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Abstract 
In this work, hypereutectic Al-3.31wt.%Fe and hyperperitectic Al-1.36wt.%Zr alloys are 

solidified in non-directional ways without and with high magnetic field, and isomorphous 

Al-9.8wt%Zn and hypoeutectic Al-0.24wt%Fe alloys are semi-continuously cast without and with 

conventional direct current (DC) magnetic field. The effects of magnetic field on the crystallography 

and microstructures of these alloys are theoretically and experimentally studied. 

Without a high magnetic field, a crystallographic feature investigation on the primary Al3Fe and 

Al3Zr crystals in the respective Al-3.31wt.%Fe and Al-1.36wt.%Zr was carried out. For the primary 

Al3Fe crystals, they are bar-shaped and possess two preferred crystallographic extension directions 

(<010> or <011>). Compound twin and type I twin are found in them (their complete twinning 

elements have been determined). Type I twin causes the crystals to bend. The Al3Fe crystals are in 

forms of monoclinic and triclinic prisms. The crystallographic planes have been identified as (100) 

and (001) for the monoclinic prism in the extension direction and (001), (001) and (02-1) for the 

triclinic prism. The formation of the twins is attributed to the (100) and (001) planes exposed to the Al 

melt during the growth. For the primary Al3Zr crystals, they are tabular and display two forms of 

longitudinal cuts - octagonal (smaller sized) and rectangular (larger sized). The faceted planes binding 

the crystals are determined as {001}, {101} and {111} for the smaller sized crystals and only {001} 

and {101}) for the larger sized ones. One compound twin with two variants is found in the dendritic 

crystals (the complete twinning elements are determined). The tabular shape is attributed to the low 

roughness of {001} planes and thus the low migration rate. The disappearance of {111} planes in the 

larger sized crystals result from their high roughness and thus the high migration rates. The twin 

formation is realized by lattice shear plus local atom stacking fault accompanied by local atomic 

reshuffling.  

The applied magnetic field shows little effect on the above crystallographic features of these two 

crystals but exhibits remarkable effect on some other precipitation behaviors of them. A uniform high 

magnetic field tends to eliminate the gravity segregation of the primary Al3Fe crystals by the magnetic 

viscosity force, whereas a positive gradient one moves them towards the maximum filed intensity zone 

to segregate at the other end of the specimen by the magnetization force. However, the distribution of 

primary Al3Zr crystals is not strongly affected by the magnetic field due to their high density - most of 

them are segregated at the lower part of the ingot. The magnetic torque induced by the magnetic 

anisotropy tends to rotate the primary Al3Fe and Al3Zr crystals in the deposit layers and thus creates 

strong preferential crystallographic orientation in the field direction. However, the alignment of the 

long bar-shaped Al3Zr crystals and dendritc ones is disturbed by the gravity force and the 

inconsistence of the preferred direction between the branches and trunks, respectively. The magnetic 

field also induces bifurcation and cracking of the Al3Fe through the thermoelectric magnetic force and 

the shrinkage coefficient difference between the Al3Fe and the Al matrix. Crystal detachment and 



solute diffusive suppression enhances the nucleation of the primary Al3Fe. The interaction between the 

increased crystals by the increased Zr content weakens the alignment tendency of the Al3Zr crystals in 

the deposit layer in the field direction.  

During the semi-continuous casting, the low conventional DC magnetic field transfers the 

mixture of equiaxed and columnar grains in Al-9.8wt%Zn to twinned feathery ones, and the columnar 

grains in Al-0.24wt%Fe to twinned lamellas. Both transformations are accompanied by a change of 

growth directions from <100> to <110> and finally result in the formation of strong crystallographic 

texture and CSL Σ3 boundaries. The transformations are attributed to the modification of the 

solidification conditions at the liquid/solid front by the Lorentz force induced by the magnetic field.  

The experimental examination and theoretical study of the effect of the magnetic field on the 

microstructure and crystallography of the aluminum alloys during solidification carried out in this 

work contribute to the enrichment of the theory of Electromagnetic Processing of Materials (EPM) and 

are of both theoretical significance and technical interest. The positive results on gravity segregation 

control and texturation of aluminum alloys through the application of a magnetic field could offer 

useful guidance for practical material processing techniques.   
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Résumé 
Dans ce travail, des alliages hypereutectiques Al-3.31%Fe et hyperperitectic Al-1.36%Zr sont 

préparés par solidification non-directionnelle avec et sans champ magnétique intense, et des alliages 

isomorphes Al-%9.8Zn et hypoeutectiques Al-0.24%Fe sont préparés en coulée semi-continue avec et 

sans application de champ magnétique statique conventionnel. Les effets d'un champ magnétique sur 

la cristallographie et la microstructure de ces alliages sont étudiés théoriquement et 

expérimentalement. 

Les caractéristiques cristallographiques des cristaux primaires de Al3Fe et Al3Zr obtenus, sans 

l’application de champ magnétique intense, dans les alliages respectifs Al-3.31%Fe et Al-1.36% Zr 

ont été étudiées. Les cristaux primaires de Al3Fe sont en forme de barre et possèdent deux directions 

cristallographiques privilégiées d’extension (<010> ou <011>). Ils renferment des macles de type 

composées et de type I. Leurs éléments de maclage ont été complètement déterminés. Les macles de 

type I sont à l’origine de la courbure des cristaux. Les cristaux de Al3Fe ont des formes de prismes 

monocliniques et tricliniques. Les plans cristallographiques ont été identifiés comme (100) et (001) 

pour le prisme monoclinique dans la direction d 'extension et (001), (001) et (02-1) pour le prisme 

triclinique. La formation des macles est attribuée aux plans (100) et (001) exposés à l'Al fondu 

pendant la croissance. Pour les cristaux Al3Zr primaire, ils sont de forme tabulaire et présentent deux 

formes de coupe longitudinale - octogonale (pour ceux de petite taille) et rectangulaires (pour les plus 

grandes tailles). Les facettes délimitant les cristaux sont déterminées comme (001), (101) et (111) pour 

les cristaux de plus petite taille et (001) et (101)) pour ceux de plus grande taille. Une macle composée 

avec deux variants est trouvée dans les cristaux dendritiques (les éléments de jumelage complets ont 

été déterminés). La forme tabulaire est attribuée à la faible rugosité de plans (001) et donc au faible 

taux de migration. La disparition des plans (111) dans les cristaux de plus grande taille résulte de leur 

rugosité élevée et donc du taux de migration élevé. La formation de macles est réalisée par 

cisaillement du réseau local plus faute d’empilement atomique accompagnée d'un remaniement 

atomique local. 

Le champ magnétique appliqué montre peu d'influence sur les caractéristiques cristallographiques 

ci-dessus de ces deux cristaux, mais présente une influence remarquable sur certains autres de leur 

comportements de précipitation. Un champ magnétique uniformité élevé tend à éliminer la ségrégation 

par gravité des cristaux Al3Fe primaires par la force de viscosité magnétique, alors qu'une gradient de 

champ positif les déplace vers la zone d'intensité maximale pour ségréger à l'autre bout de l'échantillon 

sous l’effet de la force d'aimantation. Toutefois, la répartition des cristaux primaires d’Al3Zr n'est pas 

fortement affectée par le champ magnétique en raison de leur haute densité - la plupart d’entre eux 

sont ségrégés à la partie inférieure du lingot. Le couple magnétique induit par l'anisotropie magnétique 

tend à faire tourner le et les cristaux primaires Al3Fe et Al3Zr dans les couches de dépôt et crée ainsi 

une forte orientation cristallographique préférentielle dans la direction du champ. Toutefois, 



l'alignement des longs cristaux d’Al3Zr en forme de barre et des cristaux dendritiques est perturbé par 

la force de gravité et par l'inconsistance de la direction privilégiée entre les branches et les troncs, 

respectivement. Le champ magnétique induit également des bifurcations et des fissurations d’Al3Fe 

par l’intermédiaire de la force thermoélectrique magnétique et de la différence entre les coefficients de 

retrait d’Al3Fe et de la matrice Al. Le détachement de cristaux et l'énergie d'aimantation ainsi que la 

suppression de la diffusion du soluté accroissent la nucléation d’Al3Fe primaire. L' augmentation de 

l’interaction entre les cristaux due à l'augmentation du contenu en Zr affaiblit la tendance 

d'alignement, dans la direction du champ, des cristaux Al3Zr dans la couche de dépôt. 

Au cours de la coulée semi-continue, le faible champ magnétique statique transfère le mélange de 

grains équiaxes et colonnaires d’Al-9.8%Zn en grains de type « plumeau » maclés, et les grains colonnaires 

d’Al-0.24%Fe en lamelles maclées. Les deux transformations sont accompagnées d'un changement de 

directions de croissance de <100> à <110> et, enfin, entraînent la formation d’une forte texture 

cristallographique forts et de joints de coïcidence (Coincident Site Lattice CSL) Σ3. Les transformations 

sont attribués à la modification des conditions de solidification à l’interface liquide / solide par la force de 

Lorentz induite par le champ magnétique. 

L'examen expérimental et l’étude théorique de l'effet du champ magnétique sur la microstructure et la 

cristallographie des alliages d'aluminium pendant la solidification menés dans ce travail contribuent à 

l'enrichissement de la théorie du traitement électromagnétique des matériaux (Electromagnetic Processing 

of Materials EPM) et présentent un intérêt à la fois théorique et technique. Les résultats positifs sur le 

contrôle de la ségrégation par gravité et la texturation des alliages d'aluminium par l'application d'un champ 

magnétique pourraient offrir des orientations utiles pour le traitement pratique des matériaux. 
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Chapter 1 Introduction 

1.1 Outline 

Nowadays magnetic field has been widely used both in industrial production and 

people’s daily lives. However, human beings experience a long and tortuous process from 

recognizing to applying it. During this process, many excellent scientists made brilliant 

contributions to its development: Edmond Halley proposed time-dependent and multi-polar 

models to explain the earth magnetism in 1683; Hans Christian Oersted discovered the 

relationship between electrical current and magnetism in 1820 and later André-Marie Ampére 

formulated a law of electromagnetism on the basis of Oersted’s foundation; Faraday 

discovered the electromagnetic induction in 1831. However, a substantial breakthrough in 

theory was made by James Clerk Maxwell. His set of Maxwell's equations first appeared in 

fully developed form in Electricity and Magnetism in 1873. These equations made all the 

other classical laws or equations of these disciplines simplified. Thanks to these scientists’ 

hard work, people’s lives have been completely changed since the magnetic field was widely 

used. 

The technologies applying electromagnetic fields in the materials processing also have a 

long development history [1]. In 1923 and 1932, electromagnetic levitation and 

electromagnetic mixing were invented, respectively. However, there was not too much 

scientific understanding about them at that time. To link up the technology with the scientific 

understanding, Magnetohydrodynamics (MHD) established in 1942 by Alfven was first 

introduced at the IUTAM conference at Cambridge University in 1982. Afterwards, in 1994, 

EPM (Electromagnetic Processing of Materials) was firstly and formally established and used 

at the International Symposium on Electromagnetic Processing of Materials in Nagoya, Japan 

[2]. Thus, a special term for the application of magnetic fields in materials processing was 

born. Henceforth, the successive symposium was held every three years in France and Japan 

in turn.  

Before the maturity of the superconducting magnetic technologies, the mainly used 

magnetic field in materials processing was conventional electromagnetic field (usually less 

than 2 Tesla produced by conventional electromagnets and permanent magnets). Its effect on 

http://chem.ch.huji.ac.il/history/faraday.htm
http://en.wikipedia.org/wiki/Maxwell%27s_equations
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matters was mainly limited to a macroscopic scale due to its weak intensity. A substantial 

change of the magnetic field effect on matters did not take place until 1980s when a direct 

current high magnetic field became available [3]. With a strong and powerful magnetic energy, 

a high magnetic field can affect the matters in a microscopic scale, such as atom arrangement, 

matching and migration, which are usually neglected in conventional field. The effects of high 

magnetic field have been examined under several processes such as solidification [4], 

electro-deposition [5], vapour-deposition [6] and solid phase reaction [7]. 

The metallurgists are working hard to obtain various properties of materials to meet the 

different demands of people. Since electromagnetic field was applied in materials processing, 

many interesting phenomena and functions have been found. Encouraged by this, EPM is 

being developed quickly. After many years of development, a new branch of materials science, 

i.e. applying magnetic field in materials processing, has been formed.  

1.2 Solidification in magnetic field 
1.2.1 Introduction 

Solidification is a process of transformation from liquid to solid. It is one of the most 

important processes for metallic alloys as it is not only widely used for shaping materials to 

desired products but also for controlling the macro- and microstructures which are intimately 

related to the final properties of the alloys.  

It is well known that convection in the molten metallic alloys is an important 

phenomenon to be treated during the solidification as it is directly associated with the heat 

and mass transfer of the melt. There are many sources of convection during solidification, 

such as mold filling, buoyancy, floating or settling of free crystals, thermocapillary forces and 

mechanical and/or magnetic stirring. A good control of the convective patterns in the melt of 

metallic alloys during the solidification can help improve the macro- and microstructures and 

thus the final properties of alloys. Luckily, the application of a conventional electromagnetic 

field makes this control available as it can induce Lorentz force in the melt and then 

suppresses or stirs the melt.  

In contrast to the conventional electromagnetic field, the introduction of a high magnetic 

field to the solidification process of metallic alloys can induce more enhanced effects. Besides 
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the Lorentz force, high magnetic field makes the magnetization force that is usually negligible 

in conventional magnetic field emerge. Magnetization force is usually classified into two 

different kinds – one is by which materials are rotated to a magnetic field direction as a 

compass rotates to the north direction, and the other is by which ferromagnetic and 

paramagnetic materials are pulled to a magnet and the diamagnetic ones are repulsed [8]. 

These two kinds of magnetization forces are of importance in affecting the macro- and 

microstructures of the alloys during the solidification process. The former can rotate the 

crystals with obvious magnetic anisotropies in the melt to some preferred crystallographic 

orientation to generate macroscopic texture; whereas the latter can modify the distribution of 

the related phases. Other than Lorentz force and magnetization force, thermoelectric magnetic 

force (TEMF) can also be induced by the magnetic field during the solidification process and 

plays an important role in affecting the macro- and microstructures of the alloys.  

So far, large industrial and experimental achievements have been obtained through 

applying magnetic field during the solidification process of metallic alloys. However, there 

are still quite some of the metallic alloys waited to be investigated. Based on this, a further 

study of the effects of magnetic field on various metallic alloys during different solidification 

processes seems necessary and may bring about some new phenomena. 

1.2.2 Solidification in conventional magnetic field 

1.2.2.1 Basic principles 

(a) Lorentz force 

The present principles mainly aim at the imposition of external magnetic field on 

electroconducting metallic alloy during the solidification process. First, we give the MHD 

form of Maxwell’s equations (SI unit):  

 
= =

= =

∂
× − 

∂

×

Β
Ε D

t

Η j B

∇ ∇ ∇ ∇ ∇ ∇ ∇ ∇ 

∇ ∇ ∇ ∇ ∇ ∇ ∇ ∇ 

    ·

· 

0

               0 

 (1.1) 

where E is electric field intensity, D electric displacement field, H magnetic field intensity, B 

magnetic flux density, j current density. The Ohm’s law for a moving conducting fluid can be 

expressed as: 
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 e= ( + )σ ×j Ε u B  (1.2) 

where eσ  is electrical conductivity and u local velocity of the fluid.  

For a macroscopic homogeneous medium, the Maxwell stress tensor Ταβ  is given as [9, 

10]: 

       

(1)                       (2)                                              (3)                               (4)

2 2+0.5 µ= ( ρ ΤΤ
+Ε Ε Ε ΗΤ Η Η εε µ δ ε ρ µ ρρα ααβ β β αβ

                  

∂∂
∂ ∂

   
–– –  (1.3)

 

whereε , µ  , ρ and Τ  denote the respective electric permittivity, magnetic permeability, 

fluid density and temperature; Εα , Εβ
 and Ηα , Ηβ

 represent the respective αth and βth 

components of the electric field and magnetic field. The Kroneker delta 
αβδ  = 1 when 

=α β  and = 0αβδ  when α ≠ β  ( , = 1,2,3α β ).  

Term (1) and (3) in Eq. (1.3) reflect the electrostatic effects that are hardly used during 

the solidification of conducting fluids. Term (2) and (4) represent the major effect of the 

electromagnetic field on the solidification of metals. For molten metals, the 

magnetorestrictive effects can be neglected (i.e. 0
Τ

 ∂
≈ ∂ 

µρ
ρ

). Thus, Lorentz force which is 

the volumetric momentum source of the electromagnetic origin will play a major role in 

affecting the convection of the melt. The Lorentz force F is equal to the divergence of the 

Maxwell stress tensor 
=
T  [9]:  

  
=

 = T∇ · F    or  =F Ταβ,βα  (1.4) 

where  Ταβ,β  is the derivative of Ταβ
 with respect to β.  

Considering the MHD form of Maxwell’s equations in Eq. (1.1) and Ohm's law Eq. (1.2), 

the expression of Lorentz force F in equation (1.4) can be simplified into a common form: 

 ( )e= = = + u× ∇× × × ×F j B H B Ε B Bσ  (1.5) 

This Lorentz force has two opposite effects – braking or stirring the melt. When a direct 

current (DC) magnetic field is applied, it brakes the melt; whereas when an alternating current 

(AC) magnetic field is applied, it stirs the melt. 
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The electromagnetic braking effect originates from the direct interaction of the applied 

DC magnetic field B and the melt velocity u. When an electroconducting fluid is crossing the 

magnetic field lines, flux variations occur which result in local electromotive force 

m = + ×Ε Ε u B  and thus induce electric current ( )e= + u ×j Ε Bσ  [11, 12]. j interacts with 

the applied DC magnetic field and then gives rise to the Lorentz force which can be expressed 

as 

 
(1) (2)

e= +
                       

× × ×F Ε B u B Bσ  (1.6)                      

During solidification process, E is heavily reduced since the highly conducting solid phase 

often acts as an electrical short circuit [11]. Thus, term (1) in Eq. (1.6), despite responsible for 

another force, is negligible. Here, it should be noted that the interaction between B and u is 

anisotropic because of the presence of two cross products. Therefore, term (2) obviously 

yields a braking force 2
e– B uσ  when B and u are perpendicular; whereas it becomes zero 

when they are parallel. The negative sign indicates that the direction of the yielded Lorentz 

force is opposite to that of u, suggesting that it counteracts the flow of the melt, as 

schematically shown in Fig. 1.1(a). However, there is a particularity for this braking force due 

to its proportionality to the u, i.e. the stronger the velocity is, the more efficient is the brake 

[12]. That is to say, a melt flow can not be damped completely by this braking force.  

 
Figure 1.1 Lorentz force F induced by the interaction between (a) the applied DC magnetic field B and the 

melt with a velocity of u and (b) the applied AC magnetic field B and the induced electric current j [9]. 

 

The electromagnetic stirring effect comes from the interaction between the applied AC 

magnetic field and the induced eddy current. When a liquid metal is submitted to a time 

varying alternating magnetic field, an eddy current is induced in the melt. This current 

interacts with the AC magnetic field and then gives rise to an electromagnetic body force – 

Lorentz force that can also be expressed by Eq. (1.6). This Lorentz force, as opposed to that 

(a) 

B 

F 

u×B 

u 

B 

F 

j 

(b) 
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induced by a DC magnetic field, can result in a forced convection in the melt, as 

schematically shown in Fig. 1.1(b). Moreover, this induced Lorentz force can also produce an 

electromagnetic pressure on the free surface of the melt (especially when a high-frequency 

AC magnetic field is applied), which is favorable for the improvement of surface quality of 

casting ingots. 

(b) Thermoelectric magnetic force (TEMF) 

 
Figure 1.2 (a) Seebeck effect in a thermocouple and (b) elementary short-circuited thermocouple at the 
dendritic interface during the solidification of metallic alloy [12]. 

 

Based on the principle that the motions of current and heat have the same physical origin 

(i.e. free electrons), three main effects resulting from the coupling between a temperature 

gradient and an electrical field can be distinguished: Peltier, Thomson and Seebeck effects 

[13]. During the solidification process, it has been shown that both Peltier and Thomson 

heating are negligible [14]. Therefore, only Seebeck effect is discussed in the present work.  

First we give the working principle of a thermocouple. When two media of different 

thermoelectric powers ( Sη , Lη ) are connected together and a difference of temperature ∆T is 

present between the two junctions, a voltage ∆V can be measured (see Fig. 1.2(a)) [12]: 

 S L∆ = ( )∆V T–η η  (1.7) 

This equation can be expressed more generally in each media by the modified Ohm’s law 

derived from thermodynamics of irreversible processes [15]: 

 ( )= +j V T∇ ∇–σ η  (1.8) 

where j is the current density created either by an electrical field or by the electronic 

movement due to the heat conduction, σ the electrical conductivity, V the electrical potential 

(a) (b) 
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and T the temperature. 

During the solidification process of a metallic alloy, a similar “thermocouple” can be 

produced at the dendritic interface in a given temperature gradient when the liquid and solid 

phases show a difference of thermoelectric power (see Fig. 1.2(b)). Different from the real 

thermocouple, it is short-circuited and then results in the generation of a local current. When a 

DC magnetic field is applied during the solidification process, this current interacts with the 

applied field and then creates a thermoelectric Lorentz force, i.e. thermoelectric magnetic 

force (TEMF). 

1.2.2.2 DC magnetic field 

 

Figure 1.3 Schematic top view of the arrangement of DC magnets [16]. 

 

As mentioned previously, DC magnetic field has a braking effect on the melt flow, which 

has been practiced in commercial continuous casting of steel. This technique of stably 

controlling the molten steel flow in the mold was developed by applying a level DC magnetic 

field (LMF) across the mold width. The metallurgical effects of LMF are to minimize the 

penetration of oxide inclusions into the cast and stabilize the steel flow in the mold so as to 

avoid the entrainment of liquid flux into the cast. In 1993, Gardin et al. [16] presented a 

configuration describing the influence of an electromagnetic actuator on steel flows, as 

schematically shown in Fig. 1.3. The actuator was installed at Sollac Dunkirk on one 

continuous casting strand in order to be tested and optimized. This device consists of two 

pairs of induction poles, located on either side of the feeding submerged nozzle. It generates a 

cross stationary magnetic field in the mold with a highest intensity of 0.32 T for a slab size of 

250 mm in thickness. The field creates Lorentz forces which "brake" fluid motion and tend to 

better disperse the kinetic energy of molten steel jets coming from the nozzle ports in the 

mold. To better understand the brake effect on flows, they built a numerical tool from the 
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PHOENICS finite which could predict the effect of an electromagnetic actuator on steel flows 

and inclusion mass fluxes entrapped by the solidifying shell. The results shows that the field 

leads to a high confinement of the inclusions in the upper part of the caster and tends to 

increase the heterogeneity of the inclusion distribution in the widthwise direction of the slab. 

 
Figure 1.4 Cellular microstructures of directionally solidified Pb-17.7wt.%Sn alloy (a) without and (b) 
with a 0.45-T transverse magnetic field [21]. 

 

Besides the practical application, more experiments were carried out to investigate the 

effects of the DC magnetic field on the macro- and microstructures of metallic alloys. 

Uhlmann et al. [17] investigated the effect of a DC magnetic field on the solidification 

microstructure of Cu-2%Al alloy. It was found that the microstructure is transformed from 

equiaxed grains without magnetic field to complete columnar grains with an external 0.2-T 

one. They attribute this to the braking effect on the convection in the melt by the magnetic 

field, which reduces the dendrite fragmentation and the subsequent crystal multiplication 

during the solidification. Moreover, the reduction of heat evacuation rate and thus the 

undercooling of the melt induced by this field decrease the nucleation rate so that equiaxed 

grains are less formed, which usually block the growth of the columnar grains ahead of them. 

This also contributes to the complete development of the columnar grains. A similar grain 

coarsening effect by a DC magnetic field was also observed in an Al-4%Cu alloy [18]. These 

grain coarsening effects mainly refer to the large ingots solidified in a non-directional way. As 

a matter of fact, more effects of DC magnetic fields are investigated during the directional 

solidification of relatively small ingots. Early in 1966, Youdelis et al. [19] applied a 

(b) 

(a) 
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34000-oersteds transverse magnetic field during the directional freezing of Al-Cu alloys and 

found that the diffusion coefficient and hence the fiber spacing can be reduced. Later in 1970, 

the same author [20] investigated the effect of a transverse magnetic field on ambipolar 

diffusion and concluded that for a heterovalent metal alloy significant diffusion inhibition 

should occur when some condition is met. In 1973, Verhoeven and Pearson [21] solidified 

eutectic Sn-Cd and Sn-Pb alloys vertically under a transverse magnetic field of 23000 

oersteds and found that the magnetic field had no effect on the eutectic lamellar spacing. In 

1981, Boettinger et al. [22] imposed a 0.1-Tesla transverse (or axial) magnetic field during the 

directional solidification of near eutectic Pb-57wt.%Sn alloy, but found that no influence on 

the microstructure or longitudinal macrosegregation was detected. In 1994 Tewari et al. [23] 

applied a higher 0.45-Tesla transverse magnetic field during the directional solidification of 

Pb-17.7wt.%Sn alloy. It was found that the 0.45-Tesla magnetic field has no influence on the 

morphology of dendrite arrays, but does cause severe distortion in the cellular array 

morphology, as shown in Fig. 1.4. They attributed this to the anisotropy in the thermosolutal 

convection caused by the magnetic field. With a deeper study of the effects of DC magnetic 

field on the macro- and microstructures of metallic alloys, numerical analyses and models are 

also presented to account for the induced phenomena. In 1995, Alboussiere et al. [24] 

investigated the axial segregation during horizontal Bridgman growth in the presence of a 

uniform axial magnetic field. With a numerical and theoretical study, they predict that the 

Hartmann number has no influence on the axial segregation until it reaches a given value. 

Two years later, the same authors [25] investigated the segregation in a dilute metallic alloy 

during horizontal Bridgman growth. This time, they presented a 2-D model to exhibit a 

critical value of the magnetic field intensity for segregation, above which the effective 

partition ratio is increasing with the increase of the magnetic field intensity. In the same year, 

Li [26] developed a fully 3-D numerical model to represent the magnetic damping of complex 

fluid flow in a melt cavity during the unidirectional solidification of Sn-35.5%Pb alloy. 

Numerical results show that magnetic damping can be effectively applied to reduce the 

turbulence and flow levels in the melt undergoing solidification and over a certain threshold 

value a higher magnetic field resulted in a higher velocity reduction.  

When exploring the effects of the DC magnetic field during the solidification of metallic 

http://www.engineeringvillage2.org.cn/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bAlboussiere%2C+T.%7d&section1=AU&database=49159&yearselect=yearrange&sort=yr
http://www.engineeringvillage2.org.cn/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bLi%2C+B.+Q.%7d&section1=AU&database=49159&yearselect=yearrange&sort=yr
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alloys, thermoelectric effect and thus the TEMF also cannot be neglected. The first 

experiment to demonstrate thermoelectric effect was performed by Alboussiere et al. [27] in 

1991. They directionally solidified Pb-Sn (47at.%Pb) and Bi-Sn (60at.% Bi) alloys under a 

permanent magnetic field and found that the microstructure is affected and the solute 

segregation is enhanced with the magnetic field. They attributed these to the thermoelectric 

currents generated in the dendritic zone and thus could create Lorentz force (i.e. TEMF) able 

to increase the solutal convection. In 1993 [28] and 1996 [29], Moreau et al considered both 

Peltier effect and Seebeck effect at all scales and again demonstrated the relevance of these 

phenomena. In 1998, Lehmann et al. [12] presented a study where they took good advantage 

of the thermoelectric effect. To investigate the influence of convection on the mushy zone 

during the horizontal directional solidification of Cu-60mass%Ag and Al-10mass%Cu alloys, 

they used a transverse DC magnetic field to modify the fluid flow in the dendritic network by 

thermoelectric magnetohydrodynamic effect. The induced Lorentz force can oppose or 

reinforce the natural solute buoyancy force and then makes it possible to change only the 

convective intensity without modifying the other parameters of the growth. More recently, L. 

et al. [30] applied an axial magnetic field (≤1 Tesla) during the directional solidification of 

Al-Cu alloy. It was found that the magnetic field caused changes in the macroscopic interface 

shape and the cellular/dendritic morphology. They attributed these changes to the 

thermoelectric magnetic convection on the sample scale and the cell/dendrite scale. 

Application of DC magnetic field to the solidification process of metallic alloys has 

brought about fruitful results. However, it is still at an initial stage. Quite some of the 

mechanisms in explaining the induced phenomena by researchers are just tentative. 

Considering this, a deeper and wider study in this field is of interest and significance. 

1.2.2.3 AC magnetic field  

AC magnetic field has been successfully applied to the technique of direct chill 

(continuous or semi-continuous) casting of aluminium alloys. In 1970s, Getselev [31] 

developed electromagnetic casting (EMC) on the basis of conventional direct chill of 

aluminium alloys. In his design, a high frequency (2000-3000Hz) AC magnetic field was 

applied. During the casting, the molten metal was not confined by a mold but the magnetic 

http://www.engineeringvillage2.org.cn/controller/servlet/Controller?CID=quickSearchCitationFormat&searchWord1=%7bMoreau%2C+R.%7d&section1=AU&database=49159&yearselect=yearrange&sort=yr
http://www.sciencedirect.com/science?_ob=MathURL&_method=retrieve&_udi=B6TW8-4VP5849-2&_mathId=mml1&_user=1002874&_cdi=5556&_rdoc=1&_acct=C000050161&_version=1&_userid=1002874&md5=37bd0fddc178ca6fb7b387c5337fd778
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pressure. This pressure results from the induced Lorentz force which balances the 

metallostatic pressure. EMC remarkably improves the surface qualities of the cast aluminium 

ingots so that they can be rolled without scalping. In the end of 1980s, Vivès [32] developed 

CREM (Casting, Refining, Electromagnetic) technique, as schematically shown in Fig. 1.5. 

Different from Getselev, he applied an AC magnetic field with commercial frequency (50Hz) 

during the direct chill casting of aluminium alloys.  The results indicated that compared with 

the ingots by conventional direct chill casting method the solidified structures are refined and 

the surface qualities of the ingots are also improved. These results also arise from the induced 

Lorentz force by the field. Different from the form given by Eq. (1.5), he described the 

Lorentz force F in his work as follows: 

 
2

(1) (2)

1 1
= = ( )

2
× ∇ ∇ · –F J B B B B

µ µ  (1.9) 

where B and J are the respective magnetic flux density and current density generated in the 

melt and  µ  is the permeability of the melt. In Eq. (1.9), term (1) is a rotational component, 

resulting in a forced convection and flow in the melt; whereas term (2) is a potential force, 

giving rise to the formation of meniscus and a decrease in the contacting pressure on the mold. 

These two terms account for the refined structure and the improved surface quality, 

respectively. Later, in 1990s, on the basis of CREM, Vivès et al. [33, 34] developed 

electromagnetic vibration technique where a steady DC magnetic field and an AC magnetic 

field were applied simultaneously. Due to the added magnetic vibration effect besides the 

stirring effect, much finer structure than that under CREM was obtained.  

 

Figure 1.5 Schematic diagram of CREM [33]. 

 

It is known that due to the skin effect the Lorentz forces mainly concentrate at the 
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surface of the melt if the frequency of the AC magnetic field is very high. Provided a much 

lower frequency field was applied, the electromagnetic forces might be able to penetrate 

deeper into the melt and then produce a stronger stirring effect. Based upon this, Cui et al. 

developed LFEC (Low-Frequency Electromagnetic Casting) [35-45]. They applied AC 

magnetic fields with frequencies of 15-30 Hz during the direct chill casting of aluminium 

alloys. The results show that LFEC can effectively promote the solution of alloying elements, 

refine the microstructures and help reduce the macrosegregation and cracks. In addition, 

despite of the low electromagnetic force at the surface of the melt, the surface qualities of the 

ingots can also be improved when the magnetic intensity is strong enough.  

Due to the easy availability and remarkable effects on the macro- and microstructures of 

the metallic ingots, conventional AC magnetic field has been widely used in the direct chill 

casting and is developing quickly. 

1.2.3 Solidification in high magnetic field 

1.2.3.1 Basic principles 

(a) Crystal orientation 

When a non-magnetic crystal is submitted to an external magnetic field and magnetized, 

the magnetization energy of the substance U is usually given as [8] 

 ( )
2

2
0

=
2 1+

U B
N

–
χ

µ χ
  (1.10) 

where χ is the magnetic susceptibility of the crystal, 0µ  the permeability in vacuum 

(4π×10-7 [H/m]), N the demagnetization factor and B the magnetic flux density. However, due 

to the magnetic anisotropy of the crystal, the magnetization energy is also crystallographically 

dependent. Based on this, the magnetization energy Ui in i crystallographic direction when 

i//B can be expressed as 

 ( )
2i

i 2
0 i

=
2 1+

U B
N

χ
µ χ

–

 

(1.11) 

From Eq. (1.10), it can be known that the crystal is in an energetically unstable state if the 

crystallographic direction with the highest susceptibility is not in the external magnetic field 

direction. As a consequence, it will be rotated by the magnetic field to its lowest energy state, 
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i.e. its energetically stable position. The driving force (i.e. the magnetization force) of the 

rotation originates from the magnetic torque, which is the result of the interaction of the 

induced magnetization and the applied magnetic field. During the solidification of metallic 

alloys, the primarily precipitated crystals with strong magnetic anisotropies can be rotated by 

this toque due to the free liquid environment. 

(b) Crystal migration 

When a crystal with volume V is precipitated in the melt under an external gradient 

magnetic field, another pulling or repulsing magnetization force F will be induced to act on it,  

which usually can be expressed as [2]:  

 ( )0= V ∇ · F B Bχ µ  (1.12)                            

Under this magnetization force, the crystal may migrate from one position to another. 

1.2.3.2 Crystal orientation 

 
Figure 1.6 (a) the deflected structure on the longitudinal section of Al-4.5wt.%Cu alloy ingot; (b) schematic 

illustration of the α-Al deflected dendrites growth under the magnetic field [45]. 

 

 

Figure 1.7 Macrostructures of Al-Ni alloy solidified under magnetic field of (a) 0, (b) 1, (c) 4.4 and (d) 8.8 
Tesla [54]. 

(a) (b) 
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As mentioned previously, magnetic orientation arises from the anisotropic magnetization 

energy of crystals. Owning to this anisotropy, a crystal receives torque in a magnetic field, 

and then orients to the energetically stable position. However, during the solidification 

process, four conditions are necessary to realize such an orientation modification [1]: firstly, 

the precipitated crystals have a crystallographically magnetic anisotropy; secondly, the 

magnetization energy should be larger than thermal energy; thirdly, the grain is surrounded by 

fluid; finally, each crystal should be dispersed in the medium.  

 
Figure 1.8 Three-dimensional macrostructure of Al-Ni alloy directionally solidified under a magnetic field 
of 12 Tesla [55]. 

 

Once all the necessary conditions are met, the crystals in the melt can be oriented and 

then reveal a macroscopic texture. This has been verified in many different alloys during the 

solidification processes. Mikelson et al. [46] reported that the macrostructure of Al-Cu and 

Cd-Zn alloys aligned in the direction of the magnetic field. Savitisky et al. [47] found that the 

MnBi phase in the Bi-Mn alloy also aligned in the direction of the magnetic field. Later, 

Yasuda et al. [48] reported a similar alignment of the MnBi phase in the Bi-Mn alloy. Rango 

et al. [49] extended the investigation to the solidification of paramagnetic YBa2Cu3O7 

material and obtained textured crystal structure in a magnetic field. Katsuki et al. [50] 

reported that diamagnetic benzophenone crystallized from n-hexane, KCl and BaCl2 

crystallized from a solution aligned in a 10 Tesla magnetic field. Asai found that the primary 

phase in Al-Si-Fe alloy aligned with the longer axis perpendicular to the magnetic field [2]. 

Textured crystal growth of Bi-2201 [51] and Bi (Pb)-2212 [52] has also been obtained in a 

high magnetic field. Recently, Li. et al. [53] investigated the influence of a high magnetic 

field on the alignment behavior of α-Al dendrites in Al-4.5wt.%Cu alloy during the 

directional solidification. A deflected structure was found on the longitudinal section parallel 
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to the magnetic field, as shown in Fig. 1.6(a). Normally, they should grow with the preferred 

crystallographic direction <100> along the temperature gradient direction which is consistent 

with the magnetic field. However, the α-Al dendrites are oriented by the magnetic field with 

the easy magnetization axis <111> parallel to the field direction, as shown in Fig. 1.6(b). As a 

consequence, the primary dendrite arm is deflected from the temperature gradient direction. 

Wang et al. [54] investigated the effects of a high magnetic field on the alignment of primary 

Al3Ni phase in Al-Ni binary alloys during a non-directional solidification process. The results 

showed that the primary phase Al3Ni aligns regularly in the direction perpendicular to the 

imposed magnetic fields, as shown in Fig. 1.7. XRD examination indicated that magnetic 

field makes (h k 0) and (0 k l) planes of the Al3Ni crystals oriented parallel and perpendicular 

to the magnetic field direction, respectively. Different from Wang, Li et al. [45, 56] solidified 

the Al-Ni alloy in a directional way under a high magnetic field. It was found that a sandwich 

structure is formed, as shown in Fig. 1.8. By means of the XRD and EBSD analysis, it is 

determined that the <001> crystallographic direction of the Al3Ni crystals orients along the 

magnetic field; whereas <100>, <110> and <010> are perpendicular to the magnetic field. 

More recently, Liu et al. solidified Mn-89.7wt.%Sb alloy in various magnetic fields with 

different holding times [57]. The results showed that the primary MnSb crystals are oriented 

with their c-plane parallel to the magnetic field direction, but the eutectic MnSb can not be 

oriented.  

Crystal alignments are intimately related to the properties of materials, therefore a good 

control of the crystal orientations becomes significant. Thanks to the development of 

superconducting magnetic technologies, obtaining materials with desired crystal orientations 

and thus alignments become possible.  

1.2.3.3 Crystal migration 

When a crystal precipitated in the melt during the solidification process is submitted to a 

gradient high magnetic field, the induced magnetization force may move it from one position 

to another due to the susceptibility difference between the crystal and the melt. If the crystal is 

ferromagnetic or paramagnetic, it will have a tendency to migrate toward the position with 

higher magnetic field; whereas if it is diamagnetic, the tendency is just the opposite. This has  
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Figure 1.9 Macrostructure in the transverse section of Bi–6wt.%Mn ingot under a radial gradient magnetic 
field of 10 Tesla [61]. 

 

been verified in a series of solidification experiments of various metallic alloys. Sassa et al.  

[58] reported a migration of primary Si during the solidification of Al-Si alloy. When the 

sample was put in a positive gradient magnetic field, the Si grains were located at the lower 

region of the sample; whereas when the sample was put in a negative one, they mostly 

concentrated at the upper region of the sample. This is directly related to the diamagnetic 

property of Si crystals and the paramagnetic property of Al melt. A similar migration of the 

primary Si grains under gradient magnetic field was also found by Wang et al [59]. However, 

a more detailed investigation on the migration behavior of the primary Si grains was made by 

Jin et al [60]. They investigated the effects of magnetic flux density and gradient separately 

during the solidification of Al-18wt.%Si alloy. It was found that under a gradient magnetic 

field the primary Si grains migrate toward one end of the specimen, forming a Si-rich layer. 

At a constant magnetization force, the migratory degree of the primary grains decreased with 

the increase of the magnetic flux density; whereas at a fixed magnetic flux density, the 

amount of separated primary grains increased with increasing magnetic field gradient. They 

attributed the results to the combined effects of the magnetization force and the magnetic 

viscosity of the melt, both of which increase with the increase of the magnetic flux density. 

Recently, L. et al. [61] showed a typical example of the application of magnetization force on 

moving crystals. They employed a radial gradient magnetic field during the solidification of 

Bi-6wt.%Mn alloy. The results indicated that a ring-like primary MnBi phase-rich layer is 

formed, as shown in Fig. 1.9. As the MnBi phase and the matrix Bi are ferromagnetic and 

diamagnetic, respectively, the MnBi phase will be subjected to an outward magnetization 
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force along the radial direction and thus migrates to the peripheral region of the specimen. 

Based on their experiment, one can imagine that an axial gradient magnetic field will let the 

primary MnBi phase concentrate at a specific end of the specimen. This has been verified 

during the solidification of a dilute Bi-Mn alloy by Wang et al. [62]. More recently, Lou et al. 

investigated the effects of high magnetic fields on the migration of TiAl3 particles during the 

solidification of Al-7wt.%Si-0.5wt.%Ti alloy [63]. Without magnetic field, the TiAl3 particles 

segregate at the lower part of the solidified structure. Under uniform magnetic field, the 

segregation of the particles reduces with the increase of the magnetic flux density. When a 

negative gradient field is applied, the segregation is further reduced. The segregation of the 

particles is the result of their much higher density than the Al melt, the reduction of the 

segregation under uniform magnetic field is related to the increased effective viscosity of the 

melt and the further reduction under negative magnetic field is attributed to the magnetization 

force acting on the particles.  

According to the magnetic properties of the crystals, we can imagine to control their 

distribution by the high magnetic field, which is also an important part of materials processing. 

Based on this, a large number of experiments with various materials seem quite necessary.  

1.3 Other material processes with magnetic field 
1.3.1 Introduction 

Due to the special capacities of magnetic field in affecting materials, more and more 

researches have been involved in EPM, especially since high magnetic field becomes readily 

available because of the recent progress in superconducting magnet technique. The quick 

development of high magnetic field helps extend the research objects from the previous 

magnetic materials to non-magnetic ones, such as water, air and even organic tissues. Besides 

solidification process, it has also been applied in many other processes, such as phase 

transformation, vapour-deposition and electro-deposition, and meanwhile some interesting 

phenomena have been found.  

1.3.2 Phase transformation  

Shimotomai et al. [64] applied a 8-Tesla magnetic field during the α → γ inverse 

transformation in Fe-C alloys. It was found that two-phase microstructures with the 
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paramagnetic γ phase are aligned as chains or columns in the matrix of the ferromagnetic α 

phase along the direction of applied magnetic field. They attributed this to the dipolar 

interactions between the nuclei of γ phase which are regarded as magnetic poles in the 

background of ferromagnetic medium of α phase. Sadovsky et al. [65, 66] carried out a series 

of researches on the effect of magnetic field on martensitic starting point, the amount of 

martensite obtained and microstructure morphologies appearing during martensitic 

transformation in some ferroalloys and found that the magnetic field can obviously increase 

the transformation temperature and promote transformation amount.  

1.3.3 Vapour-deposition  

Tahashi et al. [67] applied a 5-Tesla high magnetic field during the vapour-depostion 

process of bismuth. The bismuth was first put into a vacuum chamber set in the bore of a 

superconducting magnet and then heated up to 1073 K after the pressure in the chamber 

reached 5×10-3 Pa so that they can be deposited onto a glass substrate. The results indicated 

that bismuth is deposited in the c-plane orientation and the orientation indices in the c-plane 

increase with an increase of the distance between the target and the substrate, suggesting that 

the radiation heat due to the laser heat source interrupted the crystal orientation in the vicinity 

of the target.  

1.3.4 Electro-deposition 

Takahisa et al. [68] applied a high magnetic field during the electro-deposition process of 

zinc. A copper substrate as cathode and a zinc plate as anode were set in a vessel as an 

electrolytic cell under the magnetic field. The result indicated that the observed orientation 

plane of zinc electrodeposits was the c-plane when the magnetic field was imposed 

perpendicularly to the cathode substrate plane and the orientation indices of the c-plane 

increased with the increase of the magnetic field.  

1.4 Motivation and objectives 

Since magnetic field was involved in materials processing, significant progress has been 

made. However, due to the complexity of the phenomena, various fundamental issues still 

exist and impede the development of EPM. Therefore, a deeper and more comprehensive 

study in this field is required. As an important material, aluminium-based alloys have been 

http://s.wanfangdata.com.cn/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22Takahisa+Taniguchi%22++DBID%3aNSTL_QK
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widely used in modern industries, so how to improve their properties is always a hot topic in 

the field of materials science. Solidification is a key process for controlling the macro- and 

microstructures and thus the final properties of alloys, and meanwhile magnetic field can 

induce various effects on materials, therefore applying magnetic fields during the 

solidification of aluminium-based alloys is worth trying and may bring about some new 

phenomena and facilitate to the understanding of some fundamental issues. Based upon this 

background, Al-based binary alloys are chosen as the target material for solidification 

experiments under both high and conventional DC magnetic field in the present work.  

According to the previous analysis, only the crystals with a free liquid environment can 

be effectively affected by the high magnetic field. Considering this, hypereutectic 

Al-3.31wt.%Fe and hyperperitectic Al-1.36wt.%Zr alloys in which intermetallic compounds 

Al3Fe and Al3Zr can be primarily formed in the melt during the solidification process are 

prepared in the present work. To better understand the possible effects on the Al3Fe and Al3Zr 

compounds by the high magnetic fields, the alloys are first solidified in the absence of 

magnetic field and then a clear determination of their crystallographic features by making use 

of EBSD technique is performed. Afterwards, the alloys are solidified under various 

intensities of high magnetic field to systematically investigate the influences of high magnetic 

field on their precipitation behaviors, including the distribution and alignment. As the 

conventional magnetic field influences the metallic alloys in a macroscopic scale, the 

isomorphous Al-9.8wt.%Zn and hypoeutectic Al-0.24wt.%Fe alloys are prepared and 

semi-continuously cast under conventional DC magnetic fields to experimentally examine the 

microstructural transformations and the accompanied crystal orientation change. 
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Chapter 2 Crystallographic features of primary Al3Fe and Al3Zr 

phases in as-cast Al-based binary alloys 

2.1 Introduction 

The core content of the present dissertation is to investigate the effects of high magnetic 

field and conventional DC magnetic field on the crystallography and microstructure of 

Al-based binary alloys. In the high magnetic field experiments, it mainly refers to the 

modification of the precipitation behaviors of the primary Al3Fe and Al3Zr phases during the 

solidification of Al-Fe and Al-Zr. As the precipitation behaviours of these two phases are 

intimately correlated with their crystallographic structures, a systematic study in advance on 

their crystallographic features in the absence of magnetic field will contribute to the 

understanding of the effects brought by the high magnetic field. To show a clear text 

structure, we present their crystallographic features in a single chapter.  

 

Table 2.1 Crystallographic data of Al3Fe and Al3Zr crystals 

Formula Structure 
Number of atoms 
in the unit cell 

Lattice parameters Space 
group 

No. 
a b c β 

Al3Fe monoclinic 102 1.549 nm 0.808 nm 1.248 nm 107.72° C2/m 12 
Al3Zr tetragonal 16 0.3998 nm 1.728 nm 90° I4/mmm 130 

 

Iron and zirconium are two important additives in the production of aluminium-based 

alloys as they can improve some certain properties of the alloys [1-3]. As a consequence, 

intermetallic compounds Al3Fe (sometimes denoted as Al13Fe4, Al19Fe6 or Al7Fe2) and Al3Zr 

often emerge in these alloys. Al3Fe compound has a direct impact on the formability and 

fatigue resistance of Al-Fe alloy [4]; whereas Al3Zr is of interest for potential aerospace 

applications due to its low density, high melting point and large elastic modulus [5]. So far, 

their basic physical properties have been widely reported [4], such as density, linear 

expansion coefficient, electric resistively, thermal conductivity, etc. Their crystal structures 

have also been well identified, as shown in Table 2.1 [6, 7]. Their some correlated 

crystallographic features have also been partly studied and detailed as follows. 

For Al3Fe compound, it has been proved that it has a strong tendency to twin. Groth [8] 
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was the first to observe (100) and (001) reflection twins. Black [9, 10] suggested (100) and 

(001) glide twin models. Fung et al. [11] confirmed that the (20-1) twinning is another 

possibility. Ma et al. [12] reported an investigation on (001) microtwins. Some other 

researchers [13-15] also did some work in revealing the twins in Al3Fe compound. However, 

a complete study combining twinning with their morphologies on the primary Al3Fe phase 

during the solidification of Al-Fe hypereutectic alloy has not been well addressed. Moreover, 

a clear description of the twinning mode with the complete set of twinning elements for the 

twins formed in this crystal has also not been reported.  

For Al3Zr compound, it has been determined in a slowly cooled Al-10wt.%Zr melt that 

the fully grown primary Al3Zr crystals are tabular and bound by {001} and {101} facets [16]. 

Moreover, (1-1-4) twin was also found in this compound [17]. However, a more complete 

study involving the morphology of the primary Al3Zr crystal in the cause of growth has not 

been addressed. A clear description of the twinning mode with the complete set of twinning 

elements for the twin formed in this compound has not been reported. The effect of twining 

on the morphology of the crystal and the twinning formation mechanism in atomic scale has 

also not been analyzed.  

 Based on the background above, Al-3.3wt.%Fe and Al-1.36wt.%Zr alloys were selected 

and solidified to form primary Al3Fe and Al3Zr phase in the present work. A systematic study 

on the crystallographic aspects of these two compounds was carried out to obtain the useful 

information. 

2.2 Experimental 

The Al-3.31wt.%Fe (or Al-1.36wt.%Zr) alloy was prepared by melting high-purity 

aluminum (99.999wt.%) and iron (99.99wt.%) (or zirconium (99.999wt.%)) in an induction 

furnace. After magnetically stirred and held at 850°C (or 1100°C for Al-1.36wt.%Zr) for 

30min, a further mechanical stirring is applied to make the alloy composition homogeneous in 

the whole melt and then the melt was poured into a high-purity water-cooled copper crucible 

(20×100×100mm3) to be solidified quickly. A rod was cut from the billet, and then put into a 

tube of high-purity corundum crucible (10mm in inner diameter and 30 mm in height). The 

crucible with the rod was placed in a vacuum resistance furnace for solidification experiment. 
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After the pressure in the furnace reached 5×10-3 Pa, the rod was heated up to 830 °C (or 

980 °C for Al-1.36wt.%Zr) by an electric heater at a heating rate of 5°C/min and held at this 

temperature for 40 min, and then cooled to room temperature at a cooling rate of 10 °C/min 

(or 12°C/min for Al-1.36wt.%Zr).  

A specimen was cut longitudinally (or transversely for Al-1.36wt.%Zr) from the as-cast 

sample and then polished for further examination. The microstructure was observed with a 

Leica DMR optical microscope. Individual orientation measurements of the primary Al3Fe (or 

Al3Zr) phase were performed at manually chosen points through acquiring and indexing their 

EBSD Kikuchi patterns with a JOEL JSM 6500 FE-SEM, equipped with the software HKL 

Channel 5 – Oxford. 

The principal crystallographic extension directions of the primary Al3Fe phase were 

determined first by searching the longest Al3Fe crystals in the sampling plane on hypothesis 

that these crystals may have their extension direction close to the observed plane. Then 

measure their longest interface trace vectors in the sample coordinate system and calculate 

their equivalent vectors in the crystal coordinate with the measured orientation of the crystals. 

Finally the statistically representative crystalline direction close to these trace vectors is 

determined as the crystallographic extension direction. Twin orientation relationships for both 

of Al3Fe and Al3Zr crystals were first determined by misorientation calculations expressed by 

rotation angles and axes [18], then the corresponding twinning elements (K1 - the twinning 

plane; η1 - the twinning direction; K2 - the reciprocal or conjugate twinning plane; η2 - the 

reciprocal or conjugate twinning direction; P - the plane of shear; s - the amount of shear) 

were completely determined according to the minimum shear criterion and the Bilby–Crocker 

theory [19]. The faceted Al3Fe-matrix (or Al3Zr-matrix) interfaces are identified by trace 

analysis and calculated with the indirect two-trace method developed by our group [20]. 

2.3 Results and discussion 

2.3.1 Al-3.31wt.%Fe alloy 

Fig. 2.1(a) shows the microstructure in the longitudinal section of the specimen. It can be 

seen that the primary Al3Fe phase (gray bars) whose crystal structure is confirmed by indexing 

its EBSD Kikuchi patterns with the data in Table 2.1 are embedded in the eutectic matrix and 
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displays two forms of morphologies – straight and bent (enclosed in the rectangular frame). 

Here, it should be emphasized that the occurrence frequency of the bent Al3Fe crystal is very 

low.  

 

Figure 2.1 (a) Microstructure in the longitudinal section of the specimen; (b) stereographic projection of 
<010> of crystal A and (c) stereographic projection of <011> of crystal B on the microstructure observation 
plane. Axis X and Y represent the 2D coordinate system of the microstructure observation plane. Dot C in 
(c) is another pole from the <011> family.  

 

Fig. 2.1(b) and (c) show stereographic projections of <010> and <011> of the respective 

crystals A and B (Fig. 2.1(a)) on the microstructure observation plane. From the interface 

traces of the primary Al3Fe crystals (enclosed in the circles) in the microstructure, it can be 

observed that the crystals well extend in the arrowed directions. In the projection figures, the 

projection lines of the <010> (Line OA) and <011> (Line OB) are very close to the true  

<010> and <011> crystal lines as their poles are close to the outer circle of the stereographic 

projections. Moreover, these projection lines are also, respectively, very close to the longest 

interface traces, i.e. the principal extension directions (see the black arrows in Fig. 2.1(a)) of 

the Al3Fe crystals, suggesting that the primary Al3Fe phase has two preferred crystallographic 

extension directions – <010> and <011> (here, it should be mentioned that the <010> 

direction has a deviation of less than 3 degrees from the longest interface trace of the crystal). 

A statistical examination indicates that the occurrence frequency of <010> extension is a little 
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lower than that of <011> (2:3) and there is no obvious morphological difference between the 

two directionally extended crystals. The choice of extension direction of a primary Al3Fe 

crystal may be related to the intrinsic interfacial energy anisotropy, local solute and 

temperature field and initial orientation of the nucleation.  

Further crystallographic orientation analyses indicate that most of the primary Al3Fe 

crystals are twinned. As an example, Fig. 2.2(a) shows the SEM image of a twinned primary 

Al3Fe crystal that extends in <010> direction (the extension direction is shown with its 

corresponding <010> stereographic projection on the observation plane). The contrast  

 

Figure 2.2 (a) SEM image of a twinned primary Al3Fe crystal extending along <010> and the <010> 
stereographic projection on the observation plane of crystals F and Ft; the zoom BES image on the right 
part displays the contrast between the two interrelated crystals. (b) and (c) indexed EBSD Kikuchi patterns 

of F parent and Ft twin, respectively. φ1, φ and φ2 represent the set of rotations from the sample coordinate 
system to the crystal coordinate system of the two crystals.  
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variation between F parent and its twin Ft is also displayed in the zoom BSE (Back Scattered 

Electron) image below the SEM image (a rotation of 90° to the SEM image). Based on this 

BSE image, a dashed line is artificially added to mark the separation between F and Ft. A pair 

of indexed EBSD Kikuchi patterns from the parent F and its twin Ft are displayed in Fig. 

2.2(b) and 2(c), evidencing the existence of the orientation change. The orientations of the 

two crystals represented with a set of rotations parameterized with Euler angles in Bunge 

notation [21] from the sample coordinate system to the crystal coordinate system are also 

given in the figure. Statistical examination of all the Al3Fe crystals appearing in the entire 

longitudinal sample section shows that there are two sorts of twins. Hereafter they are denoted  

 
Table 2.2 Misorientation angles and rotation axes between the two twinned parts in Twin 1 and Twin 2. The 
distinct rotation axis of each rotation angle is expressed in the coordinates in the orthonormal crystal 
coordinate system and in Miller indices in the monoclinic basis. The Miller indices of the plane normal to the 
rotation axis are also displayed.  

 
Misorientation 
angle , ω (°) 

Coordinates of rotation 
axes, d 

Miller indices of the 
rotation axes, [u v w] 

Planes normal to the 
rotation axes, (h k l) 

d1 d2 d3 u v w h k l 

Twin 1 
179.9 
179.8 

0 
9.999 

0 
0 

9.999 
0 

0 
3 

0 
0 

1 
1 

-1 
1 

0 
0 

3 
0 

Twin 2 
179.6 
179.9 

3.028 
-9.530 

0 
0 

9.530 
3.028 

1 
-1 

0 
0 

4 
0 

0 
-4 

0 
0 

1 
1 

 
Table 2.3 Twinning elements for Twin 1and Twin 2 

 Twin 1 Twin 2 
K1 (100) (001) 
η1 [001] [-0.0097, 0.5, 0] 
K2 (001) (0.0159, 0.4034, 0.0969) 
η2 [100] [1-14] 
P (010) (0.2830, 0.0055, -0.0690) 
s 0.6390 0.3403 

 

Twin 1 and Twin 2. In the case of <010> extension, only Twin 1 is observed; whereas in the 

case of <011> extension, both Twin 1 and Twin 2 are detected. The two sorts of twins were 

first examined by misorientation calculations. Due to the monoclinic symmetry, there are two 

sets of misorientations, each set being defined by a misorientation angle ω and the 

corresponding family of rotation axes, i.e. two rotation axes. The distinct rotation axis for 
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each misorientation is first expressed with the coordinates in the orthonormal crystal 

coordinate system d (d1, d2, d3) and then expressed with Miller indices [u v w] in the 

monoclinic basis. The coordinate transformation between the orthonormal crystal coordinate 

system and the monoclinic basis conforms to the Channel 5 convention. The misorientation 

calculation results for Twin 1 and Twin 2 are given in Table 2. The Miller indices (h k l) of 

the plane normal to the rotation axis are also calculated. It should be noted that due to the 

experimental errors, the calculated rotation axes do not have exact rational Miller indices, i.e. 

integers, but the deviation is very small, within 2°. It is seen from Table 2.2 that there are two 

180° rotations for each sort of twin (Twin 1 and Twin 2), confirming that the two misoriented 

crystals are twin related according to the classical definition of twinning [22]. The 

corresponding plane normal to the rotation axis could be the twinning plane K1 and the 

rotation axis could be the twinning direction η1. This means that there are four possible 

twinning modes for each twin. All the twinning elements for each twinning mode are 

calculated. The mode that requires the smallest twinning shear is determined as the valid 

twinning mode for each sort of twin and the corresponding twinning elements are shown in 

Table 2.3. According to the established nomenclature, twinning can be classified into 3 modes 

according the rationality of the Miller indices of the twinning elements. Rational K1 and η2 

correspond to type I and rational K2 and η1 type II. If all the four elements are rational, it is 

compound.  As can be seen in Table 2.3, for Twin 1, all the twinning elements have rational 

indices, indicating that this twin is compound; whereas for Twin 2, only K1 and η2 are 

rational, therefore it belongs to type I twin. Twinning element calculation result indicates that 

the twin in Fig. 2.2(a) belongs to Twin 1.  

The crystallographic extension direction and twinning have a direct influence on the 

morphologies of the primary Al3Fe phase. Fig. 2.3(a) and (b) show two other twinned primary 

Al3Fe crystals and (c) and (d) their corresponding <011> stereographic projections on the 

observation plane indicating their extension directions. Twinning element calculation result 

indicates that the twins in these two crystals belong to Twin 1 and Twin 2, respectively. Fig. 

2.3(e) and (f) show the standard stereographic projections of the twinning elements 

corresponding to these two twinned crystals. From the three twinned primary crystals  
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Figure 2.3 SEM images of two twinned primary Al3Fe crystals extending along <011> but with a (a) 
straight and (b) bent morphology; <011> stereographic projections on the observation plane corresponding 
to (c) D and Dt and (d) G and Gt; standard stereographic projections of the twinning elements 
corresponding to (e) D and Dt and (f) G and Gt. The poles enclosed in the same shaped frames in (c) and (d) 
are from the same part of the crystal. 

 

mentioned above, it is seen that the crystals extending in <010> (Fig. 2.2(a)) and <011> (Fig. 

2.3(a)) with Twin 1 are long and straight, while that extending in <011> with Twin 2 (Fig. 

2.3(b)) is bent. Actually for the long and straight morphology, the <010> and <011> directions 

are in the K1 plane, while for the bent morphology, the extension direction <011> is not in the 

K1 plane. It is known that K1 (i.e. twinning plane) is an invariant plane. If the extension 

direction is in the K1 plane, the two twinned parts share one and the same extension direction; 

therefore, twinning has no influence on the morphology during extension. However, if the 

extension direction is out of the K1 plane, the two twinned crystals cannot extend in the same 

direction, thus a bent morphology appears.  

Morphology examination shows that the primary Al3Fe crystals possess regular shape and 

the interface traces are always straight, suggesting that the crystal may expose faceted  
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Figure 2.4 Microstructure indicating two shapes of intersection of Al3Fe crystals with the sampling plane. 
Crystal H: monoclinic prism; Crystal K: triclinic prism. The schemes show the indices of the surface planes 
binding crystals H and K and the blue lines outline the intersection between the crystal and the sampling 
plane. Axes a, b and c represent the monoclinic crystal basis of the Al3Fe. 

 

low-index planes to the Al matrix. Two shapes of intersection of the Al3Fe crystals are 

observed, as indicated in Fig. 2.4, parallelogram (crystal H) and hexagon (crystal K). It should 

be noted that as the sampling plane is not always perpendicular to the interfaces of these 

crystals, the angles between the adjacent interface traces in the figure do not correspond to the 

true angles between the interfaces. As can be seen, crystal H is bound by two pairs of parallel 

surface planes (see the white frames), whereas crystal K is bound by three pairs of parallel 

surfaces. Calculation shows that for the crystals having parallelogram intersection (crystal H), 

the surface planes are (100) and (001); while for those having hexagonal intersection (crystal 

K), the surface planes are (100), (001) and (02-1). Examining the angles between the adjacent 

interfaces, the three-dimensional form of the crystals can be obtained. Those having a 

parallelogram intersection (crystal H in Fig. 2.4) are in a form of monoclinic prism and the 

(100) and (001) planes are parallel to the extension direction; whereas those having a 

hexagonal intersection (crystal H in Fig. 4) are in triclinic prism, as illustrated in Fig. 2.4. The 

intersection between the sampling plane and the crystal is outlined in blue in Fig 2.4. For such 

crystals, they do not display an evident extension direction. Moreover, the crystals in the form 
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of monoclinic prism always possess Twin 1; whereas those in the form of triclinic prism 

possess Twin 2. According to the current crystal growth theories [23], crystals are bound by 

low-index faces. Obviously, the planes identified above are low-index ones. The identification 

of these planes is very helpful for the understanding of the formation of the two sorts of twins. 

During the growth process of a primary Al3Fe crystal, its (100) and (001) planes may expose 

to the Al melt. Under the help of a convection, a stacking fault with respect to the (100) or 

(001) plane may occur when the iron and aluminium atoms attach to it, and thus giving rise to 

the formation of Twin 1 or Twin 2. Interestingly, it is found that for the crystals that are 

twinned by Twin 2, the twinned crystals have the (02-1) plane in common, therefore, twinning 

during the growth process does not change their external shape. 

2.3.2 Al-1.36wt.%Zr alloy 

 

Figure 2.5 Microstructure in the transverse section of the ingot. 

 

Fig. 2.5 shows the microstructure in the transverse section of the ingot. It is seen that the 

primary Al3Zr crystals (gray color) – whose crystal structure is confirmed by indexing the 

EBSD Kikuchi patterns with the data in Table 2.1 – are embedded in the Al matrix. Fig. 2.6(a) 

and (b) show two typical longitudinal cuts of the primary Al3Zr crystals and (c) displays one 

cross section, which indicates that the Al3Zr crystal has a tabular shape. It is found that the 

shape of the longitudinal cut is size dependent. When the size of the crystal is relatively small, 

i.e. in the course of growth, the longitudinal cut appears in octagonal form (Fig. 2.6(a)); 

whereas when the size is large, i.e. after full growth, most of the crystals appear in a 

rectangular form (Fig. 2.6(b)). In both cases, the interface traces are straight, suggesting that 

50µm 
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the crystals expose faceted planes to the Al matrix. 

 
Figure 2.6 Longitudinal cuts of the primary Al3Zr crystals in (a) octagonal and (b) rectangular form; (c) one 
cross section of the tabular primary Al3Zr crystal. 
 

 
Figure 2.7 Three-dimensional schematic morphology of the Al3Zr crystal with an octagonal shape in the 
longitudinal cut. 

 

Al3Zr-matrix interface calculation results indicate that for the two shaped crystals, the 

two large upper and lower plate surfaces correspond to the {001} planes, whereas for the 

smaller sized plates, the lateral surfaces correspond to two families of planes {101} and {111}, 

as illustrated in Fig. 2.7 , but for the larger sized plates, the lateral surfaces correspond to only 

one family of planes {101}. 

It is known that the final shape of a faceted crystal is determined by the migration 

capacity (or rate) of its facets during the growth process and the migration capacity of a facet 

is related to its atomic scale roughness. Atoms more easily attach to rough planes than to 

smooth ones as rough planes have more vacant sites to accept atoms during the growth 

process. As a consequence, rough planes migrate faster than the smooth ones and finally the 
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Figure 2.8 Projection of the Al and Zr atoms of the Al3Zr crystal with (010) and (-101) (a) and (1-11) (b) 
on edge-on position (i. e. these planes are perpendicular to the projection plane). The unit cell is enclosed in 

the dashed rectangular frame in each figure. 

 

fully grown crystal will only be enclosed by slowly migrating interfaces. In the present work, 

the faceted primary Al3Zr crystals should also obey this rule. Fig. 2.8(a) show the projection 

of Al and Zr atoms of the Al3Zr crystal with (001), (-101) and (1-11) on edge-on position (i.e. 

the three planes are perpendicular to the projection plane) to illustrate the roughness of these 

planes at the atomic scale. It can be seen that the (001) (Fig. 2.8(a)) has a high crystalline 

perfection, therefore, the atoms do not attach easily to this plane. As a consequence, (001) has 

a low migration rate during the growth process. Therefore, the growth of the crystal is mainly 

realized by the migration of the lateral interfaces (i.e. {101} and {111} planes), which results 

in a tabular shape as a whole for the primary Al3Zr crystals. Compared with (001) plane, the 

(-101) (Fig. 2.8(a)) and (1-11) (Fig. 2.8(b)) planes are quite rough, containing steps or 

vacancies at the atomic level that can help to capture atoms during the growth process. 

However, the roughness of these two planes are also not exactly the same. The (-101) plane 

contains regular lateral steps which are still relatively smooth;, whereas the (1-11) exhibits 

many irregularly sited vacancies which make the interface quite rough. Therefore, the (1-11) 

has a higher migration rate than the (-101). Finally, lateral planes from the {111} family 

disappear and only those from the {001} family and from the {101} family remain through 

the full growth process, and hence most fully grown Al3Zr primary crystals possess a 
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rectangular shape in the longitudinal sections.  

 

 
Figure 2.9 Dendritic primary Al3Zr crystal with twin formed. 

 

 
Figure 2.10 EBSD Kikuchi patterns corresponding to (a) F, (b) Ft1 and (c) Ft2 parts in Fig. 2.9, respectively. 
 
 
Table 2.4 Misorientation angles and rotation axes between the two twinned parts. The distinct rotation axis 
of each rotation angle is expressed in the coordinates in the orthonormal crystal coordinate system and in 
Miller indices in the tetragonal basis. The Miller indices (h k l) for ω  = 178.958° and [u v w] for ω  = 

176.608° are not given as they are irrational.  
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Table 2.5 Twinning elements. 

Twinning elements 
K1 η1 K2 η2 P s 

 (-104)  [401]  (104) [40-1]  (010) 0.155 

 

 
Figure 2.11 Position of the atoms and trace of the K1 plane in the shear plane in the (a) untwinned and (b) 
twinned crystal, respectively. The unit cell is enclosed in the dashed rectangular frame. 

 

Further observation indicates that other than the above mentioned tabular primary Al3Zr 

crystals, there exists another shape of the Al3Zr crystals – in dendritic form, as shown in Fig. 

2.9, although the occurrence is relatively low. It is seen from Fig. 2.9 that some secondary  

arms Ft1 and Ft2 branch off from the primary trunk F perpendicularly. EBSD orientation 

measurements evidence that the crystallographic orientations of the primary trunk F and the 

secondary arms Ft1 and Ft2 are not the same, as indicated by their Kikuchi patterns in Fig. 2.10. 

As seen in the figures, the orientation difference is characterized by the position change of the 

“supercell diffraction lines” arrowed (P1, P2 and P3) in the figures. Misorientation calculation 

shows that F-Ft1 and F-Ft2 each possesses a pair of near 180° rotations, each corresponding to 

a set of eight equivalent rotation axes, suggesting that the two pairs of crystals are twin 

related. For the two pairs of crystals, the 180° rotation axes belong to the same family, 

indicating that they possess the same kind of twin. The distinct rotation axis for each 

misorientation is first expressed with the coordinates in the orthonormal crystal coordinate 
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system d (d1, d2, d3) and then with Miller indices [u v w] in the tetragonal basis. The Miller 

index (h k l) of the plane normal to the rotation axis is also calculated. The misorientation 

calculation results are given in Table 2.4. Following the minimum shear criterion, the full set 

of twinning elements are determined and shown in Table 2.5. It is seen that the twin belongs 

to compound twin as all the twinning elements have rational indices. Detailed atomic 

correspondence examination indicates that the formation of this crystal twin requires lattice 

shear defined by the twinning elements given in Table 2.5 plus local atom stacking fault 

accompanied by local atomic reshuffling. Fig. 2.11(a) and (b) show the position of the atoms 

and trace of the K1 plane in the shear plane in the untwinned and twinned crystal, respectively. 

In the figures, the -1, -2… planes are in the matrix; the +1, +2… planes in the twinned part 

and K1 is the invariant twinning plane. For simplicity of the explanation of the twin formation 

process, we suppose that the twinned part of crystal is formed by the motion of the interface 

from the matrix to the twinned part. As the two parts of the crystal are in compound twin 

relationship, they should be in mirror symmetry with respect to the invariant K1 plane, as 

illustrated in Fig. 2.11(b). Therefore, the formation of the +1 plane requires the lattice shear to 

displace the atoms in this layer to be in mirror symmetry to those on the -1 plane with respect 

to the K1 plane accompanied by local atomic reshuffling plus local position exchanges 

between the Zr atom with a neighbouring Al atom, as illustrated in Fig. 2.11(a). The lattice 

shear could be due to external disturbance (e.g. convections in the melt) during the attachment 

of the atoms from the melt to the solidified Al3Zr crystal and the position exchange between 

the Zr atom with a neighbouring Al atom realized by a local atomic stacking fault. Once the 

+1 layer is formed, the growth of the twinned part follows the stacking sequence of the 

twinned crystal, as indicated in Fig. 2.11(b). As the twinned crystal is oriented differently with 

respect to the matrix, the growth direction is also reoriented away from that of the matrix. 

This reorientation could be the origin of the secondary arms growing off from the matrix (Fig.  

2.9). It should be noted that the position exchange between the Al and the Zr atoms should be 

very difficult once the crystal is formed. This suggests that the observed twinning is a typical 

growth twinning. 
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2.4 Conclusions 

Al-3.3wt.%Fe and Al-1.36wt.%Zr alloys were solidified to form primary Al3Fe and 

Al3Zr phases. The crystallographic features of these two phases are investigated.  

For the bar-shaped primary Al3Fe crystals, their preferred crystallographic extension 

directions have been identified as <010> or <011>. Two sorts of twins are detected and their 

complete twinning elements determined. The morphologies related to the crystallographic 

extension direction and twinning are analyzed. The Al3Fe crystals are in two forms, the form of 

monoclinic prism and the triclinic prism. Type I twin can give rise to the formation of bent 

crystals. The crystallographic planes of their surfaces are identified as (100) and (001) in the 

extension direction for the monoclinic prism and (001), (001) and (02-1) for the triclinic 

prism. The formation of the twins is related to the (001) and (001) planes exposing to the Al 

melt during the growth. 

For the tabular primary Al3Zr crystals, two forms of longitudinal cuts are observed � 
octagonal (smaller sized) or rectangular (larger sized). The surface planes binding the smaller 

(or larger) sized crystals are crystallographically determined as {001}, {101} and {111} (or 

{001} and {101}). Dendritic crystals related to the formation of two compound twins are 

observed, and the complete twinning elements for these two twins are also determined. The 

tabular shape of the primary crystals is attributed to the low roughness of {001} planes. The 

disappearance of {111} planes in the larger sized crystals result from their high roughness. 

The twin formation is realized by lattice shear plus local atom stacking fault accompanied by 

local atomic reshuffling.  
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Chapter 3 Effect of high magnetic field on the precipitation 

behaviors of primary Al3Fe and Al3Zr phases during the 

solidification of Al-based binary alloys 

3.1 Introduction 

High magnetic field has been widely employed in various material processes, such as 

phase transformation [1], vapour-deposition [2], electro-deposition [3] and magnetic slip 

casting [4]. Solidification, as one of the most important processes for metallic alloys, also did 

not let it wait, and made it involved actively. So far, many interesting effects have been found 

since it was applied during this process. One of the most important elements in inducing these 

phenomena and effects results from the magnetization force, which is usually classified into 

two different kinds – one is by which materials are rotated to a magnetic field direction as a 

compass rotates to the north direction, and the other is by which ferromagnetic and 

paramagnetic materials are pulled to a magnet and the diamagnetic ones are repulsed [5]. 

During the solidification process, these two kinds of forces play different roles in affecting the 

macro- and microstructures of the metallic alloys – the former can rotate the crystals with 

obvious magnetic anisotropies in the melt to generate crystallographic alignment and thus to 

create macroscopic texture [6-17]; whereas the latter can modify the distribution of the related 

phases [18-23]. Besides the magnetization force, the induced Lorentz force and thermoelectric 

magnetic force (TEMF) are also two important elements in affecting the macro- and 

microstructures of the alloys. 

Nowadays, aluminium-based alloy manufacturing industry has become one of most 

important pillar industries all over the world; therefore how to improve the properties of 

aluminium-based alloys has attracted much attention in field of materials science. Among 

these alloys, as already mentioned previously, iron and zirconium are often used as additives 

and thus results in the formation of the intermetallic compounds Al3Fe and Al3Zr. These two 

compounds are intimately correlated to the final properties of the metallic alloys, so it is of 

importance to study their characters. As high magnetic field can induce various effects during 

the solidification process of metallic alloys, introducing a high magnetic field to the 

solidification process of binary Al-Fe and Al-Zr alloys may modify the precipitation 



Chapter 3 High magnetic field 

 42

behaviors of the primarily precipitated Al3Fe and Al3Zr phase. Based on this, Al-3.3wt.%Fe 

and Al-1.36wt.%Zr (and Al-1.95wt.%Zr) alloys were selected and solidified under various 

high magnetic fields in the present work. A systematic study of the effects of the magnetic 

field on the precipitation behaviors of the primary Al3Fe and Al3Zr phase is carefully carried 

out.  

3.2 Experimental 

 
Figure 3.1 Schematic illustration of the experimental equipment and the corresponding magnetic field 
distribution. 

 

In the present work, the preparation of Al-3.31wt.%Fe (or Al-1.36wt.%Zr and 

Al-1.95wt.%Zr) as-cast billet is the same as that mentioned in 2.2 in chapter 2. The billet was 

machined into several small rods. Each rod was then put into a high-purity cylindrical 

corundum crucible (10mm in inner diameter and 30 mm in height) for solidification 

experiment. Fig. 3.1 shows the schematic illustration of the experimental equipment and the 

corresponding magnetic field distribution. The equipment consists of a vacuum resistance 

furnace installed in the bore of the magnet and a superconducting magnet that can produce an 

axial static magnetic field (along Z direction) with a maximum magnetic flux density of 12 

Tesla at the position Z0 (i.e. Bmax=12 Tesla) where the magnetic field is uniform within ±20�

mm. When Bmax reaches 12 Tesla, positions Z1 and Z2 have the maximum negative and 

positive BdB/dZ(-564 Tesla2/m and +564 Tesla2/m, respectively), where B is the magnetic flux 

density (both are 8.8 Tesla) and dB/dZ the magnetic field gradient at positions Z1 or Z2. An 
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R-type thermocouple is used to measure the furnace temperature. The corundum crucibles 

containing rods were placed at different positions (Z0 or Z2), and then magnetic fields with 

different densities were imposed each time. After the pressure in the furnace reached 5×10-3 

Pa, the rods were heated up to 830 °C (or 980 °C for Al-1.36wt.%Zr and 1020 °C for 

Al-1.95wt.%Zr) by an electric heater at a heating rate of 5 °C/min and held at this temperature 

for 40 min, and then cooled to room temperature with different cooling rates. The 

experimental parameters for different alloys are listed in Table 3.1.  

 

Table 3.1 Experimental parameters. 

Alloys 
Cooling rate  

(°C /min) 
Position 

Magnetic flux densities 
B (Tesla) 

BdB/dz 
(Tesla2/m) 

Al-3.31wt.%Fe 10 
Z0 0     2     5     8     12 0 
Z2 8.8 564 

Al-1.36wt.%Zr 12 Z0  0       2       5       12 0 
Al-1.95wt.%Zr 12 Z0 12 0 

 

Specimens were cut longitudinally (parallel to the magnetic field direction) or transversely 

(perpendicular to the magnetic field direction) from the as-cast samples (about 10mm in 

diameter and 25 mm in length) for further examination. The macro- and microstructures of the 

specimens were observed with a Leica DMR optical microscope. Individual orientation 

measurements of the primary Al3Fe phase were performed at manually chosen points through 

acquiring and indexing the EBSD Kikuchi patterns with a JOEL JSM 6500 FE-SEM, 

equipped with HKL Channel 5 software after an electrolytic polishing (700ml ethanol, 120ml 

distilled water, 100ml 2-butoxyethanol and 80 ml perchloric acid (68%), 40V, 5s).  

The easy magnetization directions of the primary Al3Fe and Al3Zr phases are determined 

first by transforming the magnetic field direction (FD) vector in the sample coordinate system 

to its equivalent vector in the crystal coordinate system with the measured orientation of the 

crystals, and then the statistically representative crystalline direction close to the transformed 

FD vector is determined as the easy magnetization direction. The nucleation amount of the 

primary Al3Fe crystals was obtained by counting the individual primary Al3Fe crystal on the 

longitudinal section of the specimen.  
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3.3 Results of  Al-Fe alloy 
3.3.1 Morphology 

 

Figure 3.2 Microstructure in the longitudinal section of the initial rod cut from the as-cast billet. 

 

Fig. 3.2 shows the microstructure in the longitudinal section of the as-cast billet as the 

initial material for the subsequent solidification without and with a high magnetic field. It can 

be seen that the initial microstructure is composed of the bar-shaped primary Al3Fe phase 

(gray) and the eutectic matrix (α-Αl and eutectic Al3Fe). Due to the electromagnetic stirring 

and the mechanical stirring plus the subsequent rapid cooling, the primary Al3Fe crystals are 

distributed relatively homogeneously within the cast billet. No macrostructural segregation of 

the primary Al3Fe caused by the density difference between the two microstructural 

constituents is spotted. 

Fig. 3.3(a)-(e) show the macrostructures in the longitudinal sections of the specimens 

placed in the uniform magnetic field (Z0) with magnetic flux densities of 0, 2, 5, 8 and 12 

Tesla, respectively. It can be observed that the distribution and the morphology of the primary 

Al3Fe crystals are remarkably affected by the magnetic field. Without the magnetic field the 

primary Al3Fe crystals mainly concentrate at the bottom of the specimen (a few of them are 

left in the upper peripheral region (Fig. 3.3(a)); whereas with a magnetic field the primary 

Al3Fe crystals are “levitated” and tend to be distributed homogeneously in the specimen. The 

homogeneity enhances with the increase of the field. In addition, the primary Al3Fe crystals 

tend to align with their longer axis perpendicular to the FD. 

The “levitation” of the primary Al3Fe crystals is also sensitive to the magnetic field 

gradient, as shown in Fig. 3.4. It can be seen that under a positive gradient (+64.1 Tesla/m),  

80µm 



Chapter 3 High magnetic field 

 45

 
Figure 3.3 Macrostructures in the longitudinal sections of the specimens with B = (a) 0, (b) 2, (c) 5, (d) 8, 
(e) 12 Tesla (cooling rate: 10 °C /min; position: uniform magnetic field zone Z0). FD and TFD denote the 
magnetic field direction and the transverse magnetic field direction, respectively. 

 

most of the primary Al3Fe crystals move upward and concentrate at the upper part of the 

specimen. Besides this, the alignment with their longer axis perpendicular to the FD remains. 

This phenomenon is very meaningful for practical applications. That means by modifying the 

magnetic field gradient distributed within the ingot, the distribution of the primary Al3Fe 

crystals can be modified within the ingot for some specific requirements. 

Other than the macroscopic effects of the magnetic field, it has microscopic influence on 

the morphology of the primary Al3Fe crystals. Fig. 3.5(a)-(e) show the microstructures 

corresponding to positions 1-6 in Fig. 3.3(a)-(e), respectively. It is seen that without the 

magnetic field the primary Al3Fe crystals show relatively regular shapes; whereas with the 
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Figure 3.4 Macrostructure in the longitudinal section of the specimen with B = 12 Tesla (cooling rate: 
10 °C /min; position: gradient magnetic field zone Z2). 

 

 
Figure 3.5 Microstructures corresponding to positions 1 (a), 2 (b), 3 (c), 4 (d) and 5 (e) in Fig. 3.3(a)-(e); 
(f) SEM image of a primary Al3Fe crystal showing the transverse cracks.  
 

magnetic field quite some of them bifurcated axially and the “gaps” between the bifurcated 

primary Al3Fe crystals are filled by the eutectic mixture, as seen in Fig. 3.5(b)-(e). This 

suggests that bifurcations are initiated axially from the tips of the Al3Fe crystals at the early 

stage of growth. Moreover, transverse cracks are also observed in the primary crystals when 
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magnetic field is applied, as shown in Fig. 3.5(f). The clean and sharp appearance of these 

cracks suggests that they form at the end of the crystal growth. 

 

Figure 3.6 Microstructure corresponding to Position 6 in Fig. 3.4. 

 

Fig. 3.6 shows the microstructure obtained under the gradient field (position 6 in Fig. 4). 

It can be found that the morphologies of the primary Al3Fe crystals formed under the gradient 

field are similar to those obtained under a uniform field (Fig. 3.5(d) and (e)). A statistical 

observation indicates that cracks and irregular bifurcation still exist in them. 

3.3.2 Nucleation amount 

 

Figure 3.7 Nucleation amount of the primary Al3Fe crystals under different magnetic flux densities. 

 

In Fig. 3.3(a)-(e), it can also be found that the magnetic field has a remarkable effect on 

the amount of the primary Al3Fe crystals. As the individual primary Al3Fe crystals are single 

crystals, it is reasonable to assume that the final crystal amount corresponds to the nucleation 

amount of the Al3Fe crystals. Fig. 3.7 shows the amount on the longitudinal sections of the 

specimens solidified under various magnetic flux densities (corresponding to Fig. 3.3(a)-(e)). 

80µm 
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It is seen that the nucleation amount increases with the increase of the magnetic flux densities. 

With a 12-Tesla field the nucleus amount is more than 3 times of that in the absence of a 

magnetic field. 

3.3.3 Crystallographic orientation  

  
Figure 3.8 Geometric relationship between the matrix and (a) the compound twin and (b) the type I twin. 
K1 is the twinning plane. 
 

In the absence of the magnetic field the crystallographic features of the primary Al3Fe 

phase have been carefully examined in section 2.3.1. The main features can be summarized 

as:  

1) There are two preferred crystallographic extension directions: <010> and <011>. The 

occurrence frequency of <010> extension is a little lower than that of <011> (2:3);  

2) Two sorts of twins (compound and type I) are found. In the case of <010> extension the 

compound twin is observed; whereas in the case of <011> extension both the compound twin 

and the type I twin are detected. The geometric relationship between the matrix and the twin 

for the two sorts of twins are illustrated in Fig. 3.8 (a) and (b), respectively;  

3) The crystallographic planes exposing to the Al matrix are identified as (100) and (001) 

stretching in the extension direction for the monoclinic prism crystals with compound twin 

and (100), (001) and (02-1) for the triclinic prism crystals with type I twin.  

In the presence of the 12-Tesla field an EBSD investigation has also been carried out and 

the result indicates that the above crystallographic features of the primary Al3Fe phase are not 

modified by the magnetic field. However, the occurrence frequency of the two extension 

directions is heavily affected by the field - crystals extending along <010> are much more 

than those along <011> (4:1). 
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Figure 3.9 [100] direction pole figure corresponding to some distinct primary Al3Fe crystals in the 
longitudinal section of the specimen with B = 12 Tesla. 

 

Moreover, under the magnetic field, the Al3Fe crystals show strong morphological 

preferential orientation, i.e. to have their principal extension direction perpendicular to the FD. 

This preferential orientation implies that there may be a specific crystallographic direction in 

the field direction. To verify this, a statistical calculation is made and the result indicates that 

the low-indexed direction [100] always appears to be close to the FD. To visualize this result, 

the [100] pole figure corresponding to the measured primary Al3Fe crystals in the longitudinal 

section of the specimen with B = 12 Tesla is displayed in Fig. 3.9. It is seen that most of the 

crystals are aligned with their [100] in the FD. However, as can be seen in the pole figure, 

there are also quite some of the poles deviating from the FD. Further examination showed that 

the deviated poles are from the compound twinned part of the crystal. Fig. 3.10(a) shows a 

SEM image of a straight-extended (along <010>) and twinned (compound) primary Al3Fe 

crystal composed of the matrix C and its twin Ct (a dashed line is artificially added to mark 

the separation between C and Ct) and Fig. 3.10(c) their correlated [100] direction pole figure. 

As the [100] direction (i.e., a-axis) of twin Ct is inconsistent with that of the matrix C (Fig. 3.8 

(a)), pole Ct keeps away from the FD (26° deviation) when pole C is close to it (7° deviation). 

However, in the case of type I twin, both the matrix and the twin can be submitted to the FD 

as the matrix and the twin share a common [100] direction (Fig. 3.8 (b)). As an example, Fig. 

3.10(b) shows a SEM image of a kink primary Al3Fe crystal (extending along <011>) whose 

contour is outlined in white in the figure. The kink is the result of type I twinning. Fig. 3.10(d) 

displays the [100] pole figure corresponding to D and Dt. It can be seen that D and Dt parts 
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share a common [100] pole that is close to the FD. 

 
Figure 3.10 SEM images of two twinned primary Al3Fe crystals with (a) straight and (b) kink morphology; 
[100] direction pole figures corresponding to (c) C and Ct in (a) and (d) D and Dt in (b). 

3.4 Discussion on Al-Fe alloy  

 

Figure 3.11 Equilibrium phase diagram of binary Al-Fe alloy at the Al rich end [24]. 

 

Fig. 3.11 shows the Al-Fe equilibrium phase diagram at the Al-rich end. It is seen that 

Al3Fe phase is precipitated primarily during the solidification process of a hypereutectic alloy. 

This means that the precipitated Al3Fe phase is surrounded by a liquid medium in the 

two-phase zone, which provides a relatively free environment for their precipitation. After 

3.31 

C 
Ct 

40µm 

(a) D Dt Dtt 

10µm 

(b) 

FD 

TFD 
(d) 

D/Dt/Dtt 

[100] 

O TFD 

FD 
<100> 

O TFD 

(c) FD 

C 

Ct 

O 

[100] 



Chapter 3 High magnetic field 

 51

solidification, the normal microstructure is mainly composed of primary Al3Fe phase and the 

eutectic mixture of alternatively distributed α phase and needle-shaped Al3Fe. 

3.4.1 Distribution  

As the density of the Al3Fe phase ( 1ρ = 3896 kg/m3 [25]) is much higher than that of the 

liquid aluminum ( 2ρ = 2357 kg/m3 at 727 °C [26]), the primary Al3Fe crystals tend to descend 

when they are precipitated in liquid aluminium in the absence of a high magnetic field. 

However, once they begin to descend, another force – viscosity resistance force will be 

induced simultaneously and hinders their decent. The fact that most of the primary Al3Fe 

phase located at the bottom of the specimen indicates that the viscosity resistance force is not 

sufficient enough to prevent them from descending (Fig. 3.3(a)). As for the primary Al3Fe 

crystals appearing in the peripheral region of the specimen, it should be related to the high 

cooling rate of the melt close to the crucible. It is known that liquid metal solidifies from the 

outside toward the center during such non-directional solidification process. Thus, the 

dynamic viscosity of the liquid aluminum close to the crucible wall increases more quickly 

than that in the center. This suggests a much stronger viscosity resistance force than that in the 

center. Moreover, the crucible wall may also contribute to the prevention of their descent. 

Thus, some primary crystals precipitated in the peripheral region cannot fully descend to the 

bottom.  

When the precipitated Al3Fe crystals descend in the presence of a uniform high magnetic 

field, magnetic viscosity resistance force related to the Lorentz force will be induced and 

prevent their descent. This force is proportional to the square of the magnetic flux density [20] 

and has been verified to be quite effective in homogenizing the distribution of the primary 

Al3Ni phase in Al-Ni alloy [14]. In the present work, the fact that the primary Al3Fe crystals 

are distributed more and more uniformly throughout the whole specimen (see Fig. 3.3(b)-(e)) 

also result from this induced Lorentz force. In addition, it should be mentioned that the 

reorientation of the primary crystals by the magnetic field (with their long axis perpendicular 

to the FD) increases the viscosity resistance force and thus slows down the descent of the 

Al3Fe crystals.  

When the Al3Fe crystals are precipitated in a gradient high magnetic field, an extra 
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effective magnetization force mF∆  will be induced. When only the gradient in Z direction is 

considered, mF∆  can be given as 

S L

0
m =∆

dB
F V B

dZ
χ χ

µ
–

                             
(3.1) 

where Sχ  and Lχ  are the respective susceptibilities of the Al3Fe crystal and the liquid 

aluminum, 0µ = 4π×10-7 H/m is the permeability of vacuum. It has been identified that both 

Al3Fe and aluminium are paramagnetic [25], suggesting that Sχ  and Lχ are positive. 

Assuming that S L>χ χ , mF∆  would be along the Z direction, i.e., upward directed. If it is 

strong enough, it can overcome the effective gravitational force ( )1 2=G V ρ ρ g∆ –  (V is the 

volume of the crystal and g the gravitational acceleration) and drive the crystals to move 

upward. The upward movement also induces viscosity resistance force and magnetic viscosity 

resistance force in the opposite direction to inhibit this movement. The balance of all these 

forces decides the final movement of the crystals. For the sample placed in the positive 

gradient magnetic field (Z2) in the present work, the fact that most of the primary Al3Fe phase 

concentrate in the upper part of the specimen evidences that the upward magnetization force 

is dominant and the resistance forces are limited in preventing the upward movement. 

Meanwhile, this fact also verifies that the magnetic susceptibility of Al3Fe is bigger than that 

of the liquid aluminium, i.e., the assumption of S L>χ χ  is correct. Based on this inequation, 

the mean magnetic susceptibility of the Al3Fe crystal Sχ  can be estimated. The result 

indicates Sχ > 3.76×4π×10-6 when Lχ is taken as 1.09×4π×10-6 [27]. From the distribution of 

the primary Al3Fe crystals in Fig. 3.4, it can be found that the upward movement of the Al3Fe 

crystals is limited, suggesting that the true Sχ  should be close to the value estimated above.  

3.4.2 Alignment  

In the present work, all the samples were solidified in a non-directional way. The liquid 

metal solidifies inward from the crucible wall. Normally, the heat should flow out of the 

sample along the direction perpendicular to the crucible wall, as illustrated in Fig. 3.12. It is 
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Figure 3.12 Schematic view of the heat flow direction during the solidification of the sample. 

 

known that a crystal usually grows in the direction opposite to that of the heat flow. Purely 

under such a condition, the primary Al3Fe crystals in the present work should always align 

with their longer axis perpendicular to the crucible wall, i.e., they are vertical at the top and at 

the bottom of the specimen and horizontal in the middle of the specimen. However, during the 

solidification in the absence of the magnetic field, convections can be easily induced due to 

the descent of the primary Al3Fe crystals, which disturbs the temperature field in the melt and 

thus results in instability of the heat flow. Moreover, the convections may also change the 

initial orientations of the precipitated nuclei during their descent. All of these contribute to the 

final random distribution of the primary Al3Fe crystals in the matrix (Fig. 3.3(a)).  

When a magnetic field is applied, the Al3Fe crystals tend to align with their [100] 

direction parallel to the FD, indicating that the crystals possess crystallographic magnetic 

anisotropy. It is known that Fe has 3d unpaired electrons that give rise to the magnetism, 

whereas Al atom has no unpaired electrons and hence it is magnetically neutral. Therefore, it 

is reasonable to consider that the crystallographically anisotropically distributed Fe atoms in 

the Al3Fe crystal gives rise to the crystallographic magnetic anisotropy of the crystal. Detailed 

examination of the Fe atomic positions in the Al3Fe unit cell shows that [100] direction is the 

Fe close-packed direction, indicating an enhanced magnetism in this direction. It is known 

that the magnetization energy Ui is dependent on the magnitude of the crystallographic 

magnetic susceptibility in the field direction [5]: 
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where the subscript i denotes crystallographic direction i, N is the demagnetization factor. As 

can be seen in Eq. (3.2), when the highest magnetic susceptibility direction of the crystal is in 

the field direction, the magnetization energy reaches the minimum; hence the crystal reaches 

its stable position. In the present work, the alignment of the Al3Fe crystal with their [100] 

direction parallel to the FD obviously shows an energetic preference due to the enhanced 

magnetism in [100]. The driving force for the crystal alignment arises from the magnetic 

torque, which is proportional to the square of the imposed magnetic flux density [28]. Thus, 

the alignment tendency of the primary crystals enhances with the increase of the magnetic 

flux densities (Fig. 3.3(a)-(e)). However, it should be noted that once the crystal starts to be 

rotated by the magnetic torque, two other preventing torques induced by Lorentz force and 

viscosity resistance will also be generated simultaneously. If the magnetic flux density is not 

strong enough, the rotation will be suppressed. The alignment of most of the primary crystals 

in Fig. 3.16(e) indicates that these preventing torques are overcome by the magnetic torque 

when a 12-Tesla field is applied. 

Once the crystals in the central region of the specimen are oriented with their [100] 

direction parallel to the field, their preferred extension direction <010> turns to the favorable 

heat evacuation direction that is perpendicular to the FD in the middle of the ingot (Fig. 3.12). 

This further ensures the alignment of the Al3Fe phase. For the crystals extending along <011>, 

the easy magnetization direction is not perpendicular to the extension direction. Therefore, for 

such crystals, the extension in the favorable heat evacuation direction and the magnetic 

alignment cannot be simultaneously satisfied. From our crystallographic orientation analysis, 

it seems that alignment by the magnetic field is dominant.  

In section 3.3, it was mentioned that the occurrence frequency of the primary Al3Fe 

crystals principally extending along <010> is higher than that of the crystals extending along 

<011> when a 12-Tesla field is applied. This should also be attributed to the combined effects 

of the magnetic field and the heat evacuation. As the primary Al3Fe crystals extending along 

<010> are simultaneously favored by these two effects, it is natural that their occurrence 

frequency turns to be higher. 
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3.4.3 Bifurcation and cracks  

Other than the above-mentioned magnetic viscosity resistance force and magnetization 

force, thermoelectric magnetic force (TEMF) can also be induced by the magnetic field 

during the growth of the primary crystals. The axial bifurcation of the primary crystals (Fig. 

5(b)-(e)) when magnetic field is applied may just result from this TEMF. During the 

solidification process of metallic alloys, a temperature gradient at the solid-liquid interface 

can produce a Seebeck electromotive force and then results in a local thermoelectric (TE) 

current [29]. When an external magnetic field is applied, this TE current will result in the 

so-called TEMF both in the solid and liquid [30]. In the present work, the primary Al3Fe 

crystals should also be subjected to this TEMF. As shown in Fig. 3.5(f), the surfaces 

stretching parallel to the extension direction of the primary Al3Fe crystal are relatively smooth 

(they are crystallographically low-indexed according to the previous crystallographic 

analysis), whereas that at the tip is rough (enclosed by the white frame in Fig. 3.5(f)). During 

the crystal growth the solid/liquid interfaces at the tips of these crystals should also be rough 

with protrusions, therefore the temperature gradient may not be homogenous. Thus, the 

TEMF is not constant with changes in direction and in magnitude. Under the 

inhomogeneously distributed TEMF, migration of the solid/liquid interfaces during the growth 

process is disturbed. Some protrusions could be twisted or distorted and thus deviate from the 

original extension direction, becoming new branches. Meanwhile, the “gaps” between them 

are filled by the Al melt. If the TEMF is strong enough, detachment of some of the protrusions 

may even happen and the fragmented crystals can act as seeds for the nucleation of the new 

primary Al3Fe crystals if the thermal and compositional conditions are appropriate. Some 

similar disturbing effects on the solidification interfaces of Al-Cu alloy induced by the TEMF 

have also been found during the solidification process [30].   

It is known that Al3Fe phase is brittle [31], suggesting that it has a high cracking tendency. 

When the temperature of the melt drops near the solidus line, another force – internal stress 

will probably be induced in the primary Al3Fe due to the large difference in the linear 

shrinkage coefficient between the aluminium solid solution and the primary Al3Fe phase [32], 

and then may result in the formation of transverse cracks (Fig. 3.5(f)). In the case of 0-T field, 

the primary Al3Fe crystals are mainly located at the bottom of the specimen and wrapped by a 
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small volume of aluminium solid solution. Thus, the internal stress induced by the shrinkage 

difference between the primary crystals and aluminium solid solution is relatively small. 

Moreover, as can be seen in Fig. 3.5, the primary crystals in the absence of magnetic field are 

thicker than those in the presence of the magnetic field; therefore they are more cracking 

resistant. Taking the two factors into account, it can be understood that less cracks form in the 

primary Al3Fe phase in the absence of the magnetic field. 

3.4.4 Nucleation  

The magnetic field applied clearly increases the amount of the Al3Fe crystals as displayed 

in Fig. 3.7, indirectly showing that the magnetic field increases the nucleation rate.  

It is known that during solidification if the magnetisms of the liquid phase and the solid 

phase are different, the application of a high magnetic field will introduce an additional Gibbs 

free energy difference and the total Gibbs free energy difference for the precipitation of the 

solid phase ∆ fG can be expressed as follows [33]:  

 i i
S V SL SL S M

i

+∆ ∆ ∆∑fG = V G A V G– –γ                        (3.3) 

where SV  is the volume of the solid, VG∆  the volumetric Gibbs free energy difference 

between the solid and the liquid, i
SLA the solid/liquid interfacial area, i

SLγ  the interfacial 

energy density, and MG∆  volumetric magnetization energy difference between the solid and 

the liquid (the subscripts S and L denote the solid and the liquid, respectively). Theoretically, 

it can help reduce the critical energy barrier for the nucleation when MG∆ >0 and thus favors 

the increase of the nucleation rate. However, the induced magnetization energy difference is 

usually very small and can be ignored compared with the volumetric Gibbs free energy 

difference VG∆ . To verify this, some calculations were carried out as follows. 

When the undercooling ∆T  is small, VG∆  can be taken as 

V V mT∆ ≈ ∆G L T                                (3.4) 

where VL  is the latent heat of fusion per unit volume and mT  the melting temperature of the 

solid. Moreover, MG∆  can be expressed as  
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As there is no experimental data or calculated data of latent heat of fusion for Al3Fe available, 

the VL =9.857�108 J/m3 [34] of pure aluminium is taken as the calculating parameter. Based 

on the estimated result in section 4.1, a conservative value of Sχ  = 5×4π×10-6 is taken as 

another parameter. The melting temperature mT of Al3Fe is 1442.5 K [35]. Assuming ∆T = 5 

K, we obtain VG∆ = 3.42�106 J/m3 and MG∆ = 2.82�103 J/m3. From this result, it can be 

found that MG∆  is much smaller than VG∆ , suggesting that the energetically effect of the 

magnetic field on the nucleation of the primary Al3Fe crystals is very limited. Therefore, there 

should be some other reasons inducing the substantial increase of the nucleation amount in the 

present work.  

One of the reasons may be the detachment caused by TEMF as mentioned in section 3.4.3. 

The other may be attributed to the suppression of Fe solute diffusion induced by magnetic 

field. It has been previously mentioned in the experimental section that the magnetic field was 

applied before the heating process of the solidification. As the magnetic field strongly damps 

the melt convection and suppresses the diffusion of the charged solutes in the direction 

perpendicular to the field direction [36-38], the redistribution (or homogenization) of the 

solute atoms during the reheating process is greatly inhibited compared with the heating 

process in the absence of a magnetic field. The solute Fe atoms are more concentrated at the 

sites of previous Al3Fe (primary and eutectic) crystals. Since the initial material is prepared 

under forced electromagnetic and mechanical stirring and solidified under rapid cooling, there 

was no obvious segregation of primary Al3Fe crystals as shown in Fig. 3.2. After the reheating 

under the high magnetic field, more high concentration sites of Fe atoms may be left and act 

as potential nuclei for the primary Al3Fe crystals during the subsequent solidification. In this 

way, the nucleation amount is enhanced. This result also possesses practical interest for 

nucleation control during solidification. By introducing a magnetic field during the reheating 

of a specially prepared alloy, the nucleation of the primary phase can be controlled.  
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3.4.5 Growth 

 

Figure 3.13 Magnified SEM image of the structure in the while frame in Fig. 3.5(e). 

 

It has been presented in Mn-Sb near-eutectic alloy that the solidified eutectic MnSb 

crystals can be magnetized in the magnetic field direction and then attract Mn atoms to their 

solidification front during the solidification [39]. As a consequence, the MnSb phase is 

elongated in the FD. In the present work, the primary Al3Fe crystals are also rotated to have 

their easy magnetization direction to the field direction. Logically the Fe atoms could also be 

attracted to the liquid/solid interface in the FD and result in an elongation in the FD. However, 

it is not the case for the present alloy. The true elongation always happens in the perpendicular 

direction, suggesting a different growth mechanism. According to current crystal growth 

theories, the growth of a crystal is realized by the migration of its surfaces. The migration rate 

of each surface is related to the atomic level roughness. The atomic arrangement of low Miller 

indexed surfaces is usually smooth and atoms are difficult to attach to them. Thus, the 

migration velocity of these surfaces is low. In the present case, it has been identified that (100) 

and (001) are the crystallographic planes binding the primary Al3Fe crystals. If the primary 

Al3Fe crystals should elongate along the easy magnetization direction [100], it requires the 

(100) planes (that is in the most perpendicular position to [100]) to migrate faster. As this 

plane is atomically smooth and difficult to assimilate atoms, its fast migration requires an 

extra energy to compensate the interfacial energy increase by allowing atoms to attach to it. 

Obviously in our case, the magnetization energy is not sufficient enough to compensate this 

interfacial energy increase. Therefore, elongation of the primary Al3Fe crystals in the field 

direction is not realistic. Moreover, twinning plays an important role to promote the growth of 
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the crystal in the field perpendicular direction or the identified principle extension direction. 

For the two sorts of twins, the twinning plane is either (100) (compound twin) or (001) (type 

I). The twinned parts are also enclosed by the same surfaces stretching in the identified 

extension direction as their matrix, but at the tip of the crystals the compound twin always 

introduce re-entrant grooves, as shown in Fig. 3.13. In the figure, one tip of a primary Al3Fe 

crystal is displayed. Crystal F and Ft (Ftt has the same crystallographic orientation as Ft) are 

twin related (compound twin) and they all extend along <011>. Two re-entrant grooves 

between the twinned crystals are clearly seen. Surely these grooves are efficient in accepting 

atoms and enhance crystal growth in the <011> direction. In this way, growth in the field 

direction is not favorable. 

3.5 Results of  Al-Zr alloy 
3.5.1 Morphology 

 

Figure 3.14 Microstructure in the longitudinal section of the initial rod cut from the as-cast billet. 

 

Fig. 3.14 shows the microstructure in the longitudinal section of the Al-1.36 wt.%Zr 

as-cast billet as the initial material for the subsequent solidification without and with a high 

magnetic field. It can be seen that the initial microstructure is composed of the fine primary 

Al3Zr phase (dark grey color) and the α-Αl matrix (light grey color), which are confirmed by 

EBSD measurement. Due to the electromagnetic stirring and the mechanical stirring, the 

primary Al3Zr crystals are distributed relatively homogeneously within the cast billet. No 

macrostructural segregation of the primary Al3Zr caused by the density difference between the 

two microstructural constituents is spotted.   
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Chapter 3 High magnetic field 

 60

 
Figure 3.15 Macrostructures in the longitudinal sections of the specimens with magnetic flux densities 
B of (a) 0, (b) 2, (c) 5 and (d) 12 Tesla. FD and TFD denote the field direction and the transverse field 
direction, respectively. 

 

Fig. 3.15(a)-(d) show the macrostructures in the longitudinal sections of the Al-1.36 

wt.%Zr specimens with magnetic flux densities of 0, 2, 5 and 12 Tesla, respectively. It can be 

observed that the primary Al3Zr phase (dark grey color) reveals two different sorts of 

morphologies in all the specimens – the short dimensioned ones in the thin sedimentary 

deposit layer (postions 1, 2, 3 and 4) and long bars. Fig. 3.16(a)-(d) displays the 

microstructures of the sedimentary deposit layer corresponding to positions 1, 2, 3 and 4, 

respectively. Clearly, the layers are composed of bar- and plate-shaped primary Al3Zr crystals 

and α-Αl matrix. Here, it should be mentioned that these bar- and plate-shaped primary Al3Zr 

crystals actually have tabular morphology, which has been thoroughly studied previously. 

Besides the long bars and the tabular crystals in the deposit layer, a further microscopic 

observation at position 5 in Fig. 3.15(c) indicates that the primary Al3Zr crystals can also be in 

dendritic form, as shown in Fig. 3.17.  

From the macro- and microstructures of the specimens, it can also be found that the 

alignment of the primary Al3Zr phase is remarkably affected by the magnetic fields. Both the 

long bars (Fig. 3.15) and those in the sedimentary deposit layers (Fig. 3.16) tend to align with 
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Figure 3.16 Microstructures corresponding to the positions 1 (a), 2 (b), 3 (c) and 4 (d) in Fig. 3.15. 

 

 

Figure 3.17 The dendritic primary Al3Zr crystal observed at position 5 in Fig. 3.15(c). 

 

their longer axis to the field direction (FD), and this tendency is enhanced with the increase of 

the magnetic flux densities. However, a statistical observation around position 5 in Fig. 3.15 

indicates that the 5-Tesla magnetic field does not have remarkable influence on the alignment 

of the dendritic crystals – they are randomly oriented in the matrix. In addition, it should also 

be noted that the distribution of the primary crystals is not sensitive to the magnetic fields – 

they are mainly distributed at the lower parts of the specimens.  
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Figure 3.18 Microstructures in the transverse sections of the specimens with magnetic flux densities B of 
(a) 0 and (b) 12 Tesla.  

 

In order to examine the three-dimensional distribution of the primary Al3Zr crystals in 

the sedimentary deposit layers, Fig. 3.18(a) and (b) show the microstructures in the transverse 

sections of the specimens without and with a 12-Tesla field, respectively. Different from the 

longitudinal sections, there is no specific alignment in the directions perpendicular to the field 

direction FD, confirming that the primary Al3Zr plates only align in the field direction.  

 
Figure 3.19 Macrostructure in the longitudinal section of the Al-1.95 wt.%Zr specimen with magnetic flux 
density B of 12 Tesla.  

 

Fig. 3.19 shows the macrostructure in the longitudinal section of the Al-1.95wt.%Zr 

specimen solidified under the magnetic field of 12 Tesla and Fig. 3.20 the microstructure of 

its sedimentary deposit layer, corresponding to position 6 in Fig. 3.19. It is seen that with the 

increased Zr content in the alloy, there is no morphology change for the primary Al3Zr. 
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Figure 3.20 Microstructure corresponding to position 6 in Fig. 3.19. The zoom image displays the crystals 
enclosed in the black frame and will be analyzed in the discussion part.  

 

However, the precipitation amount of the primary Al3Zr is obviously increased. The 

sedimentary deposit layer and the long bar region are much thicker than that of 

Al-1.36wt.%Zr specimen (Fig. 3.15(d)). In the two regions the primary Al3Zr crystals still 

tend to align with their longer axis to the field direction. For the long bars, the ones located at 

the lower part exhibit strong alignment tendency, whereas this tendency decreases when the 

bars are “levitated” to the upper part of the specimen. For the primary Al3Zr crystals in the 

sedimentary deposit layer, the alignment tendency under the 12 Tesla magnetic field becomes 

weak compared with those in the Al-1.36wt.%Zr alloy (Fig. 3.16). As can be seen in Fig. 3.20, 

many primary Al3Zr crystals gather together and form clusters as shown in the zoomed image.   

3.5.2 Crystallographic orientation 

It has been determined in 2.3.2 that in the absence of the magnetic field the primary Al3Zr 

crystals in the deposit layer are bound by {001}, {101} and {111} faceted planes at the initial 

state of formation. As the three planes have different atomic roughness and hence different 

migrating rate, the rough {111} and stepped {101} planes migrate faster than the smooth {001} 

plane. The crystal expends laterally by the migration of the {111} and {101} planes. Between 

the {111} and the {101} planes, {111} migrate faster and tend to disappear during the growth 

process. Finally the tabular plates with octagonal longitudinal form enclosed with the three 

kinds of planes and the rectangular form enclosed with only {001} and {101} are obtained. A 

further detailed crystallographic study in this work indicates that the long bars and the 

dendritic crystals are bound by the same faceted planes. For the long bars, they are 
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Figure 3.21 <110> stereographic projections on the observation plane corresponding to some distinct 
primary Al3Zr crystals. 

 

preferentially extended along one <100> direction. As found in the previous work, the 

primary Al3Zr crystals tend to twin. The reorientation of the crystal by twinning changes its 

growth direction. As a result, dendrites develop from the matrix. It seems that the magnetic 

field applied has little effect on the above crystallographic features (surface plane and 

twinning). However, it exhibits remarkable influence on the crystallographic orientations of 

the tabular crystals in the deposit layer. The crystallographic calculation indicates that the 

low-index direction <110> of the tabular primary crystals in the deposit layer always appears 

in the FD. Fig. 3.21(a) and (b) show the <110> stereographic projections on the observation 

plane of individually selected tabular primary crystals in the transverse sections of the 

Al-1.36wt.%Zr specimens solidified without and with the 12-Tesla magnetic field. It is seen 

that without the magnetic field the <110> directions are distributed randomly in the sample 

coordinate system, whereas with the 12-Tesla magnetic field they are mainly concentrated in 

the FD, suggesting that the primary Al3Zr crystals reorient to have their <110> directions 

parallel to the FD. From this phenomenon, it is reasonable to consider that <110> direction is 

the field preferred direction.   

For most of the long bars in both Al-1.36wt.%Zr (Fig. 3.15(d)) and Al-1.95wt.%Zr (Fig. 

3.19) specimens obtained under the 12-Tesla magnetic field, the calculation result indicates 

that no specific crystallographic direction appears in the FD. However, an investigation on 

those with longer axis parallel to the FD indicates that their crystallographic directions vary 

between <100> and <110> in the FD. For the dendritic crystals in the specimen with a 5-Tesla 

field (Fig. 3.15(c)), there is no specific crystallographic direction in the FD, either. 
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3.6 Discussion on Al-Zr alloy 
3.6.1 Distribution 

 

Figure 3.22 Phase diagram of binary Al-Zr alloy at the Al rich end [40]. 

 

Fig. 3.22 shows the Al-Zr equilibrium phase diagram at the Al-rich end. It is seen that 

during the solidification of Al-1.36wt.%Zr (vertical line A) and Al-1.95wt.%Zr (vertical line 

B), Al3Zr phase is precipitated primarily when the temperature drops below the liquidus line 

(920 °C for Al-1.36 wt.%Zr alloy and 965 °C for Al-1.95 wt.%Zr alloy), and then with a 

further temperature drop to the solidus line (660.65 °C) some of the Al3Zr will react with the 

liquid to form α-Αl solid solution. Therefore, the solidified microstructure of the alloy is 

composed of primary Al3Zr and α-Αl matrix. As seen in Fig. 3.14, the as-cast initial 

Al-1.36wt.%Zr rods used for the non-field and field solidification experiments just consist of 

such microstructure, primary Al3Zr phase plus the matrix. When such rods are reheated to the 

temperature above the solidus line, the α-Αl matrix begins to melt but some of the original 

primary Al3Zr crystals still remain solid, as the heating rate is relatively low and allows the 

alloy to stay in the liquid-solid region for some time. It is known that the density of Al3Zr 

crystal (4100kg/m3 [25]) is much higher than that of the liquid aluminium (2330 kg/m3 at 

800 °C [26]), so the un-melted primary Al3Zr crystals will descend. As the duration in the 

two-phase region in the heating process for Al-1.36wt.%Zr reaches 52 min (temperature 

interval: 920 °C � 660 °C; heating rate: 5 °C/min), the un-melt primary Al3Zr crystals have 
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enough time to descend to the bottom of the crucible. As a consequence, the averaged Zr 

content at the bottom is remarkably increased and exceeds the initial average Zr content 

(1.36wt.%). According to the Al-Zr phase diagram, the increased Zr content corresponds to an 

elevated liquidus line, i.e. elevated melting temperature. Thus, some of the deposited primary 

Al3Zr crystals may still remain solid even the sample is heated to the temperature (980 °C) 

above the liquidus line of the Al-1.36wt.%Zr alloy. When cooling starts, the un-melted 

primary Al3Zr crystals at the bottom of the crucible start to grow, and at the same time, new 

primary Al3Zr crystals start to nucleate in the Al3Zr deplete melt, i.e. the upper part of the 

ingot. The two kinds of Al3Zr crystals grow under different environments.  

The growth of the primary crystals at the bottom of the crucibles is restricted by the 

solute diffusion, i.e. they mainly absorb the solutes around them. Therefore, it is not easy for 

them to grow into large sizes. Compared with these crystals, the growth of the newly 

precipitated primary Al3Zr crystals is facilitated by two favorable conditions. One is that the 

nucleation rate is relatively low due to the low cooling rate and thus the low undercooling of 

the melt and the other is that they can more easily absorb Zr solutes from the melt. Therefore, 

they can grow into large sizes. 

As mentioned previously, the growth of the crystals is realized by the lateral migration of 

the {101} planes ({111} tend to disappear). Crystallographically the planes from the same 

family are identical and should have the same migration rate. However�in reality their 

migration strongly depends on the heat flow and composition conditions, which may not be 

locally uniform due to some disturbance, such as convection induced by their descent. When 

only the lateral planes on one side or two opposite sides of the newly precipitated primary 

Al3Zr crystals are favored by these two conditions, long bars that preferentially extend along 

one <100> direction will be formed. Thus, the previously descent crystals during the heating 

form the thin sedimentary deposit layer, whereas the later precipitated crystals during the 

cooling grow into the long bars. For the dendritic crystals, it has been analyzed previously 

that they are related to the formation of compound twins which may result from some external 

disturbance (e.g. convections in the melt).  

It has been proved during the solidification of previous Al-Fe alloy that the application of 
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a high magnetic field can “levitate” the primary crystals and homogenize their distribution in 

the samples due to the induced magnetic viscosity resistance force. However, during the 

solidification of Al-Zr alloy the density of Al3Zr crystal is much higher than the Al melt so 

that the magnetic field is not sufficient to suppress their descent. As a consequence, the 

primary Al3Zr crystals are mainly distributed at the lower parts of the specimens even under a 

high magnetic field. 

For the Al-1.95wt.%Zr rod, it is solidified under the same treatment condition as that of 

the Al-1.36wt.%Zr, therefore there is no morphology change for the primary Al3Zr crystals. 

However, as the zirconium content is increased, it is natural that the precipitation amount of 

the primary crystals is increased. Meanwhile, the long bars can also absorb more solute atoms 

and then grow longer. As a consequence, the sedimentary deposit layer and the long bar 

region become much thicker than that of Al-1.36wt.%Zr. As the length of the long bars is 

increased, the viscosity resistance force acting on them during their descent will be enhanced 

when their longer axis are not parallel to the gravity force. Therefore, more long bars remain 

in the upper part of the ingot when the solidification is complete, as seen in Fig. 3.19. 

However, the long bars with the longer axis close to the gravity force are less affected by the 

viscosity resistance force, so they descend more rapidly to the lower part. 

From the above analysis, it appears that to effectively eliminate the gravity segregation 

and multiform of the primary Al3Fe crystals, magnetic field is not sufficient. Other means like 

rapid heating and cooling plus forced stirring could be an alternative solution. 

3.6.2 Alignment 

During the heating process of the alloy without the magnetic field, convections will be 

induced due to the descent of the primary Al3Zr crystals. They can disturb the temperature 

field in the melt and change the orientations of the original primary Al3Zr crystals during their 

descent. All of these contribute to the final random distribution of the primary Al3Zr crystals 

in the deposit layer (Fig. 3.15(a)). For the long bars formed during the cooling process, their 

random distribution is also related to the induced convections. 

When a high magnetic field is applied during the heating and cooling process, the Al3Zr 

crystals tend to align with their <110> along the FD. This is probably caused by the magnetic 
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anisotropy of the primary Al3Zr crystals. Similar to the primary Al3Fe crystals, the 

magnetization energy reaches the minimum when the crystallographic direction of the crystal 

with the maximum magnetic susceptibility turns to the FD according to Eq. (3.2). Therefore, 

this direction tends to orient preferentially in the FD. In the present work, <110> is obviously 

this preferred direction. 

The field induced rotation is also accomplished by the magnetic torque, and two other 

preventing torques induced by Lorentz force and viscosity resistance will also be generated 

once the crystal starts to be rotated by this torque. The alignment of most of the primary 

crystals in the deposit layer in Fig. 3.16(d) indicates that these preventing torques are 

overcome by the magnetic torque when a 12-Tesla field is applied. According to the 

calculation results of some other crystals under a similar situation [14, 28, 41], the rotation 

time should be very short (in the order of seconds). This means that they can be oriented 

before they deposit to the bottom of the crucible.  

Other than the magnetic toque, the heat flow direction at the bottom of the crucible is 

also helpful for the final alignment of the primary crystals. As schematically shown in Fig. 

3.12, the heat flow should be mainly in the vertical direction (parallel to the FD) at the bottom 

of the crucible. Therefore, growth in this direction will have the favorable heat evacuation 

condition. For the Al3Zr crystals in the deposit layer, when they descend to the bottom during 

heating, they are already aligned to the field direction (i.e. <110>//FD). As analyzed 

previously in section 3.2.2, the growth of the Al3Zr crystals is realized by the migration of the 

lateral {101}, or in another word, by stretching their top and bottom {001} planes. Once the 

<110> direction of the primary crystals is in the FD, the {001} planes are brought to be 

parallel to the heat flow direction, as illustrated in Fig. 3.23. In this position, the further 

stretch of the {001} planes is well coherent with the heat evacuation, thus the alignment can 

be maintained to the end of the solidification. In addition, the high magnetic field weakens the 

macroscopic convections induced by the descent of the primary crystals, and thus reduces the 

instability of the temperature field in the melt and hence provides a relatively stable 

environment. This further ensures the <110> alignment of the primary Al3Zr crystals.  

For the long bars that form during the cooling process, the field should have the same 

effect to align their <110> to the FD. However, this alignment will cause them to be in a 
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gravity instable position, as shown in Fig. 3.24. It is known that within a certain size range the  

 

Figure 3.23 Three-dimensional scheme illustrating the alignment of the primary Al3Zr crystals under a 
12-Tesla magnetic field. 

 

 

Figure 3.24 Schematic illustration of the effect of gravitational force on the long bar-shaped primary Al3Zr 
crystals. G denotes the gravitational force.  

 

gravity force plays an important role in affecting the orientations of the crystals [42]. As seen 

from the figure, the long bar shaped crystals tend to lie down to minimize its gravitational 

energy. Therefore, the final orientation of the long bars is the result of the competition 

between the magnetization force and the gravity force. As a consequence, the crystallographic 

directions of the vertical long bars in FD vary between <100> and <110>. 

For the dendritic crystals (Fig. 3.17), as the branches and the primary trunks are twinned 
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with each other, their <110> crystallographic directions are inconsistent with each other. 

Therefore, their alignment cannot be well controlled by the magnetic field. As a consequence, 

no specific alignment can be achieved. 

When the zirconium content is increased, another important factor in influencing the 

crystal orientation cannot be ignored ��the interaction of the primary crystals with each other. 

In Al-1.36wt.%Zr alloy, the amount of the primary crystals is relatively low, so the interaction 

among them is not remarkable and the primary crystals can be easily rotated in the melt (Fig. 

3.15(d)). However, in Al-1.95wt.%Zr alloy, the amount of the primary crystals is remarkably 

increased so that the interaction of some of them becomes unavoidable. As shown by the 

zoomed image in Fig. 3.20, crystal 1 is surrounded by crystals 2, 3 and 4. Under a high 

magnetic field, crystal 1 should possess a tendency to rotate with its longer axis parallel to the 

FD. However, its rotation will be hindered by crystals 2, 3 and 4. In addition, during the 

descent process of the primary crystals, the settlement of the later deposited crystals may 

impinge the previous ones and then change their orientations. All of these are detrimental to 

the final alignment of the primary Al3Zr crystals. As a consequence, the alignment tendency 

of the primary crystals is weakened. For the randomly aligned long bars in the upper part of 

the specimen (Fig. 3.19), their orientations should also be deeply affected by the gravity force. 

3.7 Conclusions 

In the present work, Al-Fe and Al-Zr ingots are solidified under high magnetic fields and 

the results indicate that the precipitation behaviors of the primary Al3Fe and Al3Zr crystals are 

remarkably affected by the fields.  

For the primary Al3Fe crystals, the uniform field tends to eliminate the gravity segregation, 

whereas a positive one tends to create a new segregation. Under both cases, the field tends to 

align them with [100] longer axis perpendicular to the field direction and create strong 

preferential crystallographic orientation. Moreover, the field can also directly or indirectly 

induce axial bifurcation and transverse cracks in them and increase their nucleation number. 

The elimination and creation of segregations are respectively attributed to the Lorentz force 

and magnetization force; the alignment is induced by the magnetic torque due to the magnetic 

anisotropy; the bifurcation and the cracks are related to the thermoelectric magnetic force and 
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the linear shrinkage coefficient difference between the Al solid solution and the primary Al3Fe 

phase; the increased nucleation number arises from the detachment of crystals and 

suppression of solute diffusion by the field. 

 For the primary Al3Zr crystals, without and with a field they are mainly distributed at 

the lower parts of the specimens and in the form of small tabular crystals in the deposit layer, 

long bars and dendritic crystals. With a field, the crystals in the deposit layer and the long bars 

tend to align with the <110> longer axis to the field direction. However, the alignment of the 

dendritic crystals is less affected. The increased Zr content increased the precipitation amount 

of the crystals but weakens the alignment tendency of the crystals in the deposit layer. The 

segregation of the crystals results from their high density. The crystals in the deposit layers 

are those surviving from the heating; while the long bars are those forming during the cooling. 

The dendritic crystals are attributed to the compound twin. The alignment of the crystals in 

the deposit layer arises from the magnetic torque, but that of the long bars and dendritc 

crystals is disturbed by the gravity force and the inconsistence of the preferred direction, 

respectively. The weakness of the alignment arises from the interaction between the crystals. 
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Chapter 4 Microstructural transformation by conventional direct 

current magnetic field during the semi-continuous casting of 

Al-based binary alloys 

4.1 Introduction 

Semi-continuous casting is a common process for producing aluminum alloy products in 

industry. The casting ingots consisting of a uniform and refined grain microstructure is 

usually desirable for further processing, such as rolling, forging and extrusion. However, 

some other microstructures, such as columnar grains and feathery grains, often appear in the 

ingots. Each represents particular morphological and crystallographic characters and requires 

specific formation conditions. Columnar grains normally appear in small slabs on condition of 

approximate one-dimensional heat transfer and grow roughly perpendicular to the solid-liquid 

interface. Feathery grains, which are usually undesirable in manufacturing due to its strong 

anisotropy and non-uniform aspect after etching, occasionally occur in aluminum alloy ingots 

when specific solidification conditions (high temperature gradient at the solidification front, 

high cooling rate [1], the presence of convection [2] and/or certain alloying elements [3]) are 

met. Several efforts have been made on revealing the crystallographic characteristics and the 

formation conditions of this microstructure [2, 4]. It was found that they are made of twinned 

lamellas with the primary and secondary arms growing in <110> directions [4]. The primary 

trunks which constitute the lamellas are split in the center by their common {111} planes (the 

coherent twinning planes), while the secondary arms distribute systematically with respect to 

the {111} twinning planes on both sides of the primary trunks as “feathers”. The impingement 

of these “feathers” belonging to two neighboring lamellas forms the incoherent wavy 

boundaries. Simultaneously, side arms can also be found growing closely along <110> in the 

twinning planes. Moreover, the spacing between the columnar trunks in the twinning plane 

(in-plane spacing) is much smaller than the lamellar spacing (interplane spacing). The twin 

plane is associated with stacking faults which are favored by a strong shearing rate related to 

convection, while the transition of the growth direction is induced by solute additions and/or 

solidification conditions (thermal gradient, growth rate and melt convection). It was further 

clarified that under forced flow conditions the feathery growth is an intermediate case 
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between equiaxed and columnar growth and similar to the growth of <100> regular dendrites 

with the competitive branching-twinning mechanisms [5]. Despite many years of 

investigations [1-7], the formation mechanism of feathery grains is still not clearly understood 

and further investigation is required.  

Since electromagnetic fields were introduced to the solidification process of metallic 

alloys, many interesting microstructural modification effects have been induced [8-18]. 

Considering the importance of semi-continuous casting technique and the easy availability of 

conventional direct current (DC) magnetic field, applying such a field during the 

semi-continuous casting of aluminium alloys is of practical and fundamental interest and may 

bring about some unexpected phenomena. Based on this, two Al-9.8wt%Zn and 

Al-0.24wt%Fe slabs were semi-continuously cast with and without the application of DC 

conventional magnetic fields in the present work in order to reveal the effects of the magnetic 

fields on the cast microstructures.  

4.2 Experimental 

 

Figure 4.1 Schematic diagram of the casting configuration. B0 and V0 are the static magnetic field and the 
casting direction, respectively. 
 

Two Al-9.8wt%Zn and Al-0.24wt%Fe slabs with dimensions of 50×100×1000mm3 were 

semi-continuously cast, respectively. The casting configuration is schematically illustrated in 

Fig. 4.1. The pouring temperatures for these two alloys were 720 °C and 715 °C, respectively, 

and the casting speeds V0 were both 3 mm/s. The melt was introduced to the mold by a 

horizontal inlet through the short-dimensioned side of the hot top. For the Al-9.8wt%Zn slab, 
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Figure 4.2 The schematic diagrams of the relative positions of the specimen and the slice in the (a) 
Al-9.8wt.%Zn and (b) Al-0.24 wt.%Fe cast slabs. B0, Y0 and V0 denote the horizontal DC magnetic field 
direction, melt pouring direction and casting direction, respectively. 

 

the first half of the slab was cast without switching on a magnetic field, whereas the second 

half was cast under a horizontal direct current magnetic field B0 with a nominal value of 0.2 

Tesla. For the Al-0.24wt%Fe slab, the first 1/3 part of the slab was cast without switching on 

a magnetic field, whereas the second 1/3 and the third 1/3 parts were cast under B0 with 

nominal values of 0.1 and 0.2 Tesla, respectively. The fields were imposed perpendicularly to 

the casting direction V0, as shown in Fig. 4.1. Several transverse slices with dimensions of 

50×100×20 mm3 to the casting direction V0 were cut out from the respective non-field and 

field cast parts for macrostructure observation. Afterwards, specimens with dimensions 5×5×5 

mm3 were further cut out from the slices for microstructural analysis. The relative positions 

between the specimen, slice and slab for these two alloys are schematically shown in Fig. 

4.2(a) and (b), respectively. The microstructure observation was performed in the transverse 

section to the casting direction V0 (Surface 1), and in the two longitudinal sections of the 
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specimens – one parallel to the field direction B0 (Surface 2) and the other perpendicular to B0 

(Surface 3) (for Al-9.8wt%Zn alloy, Surface 3 is nearly perpendicular to B0) to obtain the 

three-dimensional microstructural information.  

The macrostructures of the slices were etched with NaOH (100g/L) reagent for 8 minutes 

after mechanical polishing and then washed with HNO3(20%) reagent and taken with an 

OLMPUS C8080WZ camera; whereas the microstructures were etched with Keller’s reagent 

(2ml HF(48%), 3mL HCl(concentrated), 5ml HNO3(concentrated), 190ml H2O)for a few 

seconds and observed using an OLYMPUS BX61 optical microscope. The crystallographic 

orientations of the microstructural constituents in the non-field and field treated specimens 

were measured and analyzed by EBSD technique attached to a JOEL JSM 6500 FE-SEM, 

equipped with HKL Channel 5 software after an electrolytic polishing (700ml ethanol, 120ml 

distilled water,100ml 2-butoxyethanol and 80 ml perchloric acid(6%), 40V, 5s). The EBSD 

mapping was performed with a step size of 2 µm for Al-9.8wt%Zn alloy and 0.7µm for 

Al-0.24wt%Fe alloy. Moreover, statistical analyses have also been made on the average 

primary spacing in the Al-0.24wt%Fe field cast specimens using the related micrographs and 

stereographic projections on the observation plane. 

4.3 Results 
4.3.1 Al-9.8wt%Zn alloy 

Fig. 4.3 shows the cross section macrostructures of the non-field and field cast parts of 

the Al-9.8wt%Zn slab. It can be observed that without the magnetic field the grains are 

mainly equiaxed, while with the field the grains are lamellar.  

  
Figure 4.3 Macrostructures in the cross sections (to the casting direction V0) of the slices cast without (a) 
and with (b) a 0.2-Tesla DC magnetic field.  
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Figure 4.4 EBSD band-contrast orientation micrographs in the cross section and the longitudinal section 
(Surface 1 and 2 in Fig. 4.4(a)) of the non-field and field cast specimens. (a) Surface 1 and (b) Surface 2 of 
the non-field cast specimen; (c) Surface 1 and (d) Surface 2 of the field cast specimen. Red lines: Σ3 
boundaries. The microstructure enclosed in the white frame will be further analyzed in Fig. 4.7. 

 

The EBSD band contrast orientation micrographs from the cross section and the 

longitudinal section (Surface 1 and 2 in Fig. 4.2(a)) of the non-field and field cast specimens 

are shown in Fig. 4.4. From the two perpendicular sections, the three-dimensional image of 

the microstructure can be figured out. It is found that without the field (Fig. 4.4(a) and (b)), 

the microstructure consists of equiaxed and columnar grains; whereas with the field, the 

microstructure (Fig. 4.4(c) and (d)) is mostly composed of feather-like lamellas that are 

usually called “feathery crystals”. The red lines in Fig. 4.4(c) and (d) display the CSL Σ3 

boundaries (we remind that CSL is the abbreviation of coincident site lattice in which the 

orientations of the two neighboring allow some lattice points of the other grain, see e.g. [19]). 

This boundary indicates that in cubic system the two neighboring crystals are related to each 

other by a 60° rotation around the common <111> axis. It has been well clarified that in FCC 

structures this orientation relationship defines the twin relation between the two crystals. The 

twinning plane is {111} and twinning direction is <11-2>. Fig. 4.4(c) and (d) clearly reveal 

the feathery character of the microstructure [1] obtained by magnetic field casting. It is 
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composed of thin lamellas, separated by straight and wavy boundaries, most of which are Σ3 

boundaries. The straight Σ3 boundaries represent the coherent twin boundaries, while the 

wavy boundaries represent the incoherent twin boundaries. Columnar grains are occasionally 

spotted, but their growth is often suppressed by the feathery grains (i.e. 1 in Fig. 4.4(d)). 

Moreover, no Σ3 boundaries are found in Fig. 4.4(a) and (b). 
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all-Euler orientation micrographs corresponding to Fig. 4.4(a)-(d). (a) Surface 1 and (b) 
n-field cast specimen; (c) Surface 1 and (d) Surface 2 of the field cast specimen. 

how the difference of the crystallographic orientations between the non-field 

ecimens, Fig. 4.5 (a)-(d) display the EBSD all-Euler orientation micrographs 

 Fig. 4.4(a)-(d), respectively. In these micrographs, different colors represent 

tions. As can be seen, without magnetic field the equiaxed and columnar 

y distinguished by several different colors, whereas with magnetic field the 

tinguished by two alternative colors, suggesting that this lamellar structure 

 two orientations. 

n the non-field and field cast specimens differ from each other also in the 

growth direction. Fig. 4.6 displays the <100> stereographic projections on 

lane of the columnar grains in the non-field cast specimen shown in the right 
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Figure 4.6 <100> stereographic projections on the observation plane corresponding to the columnar grains 
in Fig. 4.4(b). 

 

 
Figure 4.7 <110> stereographic projections on the observation plane of the corresponding feathery grains 
enclosed in the white rectangle in Fig. 4.4(d) and the zoomed micrograph. 
 

part of Fig. 4.4(b). It can be observed that all grains share one <100> pole that is enclosed in 

the black square. The corresponding <100> direction is closely parallel to the casting 

direction V0, indicating that the principal growth direction of the columnar grains is <100>. 

Fig. 4.7 shows the <110> stereographic projections on the observation plane of the feathery 

grains enclosed in the white rectangle in Fig. 4.4(d) and the zoomed micrograph. The black 

poles are from the left part of the feathery grains and the grey ones in the circles from the 

twinned right part. The poles in the rectangles are common for both parts. The micrograph 
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well reveals one kind of secondary arms of the twinned feathery grain. From the contour 

(O’C’ and O’D’ in the micrograph of Fig. 4.7) of the secondary arms outlined by the dark 

contrast resulting from the solute segregation, it can be observed that they go continuously 

from the straight twinning boundary to the wavy boundaries that separate the adjacent 

feathery crystals, evidencing that the sectioning plane is parallel to the main axes of these 

secondary arms. The projection lines of the [110] (Line OD) and [110] t (Line OC) in Fig. 4.7 

are very close to the true [110] and [110] t crystal lines as their poles are close to the outer 

circle of the stereographic projections on the observation plane  (the index “t” refers to the 

twinned part as opposed to the matrix). In addition, OC and OD are, respectively, parallel to 

the secondary arm traces O’C’ and O’D’ in the micrograph. This indicates that these 

secondary arms grow along <110> directions.  

           
Figure 4.8 (a) the etched microstructure on Surface 3 in Fig. 4.2(a)); (b) <111> and (c) <110> 
stereographic projections on the observation plane corresponding to (a). 

 

To find out the primary trunks and other possible secondary arms and their growth 

<110> 
 

A 

-V0 

B 

O 

[10-1] 

[0-11] 

C 

[1-10] 

Y0 

(c) 

O 

(b) <111> 
 

-V0 

Y0 

B’ 
C’ 

A’ 

O’20µm 

(a) 
B0 
 

V0 
 

Y0 



Chapter 4 Conventional magnetic field 

 83

directions, the microstructure on Surface 3 in Fig. 4.2(a) was etched out and is shown in Fig. 

4.8(a). The related <111> and <110> stereographic projections on the observation plane are 

also displayed in Fig. 4.8(b) and (c), respectively. The micrograph in Fig. 4.8(a) clearly 

indicates the configuration of the primary trunks and the secondary arms that are distributed 

on both sides of the primary trunks. In the <111> stereographic projections on the observation 

plane, the pole O is near the center of big circle, indicating that the section we observe is just 

the {111} twinning plane. Following the same analyzing principles described above, it can 

also be found that the growth directions of the primary trunk (O’A’) and those of the two 

secondary arms (O’C’ and O’B’) correspond to the poles A, B and C in the <110> 

stereographic projections on the observation plane. Thus, their growth directions can be 

determined as <110>. It should be noted that each of these secondary arms should possess a 

twinned counterpart with respect to the (111) twinning plane. 

 
Figure 4.9 Etched microstructure in the transverse section corresponding to Surface 1 in Fig. 4.2(c). 

 

To fully understand the three-dimensional microstructure of the feathery grains, Fig. 4.9 

displays the etched micrograph on Surface 1 in Fig. 4.2(c). It can be observed that the 

“feathers” distribute symmetrically with respect to the straight boundaries and extend towards 

one direction (see the two white lines in Fig. 4.9). 

Following the observation and analysis above, the crystallographic growth direction of 

feathery grains can be summarized as follows: if the primary trunks is supposed to grow along 

[01-1], the feathers grow along [110] and [110]t and the secondary arms in the twinning plane 

[10-1] and [-110], as schematically shown in Fig. 4.10. 
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Figure 4.10 Crystallographic growth directions of feathery grain. 

4.3.2 Al-0.24wt%Fe alloy 

The etched microstructures on Surface 1 and Surface 2 (see Fig. 4.2(b)) of the non-field 

cast Al-0.24wt%Fe specimen are shown in Fig. 4.11(a) and (b), respectively. It is seen that it 

consists of two microstructural components: the proeutectic α phase (the light colored areas) 

and the eutectic mixture of the α phase and Al3Fe (dark lines) distributed along the boundaries 

of the proeutectic α phase. The zoomed image of the eutectic structure is given in Fig. 4.11(e). 

The crystal structure of Al3Fe is confirmed by indexing its EBSD Kikuchi patterns with 

Channel 5 software. It is seen that the eutectic mixture is composed of alternatively 

distributed α phase and needle shaped Al3Fe, and meanwhile there is no clear separation 

between the proeutectic α phase (the matrix) and the eutectic α phase. The EBSD all-Euler 

orientation micrographs corresponding to the etched microstructures in Fig. 4.11(a) and (b) 
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Figure 4.11 Etched microstructures on Surface 1 (a) and Surface 3 (b) cast under 0-Tesla filed; EBSD 
all-Euler orientation micrographs corresponding to Surface 1 (c) and Surface 3 (d); (e) the zoomed image 

showing the eutectic structure of α phase and Al3Fe; (f) <110> stereographic projections on the observation 
plane corresponding to (d). The black part in the zoomed image (e) is a pit where the α phase is etched and 
Al3Fe is left.  
 

are given in Fig. 4.11(c) and (d). In these two orientation micrographs, the morphology of the 

proeutectic α  grains revealed by different colors is clearly shown. Obviously, the grains are 

elongated in the casting direction, showing a typical columnar growth character. To determine 

their crystallographic growth direction, the crystallographic orientations of the grains were 
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carefully studied. The <100> stereographic projection on the observation plane corresponding 

to Fig. 4.11(d) is shown in Fig. 4.11(f). From the projections, it can be observed that all the 

grains share one common pole A. Considering the consistence of the OA direction (O is the 

origin of the circle of the projections) in the projections with the growth direction of the 

columnar grains in Fig. 4.11(d), it can be deduced that all the columnar grains grow along 

<100> direction.  

Fig. 4.12(a) and (b) display the microstructures revealed by etching on the respective 

Surface 1 and Surface 3 of the 0.1-Tesla field cast specimen. Microstructure observation and 

analysis indicate that the alloy still consists of the same proeutectic α  phase (the matrix) and 

eutectic mixture. However, the proeutectic α grains are remarkably changed by the field - 

from the columnar shape in the non-field specimen (Fig. 4.11) to the lamellar structure as 

displayed by the etched microstructure in Fig. 4.12(a) and (b). Fig. 4.12(d) and (e) display the 

EBSD all-Euler orientation micrographs corresponding to the etched microstructures in Fig. 

4.12(a) and (b), respectively. The black lines plotted with the channel 5 software in the images 
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Figure 4.12 Etched microstructures on Surface 1 (a), Surface 3 (b) and Surface 2 (c) cast under 0.1-Tesla 
filed; EBSD all-Euler orientation micrographs corresponding to Surface 1 (d), Surface 3 (e) and Surface 2 
(f); <110> stereographic projections on the observation plane (g) corresponding to (c). 

 

show the CSL Σ3 boundaries between the α lamellas. Further orientation relationship analysis 

shows that the α lamellas are twin-related with {111} twinning plane and <11-2> twinning 

direction. The straight lines represent the coherent twin boundaries, whereas the wavy lines 

represent the incoherent ones. It is obvious that the eutectic mixtures are mainly distributed 

along the incoherent twin boundaries with a few of them formed inside the α lamellas. To find 

out the full morphology of the lamellas, Fig. 4.12(c) and (f) show the etched microstructure 

and the EBSD all-Euler orientation micrograph on Surface 2 (see Fig. 4.2(b)). It can 

obviously be seen that the lamellar proeutectic crystals have two characters. One is “clean” 

lamellas that are free of eutectic mixtures (circled in gray in Fig. 4.12(a) and (c)) and the other 

is the “unclean” lamellas that possess inner eutectic mixtures (circled in black in Fig. 4.12 (a) 

and (c)). The distribution of the inner eutectic mixtures outline columnar trunks, showing that 
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in reality one lamella is constituted of one array of columnar trunks. This can also be observed 

in Fig. 4.12(f). Based on the microstructural analysis above, both the average lamellar spacing 

(i.e. the interplane spacing) and the average spacing between columnar trunks in the twinning 

plane (i.e. in-plane spacing) are determined as around 14µm. To determine the growth 

direction of the primary trunks, Fig. 4.12(g) displays the <110> stereographic projections on 

the observation plane corresponding to Fig. 4.12(e). The colors of the poles correspond to the 

orientation colors of the related lamellas. Following the same analyzing principle, it is found 

that the columnar trunks that form the lamellas grow in <110> direction. The lamellar 

morphology and crystallographic growth direction of the proeutectic α phase in the present 

field-cast Al-0.24wt%Fe show the characters of the well known “feathery crystals”, however 

no “feathers” (secondary arms) branching out from the twinning plane (Fig. 4.12(a) and (b)) 

and side arms in the twinning plane (Fig. 4.12(c)) are spotted in the microstructure, which 

represents a significant difference from the true “feathery crystals”.  

Fig. 4.13(a)-(c) display the etched microstructures on the respective Surface 1, Surface 3 

and Surface 2 of the 0.2-Tesla field cast specimen. Their corresponding EBSD all-Euler 

orientation micrographs are given in Fig. 4.13(d)-(f). The black lines still indicate the Σ3 CSL 

boundaries. Fig. 4.13(g) displays the <110> stereographic projections on the observation 

plane of the lamellas corresponding to Fig. 4.13(e). Microstructure observation and 

crystallographic analysis indicate that under the 0.2-T field, there is no microstructural 

component and growth direction change. The proeutectic α phase is still composed of lamellar 

twins with the same crystallographic growth direction as those obtained under the 0.1-T field. 

The striking difference is that more eutectic mixtures formed inside the lamellar 
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Figure 4.13 Etched microstructures on Surface 1 (a), Surface 3 (b) and Surface 2 (c) cast under 0.2-Tesla 
filed; EBSD all-Euler orientation micrographs corresponding to Surface 1 (d), Surface 3 (e) and Surface 2 
(f); <110> stereographic projections on the observation plane (g) corresponding to (c). 

 

α phase outlining not only the primary columnar trunks but also the initiation of the 

“feathers” (secondary arms), as arrowed in Fig. 4.13(a). However, side arms, as found in the 

true “feathery grains”, are still not spotted in the twinning plane (Fig. 4.13(c)). Moreover, the 

average interplane spacing increases from about 14µm in the 0.1-T field cast specimen to 
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about 22µm, while the average in-plane spacing remains unchanged.  

4.4 Discussion 
4.4.1 Non-field crystal growth  

For small slab casting, as in the case of the present study, columnar grains are generally 

expected due to the approximate one-dimensional heat transfer in normal semi-continuous 

casting condition (without a magnetic field) except those equiaxed grains forming in the 

peripheral region near the mould surface. However, dendrite fragmentation and subsequent 

crystal multiplication during solidification can happen due to convection [20, 21]. When a 

secondary branch of a columnar dendrite initially forms, an increase in the local temperature 

or shearing force due to convection can detach it from the dendrite. These fragments act as 

seeds for the equiaxed grains if the thermal and compositional conditions are appropriate. In 

the present experiment, this convection in the bulk liquid can be induced both by the 

temperature and solute concentration difference (natural convection) and mold filling (forced 

convection). Moreover, equiaxed grains can also probably grow from predendritic crystals 

which are formed during pouring at or near the mould and brought to the bulk by convection 

with some surviving. For Al-9.8wt%Zn alloy, dendrite fragmentation and subsequent crystal 

multiplication can easily happen due to its relatively high alloy concentration and thus the 

high constitutional undercooling which favors the growth of dendrites. Therefore, equiaxed 

and columnar grains can coexist in the non-field cast specimen (Fig. 4.4(b)). In contrast, the 

alloy concentration of Al-0.24wt%Fe alloy is low, so the chance for forming dendrite 

fragmentation is also small. Thus, only columnar grains form (Fig. 4.11(b)). 

4.4.2 Field crystal growth 

4.4.2.1 Braking effect of  DC magnetic field on convection 

It is well known that when electrically conducting melt crosses the DC magnetic field, 

flux variations occur, which lead to local electromotive forces [22] 

 m =E u B×  (4.1) 

where u and B denote the local velocity and the magnetic flux density, respectively. Induced 

electric currents then arise 

 ( )=J u B×σ  (4.2) 
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where σ  is the electrical conductivity of the melt. The interaction of the induced electric 

currents with the applied static magnetic field gives rise to Lorentz force  

 =F J B×  (4.3) 

in the direction against the local velocity component u�
 perpendicular to the field, which 

brakes the flow of the melt.  

The effectiveness of the magnetic field in damping the convection is usually quantified 

by Hartman number [23]  

 0= Ha BLµ σ η  (4.4) 

where µ  is the relative magnetic permeability (1[24]), L a characteristic length of the 

system (half width of the short-dimensioned side of the mold (0.025m) is taken in the present 

work [25]), σ  electrical conductivity and 0η  the dynamic viscosity of the melt. When 

Ha>>1, the effective dynamic viscosity of the melt eη  can be expressed as [26] 

 ( ) 0e = 1+ o
3
  

Ha
Haη η                        (4.5) 

For Al-9.8wt%Zn alloy at 727 °C (close to the pouring temperature), the respective 

electrical conductivities of the pure aluminum and the aluminum with 70~80% zinc are 

4×106Ω-1m-1 and 2.63×106Ω-1m-1[27], while the respective viscosities of the pure aluminum 

and the aluminum with 30% zinc are 1.178×10-3 Pa·s [28] and 2.23×10-3 Pa·s [27]. It is known 

that the electrical conductivity of the aluminum lineally decreases with the increase of zinc 

content, while the viscosity is just the opposite, i.e. it lineally increases with the increase of 

zinc in proportion [27]. In the present work, we can easily interpolate the respective σ  and 

0η  for the used alloy. They are 3.82×106 Ω-1m-1 and 1.3×10-3 Pa·s. For Al-0.24wt%Fe alloy, 

we take the related parameters of pure aluminium at 715 °C to estimate the values of Ha and 

eη  in the present work. Substituting the corresponding parameters into Eq. (4.4) and (4.5), Ha 

and eη  can be estimated and the results are given in Table 4.1. 
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Table 4.1 Ha and eη in the alloy melt induced by the DC magnetic fields 

Alloys σ /Ω-1m-1 0η / Pa·s L/m B/Tesla Ha eη / Pa·s 

Al-9.8wt.%Zn 3.82×106 1.3×10-3 0.025 0.2 271 117.4×10-3 

Al-0.24wt.%Fe 4.17×106 [27] 1.2 ×10-3 [28] 0.025 
0.1 147 58.9×10-3 

0.2 294 117.8×10-3 

 

It has been proved that the convection was completely damped with a Hartman number of 

54 by a vertical magnetic field during Czochralski growth of molten gallium [29]. From Table 

4.1, it is seen that the Hartmann numbers for the two kinds of alloys under 0.1 or 0.2-T fields 

are much bigger than 54, suggesting that the melt motion in the direction perpendicular to B0 

is effectively weakened by the field in the present work. In addition, it can also be found that 

the effective dynamic viscosities of the melt are also greatly increased when DC magnetic 

fields are applied. 

4.4.2.2 Effect of  DC magnetic field on heat and mass transfer 

When a DC magnetic field is applied during the slab casting, the convection in the sump 

mainly caused by mold filling in the direction perpendicular to B0 will be slowed down by the 

Lorenz force and the effective dynamic viscosity of melt is also increased. As a consequence, 

the solidification conditions at the solidification front are modified. The braking of the 

convection and the increased effective dynamic viscosity reduce the superheat discharge into 

the mold and the solid and lowers the solute transmitting capacity in the melt, which result in 

the concentration of latent heat generated by solidification and the segregation of solute atoms 

at the solid/liquid interface. Both the concentrated latent heat and the segregated solute atoms 

decrease the undercooling degree at the solidification front, as the undercooling degree is 

defined as the temperature difference between the melting point and the real solidification 

temperature, i.e. the solid front temperature. It should also be noted that the solidification of 

the previous part of the slab (without magnetic field) also contributes to the latent heat and the 

solute enrichment and further decreases the undercooling degree at the solidification front. 

The reduction of the superheat evacuation delays the melt transformation from the liquid to 

solid [30] and the loss of undercooling decreases the growth rate and requires low solid/liquid 

interfacial energy according to the thermodynamic theory.  
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4.4.2.3 Crystallographic growth direction change by DC magnetic field 

In metals of cubic crystal structure, dendrite tips grow in most cases along the <100> 

orientations [31]. The formation character of the columnar grains in the non-field cast 

specimen obviously obeys this rule. As mentioned above, when static magnetic field is 

applied, the loss of undercooling requires low solid/liquid interfacial energy. Thus, 

solidification path with lower interfacial energy is supposed to be triggered. This may account 

for the growth direction change from <100> (columnar grain) to <110> (feathery grains or 

lamellar crystals). Moreover, the loss of undercooling and the segregation of solutes at the 

solidification front may also change the surface tension and/or attachment kinetics anisotropy, 

and thus contribute to change of this growth direction. It has been proved in directional and 

Bridgman solidification that the increase of Zn concentration can transform the growth 

direction from <100> to <110> in Al-Zn alloy [32]. 

4.4.2.4 Formation of  twinned lamellas 

 
Figure 4.14 Schematic illustration of (111) stacking fault induced by the atomic radii difference between 
aluminum and zinc or iron and the incoming flow. B1 and B2 are zinc or Fe atoms and the others are 
aluminum atoms. The aluminum atoms in B’ layer above B1 and Z2 go down and assume a mirror reflection 
position of the atoms in B with respect to the layer C. 
 

Once the primary trunk grows in <110>, it will necessarily bring one {1-11} plane to the 

up-flow position. When atoms attach to the dendrite tips in the alloy, as illustrated in Fig. 4.14, 

some atomic positions in the growth direction could be occupied by zinc or iron atoms (B1 

and B2) with the help of the incoming flow related to the columnar trunks. As the atomic radii 
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of Zn (133.5 pm [33]) and Fe (124.1 pm [33]) are smaller than that of Al (143.2 pm [33]), the 

aluminum atoms (A1, A2 and A3) in Layer B’ above the zinc or iron atoms (B1 and B2) go 

down to the positions lower than the normal ones and assume a mirror reflection position with 

respect to those in Layer C. Moreover, the lowering of the solute transmitting capacity of the 

melt, as mentioned above, guarantees sufficient solute alloy atoms left at the solidification 

front. Therefore, a stacking fault with respect to the {111} plane occurs readily. All of these 

give rise to the formation of twinning.  

For the request of reducing solid/liquid interfacial energy under low undercooling 

condition, decreasing the total interfacial area is also a natural solution. It has been proved 

that in most metal systems with dendritic growth character, the solid/liquid interface is rough 

and exposes a lot of sides for the attachment of atoms from the liquid [31]. In the low 

undercooling condition, reducing interfacial area means lower its microscopic roughness. A 

more flat interface would be an ideal configuration. The <110> primary trunk surrounded by 

symmetrically distributed up-flow secondary <110> arms for Al-9.8wt%Zn alloy and the 

stacks of twin related lamellas with uniform lamellar spacing for Al-0.24wt%Fe alloy show 

collective growth tendency and similar growth preference, therefore such solid front could 

offer a low roughness solid/liquid interface. The arrangement of the parallel primary trunks 

forms one-twinned lamella (for the feathery grains, the primary trunk is also surrounded by 

symmetrically distributed up-flow secondary arms) and the packing of the identical lamellas 

forms a cluster of twinned lamellas. This would offer a large stretch of low roughness 

solid/liquid interface. In this way, large clusters of the feathery crystals or twinned lamellas 

appear. In addition, in cubic structure Σ3 boundary is the low energy boundary, therefore the 

formation of the twinned lamellar structure with Σ3 boundaries will also meet the request of 

low undercooling degree condition.  

Furthermore, for Al-9.8wt%Zn alloy, the effective damping of convection by the magnetic 

field decreases the detachment of fragments from the secondary arms that act as seeds for 

equiaxed grains (these grains usually block the growth of columnar grains). In another word, 

the field provides a favorable environment and thus promotes the growth of feathery grains. 
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4.4.2.5 Effect of  an enhanced 0.2-Tesla magnetic field on the twinned lamella growth in 
Al-0.24wt.%Fe alloy  

The significant difference of the twinned lamellas formed in Al-0.24wt.%Fe specimen 

cast with 0.1-T magnetic field from the true “feathery crystals” is that there are neither 

“feathers” (secondary arms) branching off the primary trunks nor the side arms in the 

twinning plane forming. This is supposed to be attributed to the low initial Fe concentration. It 

is known that the presence of constitutional undercooling at the solidification front gives rise 

to the instability of the liquid/solid interface. With the growth of the columnar trunks, solutes 

are rejected both in front and to the sides of the columnar trunks tips. When there are 

sufficient solutes causing constitutional undercooling at the sides of the tips, secondary arms 

can be induced by a perturbation. However in the present investigated alloy, the solute 

concentration is very low. It seems that at this state (0.1T) the accumulated solute atoms 

around the columnar trunk are not enough to induce the secondary branching. As a result, 

they are mainly pushed to the incoherent twin boundaries with some left between the primary 

trunks inside the lamellas. It is reasonable to consider that the “clean” lamellas do not grow 

up as a whole, instead, they may also be composed of columnar trunks but just not outlined by 

sufficient Al3Fe phase. 

When the magnetic field increases from 0.1 Tesla to 0.2 Tesla, the braking effect on 

convection in the sump by Lorentz force becomes more efficient and further lowers the 

transmitting capacity of the solutes, and thus leaves more solutes at the solid front. Moreover, 

the solutes segregated from the two former casting parts (under 0-Tesla and 0.1-Tesla field) of 

the slab are pushed back to the last 1/3 part (under 0.2-Tesla field) and further enhances the 

solute concentration at the solidification front. The enhancement of the solute concentration 

makes the interface at the sides of the columnar trunk tips unstable. Thus, the initiation of 

“feathers” outlined by the Al3Fe phase formed inside the lamellas becomes possible in the 

specimen cast under 0.2-Tesla magnetic field (Fig. 4.13(a)). However, the solute 

concentration is still not high enough to induce fully developed “feathers” (secondary arms) 

and side arms in the twinning plane as those in true “feathery grains”. Thus, obvious 

branching traces on Surface 2 and side arms on Surface 3 can not be spotted.  

According to Jackson-Hunt theory, the primary spacing λ  is related to the temperature 
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gradient LG  ahead of the solidification front and the growth velocity SV  and assumes the 

following relation [34]  

 L S
m n= AG V− −λ  (4.6) 

where A  is a constant proportional to the fourth root of the alloy composition for dilute 

alloys, and m and n are constants (generally m = 0.5 and n = 0.25). As the increased magnetic 

field further lowers the temperature gradient ahead of the solid front, decreases the growth 

rate and reduces the solute transmission capacity by damping convection, the primary spacing 

λ  is increased by the magnetic field according to Eq. (4.6). Moreover, the former cast parts 

also contribute to the solute enrichment and latent heat concentration, and thus exert an 

influence on the primary spacing λ in the same direction. Actually, the primary spacing in the 

perpendicular direction to the twinning plane gives the lamellar spacing. Thus, the average 

lamellar spacing (i.e. the interplane spacing) in the specimen under 0.2-Tesla magnetic field 

becomes larger than that under 0.1-Tesla field. However, it should be noted that the lamellar 

spacing increases accompanied by the initiation of “feathers”. Conversely, the average 

primary spacing in the twinning plane remaining unchanged should be related to the 

undeveloped side arms in this plane.  

4.5 Conclusions                  

Two Al-9.8wt%Zn and Al-0.24wt%Fe slabs were semi-continuously cast under DC 

magnetic fields, respectively. A 0.2-Tesla DC magnetic field changes the solidification 

microstructure of the Al-9.8wt%Zn alloy from equiaxed and columnar grains to feathery 

grains, whereas a 0.1-Tesla DC magnetic field changes the microstructure of the 

Al-0.24wt%Fe alloy from regular columnar grains to twinned lamellas. Both transformations 

are accompanied by a change of growth direction from <100> to <110> and finally result in 

the formation of strong crystallographic texture and CSL Σ3 boundaries. The transformations 

are attributed to the modification of the solidification conditions at the liquid/solid front by 

the Lorentz force induced by the magnetic field. Both microstructural transformations are 

accompanied by a crystallographic growth direction change of the primary trunks from <100> 

to <110>. For the Al-0.24wt%Fe alloy, the lamellas bear the morphological and 

crystallographic characters of the “feathery grains”. However, no “feathers” (secondary arms) 
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branch off the twinning planes at 0.1 Tesla, but only initiate at 0.2 Tesla. Under both fields, no 

side arms in the twinning planes were observed. Moreover, the interplane spacing increases 

with the increase of the field; whereas the in-plane spacing in the twinning plane remains 

unchanged. The microstructural transformations for both of these two alloys are mainly 

attributed to the modification of the solidification conditions at the liquid/solid front by the 

Lorentz force induced by the magnetic field. The difference between the Al and Zn (or Fe) 

atomic radii facilitates the formation of the twins. The lowered liquid/solid interface 

roughness required by the reduced undercooling degree accounts for the formation of lamellas. 

For the twinned lamellas in Al-0.24wt%Fe, the absence of “feathers” at 0.1-Tesla magnetic 

field is attributed to the low original Fe content, whereas the initiation of the “feathers” at 

0.2-Tesla field results from the increased damping effect on convection.  
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Chapter 5 Conclusions and perspectives 

The main objective of the present work is to theoretically and experimentally study the 

effects of magnetic field on the crystallography and microstructures of Al-based binary alloys, 

including the precipitation behaviors of the primary Al3Fe and Al3Zr phases under high 

magnetic field and the microstructural transformation of Al-Zn and Al-Fe alloys under 

conventional DC magnetic field. Besides these, we also systematically investigate the 

crystallographic features of the Al3Fe and Al3Zr phases. After a carefully theoretical and 

experimental study, the main achievements and conclusions have been drawn as follows. 

5.1 Crystallographic features of  the primary Al3Fe and Al3Zr phases 

Al-3.3wt.%Fe and Al-1.36wt.%Zr alloys were solidified to form primary Al3Fe and 

Al3Zr phase. The crystallographic features of these two phases are investigated by EBSD 

technique and summarized up as follows. 

5.1.1 Primary Al3Fe phase 

<010> and <011> are identified as the two preferred crystallographic extension 

directions of the bar-shape primary Al3Fe crystals. In the case of <010> extension, a 

compound twin is observed; whereas in the case of <011> extension, both compound twin 

and type I twin are detected. The complete twinning elements for these two sorts of twins are 

determined. The morphologies of the primary Al3Fe crystals are related to the 

crystallographic extension direction and twinning. Type I twin can induce the bent growth of 

the crystals. The Al3Fe crystals are in two forms - monoclinic prism and triclinic prism. The 

crystallographic planes of their surfaces are identified as (100) and (001) in the extension 

direction for the monoclinic prism and (001), (001) and (02-1) for the triclinic prism. The 

twins are the result of the exposure of (001) and (001) planes in the Al melt during the 

growth. 

5.1.2 Primary Al3Zr phase 

The primary Al3Zr phase show tabular morphology. The longitudinal cut of the smaller 

crystals displays an octagonal form; whereas that of the larger crystals is in a rectangular one. 
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Primary crystals in dendritic form are also observed. The faceted planes binding the smaller 

sized crystals are crystallographically determined as {001}, {101} and {111}, whereas those 

binding the larger ones {001} and {101}. Two compound twins are detected in the dendritic 

crystal. The complete twinning elements for the twins are also determined. The tabular shape 

of the primary crystals and the disappearance of {111} in the larger sized crystals are related 

to the low roughness of {001} planes and high roughness of {111} planes, respectively. The 

twins are the result of the lattice shear plus local atom stacking fault accompanied by local 

atomic reshuffling. The dendritic crystals just result from the formation of the twins. 

5.2 Effect of  high magnetic field on the precipitation behaviors of  the 
primary Al3Fe and Al3Zr phases 

Al-3.31wt.%Fe and Al-1.36wt.%Zr (and Al-1.95wt.%Zr ) ingots are solidified under 

various high magnetic fields. It is found that the precipitation behaviors of the primary Al3Fe 

and Al3Zr crystals are remarkably affected by the high magnetic fields. 

5.2.1 Primary Al3Fe phase 

1) With a uniform magnetic field, the gravity segregation of the primary Al3Fe crystals 

tends to be eliminated in the specimen. This is related to the prevention of the field-induced 

magnetic viscosity resistance.  

2) With a uniform magnetic field, the primary Al3Fe crystals tend to align with their 

<100> crystallographic direction parallel to the field direction and thus form strong 

preferential crystallographic orientation. This is due to the strong magnetic anisotropy of the 

primary phase and thus the magnetic torque acting on the crystals.  

3) With a gradient field the primary Al3Fe crystals move upward and segreate at the 

upper part of the specimen. This migration is driven by the magnetization force. 

4) With the increase of magnetic fields, the nucleation amount of the primary crystals is 

increased. This may result from detachment of crystals and the suppression of solute diffusion 

by the field. 

5) Axial bifurcation and transverse cracks are produced in the primary phase when 

magnetic field is applied. The bifurcation may result from the TEMF; whereas the cracks are 

related to the linear shrinkage coefficient difference between the Al solid solution and the 
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reduced anti-cracking ability of the primary phase. 

5.2.2 Primary Al3Zr phase 

1) Without and with a field the primary Al3Zr crystals are mainly distributed at the 

lower parts of the specimens and in the forms of small tabular crystals in the deposit layer, 

long bars and dendritic crystals. The distribution is attributed to the high density of Al3Zr. The 

formation of the crystals in the deposit layers and long bars is correlated with the respective 

heating and cooling processes, whereas that of the dendrictic crystals results from the 

compound twin.  

2) With a field both the crystals in the deposit layer and the long bars tend to align with 

the <110> longer axes to the field direction, but the dendritic crystals are less affected. The 

alignment tendency is attributed to the magnetic anisotropy of Al3Zr and thus the induced 

magnetic torque. For the long bars the gravity force has a competition with the field, whereas 

for the dendritic crystals the in-consistent <110> direction in the twinned parts cause the 

alignment impossible. 

3) The increase of Zr content induces an increased precipitation amount of the primary 

crystals and a weakened alignment tendency of the crystals in the deposit layer. The weakness 

is the result of the increased interaction between the crystals.  

5.3 Microstructural transformation by conventional direct current 
magnetic field during the semi-continuous castings of  Al-Fe & 
Al-Zr binary alloys 

Two Al-9.8wt%Zn and Al-0.24wt%Fe slabs were semi-continuously cast under DC 

magnetic fields respectively and the results are summarized up as follows.  

1) The solidification microstructure of the Al-9.8wt%Zn alloy changes from the equiaxed 

and columnar grains to the lamellar feathery grains accompanied by the crystallographic 

growth direction change from <100> to <110> after the application of a 0.2-Tesla DC 

magnetic field during the semi-continuous casting. 

2) The solidification microstructure of the Al-0.24wt%Fe alloy changes from the regular 

columnar grains to the twinned lamellas accompanied by the transfer of the crystallographic 

growth direction from <100> to <110> after the application of a 0.1-Tesla DC magnetic field 

during the semi-continuous casting. The lamellas bear the morphological and crystallographic 
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characters of the “feathery crystals”. However, no “feathers” (secondary arms) branch off the 

twinning planes at 0.1 Tesla, but only initiate at 0.2 Tesla. Under both fields, no side arms in 

the twinning planes were observed. Moreover, the interplane spacing increases with the 

increase of the field; whereas the in-plane spacing in the twinning plane remains unchanged. 

For both of these two alloys, the microstructural transformations give rise to the 

formation of strong crystallographic texture and CSL Σ3 boundaries. The application of the 

DC magnetic field results in the reduction of the heat discharge and solute mixing capacity 

through a damping effect on convection and thus a delay of the melt transformation to solid 

and a request to reduce the liquid/solid interface energy through reducing the interface area 

due to the loss of undercooling. The delay and the request account for the growth direction 

change and the formation of lamellas. Moreover, the possible change of the surface tension 

and/or attachment kinetics anisotropy may also contribute to the growth direction change. 

The difference between the Al and Zn (or Fe) atomic radii and the related incoming flow 

facilitate the formation of the twinning. The overall absence of “feathers” in Al-0.24wt%Fe 

alloy is attributed to the low initial Fe concentration. The increase of the interplane spacing is 

the result of the further lowered temperature gradient, growth rate and solute transmission 

capacity by the increased magnetic field; whereas the unchanged in-plane spacing in the 

twinning plane should be related to the undeveloped side arms in this plane. 

5.4 Perspectives 

Up to now, magnetic field has been widely used in various areas of materials science. 

Many interesting phenomena have been experimentally found and theoretically studied. 

However, this technique is still young and in its early stage. Based on the existing results, 

many phenomena and the correlated mechanisms are waiting to be figured out. Therefore, a 

more comprehensive study with theoretical depth in this field is required. According to the 

present work and the recent development of EPM, the future prospects of the application of 

magnetic field in materials science may be summarized as follows: 

1) Extend the experimental target materials into a wider scope and try to find some new 

phenomena and regulations in various materials treatments and processing under 

magnetic field, and then work out the corresponding physical influential 
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mechanisms. 

2) As the present high magnetic field production equipments are small, the experimental 

achievements and results cannot be transformed into practical applications. Based on 

this, the invention of equipments with larger sizes will be quite essential. 

3) As analyzed on the crystallographic features of the Al3Fe and Al3Zr compounds in 

the present work, it is of theoretical interest and practical significance to carry out a 

crystallographic study on these kinds of intermetallic compounds. The incomplete 

crystallographic data of these compounds considerably restricts the further 

development of many areas of materials science. Therefore, a systematic study on 

various intermetallic compounds formed under different techniques is urgently 

needed.  

4) So far, the application of conventional AC magnetic fields during the continuous (or 

semi-continuous) casting of metallic alloys has been widely researched. Besides the 

easy availability, the popularity of the conventional AC magnetic fields is mainly 

associated with their various favorable effects on the macro- and microstructures of 

the alloys. In contrast to the AC fields, the researches on the application of 

conventional DC magnetic fields are relatively seldom although they almost possess 

the same easy availability as the AC ones. One of the most important reasons is that 

they usually impair the properties of the alloys so that they lack practical values. 

However, in view of the theoretical and experimental values, applying DC fields 

during the continuous (or semi-continuous) casting of metallic alloys is of 

significance, which may be able to help increase knowledge about materials 

manipulating and controlling. Based on this, a lot of work is left to be done in the 

future. 
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