composition reaches
a maximum at 0.14 s (Cp

` = 7.25at.%Zn) then rapidly decreases as it gradually solidi�es
due to back di�usion. It should be noted that the maximum value of Cp

` is below C0/k0,
the maximum liquid composition given by the linearized equilibrium phase diagram.

112



6.2. Phase field modeling of twinned dendrite growth

10 µmG

xz

y

Phase

10 µm

(112)

1.0

0.75

(112)

0.5
10 µm

G

z x

y
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to φ = 0.5; the liquid is transparent while the solid attached to the boundaries is red.
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Figure 6.15: Evolution of the liquid composition of a liquid pocket Cp
` during the calculation.

The mechanisms underlying the reduction of the width of the doublon and the enclosed
liquid pockets observed in these simulations can be put into relation with the experimental
observations that were discussed in the �rst section of this chapter. Indeed, the width of
the doublon is very small and the associated segregation in this region seems to be less
important than initially thought, i.e., the liquid pool composition at the deepest location
of the liquid channel, and the composition of the liquid pocket as well, is smaller than
C0/k0 . This reduced segregation is associated with liquid di�usion in the third dimension
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parallel to the twin plane, and to solid state di�usion perpendicular to the twin plane.
The resolution of both EDS and WDS measurements might not be enough to resolve the
presence of the slightly solute enriched regions that have been already smeared out by
di�usive processes. On the other hand, the systematic formation of liquid pockets could be
related to the small periodic variations observed in the composition pro�le measured along
the twin plane at the TET region (see Fig. 6.5). Remarkably, the spacing between the
peaks in the composition pro�le is comparable with the distance between liquid pockets.
Nevertheless, it can be seen for instance in Fig. 6.12a that, near the dendrite tip, the width
of the liquid channel is relatively large. It could be expected that a quenching experiment
reveal this feature, but unfortunately such a geometry of the twinned dendrite tip was
never observed in the quenched microstructures presented in Sect. 5.2.3. Therefore, the
results of these simulations should be taken carefully before any �nal conclusion can be
drawn.

6.2.3 E�ect of solidi�cation parameters

So far, it has been assumed in the model that the twinned dendrite trunk grows along
a 〈110〉 direction perfectly aligned with G. In actual microstructures, twinned dendrites
can have a large misorientation with respect to G. Furthermore, the thermal conditions
for the calculations shown before, namely G and Ṫ , were set in order to comply with the
isotherms velocity vT measured in the early stages of solidi�cation of the DS ingots. How-
ever, these parameters decrease drastically within the �rst few millimeters of the ingot
(see Fig. 3.4). Therefore, it is also interesting to simulate twinned dendrite growth under
di�erent solidi�cation conditions. In order to reach steady-state growth more rapidly, the
simulations were performed for the Al-4at.%Zn alloy with k0 = 0.5.
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Figure 6.16: E�ect of the direction of the thermal gradient G: a) α = 0 deg., and b) α = 20 deg,
after 0.072 s of simulation. Note that α is measured from the vertical axis in the (112) plane. The
calculation domain is 30×100×34 µm3, but only the �rst 70 µm along the y axis are shown, vT = |Ṫ |/G
= 0.7 mm s−1, ∆T = 5 K, θ′ = 100 deg.

The e�ect of the direction of G was studied for two values of α, the angle between
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6.2. Phase field modeling of twinned dendrite growth

the thermal gradient and the vertical axis of the domain, measured in the xy plane. In
Fig. 6.16a and b, 3D views of a quarter of these dendrites are shown for α = 0 and
20 deg., respectively. The composition �elds after 0.072 s of growth (vT = 0.7 mm s−1)
are reproduced. Comparing the two pictures, it can be seen that while the liquid channel
in the doublon growing parallel to G is still fully open, that of the misoriented twinned
dendrite already shows a partially closed liquid pocket (arrow in Fig. 6.16b). The growth
undercooling of the twinned dendrite tips ∆Ttip is 4.05 and 4.30 K when α = 0 and
20 deg., respectively. In each volume shown in Fig. 6.16 a white dashed line parallel to
the liquidus isotherm has been drawn. The undercooling at the root of the doublon in
the well-oriented and misoriented twinned dendrites is 8.38 and 8.18 K, respectively, and
that of the liquid pocket is 8.52 K. This behavior lead to the following statements: i)
independently of its orientation with respect to G, as the doublon liquid channel gets
periodically closed, the open root of the doublon is suddenly a few microns ahead and
therefore grows naturally at a lower undercooling, i.e., its composition remains far below
C0/k0; ii) since the misoriented structure grows at a higher undercooling (at steady state
vtip = vT/ cosα), the liquid pockets are formed earlier and the depth of the doublon is
reduced.
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Figure 6.17: E�ect of a reduced solidi�cation speed. Composition �elds after a) 0.08 s, b) 0.16 s and
c) 0.296 s of simulation. The domain size was 30×100×30 µm3, but only the bottom half is shown,
(vT = |Ṫ |/G = 0.1 mm s−1, ∆T = 5 K, θ =100 deg)

Let us now consider the e�ect of reducing the imposed steady-state solidi�cation ve-
locity vT . This was made by using the same initial undercooling, wetting condition and
thermal gradient of the previous case, but imposing a cooling rate |Ṫ | = -10 K s−1 only.
The thermal gradient is perfectly aligned with the vertical axis of the simulation domain.
3D views of the resulting composition �elds after 0.08, 0.16 and 0.296 s of simulation are
presented in Fig. 6.17. At the beginning of the calculation, the depth of the doublon is
increased due to the solute pile-up near the root (see Fig. 6.17a). However, at a time
t = 0.16 s (Fig. 6.17b), the distance between the tip and the doublon has been consider-
ably reduced. Although steady-state is still not yet reached for the tip (vdtip ≈ 0.5vT ) at
time t = 0.296 s, it appears that the root of the doublon is moving at the same velocity of
the tip (see Fig. 6.17c). This is due to the fact that more time is left for sideway di�usion,
i.e., the composition near the root of the doublon is now much further away from C0/k0.
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This could explain why twinned dendrites loose their growth advantage when the growth
rate is decreased, as observed at the TET region of DS specimens and the regrowth stage
of the partially remelted twinned seeds.

The combined results of these simulations clearly support the conjecture of a doublon
for the stable growth morphology of twinned dendrites. Depending on the imposed so-
lidi�cation conditions, the depth of the doublon can vary: i) at high solidi�cation rates,
a long liquid channel encloses solute enriched pockets below the doublon root; ii) at low
solidi�cation rates there is only a small doublon growing in a stable manner.

6.3 Assessment of the doublon morphology

Preliminary experimental studies (Sect. 6.1.2) revealed the existence of a re-entrant angle
at the end of the twin plane. However, to measure directly this angle in 2D sections and
to associate it with the Young-Laplace condition that prevails during solidi�cation can be
very misleading. Besides, this geometry varies considerably in a single specimen and is
strongly a�ected by the overall solidi�cation conditions.

On the other hand, numerical results of twinned dendrite growth using the phase �eld
method suggest that the small groove formed at the beginning of the calculation when a
wetting condition is imposed evolves into a doublon morphology. These simulations also
indicate that the width of the inner liquid channel in the doublon is very narrow, from
about 3 µm near the tip to 0.2 µm at the root, which is small for the resolution limit of
EDS and WDS measurements and also very hard to reveal by a quench.

With these contradictory arguments in mind, three di�erent approaches were under-
taken in order to try answering the question regarding the existence of a doublon: i)
reconstruction of a small volume containing the twin plane on a dendrite trunk using the
FIB microtomography technique, ii) chemical analysis of a very thin specimen containing
the twin plane using STEM, and iii) study of a quenched microstructure after partial
remelting of a twinned specimen in a Bridgman furnace.

6.3.1 FIB microtomography

A SEM-SE micrograph of a transverse section from a twinned dendrite trunk of an Al-
30wt.%Zn DS specimen is shown in Fig. 6.18a. The small white square in the center
indicates the region containing the volume of 5×10×20 µm3 reconstructed in Fig. 6.18b.
In this latter, the primary phase is presented as a transparent media. The di�erent crystal-
lographic orientations of this twinned dendrite can be distinguished from the gray contrast
in the (112) plane observed in the back of the perspective of this 3D view. The trace of
the twin plane has been indicated with yellow dashed lines. A plane parallel to the left
side of the volume helps to visualize the extension of the twin plane. Since the SEM-SE
2D images obtained after removal of thin layers of solid matter are taken with a tilt angle,
there is a parasitic shadow e�ect along the vertical axis of the reconstructed volume (i.e.,
parallel to G). The observation of 2D sections of the volume revealed the presence of
small light regions that, due to the contrast, are presumably richer in Zn content. In
the reconstructed volume, these light regions can be seen as small yellow particles whose
diameter is on the order of 0.3 µm. It should be noted that the shadow e�ect generates
an apparent particle size gradient from the bottom to the top of the volume. This is just
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an optical e�ect and in fact most of the particles have similar sizes. The most striking
feature in this volume is that all particles are perfectly aligned within the twin plane and
they do not appear anywhere else in the volume.
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particles d ~ 0.3 µm 

2 µm

25 µm
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a) b)

Figure 6.18: a) Transverse section of an Al-30wt.%Zn DS specimen. The small white square indicates
the region where a 3D volume was reconstructed using FIB-microtomography. b) reconstructed volume
showing the trace of the twin plane with yellow dashed lines. The gray contrast in the (112) plane
identi�es the twinned and untwinned lamellae of the twinned dendrite. Small particles appearing in
yellow have a diameter of about 0.3 µm and are distributed along the twin plane only.

It could be argued that these particles can form after solidi�cation through a solid-
state transformation, the twin boundary being a suitable nucleation site for any stable or
metastable transformation occurring during cooling or even at room temperature3.

In a recent work, Straumal et al. [137, 138] have shown that there is indeed, in the
Al-Zn phase diagram, a metastable transformation that can occur at a grain boundary
a few degrees below the bulk solidus temperature Tsol . Based on the concept of grain
boundary phase transformations, introduced �rst by Cahn [139], these authors observed
in Al-11.3wt.%Zn polycrystals annealed at a temperature a few degrees below Tsol the for-
mation of an hcp metastable phase at the grain boundary that contains about 45wt.%Zn.
This phase normally disappears during cooling, but in the specimen shown in Fig. 6.18,
it could be stabilized at the twin boundary.

Another interesting feature of this reconstructed volume can be seen in Fig. 6.19a. It
shows a vertical section perpendicular to the twin plane (i.e., corresponding to a (112)
plane). The trace of the twin plane is given by the di�erence in gray level between the

3The regular sequence of metastable phase formation at room temperature in the Al-Zn system is:
Guinier-Preston (GP)-I zones (spherical pre-precipitates coherent with the Al-matrix, (GP)-II zones
(semi-coherent ellipsoidal pre-precipitates), rhombohedral distorted fcc, distorted fcc and �nally βZn

phase [137].
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Chapter 6. Twinned dendrite tip shape

two sides of the twinned dendrite. A small light region corresponding to the yellow par-
ticles evidenced in Fig. 6.18b is circled in red. The presence of the particles seems to be
associated with a change of the position of the twin boundary and a stair-like pattern
that extends down periodically in the observed section, thus interrupting periodically the
coherency of the twin plane. Although this stair-like pattern remains unexplained, it
supports the conjecture that the particles actually formed during solidi�cation, and it
could also be put into relation with three phenomena: i) the progressive misorientation
of lamellae; ii) the growth of faceted crystals which use steps, among other mechanisms,
to propagate a crystal along well-de�ned facets [73]; and iii) the accumulation of Zn,
which is a hcp material, at the twin boundary, i.e., similar to the growth of lamellae in
TiAl [140, 141].

2 µmG

(112)

1 µm

stair-like 
pattern

G

(112)

a) b)

Figure 6.19: a) Stair-like pattern along the twin plane in an Al-30wt.%Zn specimen. A small light
region is indicated with a circle; b) Section of a FIB reconstructed volume obtained in an Al-6wt.%Cu
specimen. No particle along the twin plane was observed in this specimen.

The same kind of volume reconstruction was performed for an Al-6wt.%Cu specimen,
but no particles or stair-like pattern in the twin plane were observed. A micrograph ob-
tained from such a volume is shown in Fig. 6.19b. Further work needs to be done to
understand this striking contradiction between the two di�erent specimens, but it could
be related to the absence of a phase transformation in the Al-Cu system at the grain
boundary or could be simply due to the solidi�cation conditions present when the Al-Cu
specimen was solidi�ed.

6.3.2 STEM Analysis

A thin lamella was machined out from a transverse section of an Al-30wt.%Zn specimen.
The SEM-SE micrograph showing the zone of extraction is presented in Fig. 6.20a. It
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6.3. Assessment of the doublon morphology

clearly shows that the thin slice was obtained from a region inside a twinned dendrite
trunk. Unfortunately, due to the milling procedure that is undertaken to extract the
specimen, no particle was captured within the thin slice. Figure 6.20b shows a SEM-SE
micrograph of the thin lamella prior to EDS analysis in the STEM equipement. The slight
gray contrast within the region of interest inside the black square drawn on the image,
allows to identify the trace of the twin plane. A detail of the twin plane is shown in
the image of Fig. 6.20c, which was obtained with an annular dark �eld (ADF) detector.
Note the small light regions of only a few nanometers in length distributed along the
twin plane. These are much smaller than the particles observed in the reconstructed vol-
ume of Fig. 6.18. Identi�ed with small white circles in the micrograph, �ve composition
measurements were performed in this region. The corresponding values are displayed in
the table inside Fig. 6.20c. The particles appearing precisely along the twin plane have
a composition CZn = 43.17wt.% and the neighboring measured spots have all composi-
tions above 32wt.%Zn, which is higher than the nominal composition of the alloy. The
composition higher than C0 measured in this small region is probably due to a solid-state
transformation leading to the formation of a stable (or metastable) phase along the twin
plane.

20 µm

40 nm

4 µm

a) c)

b)

A B C D E

C    (wt.%)
A - 32.17 
B - 34.26
C - 43.17
D - 34.13
E - 37.69
 

Zn

G

G
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Figure 6.20: a) SEM-SE micrograph showing the extraction region of a thin slice of an Al-30wt.%Zn
specimen for STEM and EDS analysis; b) SEM-SE micrograph of the thin slice after extraction. The gray
contrast helps to identify the twin plane; c) Dark �eld micrograph (ADF detector) of a region containing
the twin plane.

Since this measurement is too much localized in a very speci�c region, a second chem-
ical analysis was performed at a bigger scale in the same thin slice. In the micrograph
of Fig. 6.21a two vertical arrows indicate the start and end of a sequence of small white
spots that correspond to the composition pro�le plotted in Fig. 6.21b. The twin plane
has been indicated with a vertical dashed line. The red curve in the graph is a simple
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Chapter 6. Twinned dendrite tip shape

second-order polynomial �t performed on the composition measurements, which exhibit
important variations that might be related to small imperfections of the specimen (variable
thickness mostly). It can be observed that the composition in this region is higher than
Cs = 19wt.%Zn, the equilibrium solid composition calculated with the KGT model for the
Al-30wt.%Zn alloy, and reaches a maximum close to C0 near the twin plane. Moreover, an
important negative solute gradient is measured on both sides of the twin plane. This seg-
regation pro�le certainly contradicts the measurements reported in the �rst section of this
chapter. However, by performing this study in a very thin slice, the error associated with
the interaction volume when EDS or WDS are performed in a bulk specimen, is prevented.
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Figure 6.21: a) ADF micrograph of a thin slice of an Al-30wt.%Zn specimen. The black arrows indicate
the start and end (from left to right) of the sequence of small white spots where composition measurements
were performed; b) Composition pro�le corresponding to (a). The red curve is a second-order polynomial
�t.

This evidence con�rms the measurements performed by S. Henry in low-solute content
Al-alloys and supports the doublon conjecture, i.e., the formation of a liquid channel of
increasing composition at the center of the dendrite trunk. This is also consistent with
the growth morphology predicted by the simulations. Indeed, the positive segregation
measured in the twin plane can be related to the solute gradient observed within the solid
phase below the doublon root in the simulations (see Fig. 6.13), and could also account
for the eventual formation of small particles in the Al-Zn alloy.

6.3.3 Quenched microstructure of remelted twinned dendrites

Another attempt to determine the stable growth morphology of twinned dendrites was
done by partially remelting an Al-30wt.%Zn specimen in a Bridgman furnace, then
quenching it directly into a water bath (see Sect. 3.3). The EBSD grain structure recon-
structed map from the region near the solid-liquid interface after remelting is shown in
Fig. 6.22a. It shows a pair of red/blue lamellae that correspond to a twinned dendrite,
and several equiaxed grains in di�erent green shades. The white square in the EBSD map
indicates the region containing the microstructure shown in the SEM-SE micrograph of
Fig.6.22b. The primary phase and the quenched liquid (indicated in the micrograph) ap-
pear as gray and light regions, respectively. A partially remelted twinned dendrite grows
from the bottom-right corner towards the top-left corner with a misorientation of about
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20 deg. to G. In spite of the fact that the specimen was kept for about 10 min. inside the
furnace at 730°C during partial remelting, coherency of the twin plane in the region shown
in the micrograph was fairly well maintained. The trunk and lateral arms growth direc-
tions of the twinned dendrite are indicated in the 〈110〉 pole �gure drawn in Fig. 6.22c.
Empty and �lled squares correspond to the orientation of the twinned/red lamella and
untwinned/blue lamella, respectively. The twin plane is also indicated with a yellow arc of
a circle. The most interesting feature of this specimen is that, within the twin plane, also
indicated with a small arrow in both SEM-SE and EBSD micrographs, a semi-continuous
layer that was liquid at the time of the quench can be clearly observed. The porosity
appearing within the twin plane and then evolving between the lateral branches in the
region indicated in the SEM-SE micrograph was most likely formed by shrinkage during
cooling when the specimen was quenched. The �liquid� channel could be related to the
existence of a positive solute gradient in the region close to the twin plane and therefore
can be put into relation with the doublon conjecture.
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Figure 6.22: a) EBSD grain structure reconstructed map in false colors (related to the Euler angles
triplet) of the quenched microstructure of an Al-30wt.%Zn specimen partially remelted in a Bridgman
furnace; b) SEM-SE micrograph of a partially remelted twinned dendrite; c) 〈110〉 pole �gure correspond-
ing to the crystallographic orientations of the twinned (empty squares) and untwinned (�lled squares)
lamellae of the twinned dendrite.

A SEM-BSE micrograph from a transverse section of the same specimen, obtained at
about 15 mm below the region shown in Fig.6.22 is presented in Fig.6.23a. A straight
boundary �lled with quenched liquid along the twin plane has been identi�ed with a
small arrow on the top of the micrograph. This region corresponds to the liquid channel
observed before in Fig. 6.22b. The width of the liquid channel is about 3 µm, which
is comparable with the simulated thickness of the doublon and the positive segregation
pattern measured in Fig. 6.21. 30 EDS measurements were made over a length of 100 µm
along the black arrow drawn in the micrograph. The resulting composition pro�le is
shown in Fig. 6.23b. A well-de�ned peak denotes a positive segregation pattern precisely
at the location of the twin plane, but it can be seen that the solute-rich region spreads
over ≈ 5 µm on each side of the twin plane. The positive segregation measured in the
thin slice (Fig. 6.21) explains the fact that the twin plane remelts before the rest of the

121



Chapter 6. Twinned dendrite tip shape

-50 -40 -30 -20 -10 0 10 20 30 40 50
0

10

20

30

40

50

60

C
Zn

(w
t.%

)

-50 -40 -30 -20 -10 0 10 20 30 40 50
d  (µm)

C0

Cs

50 µm

Twin plane

G a) b)

Twin plane
Quenched liquid

Figure 6.23: a) SEM-BSE image of a transverse section of a partially remelted Al-30wt.%Zn quenched
specimen; b) composition pro�le accross the twinned dendrite trunk.

dendrite trunk. Then, di�usion through the liquid and further remelting of the solid near
to the twin plane enhances the width of the liquid channel during heating. Although this
indicates that the twin plane was solute enriched prior to the remelting operation, i.e., as
expected for a doublon morphology, it is still unknown what is the role of in-plane di�u-
sion during heating, which can occur at a higher rate along a grain boundary compared
to the bulk [142].

6.4 Summary

Several observations have been made in this document that allow to indirectly character-
ize the twinned dendrite tip shape. The fairly isotropic primary trunk spacing observed
in high solute content binary Al-alloys and the absence of a positive segregation in a
region of the dendrite trunk containing the twin plane, measured using EDS or WDS
analysis in bulk specimens, are evidence that contradicts the doublon conjecture. On the
contrary the progressive misorientations of twinned dendrites and the strong solute gra-
dients appearing near the incoherent boundaries (see Figs. 5.6 and 5.20) seem to support
the possibility of the existence of a doublon. Observations performed at the twinned-to-
equiaxed transition and the impingement of two twinned grains revealed a small groove
at the twinned dendrite tip.

Phase �eld simulations were performed in order to study the stable growth morphol-
ogy of twinned dendrites. It appears that as the Young-Laplace equation is satis�ed at
the twinned dendrite tip, it initiates a groove that degenerates quickly into a doublon,
regardless of whether the calculations are 2D or 3D. For a �xed value of γs`, an increased
twin boundary energy γt, i.e., an increased angle θ, tends to initiate the doublon at an
earlier stage. The depth and width of this doublon strongly depends on the alloy solid-
i�cation interval and the simulation parameters (G(α) and |Ṫ |). In the region near the
doublon root, di�usive processes within the liquid create a small solute depletion that ac-
celerates the coalescence phenomena associated with the condition 2γs` > γt. Therefore,
when the width of the liquid is comparable with the thickness of the solid-liquid interface,
the doublon gradually closes from the side of the (112) plane and then from the side of
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the twin plane as well. At high solidi�cation rates, this promotes the formation of small
liquid droplets below the doublon root. At low solidi�cation rates the doublon root is �rst
decelerated due to solute pile-up, but then there is enough time to di�use solute from this
enriched region and therefore the doublon root reaches the same growth velocity of the
tip, without forming liquid pockets. If the twinned dendrite is misoriented with respect
to G, the doublon closes earlier. Independently of the orientation, the liquid composition
at the doublon root increases until it reaches a maximum that is below C0/k0, even if it
degenerates into a liquid pocket. Within the solid phase close to the doublon root, a small
negative solute gradient, measured from the twin plane, exists in a direction parallel to
the (112) plane, and di�usion through the dendrite trunk seems to smear out this gradient.

To some extent, the results from the simulations were validated for several aspects
through di�erent experiments and characterization techniques: i) the small liquid pockets
appearing in the simulations correspond with the size and distribution of small parti-
cles along the twin plane in a reconstructed volume of an Al-30wt.%Zn specimen studied
using FIB-microtomography; ii) these liquid pockets can also be put into relation with
the small composition variations measured in a direction parallel to the twin plane at
the TET region of an Al-30wt.%Zn specimen; iii) chemical analysis performed on a very
thin Al-30wt.%Zn specimen extracted from a twinned dendrite trunk, reveals a positive
solute gradient in a region close to the twin plane. This �nding is not only in agreement
with the small solute gradient observed in the simulations, but it also con�rms the mea-
surements performed by S. Henry on low-solute content Al-alloys [5]; iv) the amount of
solute (CZn ≈ 38wt.%) observed in the dendrite trunk center of a quenched Al-30wt.%Zn
specimen that was partially remelted in a Bridgman furnace, also suggests that at least
a positive solute segregation existed within the twin plane prior to the remelting operation.

On the other hand, although various evidences indicate that the doublon is the stable
growth morphology of twinned dendrites, some important questions still remain unan-
swered. While the small particles along the twin plane in the Al-30wt.%Zn specimen
seem to promote the formation of a stair-like pattern along the twin plane, it is unclear
how this mechanism operates and why it is not occuring on the same basis in the Al-
6wt.%Cu alloy. The absence of particles in this last specimen remains also unexplained.
From a numerical point of view, the too large thickness of the di�use solid-liquid inter-
face associated with the phase �eld model could also a�ect the growth kinetics of the
doublon, in particular near the root. Moreover, since the simulations discussed in this
chapter present morphologies that have not reached full steady-state growth, they could
still miss important aspects of twinned dendrite growth, e.g., stable growth undercooling,
�nal depth and composition of the doublon root, growth kinetics in less dilute alloys, etc.
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Chapter 7

Conclusions and Perspectives

7.1 Conclusions

A study has been performed on the morphological characteristics and growth kinetics of
twinned dendrites. Such an investigation is motivated on one hand, by a fundamental
need to understand the mechanisms leading to their nucleation and growth, and on the
other, by a practical interest related to their occurrence as a defect in semi-continuous
casting of Al-alloys. In this context, this study was principally aimed at contributing to a
better understanding on the growth kinetic advantage that twinned dendrites exhibit over
regular dendrites, which is due to various interconnected solidi�cation phenomena. This
goal has been achieved by combining various experiments and characterization techniques
with phase �eld modeling.

Twinned specimens of binary Al-alloys were mainly produced in a DS installation
with and without the inclusion of a quenching device. Additionally, partial remelting and
re-solidi�cation were performed in a Bridgman furnace to study the stability of twinned
dendrites. Then, characterization of solidi�ed specimens was done by means of di�erent
techniques: i) EBSD measurements of crystallographic orientation; ii) metallography and
X-ray synchrotron tomography to study the overall morphology of twinned dendrites; iii)
EDS and WDS for microsegregation analysis; and iv) FIB-microtomography and STEM
for high resolution analysis of regions close to the twin plane. These observations were
put into relation with the results of phase �eld simulations reproducing the presence of a
twin plane with an appropriate boundary condition. The most relevant �ndings of this
investigation are concentrated in the following aspects :

• The e�ect of alloying elements on twin formation.

In ingots produced under typical thermal conditions (G≈ 100 K cm−1, vT ≈ 1 mm s−1)
and a slight natural convection in the melt, feathery grains appeared in binary Al-X al-
loys (where X = Zn, Mg, Cu and Ni) regardless of the solute element, but not of the
composition. The hcp Zn is an element prone to nucleate feathery grains. However,
when CZn > 40wt.%Zn, no twinned dendrites could be obtained. The probability of
twin nucleation decrases when Zn is replaced by fcc elements Cu and Ni, of low and
high stacking fault energy, respectively. This means that twin nucleation is in�uenced by
the nature of the solute elements and also by the composition-dependent anisotropy of γs`.

• The growth competition and propagation mechanisms induced by the complex mor-
phology of twinned dendrites.
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-Overall morphology.- Con�rming previous studies, it was found that twinned dendrite
trunks grow along 〈110〉 directions, but with a complex branched morphology of at least
six 〈110〉 side arms and, sometimes, the presence of 〈100〉 side arms too. The twin plane
restricts the growth to be along 〈110〉, but away from it side arms might recover their
regular growth directions.

-Primary trunk spacing.- In relatively high solute content binary Al-alloys, the primary
spacing is less anisotropic than previously measured by S. Henry in low solute content
Al-alloys [5].

-Continuity of the twin plane.- Twin planes are systematically interrupted by the ex-
tension of secondary (or higher order) branches of one side of the twinned dendrite into
the other. Depending on how di�erently oriented side arms of the same twinned dendrite
meet, this phenomenon can lead to the formation of a new coherent twin, i.e., associated
with the lateral multiplication of twin planes.

-Competition between twinned and regular dendrites.- Although the growth undercool-
ing of twinned dendrites could not be measured, indirect evidence suggests that these
structures grow at a lower undercooling than regular dendrites. Their growth kinetic ad-
vantage is also a consequence of their side arm distribution and orientation with respect
to G. Additionally, the solute rejected from these complex structures, principally in a
direction perpendicular to the twin planes, induces local solute enrichment ahead of the
regular dendrite tips, which then are easily overgrown.

• The stability of twinned dendrites.

The twin plane coherency is maintained after partial remelting of specimens contain-
ing a twinned grain. However, during re-solidi�cation, regular dendrites grow in�uenced
by the crystallographic orientation of the twinned and untwinned parts of the seed, and
of the thermal gradient. Therefore, they grow along 〈110〉 directions with side arms that
tend to recover their regular growth morphologies. This proves that the formation of
twinned dendrites is not only related to the ability to nucleate a stacking fault, but also
to the imposed solidi�cation conditions.

• The growth morphology of the twinned dendrite tip.

-Observations of self-quench structures.- A small groove is observed near regions where
a twinned dendrite impinges another grain. However, this is insu�cient evidence to es-
tablish if the twinned dendrite tip is a groove or a doublon.

-Phase �eld modeling.- The presence of the twin plane has been modeled by imposing
a wetting condition at one boundary of the simulation domain. The results of these sim-
ulations show that the initial groove associated with the Young-Laplace equation rapidly
evolves into a doublon morphology in 2D and 3D calculations. The liquid channel of
the doublon is very narrow (from 3 µm near the tip to 0.2 µm near the doublon root),
and its depth strongly depends on the alloy and the solidi�cation conditions: i) at high
solidi�cation rates, small liquid droplets form below the doublon root. Their maximum
liquid composition remains below C0/k0 and the solute-rich liquid in the doublon root is
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continuously smeared out by liquid di�usion along the twin plane. A slight composition
gradient is measured in the solid near the twin plane, but it is also smeared out by back-
di�usion; ii) at low solidi�cation rates, the depth of the liquid channel is greatly reduced
and a small doublon evolves with equal growth velocities at the tip and the doublon root.
Despite the fact that interesting information of the doublon growth kinetics is obtained,
a major drawback of these simulations is that steady-state growth is usually not reached.

-Experimental assessment of the doublon.- Accurate composition analysis of a thin
specimen extracted from the center of a twinned dendrite trunk reveals the presence of a
negative solute gradient, measured perpendicularly from the twin plane, within a region
of 2 µm. A reconstructed volume from a similar region reveals the presence of solute-
rich small particles (≈ 0.3 µm in diameter) aligned within the twin plane. Further on, a
quenched specimen after partial remelting shows a solute-rich �lm (≈ 3 µm width) along
the twin plane. To some extent, all these evidences con�rm that the doublon is indeed the
stable growth morphology of twinned dendrites, as predicted by the phase �eld model. It
would have a very narrow liquid channel whose inner composition is smeared out during
growth, therefore preventing that the doublon root reaches a liquid composition close to
C0/k0.

In this work the role of forced convection on twins formation was also evaluated. The
results of these experiments con�rm that shearing components of a complex �ow are re-
quired near the liquidus isotherm to induce twin nucleation [3]. On the contrary, it is
also necessary that this �ow simultaneously guarantees that the thermal gradient is not
reduced near the solidi�cation front.

7.2 Perspectives

The latter conclusions o�er a rather incomplete picture of the mechanisms leading to the
nucleation of twins during solidi�cation. Indeed, this is an aspect of twinned dendrite
growth that certainly requires an important amount of future work. In the light of nu-
merous studies trying to correlate the thermal conditions with twin nucleation [65, 67, 5]
and the little evidence presented in this work indicating that twins may nucleate epitax-
ially from a regular dendrite, it would be interesting to: i) isolate the twin nucleation
site of a feathery grain through serial sectioning or X-ray tomography, then put it into
relation with the evolution of the corresponding temperature �eld during solidi�cation;
ii) establish a crystallographic orientation relationship between the twinned dendrite and
the substrate where it nucleates; iii) further insist in the design of an experimental set-up
that allows to nucleate twinned dendrites in a reproducible basis (e.g., electromagnetic
currents [143, 144], continuous melt �ow [4]).

In terms of the doublon morphology, the evidence presented here not only is in agree-
ment with the phase �eld model predictions, but also con�rm previous measurements
performed by S. Henry in low-solute content Al-alloys [5]. However, various questions
still remain unanswered from the observations discussed at the ending chapter of this
work:

� While small particles appeared aligned within the twin plane in an Al-Zn specimen,
these are absent in an Al-Cu alloy. Although this striking contradiction can be
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explained by the formation of hcp clusters in the Al-Zn system, further work should
be oriented into solving this inconsistency. Moreover, the e�ect of solidi�cation con-
ditions and the misorientation of a given twinned dendrite with respect to G should
be further investigated, since these seem to strongly in�uence the growth kinetics
of the doublon. FIB and STEM analysis on well identi�ed regions of a specimen
would be an asset to achieve this goal. Also from a practical point of view, im-
provements of the DS quenching device used to �capture� twinned dendrites during
growth would be useful to further investigate the e�ect of solidi�cation parameters
and convection not only on twinned dendrite growth, but also on other interesting
solidi�cation morphologies observed in Al-alloys.

� The stair-like pattern observed along the twin plane in the reconstructed volume
of an Al-Zn specimen indicate that the small particles precipitate at this location
during growth. It is not clear however what is the mechanism leading to the dis-
placement of the twin plane, neither the consequences of this small misorientation
at the scale of the feathery grain. Again, the absence of this pattern in the Al-Cu
specimen leaves a big question mark on this issue.

� In-plane solid-state di�usion during partial remelting of twinned dendrites should
play an important role on the solute composition pro�le measured after quenching.
Further improvement of the experimental technique and examination of the obtained
specimen, would probably shed more light on this matter. This could also be put into
relation with the mechanisms leading to the formation of small particles observed
within the twin plane.

� Concerning the phase �eld simulations, improvements on the implementation of the
model could be required to have a gain in CPU and simulation times. On the other
hand, to account for the e�ect of convection on twinned dendrite growth would be
also an interesting improvement to the numerical model.
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Appendix

List of Symbols

Symbol Quantity represented Unities

Roman alphabet

A,B label for a given grain −
ai anisotropy coe�cient −
Ceut eutectic mass fraction −
C0 nominal mass fraction −
C`0 initial mass fraction in the liquid −
C` mass fraction in the liquid −
Cs mass fraction in the solid −
C∗` mass fraction in the liquid at the interface −
C∗s mass fraction in the solid at the interface −
cps speci�c heat in the solid at constant pressure J kg−1K−1

cp` speci�c heat in the liquid at constant pressure J kg−1K−1

D̄ average di�usion coe�cient m2s−1

Ds solid di�usion coe�cient m2s−1

D` liquid di�usion coe�cient m2s−1

d diameter, distance m
F free energy functional J
Gc solute gradient wt% m−1

G thermal gradient K m−1

g gravity vector m s−2

g` volumetric liquid fraction −
gs volumetric solid fraction −
h1,h2 height m
h speci�c enthalpy J kg−1

hT convective heat transfer coe�cient W K−1m−2

hTs convective heat transfer coe�cient with the solid W K−1m−2

hT` convective heat transfer coe�cient with the liquid W K−1m−2

he� e�ective convective heat transfer coe�cient W K−1m−2

〈hkl〉 crystallographic directions family −
j mass fraction �ux m2 s−1

k0 partition coe�cient −
kB Boltzmann constant J K−1

k` scalar liquid thermal conductivity W m−1K−1

ks scalar solid thermal conductivity W m−1K−1
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Symbol Quantity represented Units

Lf latent heat of fusion J m−3

Mφ mobility coe�cient m2 s kg−1

m` slope of liquidus line K
n unit vector normal to a surface −
ni components i of the unit vector −
nb unit vector normal to a boundary −
p pressure N m−2

pa atmospheric pressure N m−2

qb boundary heat �ux W m−2

R gas constant = 8.31 J mol−1K−1

R radius m
r vector of position m
r, θ, z cylindrical coordinates −
r, θ, φ spherical coordinates −
Rtip needle-crystal/dendrite tip radius m
T temperature K or °C
T ? liquid-solid interface temperature K or °C
Text external temperature K or °C
T` temperature in the liquid K or °C
Tliq liquidus temperature K or °C
Tf equilibrium melting point of a pure material K or °C
Ts temperature in the solid K or °C
Tsol solidus temperature K or °C

Ṫ Cooling rate K s−1

t time s
tf �nal solidi�cation time s
u dimensionless variable −
v scalar velocity m s−1

v∗ solid-liquid interface velocity m s−1

v, vi, v velocity vector, components and scalar magnitude m s−1

vs, v` solid and liquid velocities m s−1

vT isotherm velocity m s−1

x, y, z cartesian coordinates m
W double well potential parameter J m−3

Z atomic number of an element −
Greek alphabet

α misorientation of G in a (112) plane deg.
α−Al primary phase in binary Al-X alloy −
βT volumetric thermal expansion coe�cient K−1

βi volumetric solutal expansion coe�cicient −
Γs` Gibbs-Thomson coe�cient K m
γt twin energy J m−2

γs` solid-liquid interfacial energy J m−2

∆G free Gibbs energy variation J
∆Smf molar entropy of fusion J mol−1K−1

∆T characteristic temperature di�erence K
∆Tk kinetic undercooling K
∆TR curvature undercooling K
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Symbol Quantity represented Units

δ interface thickness; boundary layer thickness m
ϕ1,θ,ϕ2 Euler angles deg.
φ phase �eld variable −
Φ surface sti�ness J m−2

ε anisotropy coe�cient −
κ̄ mean curvature of a surface m−1

λ1,λ2 primary and secondary arm spacings µm
λ//,λ⊥ primary arm spacing parallel and respectively perpendic-

ular to the twin planes
µm

µ viscosity of a Newtonian �uid kg m−1s−1

µI chemical potential of species I J mol−1

ν kinematic viscosity m2s−1

π 3.1416 −
ρ speci�c mass kg m−3

ρ0 speci�c mass at reference temperature and pressure kg m−3

ρs speci�c mass of the solid kg m−3

ρ` speci�c mass of the liquid kg m−3

θ angular distance deg.
ϑ1, ϑ2 principal curvature directions −

Dimensionless quantities

Fo Fourier number −
Pe Peclet number −
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