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Abstract 

In the present work, a thorough investigation has been conducted on the Co-B alloys in terms 

of the microstructure evolution during non-equilibrium solidification with/without magnetic field 

and the temperature induced liquid-liquid structure transition. 

In this work, a Co-20at.%B hypereutectic alloys was undercooled by the melt fluxing technique 

and the microstructure was characterized by the back-scattering diffraction technique. A transition 

from hypereutectic to hypoeutectic was found at a critical undercooling of ∆T=119 K. When ∆T<119 

K, a primary directional dendritic β-Co3B phase surrounded by the regular of α-Co+β-Co3B lamellar 

eutectics was found. When ∆T>119 K, the above hypereutectic microstructure changes into 

hypoeutectic structure with the α-Co phase as the primary phase. According to dendrite growth 

model, the transition from hypereutectic to hypoeutectic can be ascribed to the higher growth 

velocity of the α-Co phase than the β-Co3B phase, i.e., the growth-controlled mechanism. The 

current work shows also that there is a coupled zone skewed to the β-Co3B phase in the Co-B alloys 

system. 

Cyclic superheating and cooling were carried out for the undercooled hypereutectic Co-

20at.%B, eutectic Co-18.5at.%B and hypoeutectic Co-17at.%B alloys. For each alloy, there is a 

critical overheating temperature Tc
0 at which there is a sharp increase of the mean undercooling, i.e., 

the mean undercooling is about 80 °C when the overheating temperature is below Tc
0, whereas the 

mean undercooling is about 200 °C when the overheating temperature is above Tc
0. DSC 

measurements show that there is a thermal absorption peak in the heating process, the peak 

temperature of which is nearly equal to the critical overheating temperature, indicating that the 
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temperature induced liquid-liquid structure transition does occur and should relate highly to 

nucleation in the undercooled Co-B eutectic melts. The effect of the liquid-liquid structure transition 

on nucleation was interpreted by the recent nucleation theory that considers the structures of 

overheated melts, and the composition-dependent overheating temperature was ascribed to the 

change of local favored structures. The present work provides further evidences for the liquid-liquid 

structure transition and is helpful for understanding solidification in undercooled melts. 

By in situ measuring the magnetization, the temperature induced liquid-liquid structure 

transition was further investigated. A magnetization anomaly in term of the non-Curie-Weiss 

temperature dependence of magnetization was observed in the overheated state, demonstrating a 

temperature induced liquid-liquid structure transition. This anomalous behavior was found to be a 

universal formula for the Co-B binary alloy system. A transition point (T0), two different Curie 

constants and two paramagnetic Curie temperatures (θ(LI), θ(LII)) corresponding to two distinct 

kinds of liquids (i.e., high-magnetization liquid I and low-magnetization liquid II) are determined. 

The Curie constant of liquid II was found much higher, which is attributed to the survived covalent 

bond below T0. The effects of magnetic field intensity on the liquid-liquid structure transition and 

paramagnetic Curie temperatures are studied. T0 and θ(LII) are found not sensitive to the field 

intensity, whereas, θ(LI) shifts to lower temperatures with the increasing magnetic field intensity. 

With the increased concentration of Co, T0, θ(LI) and θ(LII) shift to higher temperatures and the 

Curie constants for the liquid I and liquid II decrease. Based on the location of T0, a guideline was 

drawn above the liquidus in the Co-B phase diagram, which could provide a significant guidance to 

the practical melt treatment. 

Under an imposed magnetic field, a morphological alignment was found for the primary α-Co 
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phase with its primary dendrite trunk or long axis paralleling to the direction of magnetic field. The 

primary α-Co phases are rod-like or spherical at relatively high undercooling, and the application of 

magnetic field is more conducive to obtain such kind of α-Co phases. The magnetic energy, 

magnetic torque and time required for rotation were analyzed theoretically to evaluate the magnetic 

alignment and alignment mechanisms. The dipolar forces between particles were calculated, based 

on which the phenomenon that the primary α-Co particles self-organize as chain-like stacking was 

described. 

Key words: Co-B alloys; Non-equilibrium solidification; Nucleation; Magnetic field; Liquid-liquid 

structure transition; Phase selection. 
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Résumé 

Dans le cadre du présent travail, une étude approfondie a été menée sur les alliages Co-B en 

termes d'évolution de la microstructure lors d'une solidification hors équilibre avec ou sans champ 

magnétique ainsi que sur une transition liquide-liquide induite par la température. 

Dans ce travail, un alliage hypereutectique Co-20at.%B a été sous-refroidi par la technique de 

l'encapsulation vitreuse et la microstructure a été caractérisée par la technique de microscopie 

électronique par électrons rétrodiffusés. Une transition de l'hypereutectique à l'hypoeutectique a été 

trouvée à un sous-refroidissement critique de ∆T=119 K. Quand ∆T<119 K, une phase dendritique 

directionnelle primaire β-Co3B entourée par l'eutectique lamellaire régulière de α-Co+β-Co3B a été 

observée. Lorsque ∆T>119 K, la microstructure hypereutectique ci-dessus se transforme en 

structure hypoeutectique avec la phase α-Co comme phase primaire. Selon le modèle de croissance 

de la dendrite, le passage de l'hypereutectique à l'hypoeutectique peut être attribué à la vitesse de 

croissance plus élevée de la phase α-Co que de la phase β-Co3B, c'est-à-dire un mécanisme contrôlé 

par la croissance. Les travaux actuels montrent également qu'il existe une zone de couplage dévié 

avec la phase β-Co3B dans le système des alliages Co-B. 

La surchauffe et le refroidissement cycliques ont été effectués pour les alliages 

hypereutectiques sous-refroidis Co-20at.%B, eutectiques Co-18.5at.%B et hypoeutectiques Co-

17at.%B. Pour chaque alliage, il y a une température critique de surchauffe Tc
0 à laquelle il y a une 

brutale augmentation du sous-refroidissement moyen, c'est-à-dire passant de 80°C pour une 

surchauffe inférieure Tc
0, à 200 °C pour une surchauffe supérieure à Tc

0. Les mesures DSC montrent 

qu'il y a un pic d'absorption thermique dans le processus de chauffage, dont le pic de température 
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est presque égal à la température critique de surchauffe, ce qui indique qu'une transition structurale 

liquide-liquide induite par la température se produit et doit être étroitement liée à la nucléation dans 

le liquide eutectique Co-B sous refroidi. L'effet de la transition structurale liquide-liquide sur la 

nucléation a été interprété par la récente théorie de la nucléation qui considère les structures des 

liquides en fusion surchauffées, et la température de surchauffe critique Tc
O, dépendante de la 

composition, a été attribuée au changement de structures préférentielles locales. Le présent travail 

fournit d'autres preuves de la transition structurale liquide-liquide et est utile pour comprendre la 

solidification dans les métaux liquides sous-refroidis. 

Grace à une mesure in situ de l'aimantation, la transition structurale liquide-liquide induite par 

la température a été étudiée plus en profondeur. Une anomalie d'aimantation en terme de non 

dépendance de l'aimantation selon une loi de Curie-Weiss a été observée à l'état surchauffé, ce qui 

démontre une transition structurale liquide-liquide induite par la température. Ce comportement 

anormal s'est avéré être une règle universelle pour le système d'alliage binaire Co-B. Une 

température de transition (T0) et deux températures de Curie paramagnétiques (θ(LI), θ(LII)) 

correspondant à deux structures différentes des liquides sont déterminées. Les effets de l'intensité 

du champ magnétique sur la transition liquide-liquide et les températures de Curie paramagnétiques 

sont étudiés. T0 et θ(LII) ne sont pas sensibles à l'intensité du champ, tandis que θ(LI) passe à des 

températures plus basses avec une intensité croissante du champ magnétique. Avec une 

concentration croissante de Cobalt, T0, θ(LI) et θ(LII) passent à des températures plus élevées et les 

constantes de Curie pour le liquide I et le liquide II diminuent. En se basant sur la mesure de T0, une 

ligne directrice a été tracée au-dessus du liquidus dans le diagramme de phase Co-B, ce qui pourrait 

fournir une aide significative pour le traitement pratique de fusion de l'alliage. 
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Sous l'effet d'un champ magnétique imposé, un alignement morphologique a été trouvé pour la 

phase primaire α-Co avec son tronc primaire de dendrite ou son grand axe parallèle à la direction 

du champ magnétique. Les phases primaires de α-Co sont de formes cylindriques ou sphériques 

avec un sous-refroidissement relativement élevé, et l'application d'un champ magnétique est plus 

propice à l'obtention de ce type de phases α-Co. L'énergie magnétique, le couple magnétique et le 

temps requis pour la rotation ont été analysés théoriquement pour évaluer l'alignement magnétique 

et les mécanismes d'alignement. Les forces dipolaires entre les particules ont été calculées sur la 

base desquelles le phénomène d'auto-organisation des particules primaires de α-Co sous forme 

d'empilement en chaîne a été décrit. 

Mots clés : Alliages Co-B ; Solidification non équilibrée ; Nucleation ; Champ magnétique ; 

Transition de structure liquide-liquide ; Sélection de phase. 
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Chapter 1 Literature review 

1.1 General introduction 

Most metallic materials experienced one or several processes from liquid to solid before they 

were made into components. The process of liquid to solid has crucial influence on the mechanical, 

physical properties and related to lots of defects, especially metallurgical defects, which always 

leads to the failure of important components. As a result, investigation on the liquid metallic melts 

is of great importance and attracts us a lot of attention. 

The metallic melt used to be traditionally considered as homogenous and isotropic liquid 

according to the classical thermodynamics theory. However, as the experimental and numerical 

methods develop, recent research results show that the melt has short range order, medium range 

order, topological range order etc., and the liquid state polymorphism is widely accepted [1-17]. 

Thus it is widely accepted that liquid-liquid structure transition (L-LST) exists in almost all the 

materials, e.g., some metallic melts [1, 9, 18, 19], metalloid liquids [20, 21], molecular liquids [22, 

23]. It can be in either single component liquid like Si [24], P [20], C [25], Ca [26], Te [27], or multi-

component liquid, e.g., Co76Sn24 [28], H2O [29], SiC [30]. In this work our attention is paid to the 

metallic melts only. 

In this chapter, Section 1.2 provides basic knowledge of L-LST. In Section 1.3 we review the 

recent experimental methods to characterize the L-LST and in the following sections, we give a 

detailed review on the results of experimental study of L-LST and its impact on the nucleation, 

microstructure and properties. Finally, we summarize the chapter and outline several prospective 

topics of future research. 
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1.2 Basic concepts of liquid-liquid structure transition 

There is no ideal model to describe the liquid structure because of its uncertainty and instability. 

Different from crystal structure, liquid structure is non-symmetric and long-range disordered. 

Experiments and numerical simulation results shows that there are nomadic atom clusters 

surrounded by free atoms in the liquid. The size of cluster changes with temperature. Not just 

thermal expansion, there are growing experimental and theoretical supports for the existence of 

thermal contraction of atom clusters in the heating process [31-34]. 

1.2.1 Classification of liquid-liquid structure transition 

A single-component liquid may have more than two kinds of isotropic liquid states and the 

transition between these different states is called liquid-liquid structure transition [16]. In general, 

L-LST can be classified by the condition in which it occurs, namely pressure induced L-LST, 

temperature induced L-LST and other external physical field induced L-LST. Pressure induced L-

LST mostly occurs in molecular liquid such as C [25], P [20]. However, the influence of pressure 

on metallic melt is not as obvious as that on molecular liquid so the L-LST in metallic melt is mostly 

temperature or other external physical field or both induced. 

Another classification of L-LST is based on the reversibility of the transition process, namely 

reversible L-LST and irreversible L-LST. Fig. 1.1a shows the temperature dependence of nuclear 

magnetic resonance observables in metallic glass forming liquid La50Al35Ni15 [35]. The Knight shift 

(Ks) of the liquid, which is sensitive to changes of structures, displays a non-linear dependence on 

temperature during cooling process. The crossover demonstrably indicates that a temperature-

induced L-LST in the melt. Subsequently, the sample was reheated again and the continuous 
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reheating curve of Ks reproduces the values of the cooling curve except a hysteresis in the 

temperature range of 1008-1033 K, which is due to the expected undercooling effect. This 

observation clearly unveils that such transition is reversible. The inverse magnetization (1/M) as a 

function of temperature curve of Co76Sn24 alloy is shown in Fig. 1.1b [28]. During heating, a distinct 

crossover is observed at T0. During cooling, the 1/M-T curve nearly overlaps with the heating curve 

above T0 but remains incessant with the identical slope below T0, which indicates the L-LST is 

irreversible. Although the mechanism of reversible and irreversible L-LST is not clear, it refers to 

the species of the Short Range Orders and the properties of elements. 

 

Fig. 1.1. (a) T dependence of 27Al Ks during continuous cooling and reheating in the temperature 

interval of 973-1143 K [35]. The liquids temperature is 970 K and the glass transition temperature 

is 528 K for this glass system. (b) 1/M-T curve of Co76Sn24 alloy measured in 1 T magnetic field 

[28]. 

Furthermore, the existence of L-LST can be evidenced either in an overheated liquid or in an 

undercooled liquid, e.g., as shown in Figs. 1.2a and 1.2b, L-LST is evidenced (a) in the Bi2Te2.7Se0.3 

melt above its melting point (620 °C) [36] and (b) in the supercooled Zr57Nb5Al10Cu15.4Ni12.6 liquid, 

about 115 K below the melting temperature [3]. 
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Fig. 1.2. (a) Liquid-liquid structure transition in the Bi2Te2.7Se0.3 melt above the melting point [36], 

which is evidenced by an anomalous hump on the ρ-T curve during the heating process. (b) Specific 

volume as a function of temperature measured during cooling. A small discontinuity is indicated by 

arrows (see the inset) in the slope of the specific volume data, which suggests that a liquid-liquid 

structure transition in the Zr57Nb5Al10Cu15.4Ni12.6 liquid in undercooled state [3]. 

1.2.2 Mechanism of the liquid-liquid structure transition in metallic melts 

The mechanism of L-LST refers to the content and the behavior of atomic clusters, namely 

short range orders (SROs) and medium range orders (MROs), which relate to the properties of 

elements. Tanaka held the view that liquid is not homogeneous and in liquid locally favored 

structures exist [16]. The nearest-neighbor coordination difference leaves space of local structural 

variation of chemical and topological order [37]. Thus, the SROs (even MROs) of liquid might vary 

with temperatures, causing the change of thermodynamical properties. There are growing 

experimental and theoretical supports for the existence of L-LSTs in metallic melts and plausible 

three dimensional structural models can be reconstructed via simulation methods such as reverse 

Monte Carlo [38], ab initio molecular dynamics (AIMD) [39], cluster alignment method [37], etc. 
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Fig. 3 depicts the three-dimensional representation of average SRO of liquid Ga at the selected four 

temperatures using the recently-developed cluster alignment method, which describes the local 

atomic packing and has been applied to directly visualize the average local SRO and MRO in the 

liquid [37]. At 1600 K, the clusters exhibit weak SRO, indicating a highly disordered structure. The 

local SRO enhances upon cooling. At 600 K, the crystalline orthorhombic-like local atomic packing 

is detected. Combined with high-temperature and high-energy XRD measurements and AIMD 

simulations, an intriguing liquid structure change between two different Ga liquid regimes is 

discovered, i.e., the high-coordinated orthorhombic-like atomic packing at low temperature region 

in liquid breaks up during heating and displays low-coordinated disordered polyhedrons at high 

temperature region. 

 

Fig. 1.3. Atomistic morphology evolution in liquid Ga [37]. 

Tanaka [16] thought an L-LST can be predicated on two order parameters, i.e., density and 

bond ordering. The density order parameter maximizes the density (or packing) to lower the 

attractive interaction energy, which ultimately leads to long-range ordering or crystallization. The 

bond order parameter describes the packing of locally favored structures, which captures both SRO 

and MRO. At high temperatures, the liquid is in an excited state. The liquid transforms into an 

energetically more favorable state with higher density as the temperature decreases. Iwashita et al. 

[40] studied the liquid state of various metallic systems through classical and AIMD simulations. 

The results suggest that elementary excitations in high temperature metallic liquids are local 
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configurational changes in the atomic connectivity network. The L-LST is attributed to the 

competition between the configurational excitations and phonons. However, a rigorous 

experimental observation of L-LST is still lacking because of the harsh conditions in experiments, 

including, (i) high Temperature (and often high pressure); and/or (ii) deep in the undercooling 

regime where crystallization is prone to occur. As a result, the mechanism of L-LST remains still 

inconclusive to date. 

1.3 Methods to characterize the liquid-liquid structure transition 

So far, a lot of efforts have been made to study the liquid metal and much experimental and 

numerical evidence has been accumulated for the existence of the L-LST in metallic liquids. The 

experimental methods on L-LST research mainly focus on detecting the liquid structure and they 

can be sorted into direct measurement and indirect measurement roughly. The direct methods could 

be classified into diffraction methods and absorption methods. The main mechanism of diffraction 

method on L-LST research is the diffraction of neutron, electron or X-ray. The absorption methods 

are based on the radiation scattering. Indirect methods measure the physical parameters that have 

close relationship with the liquid structure. 

1.3.1 Experimental methods 

1.3.1.1 Direct methods to study the L-LST 

Direct methods are effective and accurate ways to analyze liquid structure, which offer the 

average and one-dimensional structural information of the liquid state directly. According to the 

mechanism they utilized, the direct methods can be classified into diffraction methods and 
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absorption methods. Radial distribution function g(r), mean nearest neighbor distance r1, 

coordination number N1 of the liquid metal could be obtained indirectly by diffraction methods or 

absorption methods, which show the structure of the liquid state accurately. 

Common diffraction methods include X-ray diffraction, electron diffraction and neutron 

diffraction which are based on the diffraction of X-ray, electron and neutron respectively [41]. 

Neutron scattering lengths mainly depend on nuclear mass, and X-ray scattering lengths dependent 

on the number of electrons, the two techniques provide complementary information for a polyatomic 

liquid or glass [42]. Besides, neutron is electro-neutral but it has magnet moment, which leads to 

deep penetration and magnetic diffraction when it is utilized on magnetic materials. Up to now, to 

investigate the atomic scale structure of metallic liquid, the most frequently used X-ray diffraction 

methods are energy dispersive X-ray diffraction (EDXD) [43, 44], high energy synchrotron X-ray 

diffraction (HESXRD) [1, 37], small-angle X-ray scattering (SAXS) [45], wide-angle X-ray 

scattering (WAXS) [45], etc. 

Compared with the usual diffraction methods, X-ray absorption fine structure (XAFS) [46], an 

absorption method, has the advantage of providing information in respect of the local atomic 

arrangement around a specific atomic species. In contrast to this, a diffraction experiment gives 

information of atomic arrangements around a reference atom which represents an average of all 

atomic species present in the specimen [47]. Furthermore, X-ray absorption phenomenon depends 

on the effect of SRO, so whether the atoms in the system are periodic or not XAFS is always an 

effective method. 

High temperature nuclear magnetic resonance (NMR) [35] can also be used to detect structure 

changes in metallic melt, however, due to its difficulty, there is just quite few results about metallic 
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melts up to now. 

1.3.1.2 Indirect methods to study the L-LST 

Indirect methods are widely applied due to the limit and the high cost of direct methods. 

Physical parameters that are sensitive to the liquid structure are selected. Physical parameters such 

as density [48], heat capacity [49], internal friction [50], magnetic susceptibility [51], resistivity 

[52], specific volume [53], viscosity [54], etc., can be chosen and the structure of instruments is 

relatively simple and effective. 

Compared to other physical parameters and the derived methods, the magnetic susceptibility 

and its corresponding method [55] have certain advantages. On the one hand, by in-situ measuring 

the temperature and magnetization, the melting behavior, the solidification process and other 

possible transformations can be observed; see Fig. 1.4. On the other hand, with the help of glass 

fluxing technique, the magnetization of the liquid alloy can be in-situ measured in a very wide 

temperature range from hundreds of degrees above the melting point (overheated state) to hundreds 

of degrees below the melting point (supercooled state). As a consequence, this method can be used 

to study the possible L-LST either in the overheated state or in the supercooled state. 

 

Fig. 1.4. The temperature and magnetization as a function of time of Co76Sn24 alloy, showing the 

range around (a) the melting and liquids point during heating and (b) the nucleation point during 
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cooling measured in 1 T magnetic field where the field gradient is 1490 G/cm [28]. 

1.3.2 Simulation methods 

Recently, using computer calculation to investigate the structure of liquids, especially under 

extreme condition such as high pressure, high temperature and deep supercoiling, which is known 

as ‘No man’s land’ [56], have attracted deep interesting among the world. So far, many methods 

such as Monte Carlo simulations [56], reverse Monte Carlo analysis [38], phase field calculations 

[57], free energy methods [58], molecular dynamics simulations [59], ab initio molecular-dynamics 

simulations [60], first-principles calculations [61] and the combination of both methods, i.e., first-

principles molecular dynamics [62] were adopted to study L-LST and had already made certain 

progress. 

1.4 Effects of the liquid-liquid structure transition on solidification 

    There has been a notable trend in engineering practices that the properties and solidified 

microstructure of many alloys are dependent on the thermal history of their parent liquids [36]. The 

alteration of the solidification microstructure due to different thermal histories is thought to be 

ascribed to their different liquid states. Therefore, controlling the liquid states, based on the L-LSTs, 

has been confirmed to be effective in regulating the subsequent solidification processes, 

microstructures and properties. 

1.4.1 Nucleation 

Nucleation is an activated process in which the system has to overcome a free energy barrier 

in order for a first-order phase transition between the metastable and the stable phases to take place 
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[2]. The ability to control nucleation lies at the heart of the development of novel microstructures 

for advanced materials applications [63]. In metallic liquids, the ordering structure can be the 

precursor of nuclei, thus any structure transitions inside the metallic melt can make the nucleation 

process different. 

Yu et al. [36] studied the solidification behaviors of the Bi2Te2.7Se0.3 alloy with different liquid 

states. As shown in Fig. 1.5, the sample that experienced L-LST shows that the nucleation and 

growth undercooling degrees are significantly enlarged and the solidification time is shortened. The 

atomic bonds of crystals are only partly broken on melting. The SROs similar to the corresponding 

solid crystal still remain in overheated melt within a certain temperature range. These SROs as the 

intrinsic growth nuclei can lead to the variation of undercooling. When an alloy is melted below the 

L-LST temperature, the SROs can easily become the core of nucleation, which promote the 

nucleation during cooling. At a temperature higher than that of the L-LST, these SROs break or 

dissolve to generate new atomic clusters. The SROs then become more uniform and disordered, 

changing the melt state. A melt with smaller and disorder clusters is difficult to nucleate. Therefore, 

a greater undercooling is needed for nucleating [64]. 

 

Fig. 1.5. Cooling curves for Bi2Te2.7Se0.3 liquid alloy. (a) Sample without the process of the L-LST 
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and (b) sample experienced the L-LST [36]. The temperature indicated by the first arrow from the 

left of each picture is the nucleation temperature, TN. The second arrow indicates the recalescence 

temperature, TG. The red double sided arrow shows the height of the first peak for dT/dt curve, ∆h. 

The black double sided arrow shows the solidification time. 

Wang et al. [18] evidenced an L-LST in the overheated Co83B17 alloy, and they found the L-

LST has strong influence on the nucleation temperature of undercooled melt. The average stable 

undercooling increased from 80 K to 180 K when the melt undergoes L-LST, as shown in Fig. 1.6. 

The same effect is also observed in Co76Sn24 alloy [19] and the other two compositions of Co-B 

alloys [65]. 

 

Fig. 1.6. The mean undercooling of the Co83B17 alloy processed at different overheating temperature. 

When the melt is overheated above L-LST temperature (1390 °C), the melt can obtain a much higher 

undercooling before nucleation [18]. 

The survived tiny crystals in the liquid acts as a template, catalyzing the nucleation. To reduce 

the nucleation barrier, the new phase with the structure close to the local structure in the liquid tend 

to nucleate first, even it is metastable. Kelton et al. [9] demonstrated an enhanced icosahedral SRO 

with undercooling in Ti-Zr-Ni liquids that form icosahedral quasicrystals, decreasing the barrier for 
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the nucleation of the metastable i phase, even over the formation of stable polytetrahedral crystal 

phases. The first recalescence is due to the formation of an icosahedral quasicrystal (i phase) and 

the metastable i phase transforms after 2-3 s to the C14 Laves phase (the second recalescence); see 

Fig. 1.7. 

 

Fig. 1.7. (a) Cooling curves for an electrostatically levitated 2.5 mm droplet of Ti39.5Zr39.5Ni21 with 

temperature as a function of time, showing two recalescence events. (b) X-ray diffraction pattern as 

a function of momentum transfer q for the undercooled liquid Ti-Zr-Ni alloy at 1029 K and during 

the first and the second recalescence [9]. 

1.4.2 Crystallization products and microstructure 

The L-LST has a significant impact on the solidification structures and there are growing 

experimental supports for the feasibility of changing the liquid state, based on the LLST, to modify 

the solidification microstructures. Fig. 1.8 shows the solidification microstructures of Bi-Sb10 wt% 

alloy [68]. The primary phase of sample solidifying from the melt without L-LST (Fig. 1.8a) is 

obviously coarse and the morphology is irregular while the primary phase of sample solidifying 

from the melt that experienced L-LST is fine and uniform (Fig. 1.8b). As we mentioned above, the 
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atomic bonds of crystals are only partly broken on melting and the SROs similar to the 

corresponding solid crystal remain in liquids within a certain temperature range. These SROs are 

beneficial to become the nuclei to promote nucleation and growth of crystal during cooling, owing 

to the convenient structure. Besides, it is worth mentioning that the liquid is inhomogeneous since 

the SROs are different in shape and size. Therefore, the microstructure morphology is irregular and 

coarse when the alloy is melted below the L-LST temperature. As the temperature increasing, atoms 

obtain more and more kinetic energy. Up to the L-LST temperature, the energy is large enough to 

overcome the energy barrier and the SROs disintegrate and break up, resulting in a relatively 

homogeneous and disorder liquid. This kind of liquid is difficult to meet the need of nucleation and 

thus a greater undercooling degree is needed. According to the classical nucleation theory, the 

density of critical nucleus site and nucleation rate will be higher with a greater undercooling. 

Furthermore, the growth rate is slower due to the lower atom diffusion rate resulting from the great 

undercooling. Therefore, the microstructure morphology is fine and uniform when the alloy is 

melted above the L-LST temperature. 

 

Fig. 1.8. Solidification microstructures of Bi-Sb10 wt% alloy as observed by optical microscopy. (a) 

Sample without the process of the L-LST and (b) sample experienced the L-LST [68]. 

 The grain refining effect caused by L-LST is evidenced in several alloys. The same effect can 
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also been applicable for eutectic alloys. Fig. 1.9 shows the microstructures of the Sn57Bi43 eutectic 

alloy solidified from different liquid state [69]. The microstructure of the sample experienced the 

L-LST has a degree of refinement and the lamellar spacing of eutectic structures decreases 

significantly. Similar refinement phenomenon is observed in the Sn75Bi25 hypoeutectic alloy [70]. 

The lamellar spacing of eutectic structures decreased from 7.6 to 2.1 μm after the L-LST; see Fig. 

1.10. 

 

Fig. 1.9. Solidification microstructures of the Sn57Bi43 eutectic alloy. (a) Sample without the process 

of the L-LST and (b) sample experienced the L-LST [69]. 
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Fig. 1.10. Solidification microstructures of the Sn75Bi25 hypoeutectic alloy. (a) and (b) Sample 

without the process of the L-LST; (c) and (d) sample experienced the L-LST [70]. 

There are many favored atomic pairs corresponding to different SRO, since the atoms of 

constituent element are not distributed uniformly in metallic liquid. The SRO composed of favored 

atomic pair acts as preexistent nuclei, which can directly grow and form corresponding nano-

crystalline phases. The crystallization production is related to the configuration of SRO and the 

number of different SROs. As mentioned above, the configuration of SRO and the number of 

different SROs evolve with the increasing temperature, especially at the L-LST temperature. 

Therefore, the crystallization products also can be altered by the L-LST. The DSC curves of three 

Ti40Zr25Ni8Cu9Be18 metallic glass rods prepared at different liquid temperature are shown in Fig. 
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1.11a [71]. An endothermic signal peak (indicated by the green arrow) is only observed in the curve 

of Rod1, which is supposed to be owing to the crystallization products precipitated during first 

crystallization are different. For Rod1, icosahedral phase precipitates during first crystallization and 

this metastable icosahedral phase transforms to the stable Laves phase at high temperature through 

the endothermic reaction. However, for Rod2 and Rod3, stable phase rather than metastable 

icosahedral phase precipitates directly from amorphous matrix. The XRD patterns of Rod1 and 

Rod2 after isothermal annealing confirm the hypothesis; see Figs. 1.11b and 1.11c. For Rod1, some 

new peaks appear after first crystallization, which is typical diffraction pattern of icosahedral phase. 

However, there is no typical diffraction pattern of icosahedral phase in XRD pattern after first 

crystallization for Rod2. The difference in crystallization products indicate that Rod1 and Rod2 

possess different initial microstructures, i.e., different liquid states. It can be inferred that there is a 

temperature induced L-LST between Rod1 (1123 K) and Rod2 (1573 K), which has a significant 

influence on the crystallization products. 
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Fig. 1.11. (a) DSC curves of three Ti40Zr25Ni8Cu9Be18 metallic glass rods prepared at different liquid 

temperatures, (b) and (c) XRD patterns of rod1 and rod2 after isothermal annealing [71]. 

1.4.3 Properties 

Since the L-LST has a big influence on the nucleation, crystallization products and 

microstructure as we mentioned above, it is reasonable to conjecture that these alterations might 

lead to an enhancement of the properties of commercial-scale ingots, thus benefitting applications. 

Wettability. Li et al. [12] studied the effect of L-LST on wettability of Sn-0.7Cu solder, and 

they found the wettability was improved when the sample solidified from the melt experienced the 

L-LST; see Fig. 1.12. It can be found that the overall spreading area in Fig. 1.12b is larger than that 

of Fig. 1.12a. The melt which experienced L-LST is more disordered and homogeneous than the 
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melt did not experience, so atoms in the former state are more active as compared to that of the latter. 

 

Fig. 1.12. Spreadability testing of the solders. (a) Sample without the process of the L-LST and (b) 

sample experienced the L-LST [12]. 

Corrosion resistance. With increasing melt temperature, the corrosion potential (Ecorr) of Al97La3 

alloy ribbon increases and the corrosion current density (Icorr) decreases; see Fig. 1.13 [5]. With the 

increase of overheating temperature, the melt structure becomes more uniform and random, and the 

atomic cluster size becomes small, which is retained in rapidly solidified alloys. Therefore, the corrosion 

resistance is improved with the more uniform structure prepared by melt heat treatment. 

 

Fig. 1.13. Potentiodynamic polarization curves of Al97La3 alloy prepared at different liquid 

temperatures [5]. 
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Mechanical Properties. Fig. 1.14 presents the compressive engineering strain-stress curve for 

the Rod1 and Rod2 [71]. As described earlier in Fig. 1.11, Rod1 is prepared without the process of 

L-LST and Rod2 experienced the L-LST. As shown in Fig. 1.14, the plasticity of Rod1 is higher 

than that of Rod2, although they exhibit same elastic limit about 2.3% and yield strength near 1900 

MPa. Many other mechanical properties are also found can be affected by L-LST, such as the 

hardness [36], tensile properties [72]. 

 

Fig. 14. Compressive engineering strain-stress curve for Rod1 and Rod2 [71]. 

Magnetic property. Hu et al. [73] studied the influence of melt temperature on the magnetic 

properties of (Fe71.2B24Y4.8)96Nb4 bulk metallic glass. A stronger Invar effect with lower Curie 

temperature and larger spontaneous volume magnetostriction is found in the sample cast from 1623 

K; see Fig. 1.15. This abnormality, which cannot be eliminated by annealing, is attributed by the 

hyperfine field distribution. This special local structure is inherited from the melt, which has a L-

LST. Through a slow-cooling process, the melt in the L-LST is frozen to a crystalline structure 

contained Y2Fe17 phase with a high intensity signal. 
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Fig. 1.15. (a1) and (a2) Spontaneous volume magnetostriction (ωs) as a function of the reduced 

Curie temperature (T/Tc). (b) two Curie temperatures determined in heating and reheating process 

[73]. 

1.5 Summary 

In this chapter, the mechanism and experimental research of L-LST in metallic liquid is 

summarized. When heated slightly above liquidus, specific alloy melts are not homogeneous and 

stable as traditionally supposed. Instead, there are numerous SORs in the liquid and they will remain 

in a certain range of temperature. These inherent SORs are unstable relative to free atoms and 

change discontinuously with the increasing temperature, resulting in L-LST. The classification of 

L-LST can be based on the inducing condition, the reversibility of the transition process and the 

thermodynamic property of the transition. 

Experimental methods on L-LST can be classified into direct methods and indirect methods. A 

comparison between them has been made and can be summarized as follows: 

 Direct methods can be classified into diffraction methods and absorption methods. Both of 
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them are effective and accurate ways to clarify the liquid structure, which offer the statistical 

structural information of the liquid state. However, these methods require high cost, special 

operative technique. 

 Indirect methods show L-LST by detecting the abnormal change of the specific physical 

parameters, which is sensitive to the liquid structure. Although they cannot offer the direct 

information of the melt, indirect methods can be easily applied under special conditions and 

they are also sensitive and accurate. 

Controlling the liquid states, based on the L-LSTs, has been confirmed to be effective in 

regulating the subsequent solidification processes, microstructures and properties. It provides a 

promising approach to manipulate the materials with desired microstructure and outstanding 

properties, even when only a simple solidification process is performed. 

 At the future stage, the mechanism of L-LST needs to be further understood. More adequate 

models of liquid structure, especially for those systems with L-LST, are essential for the simulation 

and experimental research. Moreover, the relationship between the L-LST and the abnormal change 

of physical parameters requires to be clarified. 

1.6 Résumé 

Dans ce chapitre, les mécanismes et les recherches expérimentales sur les transitions 

structurales liquide-liquide dans un liquide métallique sont résumés. Lorsqu'ils sont chauffés 

légèrement au-dessus du liquidus, certains alliages fondus ne sont pas homogènes et stables comme 

on le suppose traditionnellement. Au lieu de cela, il existe dans le liquide de nombreux ordres à 

courte distance qui subsisteront dans une certaine plage de température. Ces ordres à courte distance 



Chapter 1 Literature review 

22 
 

intrinsèques sont instables par rapport à des atomes libres et changent de façon discontinue avec 

l'augmentation de la température, ce qui entraîne des transitions structurales liquide-liquide. La 

classification des transitions structurales liquide-liquide peut être basée sur les conditions de 

transformation, la réversibilité du processus de transition et les propriétés thermodynamiques de la 

transition. 

Les méthodes expérimentales sur les transitions structurales liquide-liquide peuvent être 

classées en méthodes directes et méthodes indirectes. Une comparaison entre elles a été faite et peut 

être résumée comme suit : 

 Les méthodes directes peuvent être classées en méthodes de diffraction et méthodes 

d'absorption. Les deux sont des moyens efficaces et précis pour préciser la structure du 

liquide, et offrent une information structurelle statistique de l'état liquide. Cependant, ces 

méthodes nécessitent une technique opératoire spéciale et coûteuse. 

 Les méthodes indirectes montrent les transitions structurales liquide-liquide en détectant le 

changement anormal de paramètres physiques spécifiques, qui sont sensibles à la structure 

du liquide. Bien qu'elles ne puissent pas offrir directement une information sur le métal 

fondu, les méthodes indirectes peuvent être facilement appliquées dans des conditions 

spéifiques et elles sont également sensibles et précises. 

Il a été confirmé que le contrôle de l'état liquide, basé sur les transitions structurales liquide-

liquide, est efficace pour réguler les processus de solidification, les microstructures et les propriétés 

résultantes. Il fournit une approche prometteuse pour manipuler les matériaux avec la microstructure 

désirée et des propriétés exceptionnelles, même lorsqu'un simple processus de solidification est 

effectué. 
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Pour la suite, il faudra mieux comprendre le mécanisme des transitions structurales liquide-

liquide. Des modèles plus adéquats de la structure des liquides, en particulier pour les systèmes avec 

des transitions structurales liquide-liquide, sont essentiels pour la simulation et la recherche 

expérimentale. De plus, la relation entre les transitions structurales liquide-liquide et les anomalies 

de changement de paramètres physiques doit être clarifiée. 
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Chapter 2 Materials, experimental details 

2.1 Materials preparation 

Co based alloys are the most promising candidates to be undercooled below their Curie 

temperature due to the small difference between liquidus and Curie temperature. The material used 

in the present work is Co-B binary alloys. The phase diagram is shown in Fig. 2.1. Three near 

eutectic point composition, i.e., hypereutectic Co-20at.%B, eutectic Co-18.5at.%B and hypoeutectic 

Co-17at.%B are chosen for investigation. The Co-B master alloys, with a mass of 25 g, were 

prepared from high purity (4 N) elements by arc-melting an argon atmosphere in a water-cooled 

copper crucible with a nonconsumable tungsten electrode and a titanium getter. Prior to melting, the 

surfaces of Cobalt blocks were cleaned mechanically to grind off the surface oxide. The ingots were 

melted for five times to ensure composition homogeneity. The final mass loss was found to be within 

0.3wt.%. 

 

Fig. 2.1. Phase diagram of Co-B binary alloys [74]. 
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2.2 Original microstructure and phase constituent of as-cast alloys 

The master alloys were cross-sectioned and polished for structural observation using scanning 

electron microscope (SEM, TESCAN VEGA3). The phases therein were identified by X-ray 

diffraction (XRD, DX-2700) utilizing Cu-Kα radiation. The working conditions were 40 kV and 30 

mA for the X-ray tube and the scanning rate was set to be 0.02 °/s. Fig. 2.2 shows the microstructures 

of the as-cast hypereutectic Co-20at.%B, eutectic Co-18.5at.%B and hypoeutectic Co-17at.%B 

alloys. For the hypereutectic Co-20at.%B alloy, the primary Co3B dendrite was solidified firstly and 

then the remaining liquid was transformed into lamellar eutectics: α-Co + Co3B (see Fig. 2.2a). For 

the eutectic Co-18.5at.%B alloy, the microstructure is lamellar eutectics without any visible primary 

phases (see Fig. 2.2b). For the hypoeutectic Co-17at.%B alloy, primary solidification of α-Co 

dendrite is followed by the eutectic reaction lα-Co + Co3B (see Fig. 2.2c). Such a result for the 

microstructures is consistent with the Co-B phase diagram [74]. It should be pointed out that α-Co 

after solidification can be transformed partly into ε-Co by a solid-state transformation as shown in 

the XRD patterns (Fig. 2.3), according to which the microstructure should be consisted of α-Co, 

Co3B and ε-Co. Although the crystal structures of α-Co (BCC) and ε-Co (HCP) are different, they 

cannot be distinguished by the contrast in SEM. 
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Fig. 2.2. Solidification microstructure of the as-cast (a) hypereutectic Co-20at.%B alloy, (b) eutectic 

Co-18.5at.%B alloy and (c) hypoeutectic Co-17at.%B alloy. 

 

Fig. 2.3. XRD patterns of as solidified Co-B eutectic alloys. 

2.3 Experimental apparatus 

2.3.1 Overheating dependent undercooling 

The undercooling experiments were carried out in an induction furnace. Samples, masses in 
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about 2 g prepared by cutting the master ingots, were placed in quartz crucibles with boron oxide 

flux, then melted and cyclically superheated and undercooled. The glass slag, B2O3, was dehydrated 

at 800 °C for 6 h in advance. The alloy was heated up to a series of overheating temperatures and 

held therein for 5 min during every thermal cycle. A two color infrared pyrometer with ±5 K 

accuracy and 10 ms response time was used to in-situ measure the thermal history of the samples. 

The schematic diagram of the experimental apparatus is shown in Fig. 2.4. 

 

Fig. 2.4. Schematic diagram of the experimental apparatus used to study the effect of overheating 

on the undercooling behavior. 

 

Fig. 2.5. Typical temperature profile as measured by pyrometer during heating, melting, overheating 

and solidification with recalescense after nucleation. The enlarged figures show the melting and 
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nucleation points. 

Fig. 2.5 shows the measured typical temperature-time profiles of the undercooled hypoeutectic 

Co-17at.%B alloy. The melting point (same as the eutectic point, TE), the liquidus temperature (TL), 

the overheating temperature, the nucleation temperature (TN) and the recalescense temperature (TR) 

are marked. Undercooling here is defined as the difference between the nucleation temperature and 

the liquidus temperature. 

2.3.1 Experimental platform for solidification and in-situ magnetization 

measurement 

With the recent development of superconducting technology, the application of cryogen-free 

superconducting magnet has greatly promoted the application of magnetic fields in advanced 

materials processing in the research of fundamental magneto science. The application of magnetic 

field on materials processing has been a subject of much attention since two decades, and becomes 

a new direction of materials science: electromagnetic processing of materials (EPM) [75]. Present 

research indicates that the application of magnetic field can change the thermodynamic state of 

phase transitions of materials and influence the phase transformation process [76]. In solid state 

phase transitions, heat treatment under the magnetic field can change the morphology of the 

microstructure [77, 78]. For crystal with magneto anisotropy, the grain can be aligned when heat 

treated under magnetic field, and can make bulk textured materials [79, 80]. Very recently, the 

solidification of materials under magnetic field has become a hot topic. The solidification process 

has great importance on the final properties, and the application of magnetic field in the 

solidification process can change the morphology, distribution, and growth velocity of the 

precipitated phases and obtain in-situ formed composites, gradient materials, and anisotropic 
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materials with unique structure and excellent properties [81-86]. 

To build new facilities which can be used in high magnetic fields are very important for the 

development of magneto-science. Until now, many new platforms have been built in 

superconducting magnet which can be used for materials processing or characterizing phase 

transitions or physical parameters variations, e.g., the differential thermal analysis (DTA) facility in 

high magnetic fields [87], the magnetization measurement facility by Faraday balance method [88], 

and dilatation measurement method in high magnetic fields to in-situ observe the phase transition 

process [89], and the levitation apparatus using simultaneous imposition of alternating and static 

magnetic fields [90]. However, up to now, it is still lack of experimental facilities, which are suitable 

for understanding non-equilibrium solidification under strong magnetic field, even though non-

equilibrium solidification is a very important research area and has many potential applications. Due 

to the limitation of the experimental facilities, the non-equilibrium solidification under magnetic 

field has been little investigated. Beaugnon and Gaucherand have succeeded in achieving large 

undercooling and conducting solidification of Co based alloys in high magnetic fields [80, 88]. 

However, up to now, there still lacks an efficient way to obtain high undercooling to conduct 

controlled non-equilibrium solidification experiments like that without magnetic field. Deep 

investigation on the magnetic properties of undercooled melt, nucleation, grain growth, and 

microstructure evolution from undercooled melt solidified under strong magnetic field is an 

essential way for underlying the mechanism of solidification of deep undercooled melt under strong 

magnetic field. In order to obtain very large undercooling, metals and alloys need to be heated a few 

hundred degrees above their melting point and held for a certain period to eliminate impurity 

elements and avoid heterogeneous nucleation. 
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Therefore, we built a furnace using SiC heating element for the undercooling platform in 

superconducting magnet. By tuning the position of the heater, the undercooling platform can change 

between homogeneous to gradient magnetic field. Incorporating a high accuracy balance for 

measuring the magnetic force exerted on the sample, a magnetization measurement system was built 

for undercooled melt. 

2.3.1.1 Undercooling in high magnetic field 

The present undercooling platform is installed in a helium free superconducting magnet with 

maximum intensity 12 T produced by Cryogenic Ltd. It takes about 15 min to obtain its maximum 

field strength. The magnet has a bore in 5 cm diameter and 48 cm in length. When the furnace is put 

in the working space, the maximum temperature zone is 20 cm from the top surface of the magnet. 

The diameter of the sample is smaller than 0.7 cm, thus, the field gradient caused by the sample size 

within the area of maximum field is relatively small while the force exerted on the sample is large 

enough for magnetization measurement. 

In order to meet the demand for obtaining high overheating, we use a high density SiC spiral 

type heating element (I Squared R Element CO., INC.). The heating element with diameter 2.5 cm 

outside and 1.5 cm inside can be heated up to 1650 °C. The double wall water cooled jacket is used 

to cool the system between the heating element and magnet. Between the water cooled jacket and 

SiC heater, 6 mm thick refractory wool is used for heat insulation. A direct current power supply 

(Sorensen DCS80-37E) is used as heating power (the maximum voltage and current used are about 

60 V and 20 A, respectively). The maximum heating rate can be up to 100 °C/min, and the maximum 

cooling rate is up to 150 °C/min when the temperature is above 800 °C. The length of the heating 
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zone is 10 cm, and the temperature homogeneity in the maximum heating zone is less than ±3 °C 

within 2 cm heating zone, which can guarantee temperature homogeneity of the sample. The heating 

system is controlled by an “S type” thermal couple installed in the homogeneous heating zone below 

the sample crucible. A temperature controller (Eurotherm 3504) is used to automatically tune the 

DC power supply, and the system is controlled by Itools software installed in a PC. To ensure the 

linearity of the heating and cooling, 3 segments proportional-integral-derivative (PID) parameters 

are calibrated and used as the controlling parameter, which could control the thermal history of the 

sample precisely. 

The temperature of the melt is measured on-line by a two-color pyrometer (ISR50-LO, 

IMPAC). An optic fiber head installed with the pyrometer is used to avoid the magnetic field effect 

on the pyrometer. Before measuring the temperature, the pyrometer is calibrated by an “S type” 

thermocouple and the melting point of pure metals (e.g., Co and Cu), and the emissivity slope is 

tuned to make sure the measured temperature is within ±2 °C. Glass fluxing combined with cyclic 

overheating is used to achieve large undercooling in superconducting magnet. The sample is 

encapsulated in molten glass slag, and combination of cyclic heating by holding at given overheating 

and cooling is used to purify the molten alloys. The controlling parameters affecting the 

undercooling are overheating temperature, holding time, cyclic heating times, and cooling rate. 

There are many glasses which can be used as the purifying slag, and B2O3 is one of the most efficient 

one for obtaining high undercooling. The molten glass slag can purify the melt by reducing the 

heterogeneous nucleation sites inside the alloy and increase the mean undercooling. High purity 

SiO2 quartz tube with a hemisphere bottom shape is used as heating crucible. By heating for several 

cycles with the controlling system, the melt is cooled to a given undercooling when the maximum 
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undercooling is in a rather stable state. The schematic diagram of the system is shown in Fig. 2.6. 

 

Fig. 2.6. Schematic diagram of the undercooling facility in a superconducting magnet. 

Fig.2.7 shows the typical solidification curves of the undercooled Co78Sn22 alloy. Fig.2.7 is 

measured by pre-setting a heating program: first, heating at 40 °C/min to 1325 °C, holding for 10 

min, and cool down at 120 °C/min to different targeted undercooling temperatures. The undercooled 

melt is first rather stable (also we can call this incubation time, depending on the alloy itself and the 

heating history, and sometimes very long—can be up to several hours) holding for a period, and 

then an abrupt increase of the temperature happens, denoting the recalescence behavior (inset of Fig. 

2.7). When the temperature comes back to the crystallization temperature, the DC power of the 

furnace is turned off, and the solidified alloy was naturally cooled down at the cooling rate around 

120 °C/min. Based on this platform, many other metals and alloys have been processed with high 

undercooling in high magnetic field, e.g., pure ferromagnetic Co is highly undercooled to more than 

360 °C and a strongly magnetized liquid is observed [82], diamagnetic pure Cu is undercooled to 
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more than 260 °C, Co79.5Sn20.5 near eutectic can be undercooled up to 280 °C. By presetting a heating 

program, solidification can be carried out in different undercoolings in different field intensities, 

which will be quite convenient for non-equilibrium solidification investigations. 

 

Fig. 2.7. Typical solidification traces of Co78Sn22 alloy with controlled undercooling carried out with 

the experimental platform. Inset shows the recalescence process of the undercooled melt. By setting 

the undercooling temperature, controlled solidification at certain undercooling can be obtained. 

2.3.1.2 In-situ magnetization measurement in gradient magnetic field 

A magnetic susceptibility measurement system under high magnetic field was built by a 

Faraday balance method [88, 91], and was used to investigate the magnetic properties of 

undercooled melt and monitor the phase transitions during controlled heating condition. 

Fig. 2.8 shows the schematic diagram of the force acting on paramagnetic material (χ > 0) in a 

magnet. The arrows in horizontal direction show the radial force from the center of the magnet bore 

to the magnet wall while the vertical ones show the force along the magnetic bore. In the magnet 

center region (marked as •), the field is larger when the sample is closer to magnet wall. Thus, a 

sample with a positive magnetic susceptibility will deviate from the magnet axis and finally contact 

with the edge and the heating element. Under this condition, due to friction and perturbance, any 
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measurement for the magnetic force acting on the sample is not accurate. Above the maximum field 

region, there exists an equilibrium zone (marked as ⋆), where the magnetic force exerted on the 

sample in the radial direction is to the center of the magnet, which means that the sample will be 

automatically centered in the magnet, without any contact with the heating element. Although the 

field intensity in this area is much smaller than the maximum field, it is still large enough for 

magnetic force measurement by electronic balance. In the present equipment, the field intensity in 

the sample position (marked as ⋆) is about 52% of the maximum field intensity zone (marked as •). 

 

Fig. 2.8. (a) Schematic illustration of radial and axial forces applied on a ferromagnetic or 

paramagnetic material, in the room temperature bore of a superconducting magnet, (b) field gradient 

along the vertical direction of the magnet when the field intensity is 12 T, the dotted line represents 

the field profile at the position marked as ⋆ in (a). 

The sample with positive magnetic susceptibility will undertake magnetic force downward to 

the vertical direction. For a freely suspended sample below the balance, the magnetic force can be 

calculated by 

 
Z

dB
F mM

dZ
   (2.1) 

where m, M are mass (kg) and magnetization per kilogram (A·m2·kg-1), dB/dZ is the magnetic field 

gradient (T/m). When the magnetic field is applied, the measured mass corresponds to the addition 
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of force exerted on the sample, sample holder, quartz crucible, glass slag, and the gravity of the 

whole system. Then, we can express the measured results 

  Z measured backgroundF m m g    (2.2) 

where mmeasured and mbackground are the measured magnetic force on the sample and the background 

including the gravity of the system and magnetic force exerted on the sample holder, quartz crucible, 

and glass slag, respectively. g is acceleration of gravity constant in m·s-2. The background signal 

mainly corresponds to the negative contribution of diamagnetic quartz tube and sample holder. 

Compared with the ferromagnetic sample, the background can be neglected. However, when the 

alloy is in a weak paramagnetic state, e.g., high temperatures above its Curie point, accurate 

measurement of the background becomes very important. During the measurement, the sample is 

put 105 mm above the maximum field region, and the field gradient dB/dZ is calibrated by pure Ni. 

The magnetization of ferromagnetic materials is very sensitive to temperature, and large error 

can be obtained when the temperature of the sample is not homogeneous or incorrect. Thus, to 

ensure the accuracy of the temperature, two factors are considered. First, tune the position of the 

heating element precisely. The temperature within the maximum heating zone is within ±3 °C in 2 

cm, and the diameter of tested sample is within 6 mm, which means the temperature gradient can 

be controlled to be very small when the sample is put in the maximum temperature zone. Second, 

the heating and cooling rate used is normally below 10 °C/min. The low rate can make sure that the 

temperature varies homogeneously during measurement. 

Then, the measured data totally comes from the field effect, and also the background from the 

force exerted on the sample holder by the magnetic field is included. The background caused by the 

magnetic force can be measured by carrying the experiments without sample at the same heating 
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program. Considering the difficulty in measuring temperature when there is no sample, pure 

diamagnetic Cu is used to determine the temperature during the scan of the background since Cu 

has very negligible effect on the background due to its low magnetic susceptibility. Fig. 2.9 is the 

turbulence of the system by measuring Cu in 1 T magnetic field. It can be seen that the background 

caused by magnetic field has very limited effect on the measuring results. From the measuring range, 

the variation of the mass is within 15 mg, which can make sure the accuracy of measurement at high 

temperature when the magnetic susceptibility of sample is very small. In this case, the background 

should be subtracted before calculation. The turbulence of the system mainly comes from the heat 

flow of the heating element and the magnetic force exerted on the system including the quartz tube 

and holding system. 

 

Fig. 2.9. Measured data for pure Cu with 1 T magnetic field. The blue square symbol shows the 

signal of the balance during heating according to the black line. 

Fig. 2.10 shows the typical magnetization and temperature as a function of time curve of 

Co76Sn24 alloy measured at a heating rate of 10 °C/min in 0.26 T magnetic field. During heating 

process, the magnetization decreases with increasing temperature and a large decrease happens 

when approaching the Curie point. When the temperature is above the Curie point, the alloy is in 

paramagnetic state, and the magnetization decreases continuously with the increasing temperature. 
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The deviation from the linear heating line at 1111 °C shows the melting of the alloy. The melting 

process is finished at 1135 °C, where we can see an inflexion point. The magnetization curve shows 

the same trend, no obvious difference is shown at the melting point and a typical decrease point at 

the fully liquid temperature (shown in Fig. 2.11a). During the cooling process, the magnetization 

remains unchanged with the decrease temperature and no change happens at melting point: the alloy 

melt comes into the undercooled state. At 867 °C, rapid temperature increase is detected 

(recalescence) due to the large latent heat release accumulated during deep undercooling process, 

where the magnetization of the undercooled liquid starts to increase faster after the solidification of 

the alloy, as seen in Fig. 2.11b. The magnetization of the liquid metal can be measured in a wide 

temperature range which can be used to in-situ characterize the structure transition inside the liquid 

and also the phase transition process from undercooled melt due to the magnetization variations. 

 

Fig. 2.10. Typical magnetization and temperature as a function of time curve of Co76Sn24 alloy 

measured at heating and cooling rate of 10 °C/min. The field intensity and gradient at the sample 

position are 0.26 T and 0.0388 T/cm, respectively. 
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Fig. 2.11. Enlarged figure around (a) melting point and (b) recalescence range in Fig. 2.10. 

2.4 Summary 

In this chapter, the materials and experimental details are summarized. A home-made 

experimental platform for solidification of undercooled melt and synchronous measurement of 

magnetization under strong magnetic field is reported particularly. The facility can be used for in-

situ measurement of the magnetization of the undercooled melts and to studying the non-equilibrium 

solidification from deeply undercooled metals and alloys in magnetic field. The key advantages of 

this apparatus are first, we can obtain large undercooling in high fields by glass fluxing technique 

in combination with cyclical superheating and supercoiling method, which is comparable to the 

maximum undercooled obtained by traditional method without magnetic field. Second, we can have 

a controlled thermal history with linear heating and cooling speed with high accuracy. Third, the 

temperature and magnetization measurement system are fast and on-line, which is very suitable for 

the investigation of both the structure transitions in the liquid in a wide temperature range 

(overheated and undercooled state) and the solid state phase transformations. 

2.5 Résumé 

Dans ce chapitre, les matériaux et les procédés expérimentaux sont résumés. En particulier, 
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une plate-forme expérimentale réalisée au laboratoire permet de réaliser la solidification en sous 

refroidissement d'alliages fondus et de suivre simultanément l'évolution de la susceptibilité 

magnétique en champ intense. L'installation peut être utilisée pour la mesure in situ de l'aimantation 

des alliages liquides sous refroidis et pour l'étude de la solidification hors équilibre des métaux et 

alliages en sous refroidissement profond sous champ magnétique. Cet appareil a trois principaux 

avantages. Premièrement, il est possible d'obtenir un grand sous-refroidissement sous champ intense, 

par la technique de l'encapsulation vitreuse du verre en combinaison la méthode de surchauffe et 

sous refroidissement cycliques, qui est comparable au sous-refroidissement maximum obtenu par la 

méthode traditionnelle sans champ magnétique. Deuxièmement, nous pouvons appliquer un 

programme de température bien contrôlé avec une vitesse de chauffage et de refroidissement linéaire 

et une grande précision. Troisièmement, le système de mesure de la température et de l'aimantation 

est rapide et en temps réel, ce qui est très utile pour l'étude des transitions de structure dans le liquide 

dans une large gamme de température (état surchauffé et sous-refroidi) et l'étude des transformations 

en phase solide. 
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Chapter 3 Phase selection in rapid solidification of undercooled Co-B alloy 

3.1 Introduction 

Rapid solidification has attracted increasing attention during the past decades ascribing to its 

non-equilibrium effects, with which it is possible to produce the supersaturated solid-solutions [92], 

amorphous [71], quasi-crystals [93], metastable crystalline phases [94] and grain-refined materials 

[95]; these are unobtainable by near-equilibrium solidification and have important potential for 

functional and/or structural applications. Generally, rapid solidification can be realized by rapidly 

quenching [96] and bulk undercooling techniques [97]; the latter that achieves a high undercooling 

by excluding heterogeneous nucleation substrates often outperforms the former that increases the 

cooling rate of solidification. One of the superiorities is to study phase selection, a common and 

important phenomenon during rapid solidification that determines the solidification sequence and 

the final industrial applications [98-107]. Compared with the solidification by rapid transfer of heat 

from the melt to the environment that is limited by the cooling conditions and the volume of sample, 

the undercooled melts obtained thermodynamically by suppressing the onset of nucleation upon 

natural cooling is a better way to control phase selection and to study the controlling mechanisms. 

At low undercooling, an equilibrium phase should be primarily formed, whereas at high 

undercooling, determination of the final phase selection pathway needs a comprehensive study of 

the crystalline characteristics of the competing phases [102]. Yang et al. [108] found that the stable 

Fe2B phase is substituted by the metastable Fe3B phase in the as-solidified structure as a result of a 

preferred nucleation of Fe3B in the undercooled Fe-B eutectic alloy. In a Ni-38wt.%Si eutectic alloy, 

Lai et al. [109] found that the primary phase changes from the NiSi to the NiSi2 phase due to the 
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growth-controlled mechanism, based on in-situ observations of the recalescence processes by a 

high-speed camera. Based on the published literature on undercooled metallic and oxide melts. Li 

et al. [110] suggested that phase selection during rapid solidification can be categorized to be 

nucleation-controlled and growth-controlled. It is worth to note that almost all the previous studies 

on phase selection can be classified into two cases, i.e., one is that there is a metastable candidate to 

compete with the stable phase and phase selection occurs between the stable and the metastable 

phase [94, 105, 111] and the other is that phase selection occurs between two stable phases, e.g., for 

alloys at the eutectic composition [109]. 

A solidification microstructure selection map (SMSM), which allows a presentation of 

processing windows leading to specific microstructures for given alloy compositions and processing 

conditions, is very helpful in the selection of appropriate processing conditions [112]. One useful 

SMSM is so-called coupled zone, which represents the growth temperature/composition region 

where the eutectic grows more rapidly than do crystallizations of the α or β phase [113]. In the case 

of symmetrical phase diagram, i.e., non-faceting/non-faceting systems, the coupled zone will also 

become symmetrical. However, in the case of un-symmetrical phase diagram, i.e., non-

faceting/faceting systems, the different growth characteristics of the two phases lead to a less 

coupled growth process at a non-isothermal interface, and therefore skewed coupled zone will 

formed and high growth rates may lead to the formation of α primary crystals even in the β side of 

the eutectic composition [114, 115]. A series of skewed coupled zone have been published for Al-

Fe [116], Al-Si [117], Fe-C [118], etc. 

Phase selection in rapid solidification of undercooled Co-B alloys was also studied. In the 

alloys around the eutectic composition, e.g., the Co81.5B18.5 alloy, Wei et al. [119, 120] found that 
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the metastable Co23B6 phase forms instead of the stable Co3B phase when the undercooling is larger 

than a critical undercooling of ΔT = 60 K and the eutectics are consisted of Co23B6 and α-Co phases. 

In this chapter, a Co-20at.%B hypereutectic alloy was undercooled successful to ΔT=213 K. A 

critical undercooling of ΔT=119 K was found at which the microstructure changes from 

hypereutectic to hypoeutectic. Both nucleation and growth kinetics were discussed to describe phase 

selection, according to which competition between the two stable phases was found to be growth-

controlled. 

3.2 Experimental 

In this chapter, the as-solidified Co-20at.%B hypoeutectic alloy was undercooled by the melt 

fluxing technique. A detail description of the set-up is given in 2.3.1.1 Chapter 2. Each sample was 

melted, superheated and solidified several times until a desired undercooling was achieved. 

However, a desired undercooling caused by spontaneous nucleation upon natural cooling sometimes 

is difficult. In such case, the controlled solidification mode of the resistance heating furnace was 

adopted. By setting the nucleation temperature, controlled solidification with a certain undercooling 

can be obtained. 

The as-solidified samples were prepared following standard metallographic procedures (i.e. 

hot mounting in resin, grinding in the sequence from 220# to 2000# sand papers and polishing). The 

microstructures were observed by a VEGA II LMH SEM instrument with the back-scattered 

electron mode (BSE). The grain orientations were measured by SEM (TESCAN VEGA 3 LMU) 

with an EBSD analysis system after polishing the samples by the SiO2 colloidal suspension in a 

vibratory polisher. 
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3.3 Transition from hypereutectic to hypoeutectic 

3.3.1 Original microstructure and phase constituent 

According to the phase diagram of the Co-B system [74], the Co-18.5 at%B alloy is at the 

equilibrium eutectic point constituting by the α-Co and β-Co3B phases. In this chapter, the selected 

alloy composition is Co-20at.%B, i.e., a hypereutectic alloy. Under a near-equilibrium condition, 

the microstructure of the Co-20at.%B hypereutectic alloy should be composed by the primary β-

Co3B phase and α-Co+β-Co3B eutectics. The micrograph of the master alloy used presently shows 

that its solidification starts from the formation of primary β-Co3B dendrites and ends at the eutectic 

solidification of the remaining liquid into α-Co+β-Co3B lamellar eutectics (Fig. 3.1a). After 

solidification, some of the α-Co phases undergo a solid-state phase transformation and are 

transformed into the ε-Co phases with a different crystal structure. The XRD patterns (Fig. 3.1b) 

also prove the presence of α-Co, ε-Co and β-Co3B phases in the master alloy. 

 

Fig. 3.1. (a) SEM image and (b) XRD patterns of the as solidified Co-20at.%B hypereutectic alloy. 

3.3.2 Cooling histories 

Fig. 3.2 shows the natural cooling curves of samples at various degrees of undercooling ΔT35 

K, ΔT119 K, ΔT158 K and ΔT213 K. Two types of thermal behavior can be found, i.e., single 
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and dual. The single thermal behavior refers to a single thermal event which is characterized by a 

sharp increase of temperature, i.e., recalescence (see Fig. 3.2d). The dual thermal behavior refers to 

two thermal events and can be classified into two sub-types. For the first one, the second event sets 

in at a higher temperature and ends at a slightly lower or much lower temperature than the initial 

temperature of the first event (Figs. 3.2a and c). For the second one, the second event sets in at a 

higher temperature and ends also at a higher temperature than the initial temperature of the first 

event (Fig. 3.2b). Regarding that the onset temperature of second recalescence is higher than of the 

first one, the undercooling ΔT in the present work is defined as the difference between the onset 

temperature of first recalescence and the equilibrium temperature of liquidus TL. For an 

undercooling less than 213 K, e.g. ΔT35 K, ΔT119 K and ΔT158 K, two temperature 

recalescence events are available in the cooling history. The first recalescence event should be 

ascribed to rapid growth of primary phase and the second should correspond to eutectic 

solidification. However, for an undercooling larger than 213 K, there is a significant change in the 

recalescence behavior, i.e., only one recalescence event can be found on the cooling curve. Since 

two transformation processes may share the same feature in the temperature rise and complete 

within several microseconds [109, 121], one recalescence event does not means that only one 

transformation process takes place during solidification. 

 

Fig. 3.2. Cooling histories of rapid solidification of the Co-20at.%B hypoeutectic alloys with 

different undercooling: (a) ΔT35 K, (b) ΔT119 K, (c) ΔT158 K and (d) ΔT213 K. Two dashed 

lines show the liquidus temperature TL and the eutectic temperature TE. Both of them are taken from 
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a thermodynamic assessment of the Co-B phase diagram [74]. 

Fig. 3.3 shows the cooling histories of the undercooled Co-20at.%B alloy with controlled 

undercooling of ΔT80 K. This experiment was carried out by pre-setting a temperature program, 

i.e. heating firstly with a rate of 40 K min-1 to 1570 K, holding therein for 10 min and then cooling 

down at a rate of 120 K min-1 to 1333 K. As shown in Fig. 3.3, the undercooled melt is rather stable1. 

After holding therein for a period, an abrupt increase of the temperature happens, i.e., recalescence 

(inset of Fig. 3.3). When the temperature decreases to the equilibrium solidus temperature, the 

power of the furnace is turned off and the sample is naturally cooled down. It should be pointed out 

that only one nucleation and one recalescence event can be found. 

 

Fig. 3.3. Temperature-time profile of the Co-20at.%B hypoeutectic alloy with a controlled 

undercooling of ΔT80 K. Inset shows the recalescence process of the undercooled melt. 

3.3.3 Microstructures evolution 

Fig. 3.4 shows the microstructures of spontaneous solidified samples with different 

undercooling. For ΔT35 K, the primary directional dendritic structures of the β-Co3B phase (dark 

block) are surrounded by the regular α-Co+β-Co3B lamellar eutectics (grey region); see Fig. 3.4a. 

The primary β-Co3B dendrites are finer than that of the master alloy (Fig. 3.1a). When ΔT increases 

                                                             
1 Depending on the alloy itself and the heating history, the incubation time can be very long, e.g., 

for several hours. 
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to about 119K (Fig. 3.4b), the above hypereutectic microstructure is replaced by a hypoeutectic 

microstructure with the α-Co phase as the primary phase (light grey block), being similar to the 

undercooled Co-17at.%B hypoeutectic alloy [18]. Such a transition from the primary β-Co3B phase 

to the α-Co phase is supported by the XRD results and the principle of atomic numbers and 

crystallographic contrast images [122]. Experiments using different batches of samples lead to 

identical results and an analysis of the overall alloy composition shows no significant deviation. 

Therefore it can be inferred that a large undercooling makes the alloy melts far away from the 

equilibrium condition and strongly influences the microstructures. As a result, there is competition 

between the α-Co and the β-Co3B phase. Besides, the eutectics in the inter-dendritic regions are 

refined remarkably into nano-eutectics and a small amount of rod-like eutectics surrounding the 

primary α-Co phase can be found. A similar microstructure was found in the laser re-melting of Ni-

30wt%Sn alloys [123]. In the case of ΔT158 K, the primary α-Co phase becomes more equiaxed, 

whereas, the inter-granular eutectics do not suffer any discernible change; see Fig. 3.4c. At the 

maximal undercooling obtained in the present work ΔT213 K, although only one recalescence 

event can be found in the cooling history (Fig. 3.2d), two transformation processes can be 

distinguished from the solidification microstructures, i.e., the primary solidification of the α-Co 

phase and the second eutectic solidification of the α-Co and β-Co3B phases. Furthermore, the 

anomalous eutectics are predominant and the primary α-Co phase is further refined; see Fig. 3.4d. 

The anomalous eutectics can be classified into two types, i.e. the coarse anomalous eutectics 

containing micron-sized α-Co particles and the fine-grained anomalous eutectic containing 

submicron-sized α-Co particles. 

Since the solidification microstructure changes from a hypereutectic structure to a hypoeutectic 

structure as the increase of undercooling, it is rational to assume that there is a critical undercooling 

for the transition. Regarding the fact that the undercooling caused by spontaneous nucleation 

sometimes is not easy to obtain a desired undercooling, controlled solidification should be carried 

out. Fig. 3.5 shows the microstructure of the sample processed by controlled solidification with an 

undercooling of ΔT80 K. The microstructure is dominated by anomalous eutectics in which the 

granular α-Co grains are uniformly distributed within the β-Co3B matrix; a similar microstructure 

was found in the Ni-Sn eutectic alloys [124]. 
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Fig. 3.4. Sectional microstructures of the samples processed by spontaneous solidification with 

different undercooling: (a) ΔT35 K, (b) ΔT 119 K, (c) ΔT 158 K and (d) ΔT 213 K. 

 

Fig. 3.5. Microstructures of the sample processed by controlled solidification with an undercooling 

of ΔT80 K. 

3.3.4 EBSD analysis 

In order to show the grain orientations upon microstructure evolutions and achieve more 

evidence for phase selection, EBSD analysis was carried out to index four phases, i.e., β-Co3B, α-
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Co, ε-Co and Co2B. It should be noted that the ε-Co and Co2B phases are formed by partial solid-

state phase transformations of the α-Co and β-Co3B phases.  

The EBSD orientation maps and the {100}/{0001} pole figures (PFs) of the Co-20at.%B 

hypoeutectic alloy solidified at ΔT35K are shown in Figs. 3.6a-3.6h. Three main orientations can 

be found for the β-Co3B phase, even though the differences between the orientations are not that 

large (Figs. 3.6a and 3.6b). Because the dendrite and the surrounding regular lamellar of β-Co3B 

phase share the same orientation, the lamellar eutectics should be formed by an epitaxial growth 

mechanism. For the lamellar eutectics whose constituent phases grow cooperatively, the eutectic 

orientation might be fixed and thus the three main orientations of the β-Co3B phase should 

correspond to the three main orientations of α-Co, which however is not the case; see Figs. 3.6c and 

3.6d. The gain orientations of the α-Co phase are much multiple, indicating that a fixed eutectic 

orientation between the α-Co and β-Co3B phases is not fulfilled. For the precipitated ε-Co (Figs. 

3.6e and 3.6f) and Co2B (Figs. 3.6g and 3.6h) phases, no preferred orientations can be found. The 

random orientations of ε-Co and Co2B suggest that there is no prefer orientation between the 

precipitation and the parent phase. Since the ε-Co and Co2B phases resulted from the partial solid-

state phase transformation of the α-Co and β-Co3B phases have nothing to do with phase selection 

upon rapid solidification, only the grain orientations of the α-Co and β-Co3B phases are shown as 

follows. 

Fig. 3.7 shows the EBSD orientation maps and the {100} PFs for the case of ΔT119 K. From 

the EBSD analysis, it can be found intuitively that the above hypereutectic structure is replaced by 

a hypoeutectic structure with α-Co as the primary phase. In terms of the colors of the β-Co3B phase, 

more than six eutectic colonies can be discerned in the indexed EBSD map of Fig. 3.7a. The β-Co3B 

phase of the individual colonies appears continuous and is considered to be the matrix [125]. The 

PF of Fig. 3.7b shows that the β-Co3B phases are oriented along four major poles. On the other hand, 

the globular α-Co particles are oriented by more scattered poles and often have similar orientations 

for the neighboring grains, indicating that they are formed by the same primary α-Co dendrites, see 

Fig. 3.7d. 

Fig. 3.8 shows the EBSD orientation maps and the {100} PFs for the case of ΔT80 K 

processed by controlled solidification. There are several alternative coarse-grained and fine-grained 
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anomalous eutectic colonies indexed by a rich variety of colors; see Fig. 3.8a. In the EBSD map 

indexed by the α-Co phase only (Fig. 3.8c), the α-Co phase has only one main orientation besides 

some random orientations (Fig. 3.8d). It is not easy to distinguish the primary phase from both the 

morphologies and the grain orientations. According to the growth-controlled mechanism between 

the α-Co phase and the β-Co3B phase as verified by the dendrite growth model in the following 

Section, the primary phase for the case of ΔT80 K might be the β-Co3B phase. 

 

Fig. 3.6. EBSD analysis of the primary β-Co3B dendrite and the regular lamellar eutectic 

microstructure of the Co-20at.%B hypereutectic alloy with an undercooling of ΔT35 K. (a) EBSD 

orientation map and (b) {100} pole figure of the β-Co3B phase. (c) EBSD orientation map and (d) 

{100} pole figure of the α-Co phase. (e) EBSD orientation map and (f) {0001} pole figure of the ε-

Co phase. (g) EBSD orientation map and (h) {100} pole figure of the Co2B phase. 

 

Fig. 3.7. EBSD analysis of the primary α-Co phase surrounding by the nano-eutectic structure and 

rod-like eutectic of the Co-20at.%B hypereutectic alloy with an undercooling of ΔT119 K. (a) 

EBSD orientation map and (b) {100} pole figure of the β-Co3B phase. (c) EBSD orientation map 

and (d) {100} pole figure of the α-Co phase. 
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Fig. 3.8. EBSD analysis of the two kinds of anomalous eutectic structures of the Co-20at.%B 

hypereutectic alloy with an undercooling of ΔT80 K. (a) EBSD orientation map and (b) {100} pole 

figure of the β-Co3B phase. (c) EBSD orientation map and (d) {100} pole figure of the α-Co phase. 

3.4 Phase selection 

3.4.1 Mechanism of phase selection 

In the undercooled Co-20at.%B hypereutectic alloy, the primary phase with the increase of 

undercooling changes from the β-Co3B phase to the α-Co phase, i.e., phase selection. According to 

Li et al. [110], the nucleation-controlled mechanism determines the primary phase in an undercooled 

melt when the competing phases share the same crystalline characteristics and have comparable 

interface kinetic coefficients. The growth-controlled mechanism occurs when the interface kinetic 

coefficients for the competing phases are different by two or three orders. The interface kinetic 

coefficient, μ can be given as [110]: 

 
2
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g L

H V

R T



   (3.1) 

where Rg is the gas constant, Vs is the speed of sound in the liquid, ∆Hf and TL are the heat of fusion 

and the liquidus temperature, respectively. 

For solidification of ordered intermetallic compounds, the atoms must sort themselves onto 

various sub-lattices. This process requires diffusion, therefore, the sound speed in the liquid, Vs, 

should be replaced by the diffusion speed, VD. Regarding that Vs is about 1-10 km s-1 and VD is about 

1-10 m s-1 for typical metallic alloys [126], Vs =2000 m s-1 and VD =10 m s-1 are chosen for the α-

Co solid solution and the β-Co3B intermetallic compound, respectively. Substituting them and the 

parameters in Table 3.1 into Eq. (3.1), μ of the two phases can be calculated, i.e. μα-Co=1.236 m s-1 
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K-1 and μβ-Co3B=0.039 m s-1 K-1. The value of μ based on VD for the β-Co3B intermetallic compound 

is two orders smaller than the value based on Vs for the α-Co solid solution, indicating that the 

growth-controlled mechanism should be responsible for phase selection. In order to present more 

evidences for the phase selection mechanism in the undercooled Co-20at.%B hypereutectic alloy, a 

quantitative analysis was carried out as follows for both competitive nucleation and competitive 

growth. 

Table 3.1 

Physical parameters used for calculating the interface kinetic coefficients of the α-Co solid-solution 

phase and the β-Co3B intermetallic compound. 

Property Symbol Unit α-Co β-Co3B Ref. 

Heat of fusion ∆Hf J mol-1 16060 65738.8 [119, 121] 

Melting point 
mT  K 1768 1431 [74] 

3.4.2 Competitive nucleation 

Nucleation of a specific crystallographic phase is characterized by the activation energy (∆G*) 

for forming a nucleus of critical size in the undercooled melt. The nucleation barrier is the interface 

energy (σS/L) between the crystal nucleus and the undercooled melt [105]. According to the classical 

nucleation theory [127], the critical work for forming of a cap-like nucleus on a flat substrate can 

be expressed by: 
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Here ∆GV is the difference of volume free energy between the solid phase and the liquid phase, 

which is determined using a linear approximation proposed by Turnbull [128]: 
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where Tm is the melt temperature, f(θ) is the catalytic potency factor in the case of heterogeneous 

nucleation which is dependent on the wetting angle θ. 

The interfacial energy σS/L can be estimated by the negentropic model of Spaepen and Meyer 

[129]: 
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where ∆Sf is the entropy of fusion, NA is the Avogadro’s number, Vm is the mole volume, and α is a 

factor depending on the structure of the nucleus, e.g., α=0.71 for the BCC phase and α=0.86 for the 

FCC or HCP phase [98]. 

Due to the uncertainty in the distribution and characteristic of heterogeneous sites within the 

sample, f(θ) is rarely documented and thus is always taken to be a fitting parameter [107]. Therefore, 

∆G*s of the two phases for homogeneous nucleation (i.e. f(θ)=1) was first calculated as a function 

of ∆T; see the solid lines in Fig. 3.9. The other parameters used are listed in Table 3.2. Using an 

assumption of identical f(θ) for both the α-Co and the β-Co3B phase, ∆G* of the α-Co phase is always 

larger than that of the β-Co3B and the curves of *G  for the two phases have no intersections in 

the whole measured range of ∆T. Noting from Eq. (3.2) that varying f(θ) only moves the curve of 

∆G* upward or downward (e.g., the case of f(θ)=0.1 shown as the dashed lines in Fig. 3.9). One can 

conclude safely that the β-Co3B phase has a priority in nucleation invariably as compared to the α-

Co phase. 

If nucleation-controlled is the case, the β-Co3B phase should be favored over the α-Co phase 

over the whole measured range of ∆T because of its lower value of ∆G*. From the present 

experiments, however, a transition of the primary phase from the β-Co3B phase to the α-Co phase 

happens at high undercooling; see Fig. 3.4. One should be noted that the successful formation of an 

effective nucleus does not mean that micronucleus can definitely grow into a macro crystal [102]. 

For example, in the peritectic Y3Fe5O12 (YIG) [130] system, even though the seeding needles made 

by YIG can supply a good substrate for nucleation, direct growth of YIG cannot be found whereas 

the competing phase with a higher growth kinetic coefficient, i.e., YFeO3, can be observed 

throughout the entire sample below the peritectic temperature. Nagashio et al. [130] attributed it to 

the high complexity of the structure of the intermetallic compound that prevents their successive 

development from the well-matched as-nucleated substrate. In this sense, a description of the growth 

kinetics becomes inevitable. 
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Fig. 3.9. Critical work for nucleation of the α-Co solid-solution phase (blue lines) and the β-Co3B 

intermetallic compound (red lines) in the undercooled Co-20at.%B hypereutectic alloy. 

Table 3.2 

Physical parameters used for calculating the critical work for nucleation of the α-Co solid-solution 

phase and the β-Co3B intermetallic compound. 

Property Symbol Unit α-Co β-Co3B Ref. 

Mole volume Vm cm3 mol-1 6.63 24.3 [119, 131] 

Stuctural factor α - 0.71 0.86 [98] 

Wetting factor f(θ) - 0.1, 1 0.1, 1 Present work 

3.4.3 Competitive growth 

According to the LKT/BCT dendrite growth model [132], the total undercooling at the dendrite 

tip is consisted by four contributions: 

 t c r kT T T T T           (3.5) 

Here ∆Tt, ∆Tc, ∆Tr and ∆Tk are the thermal undercooling, the solute undercooling, the curvature 

undercooling and the kinetic undercooling, respectively, which can be given as follows: 
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where Cp is the specific heat of the liquid, 
'

2tP VR   is the thermal Peclet number, R is the radius 

of curvature at the dendrite tip, V is the growth velocity, '  is the thermal diffusivity, VI  is the 

so-called Ivantsov function, mL is the slope of liquidus, C0 is the initial alloy composition, 

2c L
P VR D  is the chemical Peclet number, DL is the diffusion coefficient of the solute in the liquid, 

k is the partition coefficient and = fS   is the Gibbs-Thomson coefficient, coefficient. 

To take into account the solute trapping effect, the velocity dependent partition coefficient 

proposed by Aziz [133] is adopted: 

   0

01

e L

L

k a V D
k k V

a V D


 


  (3.7) 

where ek  is the equilibrium partition coefficient and 0a  is the atomic spacing. The physical 

parameters used are listed in Table 3.3. A detailed description of the LKT/BCT model calculation is 

available in Refs. [134]. 

Accordingly, the crystal growth velocities of the α-Co and β-Co3B phases in the undercooled 

Co-20at.%B hypereutectic alloy are calculated as a function of undercooling (see Fig. 3.10). 

Obviously, with the increase of undercooling, the growth velocities of the two phases increases 

quickly and they are nearly equal at low undercooling. In fact, the growth velocity of the β-Co3B 

phase is slightly larger than that of the α-Co phase when the undercooling is smaller than 122 K. 

Nevertheless, when the undercooling is higher than 122 K, the growth velocity of the α-Co phase 

becomes larger than that of β-Co3B phase. This can be used to explain the transition from 
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hypereutectic to hypoeutectic in the undercooled Co-20at.%B hypereutectic alloy. At low 

undercooling, the growth velocity (the critical work of nucleation) of the β-Co3B phase is slightly 

larger (much smaller) than that of the α-Co phase and the growth-controlled (nucleation-controlled) 

mechanism choose the β-Co3B phase as the primary phase. At high undercooling, the growth 

velocity of the α-Co phase can be much larger than that of the β-Co3B phase and the primary phase 

according to the growth-controlled mechanism is the α-Co phase; see Fig. 3.4b-3.4d. In one word, 

phase-selection in the undercooled Co-20at.%B hypereutectic alloy is growth-controlled. 

 

Table 3.3 

Physical parameters used for calculating the crystal velocities of α-Co and β-Co3B phases in the 

undercooled Co-20at.%B hypereutectic alloy. 

Property Symbol Unit Value Ref. 

Specific heat of liquid pC  J mol-1 K-1 30.6 Calculate from [131] 

Thermal diffusion coefficient '  m2 s-1 1.961×10-6 Present work 

Equilibrium solute partition 

coefficient 
 - oek C  - 0.02 Calculate from [135] 

Equilibrium solute partition 

coefficient 
 3- oek C B  - 1.35 Calculate from [135] 

Atomic spacing 0a  m 3×10-10 Present work 

Slope of equilibrium liquidus  - oLm C  K (at%)-1 -20.81 Calculate from [74] 

Slope of equilibrium liquidus  3- oLm C B  K (at%)-1 6 Calculate from [74] 

Solute diffusion coefficient LD  m2 s-1 5×10-9 [101] 
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Fig. 3.10. Crystal growth velocities of the α-Co and β-Co3B phases in undercooled Co-20at.%B 

hypereutectic alloy as a function of undercooling predicted by the LKT/BCT model. 

The fact that the microstructure is entirely eutectics at intermediate undercooling but is the 

primary β-Co3B (α-Co) dendrites with inter-dendritic eutectics form at modest (high) undercooling 

indicate that a skewed coupled eutectic zone exists in the Co-B alloy system. This commendably 

reflects the growth difficulty associated with the faceted β-Co3B phase as compared to the solid-

solution α-Co phase. The coupled zone in the Co-B system should be skewed to the faceted β-Co3B 

phase. The high growth velocity leads to the formation of the primary α-Co dendrites even for the 

Co-20at.%B hypereutectic alloy. 

3.5 Summary 

Microstructure evolution and phase selection in the undercooled hypereutectic Co-20at.%B 

alloy have been investigated by the melt fluxing technique. The as-solidified microstructures were 

analyzed by EBSD. The phase selection mechanism was discussed by competitive nucleation and 



Chapter 3 Phase selection in rapid solidification of undercooled Co-B alloy 

58 
 

competitive growth. Our main conclusions are as follows: 

(1) A transition from hypereutectic to hypoeutectic was found at a critical undercooling of 119 

K, i.e., phase election between the α-Co and the β-Co3B phase occurs in the undercooled Co-

20at.%B hypereutectic alloy. When ΔT<119 K, the morphologies of the undercooled Co-20at.%B 

alloy are characterized by a primary directional dendritic structure of β-Co3B phase surrounded by 

the α-Co+β-Co3B regular lamellar eutectics. When ΔT>119 K, the above hypereutectic 

microstructure is replaced by the hypoeutectic microstructure with the α-Co phase as the primary 

phase. 

(2) From the calculation results of the critical works for nucleation of the α-Co and β-Co3B 

phase in the Co-20at.%B hypereutectic alloy, the critical work for nucleation of the β-Co3B phase 

is always smaller than that of the α-Co phase, indicating that the β-Co3B phase should be the 

preferred nucleation phase over the whole range of undercooling. The successful formation of an 

effective nucleus, however, does not mean that micronucleus can definitely grow into a macro 

crystal. 

(3) The growth velocities of the α-Co and β-Co3B phases in the undercooled Co-20at.%B 

hypereutectic alloy have been calculated according to the LKT/BCT model. It was found that the 

preferred nucleation phase is not always the faster growing phase with the increase of undercooling. 

The β-Co3B phase has a prior nucleation over that of α-Co phase at low undercooling. However, the 

growth velocity of the β-Co3B phase is far lower than that of α-Co phase when ΔT>122 K, indicating 

that phase selection between the α-Co and β-Co3B phases is growth-controlled. 

3.5 Résumé 
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L'évolution de la microstructure et la sélection de phase dans l'alliage hypereutectique sous-

refroidi Co-20at.%B ont été étudiées par la technique de l'encapsulation vitreuse. Les 

microstructures de solidification ont été analysées par EBSD. Le mécanisme de sélection des phases 

a été discuté pen terme de compétition entre nucléation et croissance. Nos principales conclusions 

sont les suivantes : 

(1) Une transition de l'hypereutectique à l'hypoeutectique a été observée avec un sous-

refroidissement critique de 119 K, c'est-à-dire que le choix de phase entre la phase α-Co et la phase 

β-Co3B se produit dans l'alliage hypereutectique Co-20at.%B sous refroidi. Lorsque ΔT<119 K, les 

morphologies de l'alliage Co-20at.%B sous-refroidi sont caractérisées par une structure dendritique 

directionnelle primaire de phase β-Co3B entourée par l'eutectique lamellaire régulier α-Co+β-Co3B. 

Lorsque ΔT>119 K, la microstructure hypereutectique ci-dessus est remplacée par la microstructure 

hypoeutectique avec la phase α-Co comme phase primaire. 

(2) D'après les résultats des calculs des énergies critiques de nucléation des phases α-Co et β-

Co3B dans l'alliage hypereutectique Co-20at.%B, l'énergie critique de nucléation de la phase β-Co3B 

est toujours inférieure à celle de la phase α-Co, indiquant que la phase β-Co3B devrait être la 

meilleure phase de nucléation sur la gamme de température du sous-refroidissement. La formation 

réussie d'un noyau critique ne signifie toutefois pas que le micro-noyau peut définitivement se 

transformer en macro-cristal. 

(3) Les vitesses de croissance des phases α-Co et β-Co3B dans l'alliage hypereutectique Co-

20at.%B sous-refroidi ont été calculées selon le modèle LKT/BCT. On a constaté que la phase de 

nucléation préférée n'est pas toujours la phase de croissance plus rapide avec l'augmentation du 

sous-refroidissement. La phase β-Co3B a une nucléation antérieure à celle de la phase α-Co à faible 
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sous-refroidissement. Cependant, la vitesse de croissance de la phase β-Co3B est bien inférieure à 

celle de la phase α-Co lorsque ΔT>122 K, indiquant que la sélection de phase entre les phases α-Co 

et β-Co3B est contrôlée par la vitesse de croissance. 
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Chapter 4 Temperature induced structure transition above liquidus  

4.1 Introduction 

Liquid polymorphism [59], a liquid characterized by constantly rearranging configurations, 

could exist in distinct modifications (phases and states) which are the same in composition but 

different in local structure and thermodynamic properties [136], is one of the long-standing issues 

due to its importance for understanding the fundamental nature of liquid and amorphous states. 

There are growing experimental and theoretical supports for the existence of liquid-liquid structure 

transitions and liquid-state anomalies, for instance, in H2O [137], P [20], Ca [26], Te [27], Ge2Sb2Te5 

[60] and other liquids including multicomponent bulk metallic glass-forming systems [35, 136]. 

Controlling the liquid states, based on the L-LSTs, has been confirmed to be effective in regulating 

the subsequent solidification processes, microstructures and properites [138, 139]. Yu et al. [36] 

found that the solidification behaviours of Bi2Te3-xSex alloys are strongly related to their parent 

liquid states. The samples that experienced L-LST show that the solidification undercooling degree 

is increased and the crystal growth time is shortened. As a result, the solidified lamellae are refined 

and homogenized, the prevalence of low-angle grain boundaries between these lamellae is increased, 

and the Vicker Hardness is enhanced. 

4.2 Overheating dependent undercooling 

Nucleation in an undercooled melt is the process with which the formation of new phases 

begins and is one of the most important fundamental processes in solidification [106, 140]. In 

general, nucleation can be classified into homogeneous nucleation [141] and heterogeneous 
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nucleation [142]. The latter is an extrinsic process that is dominated by the experimental conditions, 

whereas the former is an intrinsic process that depends on the properties of the system [143]. By 

avoiding heterogeneous nucleation, the melt can be solidified at a temperature below its melting 

temperature or liquidus temperature, i.e., solidification of undercooled melts [97]. Undercooling as 

is well known is a physical quantity that is sensitive to the structure of liquids, e.g., even very tiny 

intrinsic un-melted crystals in the liquids can act as the growth nuclei and may reduce considerably 

undercooling [66, 144]. Since undercooling depends strongly on the liquid structures, the 

undercooled melt should be an ideal system to study the liquid structures and L-LST.  

In this section, cyclic superheating and cooling were carried out for the undercooled 

hypereutectic Co-20at.%B, eutectic Co-18.5at.%B and hypoeutectic Co-17at.%B alloys. The 

critical overheating temperature was found to be existent in but different for all the three alloys. 

DSC measurements show that there is a thermal absorption peak in the heating process above the 

melting temperature or the liquidus temperature that corresponds to L-LST. In other words, L-LST 

does occur when the overheating temperature is above the critical overheating temperature and it 

should relate highly to nucleation in the undercooled Co-B eutectic melts. The effect of structure 

transitions on the nucleation temperature was analyzed in-depth by the recent nucleation theory that 

considers the structure of overheated melts and the alloy composition-dependent overheating 

temperature was ascribed to the change of local favored structures. 

4.2.1 Experimental 

Samples with a mass of about 2 g were cut form the ingot to precede the undercooling 

experiments. The sample was placed first into the quartz crucible together with the flux of boron 

oxide. After that the sample was melted and cyclically superheated and undercooled. The samples 
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were heated to a series of temperatures, e.g., regarding that the melting point of eutectic Co81.5B18.5 

alloy is 1133 °C, and the overheating temperatures were set to be 1200, 1300, 1350, 1370, 1380, 

1400, 1450, and 1500 °C; the details are shown in Table 4.1. After heating the sample to the pre-set 

overheating temperature, the melt was held therein for 5 min and then naturally cooled down to 

800 °C. The detailed information on the undercooling experiments is given in Chapter 2. The 

undercooling in each cycle may vary considerably especially in the first several cycles. Afterwards, 

the melts become uniform and stable with very light fluctuation, thus the undercooling becomes 

almost constant. The cyclic of melting and solidification was executed until the undercooling can 

be stable for at least 10 cycles (i.e. the deviation of undercooling is within 5 °C). In this case, the 

undercooled melts are considered to be in a relatively stable state and the mean undercooling is 

evaluated from the 10 consecutive cycles. 

The thermodynamic behavior of the Co-B alloys was measured by DSC (NETZSCH, 

STA449C). The samples of DSC experiments with a mass within 35 mg were cut from the original 

ingot. The sample was placed in a corundum crucible, heated and cooled in an argon atmosphere. It 

was heated up firstly to 1500 °C at a rate of 20 °C/min and then cooled down to the room temperature 

at the same rate. 

Table 4.1. The overheating temperature for heating and solidfication of the Co-B eutectic alloys 

Alloy the overheating temperature To, °C 

Co80B20 1300 1325 1350 1360 1380 1400 1450 1500 

Co81.5B18.5 1200 1300 1350 1365 1380 1400 1450 1500 

Co83B17 1300 1350 1375 1380 1390 1400 1450 1500 

4.2.2 Dependence of undercooling on the overheating temperature 

Fig. 4.1 shows the mean undercooling of Co-B eutectic alloys with different overheating 

temperatures. The undercooling is defined as the difference between the nucleation temperature (
nT ) 

and the melting temperature (
mT ) for the eutectic Co81.5B18.5 or the difference between the nucleation 

temperature (
nT ) and the liquidus temperature (

lT ) for the hypereutectic Co80B20 and hypoeutectic 

Co83B17 alloys. One can see that for all the three alloys, there is a critical overheating temperature 

o

cT  at which there is a sharp increase of the mean undercooling, i.e. below o

cT , the mean 

undercooling is about 80 °C, whereas above 0

cT , the mean undercooling is about 200 °C. The 
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critical overheating temperature is 1360 °C for the hypereutectic Co80B20 alloy (Fig. 4.1a), 1380 °C 

for the eutectic Co81.5B18.5 alloy (Fig. 4.1b) and 1390 °C for the hypoeutectic Co83B17 alloy (Fig. 

4.1c). It should be pointed out that the mean undercooling here is not obtained for all the cycles but 

the cycles when the undercooled melt becomes stable. 

 

Fig. 4.1. The mean undercooling of eutectic Co-B alloys with different overheating temperatures: 

(a) hypereutectic Co80B20; (b) eutectic Co81.5B18.5; (c) hypoeutectic Co83B17. 

The structure transition in the overheating melt corresponds to the breakage of previous atomic 

bonds and the formation of new atomic bonds. Because of the difference in the bonding energy 

between atoms, L-LST is inevitably accompanied by the thermal effect. On this basis, a series of 

DSC measurements were carried out to show the temperature-induced L-LST in the overheating 

Co-B melts (see Fig. 4.2). For all the hypereutectic Co80B20, eutectic Co81.5B18.5 and hypoeutectic 

Co83B17 alloys, there is a thermal absorption peak in the heating process above 
mT  or 

lT  but not 

in the cooling process. The peak temperature is about 1363.4 °C for the hypereutectic Co80B20 alloy 

(Fig. 4.2a), 1382.7 °C for the eutectic Co81.5B18.5 alloy (Fig. 4.2b) and 1392.1 °C for the hypoeutectic 
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Co83B17 alloy (Fig. 4.2c). The consistency between the peak temperatures in the DSC curve and the 

critical overheating temperatures (e.g. the temperature difference is less than 4 °C) indicates that the 

temperature-induced L-LST does occur when the overheating temperature is above the critical 

overheating temperature and nucleation in the undercooled Co-B eutectic melts is highly related to 

L-LST. To show whether such peak temperatures are heating rate dependent or not, another DSC 

test, shown in Fig. 4.2d, with a heating and cooling rate of 10 °C/min was carried out for the eutectic 

Co81.5B18.5 alloy. One can see that the peak temperature is still at about 1383.4 °C, being consistent 

with result 1382.7 °C in Fig. 4.2b. In other words, L-LST is not that dependent on the heating and 

cooling rate. 

 

Fig. 4.2. DSC curves of the Co-B eutectic alloys: (a) hypereutectic Co80B20 with the heating and 

cooling rate as 20 °C/min; (b) eutectic Co81.5B18.5 with the heating and cooling rate as 20 °C/min; 

(c) hypoeutectic Co83B17 with the heating and cooling rate as 20 °C/min; (d) eutectic Co81.5B18.5 with 

the heating and cooling rate as 10 °C/min. 

In all the DSC tests, there are no apparent peaks in the liquid state during the cooling process 

(see Fig. 4.2), indicating L-LST in Co-B melts is irreversible. To show this point further, 
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superheating and cooling of eutectic Co81.5B18.5 alloy was carried out with different overheating 

temperature, shown in Fig. 4.3, in which only the cooling histories of the last four cycles are shown. 

In this case, the undercooling can hold stable after eighteen cycles when the overheating temperature 

is larger than the critical overheating temperature which is in line with the result in Fig. 4.1b. The 

large undercooling holds even when the overheating temperature is smaller than the critical 

overheating temperature (e.g. for 24th and 25th cycles). After that, the undercooling becomes small 

(e.g. for 26th cycle). If L-LST is reversible, the large undercooling cannot be obtained once the 

overheating temperature is smaller than the critical overheating temperature. 

 

Fig. 4.3. Nucleation temperatures of the Co81.5B18.5 alloy at different cycles and with different 

overheating temperatures. 

4.2.3 Liquid-liquid structure transition vs. nucleation 

It is generally believed that the atomic bonds of crystals are only partly broken upon melting 

and there are a lot of short-range ordering domains that correspond to the solid crystal in the melts 

within a wide temperature range above 
mT  or 

lT  [145]. Thus, the structures of melts are micro-

heterogeneous in the continuous heating procedure and many micro-domains (even unsolved 

particles) exist in the melt [10]. The micro-heterogeneous structure, that changes with the 

overheating temperature, is metastable or thermodynamically non-equilibrium. Because different 

overheating temperatures correspond to different melt states, the structures and properties of many 

materials are related to the thermal history of their original melts, e.g. the microstructure of 

amorphous alloys is much more homogeneous if the precursor melts are more overheated [145]. 
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The correlation between the solidified microstructures and the melt thermal history is attributed to 

different melt microstructures or different liquid states. The overheating temperature as one of the 

most essential processing parameter has a decisive influence on the liquid state. Thermodynamically, 

overheating prompts the transition between different liquid states and a critical overheating 

temperature may correspond to the transition point between the two distinct forms that can be 

detected. 

Zu et al. [10, 17] assumed that L-LST is a transition from an inhomogeneous liquid state to a 

more uniformed liquid state. There are both chemical and topological short-range orders in the liquid 

alloys with negative excess enthalpy, e.g. both the chemical short-range domains with micro-

structures similar to Co3B and the residual short-range ordering of cube/hexagon solid Co co-exist 

in the molten Co-B eutectic alloys. These minor domains as the fluctuation of energy dissipate and 

engender with time and space, but they do not vanish with their statistical equilibrium structures, 

sizes and constituents. However, as long as the temperature reaches 0

cT , the inter-atomic bonds in 

the original domains are broken, the old domains are reduced, and at the same time, new domains 

form with a relatively more uniformed liquid structure state. 

In this study, the melt is encapsulated in the molten glass slag that is close to the levitation 

melting condition and the impurities in the melt can be removed via electromagnetic stirring and 

the adhesion of slag. Consequently, the cavity induced heterogeneous nucleation mechanism [146] 

which is always used to describe the effect of overheating on the undercooling for the nucleation 

process of a melt on a second solid surface cannot be used. Magnetic field texturing has already 

shown the possible existence of intrinsic solid nuclei above the melting temperature 
mT  [147]. The 

clusters exist in the melt and act as the intrinsic growth nuclei, thus leading to nucleation in the 

cooling process. During solidification, the Co-B melt which did not experience L-LST has lots of 

relatively larger size micro-domains. Through fluctuations in structure and energy, these micro-

domains can be easily extended to the critical size of the crystal nucleus at a low undercooling. 

However, when the melt experienced L-LST, it is harder to nucleate because of the smaller and more 

homogeneous short-range orders, and the melt needs a larger undercooling to nucleate as shown in 

Fig. 4.1. 

After analyzing the experimental results of nucleation and growth in 38 elements, Tournier [66, 
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67, 148, 149] proposed an explanation by improving the classical nucleation theory. His idea is that 

the transfer of n  conduction electrons equalizing the Fermi energies of a particle containing n  

free electrons and the melt creates an interface electrostatic energy 
v  per volume unit that 

stabilizes tiny crystals above 
mT . These crystals act as the intrinsic nuclei in the undercooled melts 

and their presence reduces the critical energy barrier. All these tiny crystal are predicted to be 

survival up to a critical temperature 
2 1.196m mT T . Therefore 

v  is taken to be part of the 

contributions to the volume free energy change 
vG  and the total free energy change due to the 

formation of a nuclei with a radius R  is: 

    
3

24 4
3

ls v v ls

R
G T G R          (4.1) 

where /V m mG H V   , 1/3( / ) /ls m A ls m mV N H V    , / 1mT T   . Here 
ls  is the interface 

energy, 
mV  is the molar volume of liquid, 

mH  is the enthalpy of fusion at the melting 

temperature. The critical radius 
lsR  for nucleation can be found if the partial derivation of 

lsG  

with respect to R  is set to be zero, that is 

 
 

0
lsG T

R





  (4.2) 

Integrating Eq. (4.1) with Eq. (4.2) yields: 
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  (4.3) 

If a non-dimensional parameter 
ls  is introduced to evaluate the contribution by 

v , i.e. 

/v ls mH V   , the critical radius 
lsR  is positive when ls   and negative when ls  , 

indicating that a tiny crystal can be survival up to a second melting temperature 
2 (1 )m ls mT T  . 

The nucleation rate I  per unit volume and per second in an undercooled melt can be given 

as a function of the critical activation barrier * ( ) /ls BG T k T  with 
Bk  the Boltzmann’s constant: 

3*

2

2

16
( ) ( ) ( )

3 ( ) (1 )

m ls
V V

B A B ls

SG
In Ivt In K vt In K vt

k T N k

 

  


   

 
               (4.4) 

The solidification can be initiated when one nucleation event occurs in the melt, i.e., 1Ivt  . 
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According to Tournier [66, 67, 148, 149], the relation between 
ls  and   was obtained as: 

                            20.217(1 2.5 )ls                          (4.5) 

The so-called second melting temperature 
2mT  can then be calculated by integrating Eqs. 

(4.1)-(4.5) and summarized in Table 4.2. The consistency between 
2mT  and 0

cT  indicates that the 

re-melting of tiny crystals that can be survival above to 
2mT  is highly related to LLST. It should be 

pointed out that LLST in the liquid may alter the wetting angle due to the abrupt change of surface 

tension. When LLST occurs, the surface tension changes, thus resulting in the change of f() and 

the increase of undercooling [12, 19]. Furthermore, the nucleation model of Tournier [66, 67, 148, 

149] is actually proposed for pure elements, and it is plausible to be applied to the current Co-B 

alloys but at least it can explain satisfactorily the present experimental results. 

Table 4.2 

The calculation results of Co-B eutectic alloys using the modified classical nucleation-growth model. 

Alloy T , °C Tm (or TL), °C θ ΕLS Tm2, °C 
0

cT , °C 

Co80B20 230 1140 0.202 0.195 1362 1360 

Co81.5B18.5 200 1133 0.177 0.214 1375 1380 

Co83B17 190 1150 0.165 0.202 1382 1390 

4.2.4 Critical overheating temperature vs. alloy composition 

As mentioned above, the melts of Co-B eutectic alloys are mainly consist of micro-structure 

similar to Co3B and the residual short-range ordering of cube/hexagon solid Co within a certain 

range above 
mT  or 

lT . When the overheating temperature is up to 0

cT , the kinetic energy of the 

atoms becomes high enough to overcome the energy barrier so that the Co-Co or Co-B atomic bonds 

are continuously broken. During LLST, through the adjustment of atomic bonds and the structural 

rearrangement, the size of short-range orders becomes smaller, and the liquid structures are 

completely different to the original ones and become more homogeneous. It should be pointed out 

that 0

cT  is different for different alloys and increases with the composition of Co (Fig. 4.3). In the 

liquid, there are locally favored structures [16] such as Co-rich domains and Co3B-rich domains at 
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the temperature not far from the 
mT  or 

lT , the type, amount and size of which change with the 

composition and temperature as has been evidenced by the magnetization variations of the liquids 

[18, 28]. Hence, it is reasonable to conclude that the dependence of 0

cT  on the alloy composition 

is due to the change of local favored structures. 

4.3 Temperature induced LLST studied by in-situ measuring the magnetization 

The finding of magnetic order in liquid superfluid 3He [150] and amorphous magnet [151] 

proves the existence of magnetic ordering in disordered systems. By in-situ measuring the 

magnetization, the increasing magnetization in supercooled Co [82] and Co80Pd20 [152] is observed 

when close to the Curie temperature. That is to say, it will be quite efficient way to use magnetization 

as a physical parameter to detect the structure changes in liquids of some alloys since magnetic 

susceptibility of different structures will be different. Structure transition is shown to be available 

in many liquid systems and many clusters or orderings can be exist in liquids which can be enhanced 

when the melts comes into undercooled state [28]. Thus it will be quite interesting to directly 

monitor this transition via magnetization measurement from overheating above liquidus to 

supercooled state. In this section, an investigation is extended to binary Co-B alloys, by in-situ 

measuring the magnetization, a temperature-induced L-LST is observed. 

4.3.1 Magnetic field intensity dependent characteristic transition temperature 

Fig. 4.4a shows the magnetization and temperature of the Co81.5B18.5 alloy measured in a 1.56 

T magnetic field. The sample is heated at constant rate of 20 K/min to about 1753 K and after 

holding therein for 20 min, it was cooled down to 1103 K at 20 K/min. By in-situ magnetization 

measurement, the melting point (i.e., eutectic temperature, marked as Tm, 1406 K in Fig. 4.4b) and 
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nucleation point (marked as TN, 1176 K in Fig. 4.4c) are clearly evidenced. The nucleation 

temperature is far below the melting point, indicating a large undercooling before solidification. 

 

Fig.4.4. (a) The temperature and magnetization curve of Co81.5B18.5 alloy. The enlarged areas show 

the ranges around (b) the melting point and (c) the nucleation temperature. The field intensity and 

gradient at the sample position are 1.56 T and 23.235 T/m, respectively. 

In Fig. 4.5, the magnetization of the Co81.5B18.5 alloy is plotted against temperature. During the 

heating process, the magnetization first decreases rapidly with the increasing temperature, especially 

when approaching the TC of the ferromagnetic α-Co phase around 1250 K. Afterwards, an abnormal 

second drop of magnetization occurs around 1380 K, just below the TC of pure Co (1394 K [82]). 

Considering the α-Co phase is the sole ferromagnetic phase (Tc of the other phases are very low 

[153] and therefore their contribution can be neglected), the variance of solid solubility of boron in 

the α-Co phase can lead to an “inhomogeneity”. The soluble boron concentration in the primary or 

subsequently α-Co phase formed during eutectic decomposition could be different because of the 

non-equilibrium solidification process [154]. The α-Co phase is easy to precipitate as a primary 
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phase in the solidification of undercooled Co-based near eutectic alloys, especially under strong 

magnetic field [81, 120]. 

Above Tm, the magnetization decreases rapidly due to melting of the alloy. During the cooling 

process (see Fig. 4.5), the magnetization of the liquid first follows the heating path and no distinct 

inflection point arises when going over Tm. The magnetization of the undercooled liquid below Tm 

follows the same trend until an abrupt increase of the temperature at the point TN, showing the onset 

of nucleation. Then solidification takes place quickly and the magnetization increases rapidly. 

Shortly afterwards, a turning point determined around 1150 K from the slope variation can be found 

during the cooling process, which should correspond to the solid-solid transition, i.e., Co3B→Co2B 

+ α-Co [155]. 

 

Fig.4.5. Temperature dependence of magnetization for Co81.5B18.5 alloy measured in the field of 1.56 

T where the field gradient is 23.235 T/m. The inset figure is the enlarged area (dashed square) 

showing the second drop of magnetization during heating. 

The susceptibility of the paramagnetic liquid Co81.5B18.5 alloy obeys the Curie-Weiss law: 
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p

C

T






  (4.6) 

where χ, C, and θp are the magnetic susceptibility, the Curie constant and the paramagnetic Curie 

temperature (approximately to be equal to TC), respectively. Integrating M=χH with equation (1) 

yields: 

 
1 pT

M HC


   (4.7) 

Accordingly, θp can be obtained by plotting the 1/M-T curve (Fig. 4.6) and extrapolating the 

curve where 1/M equals to zero. During heating, a distinct crossover is observed at T0 (~1553 K). 

During cooling, the 1/M-T curve nearly overlaps with the heating curve above T0 but remains 

incessant with the identical slope below T0. By extrapolating the two linear ranges, two 

paramagnetic Curie temperatures, corresponding to θp(LI) (~1098 K) during heating and θp(LII) 

(~1303 K) during cooling are determined. Two different slopes of 1/M correspond to two different 

magnetic states, i.e. different structures. The crossover observed at T0 can be interpreted as being 

related to the magnetism of Co ions in the melt and the change in their coupling. Hence, the 

crossover at T0 during heating demonstrably indicates that a temperature-induced LLST in the 

overheated Co81.5B18.5 alloy. 

By the method above, the LLST temperature (T0), paramagnetic Curie temperatures (θp(LI), 

θp(LII)) at different field intensities 0.52 T, 1.56 T and 2.6 T are determined. The results are shown 

in Table 1. Within the limits of error, T0 (~1553 K) can be considered constant independent of the 

field intensity. θp(LII) (~1093 K) decreases slightly with the increasing field intensity and θp(LI) 

shifts to lower temperature with the increasing field intensity. This could be due to the differences 

of the origin solid state before melting. For each field value, the samples were processed 

reproductively several times. The measurement at a given field then corresponds to a sample already 
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solidified at the same field value. As it was already observed, magnetic field promotes the 

precipitation of primary α-Co phase [81]. The liquid may keep the memory of the previous solid 

state since the atomic bonds of crystals are only partly broken upon melting [145], therefore, the 

locally favored structures such as Co-rich domains after melting may be different under different 

magnetic field, which is the probable explanation for the magnetic field intensity dependence of 

θp(LI). A more in depth analysis of the structure and stability will be required to confirm this 

assumption. 

 

Fig.4.6. Inverse magnetization (1/M) as a function of temperature curve of Co81.5B18.5 alloy 

measured in 1.56 T magnetic field where the field gradient is 23.235 T/m.  

Table 4.3 Determined results of the related parameters (T0, θp(LI), θp(LII)). 

Field intensity T0, K θp(LI), K θp(LII), K 

0.52 T 1551±3 1328.5±0.3 1099±0.2 

1.56 T 1552.5±7.3 1304.5±1.4 1096.5±0.4 

2.6 T 1553.1±9.4 1279.5±2.6 1090.4±0.3 

4.3.2 Composition dependent characteristic transition temperatures 

The chemical composition may have a significant influence on the structural motifs in liquids 
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[156]. In the work of Zou et al. [48], the temperature dependent density of Ni-Ti melts was studied. 

Unexpectedly, a nonlinear dependence of density on temperature was found in the Ni50Ti50 melt but 

not in the Ni45Ti55 and Ni55Ti45 melts, indicating that the LLST is highly dependent on the 

composition. For the Co-B eutectic melt [51], a non-Curie-Weiss behavior that corresponds to a 

tempeature induced LLST was reported by in-situ measuring the magnetization. Because LLSTs are 

very important for modulating the liquid states, three alloys, i.e., hypereutectic Co80B20 , eutectic 

Co81.5B18.5 and hypoeutectic Co83B17 (at.%) with similar compositions, were selected to verify 

whether such non-Curie-Weiss behavior is universal or not for the Co-B binary alloy system. 

Fig. 4.7 shows the magnetization and temperature of the hypereutectic Co80B20 alloy measured 

under a magnetic field of 1.56 T. The sample is heated with a rate of 10 K min-1 to about 1740 K 

and holding therein for 10 min. Then, it is cooled down to 1140 K with the same rate. By in-situ 

measuring the temperature and magnetization, the melting behavior (the eutectic temperature 

TE=1406 K, and the liquidus temperature TL=1445 K), the solidication process (nucleation 

temperature TN=1164 K and recalescence temperature also known as crystal growth temperture 

TG=1352 K) and other possible transformations (e.g., the ferromagnetic transition) can be observed. 

A large undercooling of ΔT=281 K (=0.195TL) is achieved before solidification. During heating, the 

magnetization diminishes rapidly with the temperature, especially when close to the Curie 

temperature of the ferromagnetic α-Co phase around 1250 K. When nucleation happens, 

recalescence makes the magnetization decrease. After that, solidication takes place quickly and the 

magnetization increases rapidly. The hysteresis of magnetization at the moment of nucleation is due 

to the response delay of the blance. 
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Fig. 4.7. The temperature and magnetization as a function of time for the Co80B20 alloy. The insert 

figure is the enlarged area (dashed square) showing the solidification process. The field intensity 

and gradient at the sample position are 1.56 T and 23.235 T m-1, respectively.  

Above TL, the sample turns to be a fully paramagnetic liquid. As mentioned above, its 

susceptibility obeys the Curie-Weiss law, i.e., eq. (4.7). Accordingly, θp can be determined from the 

1/M versus T curve by extrapolating the curve to where 1/M equals to zero. The slope of the curve 

is inversely proportional to the Curie constant (In SI unit, the Curie constant can be expressed as 

C
H slope





, where ρ=8900 kg·m-3 is the density of Co-B alloys). Fig. 4.8a shows the plot of 

1/M versus T of the Co80B20 alloy. During heating, a distinct crossover dividing the curve into two 

linear segments with different slopes is observed at T0 (=1522 K). During cooling, the 1/M versus T 

curve coincides with the heating curve above T0 and the tendency continues below T0 until 

nucleation happens. Two diverse paramagnetic Curie temperatures corresponding to two distinct 

forms of liquids are found, i.e., high-magnetization liquid (HML) I and low-magnetization liquid 

(LML) II. By extrapolating the two linear ranges, θp=1279 K and C=0.7611 K for liquid I, and 
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θp=1056 K and C=1.4738 K for liquid II are determined. This strongly indicates that a temperature-

induced L-LST, which is interpreted as being related to the magnetism of Co ions in the melt and 

the change in their coupling, in the overheated Co80B20 alloy. In addition, the plot of 1/M versus T 

does not exhibit a change in the slope until the temperature reaches a critical value of T0, indicating 

that this L-LST is a thermal-activation process. 

The atomic bonds of crystals are only partly broken at temperatures not far above the liquidus 

temperature. As a result, the liquid structures are normally inhomogeneous, e.g., containing solid-

like, topologically short-range ordered and/or chemically short-range ordered clusters [36]. Local 

structures characterized by the coexistence of metallic and covalent characters survive to some 

extent in the Co-B melt. As the temperature is within a critical scope, the interatomic bonds in the 

original clusters break, thus engendering new clusters with smaller size. This is responsible for the 

phenomenon of overheating dependent undercooling [65]. The Curie constant C can be expressed 

as [157]: 

 
2 12 A p BC N Dk     (2) 

NA is Avogadro’s number, μp is the paramagnetic moment, D is a dimensionless number (D=0.7221) 

and kB is Boltzmann’s constant. The value of C is dependent on μp. The covalent bond generally 

quenches the magnetic contribution for μp [157]. Therefore, the value of μp for the HML is smaller 

than the LML due to the survived covalent bonds. This is in line with the results obtained for the 

Curie constant. 
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Fig. 4.8. The inverse magnetization as a function of temperature for the Co-B alloys during the 

heating and cooling processes: (a) hypereutectic Co80B20, (b) eutectic Co81.5B18.5, and (c) 

hypoeutectic Co83B17. The green and magenta dashed lines are drawn as guides to the eyes, which 

correspond to linear fits according to the Curie-Weiss law for the two linear ranges corresponding 

to two distinct forms of liquids, i.e., HML I and LML II. The dash-dot line marks the auxiliary line 

of 1/M=0. The corresponding linear fitting functions and the standard errors for each composition 

are given in the tables. 
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In order to further confirm whether this liquid-state anomality is a universal formula for the 

Co-B binary alloy system or not, Co81.5B18.5 [51] and Co83B17 alloys were studied. Similar non-

Curie-Weiss behavior but with different values of characteristic parameters were observed in the 

overheated state; see Figs. 4.8b and 4.8c. The variation tendency of these parameters with the 

incresing content of Co are shown in Fig. 4.9. The specific values of the parameters are listed in 

Table 4.4. The location of the critical point of L-LST (LLCP, T0) and paramagnetic Curie 

temperatures (θp) for liquids I and II shift to higher temperature with the increasing content of Co. 

The type, amount and size of the locally favoured structures, e.g., the Co-rich domains and Co3B-

like configuration of Co-B pairs, vary with the composition. The magnetic moment of Co3B motif 

1.12 μB [153] is less than that of Co2+ 3.7 μB [158]. So the increase of Co2+ with the increasing Co 

content increases the net magnetic moment, which directly induces the increase of the Curie 

temperature. On the other hand, compared to the orthorhombic Co3B-like motifs, the clusters that 

are similar to the solid structure of fcc-Co have tighter structure. Thus they have higher Curie 

temperature due to the magnetic moments reacting to their neighbouring electron spins and the 

effects become stronger when closer together [159]. Likewise, this leads to a lower value of μp and 

thereby a decrease of the Curie constant. 

More attention should be paid to the increase tendency of these characteristic parameters with 

the increasing Co content. The increments of T0, θp(LI) and θp(LII) are 51 K, 72 K and 76 K from 

Co80B20 to Co81.5B18.5 while the increments are just 6 K, 12 K and 10 K from Co81.5B18.5 to Co83B17, 

even the change of composition is the same. This maybe due to the difference in the solid solubility 

of boron in the Co phase. For the Co80B20 and Co81.5B18.5 alloys, the Co phase are mainly formed 

during eutectic decomposition (there is a small number of primary Co phase for the Co81.5B18.5 alloy 
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with large undercooling). However, there are a large amount of primary Co phase for the Co83B17 

alloy. The amount of soluble boron in the primary Co phase and the Co phase formed during eutectic 

decomposition could be different because of the non-equilibrium solidification process [154]. The 

soluble boron concentration in the primary Co phase is larger than that in the Co phase formed 

during eutectic decomposition [51]. These small size interstitial boron atoms in the primary Co 

phase could decrease the Curie temperature, because the fluctuations of electron spins could become 

more prominent and result in disorder in magnetic moments [160]. Therefore, the increments of the 

magnetic properties from Co81.5B18.5 to Co83B17 are not comparable to the those from Co80B20 to 

Co81.5B18.5. 

 

Fig. 4.9. Co-rich region of the Co-B phase diagram [155]. The symbols are the points for 

determining the characteristic parameters. The green dashed line is drawn as guides to the eyes, 

which represents the estimated increase tendency of the relevant data of different compositions for 
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T0. With the help of this line, the region above the liquidus in the phase diagram is divided into two 

parts with different properties, i.e., HML in the low temperature region and LML in the high 

temperature region. 

Table 4.4 

Calculated results from the fitting functions given in Fig.4.8. 

Alloy T0, K θp(LI), K θp(LII), K C(LI), K C(LII), K 

Co80B20 1518±8 1279±1.9 1056±3.7 
0.0004

0.00030.7611  
0.0006

0.00061.4738


  

Co81.5B18.5 1575±5 1351±1.2 1132±2.8 
0.0003

0.00020.7399


 

0.0006

0.00061.4618


 

Co83B17 1579±7 1363±2 1142±2.7 
0.0003

0.00040.6784


 

0.0002

0.00031.3724


 

Furthermore, phase diagrams of ordinary alloys do not show any line above liquidus [7]. Based 

on the LLCP, a defined line corresponding to the estimated increase tendency of T0 with composition 

can be drawn in the Co-B phase diagram roughly; see Fig. 4.9. With the help of this guideline [161], 

the region above the liquidus in the phase diagram is divided into two parts with different properties, 

i.e., HML in the low temperature region and LML in the high temperature region. The solidification 

behaviors with different thermal histories, i.e., overheating temperature above/below this line, are 

shown in Fig. 4.10. For the first cycle, with an overheating temperature above the defined line, the 

sample solidified from the parent liquid of LML shows that the nucleation undercooling degree is 

conspicuously enlarged. Whereas, for the second cycle, with an overheating temperature below the 

defined line, the sample solidified from the parent liquid of HML is very easy to nucleate. When the 

sample solidified from the HML region, the nucleation barrier is smaller since the liquid is more 

magnetic and the size of survived clusters are larger compared with the sample solidified from the 

LML region. This demonstrated the alteration of the solidification behavior due to different thermal 

histories is ascribed to their different liquid state. Therefore, this defined line has some guidance 
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significances to the practical melt treatment. 

 

Fig. 4.10. The 1/M-T curves for the Co80B20 alloys during the heating and cooling processes in two 

adjacent cycles with different overheating temperatures. For sake of simplicity, the two adjacent 

cycles are named as the first cycle and the second cycle. The selected overheating temperatures are 

1750 K (above T0) for the first cycle and 1475 K (below T0) for the second cycle. 

4.4 Summary 

Cyclic superheating and cooling as well as DSC measurements were carried out for the 

hypereutectic Co80B20, eutectic Co81.5B18.5 and hypoeutectic Co83B17 alloys. For each alloy, there is 

a critical overheating temperature 0

cT  at which there is a sharp increase of the mean undercooling, 

i.e. below (above) 0

cT , the mean undercooling is about 80 °C (200 °C). The critical overheating 

temperature is 1360 °C for the hypereutectic Co80B20 alloy, 1380 °C for the eutectic Co81.5B18.5 alloy 
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and 1390 °C for the hypoeutectic Co83B17 alloy. 

DSC measurements show that there is a thermal absorption peak in the heating process above 

the melting temperature or the liquidus temperature, the peak temperature of which is nearly equal 

to the overheating temperature, indicating that the temperature-induced L-LST does occur when the 

overheating temperature is above the critical overheating temperature and it should relate highly to 

nucleation in the undercooled Co-B eutectic melts. L-LST is not dependent on the heating and 

cooling rates and is irreversible. 

The effect of L-LST on nucleation is interpreted by the recent nucleation theory that considers 

the structure of overheated melts, according to which the second melting temperature 
2mT  can be 

calculated and is nearly equal to the critical overheating temperature 0

cT , indicating that the tiny 

crystals that can be survival above to 
2mT  is highly related to L-LST. This work provides further 

evidences for L-LST and is helpful for our understanding of solidification in undercooled melts. 

The structure transition inside liquid Co81.5B18.5 alloy have been studied by in-situ 

magnetization measurement. The magnetic field independent L-LST temperature at ~1553 K is 

evidenced in the overheated Co81.5B18.5 alloy. Two paramagnetic Curie temperatures (θp(LI), θp(LII)) 

corresponding to the two different structures of the liquids are determined. θp(LII) is ~1093 K and 

decreases only slightly with the increasing magnetic field intensity, whereas, θp(LI) shifts to lower 

temperature with the increasing magnetic field intensity. 

Investigations were conducted to two other alloys, i.e., Co81.5B18.5 and Co83B17, and the results 

indicated that this anomalous behavior is a universal formula for the Co-B binary alloy system. With 

the increasing Co content, T0, θp(LI) and θp(LII) shift to higher temperatures and the Curie constants 

for the Liquid I and Liquid II decrease. Based on the LLCP, a defined guideline is drawn above the 
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liquidus in the Co-B phase diagram, which has some guidance significances to the practical melt 

treatment. 

4.4 Résumé 

Des mesures de surchauffe et de refroidissement cycliques ainsi que des mesures DSC ont été 

effectuées pour les alliages hypereutectiques Co80B20, eutectiques Co81.5B18.5 et hypoeutectiques 

Co83B17. Pour chaque alliage, il y a une température critique de surchauffe Tc
0 à laquelle il y a une 

brutale augmentation du sous-refroidissement moyen, c'est-à-dire passant de 80°C pour une 

surchauffe inférieure Tc
0, à 200 °C pour une surchauffe supérieure à Tc

0. La température critique de 

surchauffe est de 1360 °C pour l'alliage hypereutectique Co80B20, 1380 °C pour l'alliage eutectique 

Co81.5B18.5 et 1390 °C pour l'alliage hypoeutectique Co83B17. 

Les mesures DSC montrent qu'il y a un pic d'absorption thermique dans le processus de 

chauffage au-dessus de la température de fusion ou de la température du liquidus, dont la 

température maximale est presque égale à la température critique de surchauffe, ce qui indique que 

la transition structurale liquide-liquide induite par la température se produit lorsque la température 

de surchauffe est supérieure à la température critique de surchauffe et que celle-ci doit être 

étroitement liée à la nucléation dans les liquides eutectiques Co-B sous refroidies. Cette transition 

structurale liquide-liquide ne dépend pas des vitesses de chauffage et de refroidissement et est 

irréversible. 

L'effet de la transition structurale liquide-liquide sur la nucléation est interprété par la théorie 

récente de la nucléation qui considère la structure des métaux liquides surchauffées, selon laquelle 

la seconde température de fusion Tm
2 peut être calculée et est presque égale à la température critique 
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de surchauffe Tc
0, indiquant que la survie de petits cristaux au-dessus de Tm

2 est fortement liée à la 

transition structurale liquide-liquide. Ce travail fournit d'autres preuves de la transition structurale 

liquide-liquide et est utile pour notre compréhension de la solidification dans les métaux liquides 

sous-refroidis. 

La transition structurale dans l'alliage liquide Co81.5B18.5 a été étudiée par des mesures 

d'aimantation in-situ. Une température de transition struturale liquide-liquide, indépendante du 

champ magnétique à ~1553 K, est mise en évidence dans l'alliage surchauffé Co81.5B18.5. 

Deux températures paramagnétiques de Curie (θp(LI), θp(LII)), correspondant aux deux structures 

différentes des liquides sont déterminées. θp(LII) est ~1093 K et ne diminue que très légèrement 

avec l'intensité croissante du champ magnétique, tandis que θp(LI) passe à une température 

inférieure avec l'intensité croissante du champ magnétique. 

Des études ont été menées sur deux autres alliages, Co81.5B18.5 et Co83B17, et les résultats indiquent 

que ce comportement anormal est une règle universelle pour le système d'alliage binaire Co-B. Avec 

l'augmentation de la teneur en Co, T0, θp(LI) et θp(LII) passent à des températures plus élevées et 

les constantes de Curie pour le liquide I et le liquide II diminuent. Sur la base du des coordonnées 

du point de transition structural liquid-liquide, une ligne guide est tracée au-dessus du liquidus dans 

le diagramme de phase Co-B, qui aura des implications significatives pour une mise en œuvre 

concrète de la fusion. 

  



Chapter 4 Temperature induced structure transition above liquidus 

86 
 

 

  



Chapter 5 Magnetic-field-induced chain-like assemblies of the primary phase during non-

equilibrium solidification of a Co-B eutectic alloy: Experiments and modeling 

87 
 

Chapter 5 Magnetic-field-induced chain-like assemblies of the primary phase 

during non-equilibrium solidification of a Co-B eutectic alloy: Experiments and 

modeling  

5.1 Introduction 

Processing metallic materials in an imposed strong magnetic field, as a cutting-edge technique, 

has attracted pronounced academic interest in the last few decades since a magnetic field of 10 T or 

higher becomes easily attainable with the development of superconducting technique [162]. A new 

research area called electromagnetic processing of materials has been considered to be a cutting-

edge technique. When the material was processed under an imposed magnetic field, a variety of 

appealing phenomena, including magnetic orientation [147, 163, 164], levitation [165], strong 

magnetized liquid [82, 152], magneto-thermodynamics [76, 81], magneto-hydrodynamics [166], 

were reported. Furthermore, the magnetic field could be a powerful tool in tailoring the properties 

of materials by controlling the microstructure, grain size or even phase selection [167].  

Xuan et al. [168] found that the formation of stray grains during directional solidification can 

be effectively suppressed by a high magnetic field, thus improving significantly the mechanical 

properties of the Ni-based single crystal superalloy. Hu et al. [169] reported that the magnetic field 

increases the macro segregation of primary silicon phase during direction solidification of a 

hypereutectic Al-Si alloy. Studies were conducted to show the effect of the high magnetic field on 

dendritic growth. The results indicated that the magnetic field significantly affected the orientation 

and destruction of the dendrites and even induced the transition from columnar to equiaxed dendrites 

[170-172]. These investigations [168-173] are focused on directional solidification. 
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Different from directional solidification, the heat and mass transportations are intrinsically 

different in the non-equilibrium process. The undercooled melt corresponds to a non-equilibrium 

state whose driving force for crystallization, i.e., the Gibbs free energy difference between the solid 

and liquid, increases with increasing undercooling. As a result, a number of possible solidification 

paths can occur due to the lower Gibbs free energy of metastable solids [174]. In this sense, the 

investigation of solidification of an undercooled melt with an imposed magnetic field is of 

tremendous importance from both the fundamental and practical points of view. 

Hitherto, few studies have been carried out for non-equilibrium solidification of undercooled 

alloys under the magnetic field. Wei et al. [167] found that both undercooling and the magnetic field 

can affect the microstructures of the Cu-Co alloy. Without the magnetic field, the size of the 

spherical Co-rich phase increases with undercooling. Under a magnetic field of 6 T, the Co-rich 

particles are elongated along the direction of magnetic field and the volume fraction of the Co-rich 

phases reduces significantly. Wang et al. [174] reported that the mean undercooling of the 

undercooled Co-Sn melt is not altered by the homogeneous magnetic field but depressed by the 

gradient magnetic field. Furthermore, the critical undercooling for precipitation of the primary Co 

dendrite phase was found to be strongly affected by the external magnetic field [81].  

The present work aims to investigate the effect of an external magnetic field of 4 T on the 

morphologies of the primary α-Co phase in undercooled Co-81.5at.%B eutectic alloy. The 

experiment results showed that the magnetic field had a great influence on the morphological 

alignment. Magnetic-field-induced chain-like assemblies of the primary α-Co phase were observed. 

A simple model was proposed to calculate the magnetic torque generated by an imposed magnetic 

field on a ferromagnetic body. The mechanism of morphological alignment was analyzed and 
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discussed. 

5.2 Experimental 

Master alloys with a composition of Co-81.5at.%B were prepared by arc melting. The master 

alloy of about 25 g was machined into candidate samples with an average mass of about 1 g. One 

of them was analyzed by scanning electron microscope (SEM, VEGA II LMH) and X-ray diffraction 

(XRD, DX 2700) to show the microstructures for near-equilibrium solidification. 

The undercooling experiments were conducted under a homogeneous magnetic field, where 

the field intensity is the maximum and no field gradient is present. More details on the experiments 

are available in chapter 2. 

The as-solidified samples were prepared following standard metallographic procedures (i.e., 

hot mounting in resin, grinding in the sequence from 220# to 2000# sand papers and polishing). The 

microstructures were observed by a VEGA II LMH SEM instrument with the back-scattered 

electron (BSE) mode. 

5.3 The effect of the magnetic field on the non-equilibrium solidification 

5.3.1 Original microstructure and phase constituent 

According to the phase diagram of the Co-B system [74], the Co-18.5at.%B alloy is at the 

equilibrium eutectic point and is constituted by the α-Co and β-Co3B phases. Consequently, the 

master alloy used presently has a complete lamellar structure (Fig. 5.1a). Some of the α-Co phases 

are transformed into the ε-Co phases with a different crystal structure by a solid-state phase 

transformation, being consistent with the XRD patterns (Fig. 5.1b). 
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Fig. 5.1. (a) SEM image and (b) XRD patterns of the as solidified Co-81.5at.%B eutectic alloy. 

5.3.2 Samples processed without an imposed magnetic field 

Fig. 5.2 shows the microstructure of Co-81.5at.%B eutectic alloy solidified at various degree 

of undercooling. For ΔT=63 K, a small amount of coarse α-Co dendrites (light grey block) are 

surrounded by eutectic structures (grey region) and the lamellar eutectics are predominant; see Fig. 

5.2a. In the case of ΔT=85 K, the volume fractions of primary α-Co dendrites and anomalous 

eutectics increase. However, the size of primary α-Co dendrites decreases slightly (Fig. 5.2b). When 

undercooling increases to about 110 K, the microstructure changes to a mixture of fine broken α-Co 

dendrites and anomalous eutectics; see Fig. 5.2c. The break of the primary dendrite can be attributed 

to re-melting during recalescence [175]. At the maximal undercooling obtained in the present work 

ΔT=204 K, fine anomalous eutectic colonies can be found (Fig. 5.2d). The edge of the eutectic 

colony is consisted by fine vermiculate α-Co crystals embedded in fine anomalous eutectic matrix, 

which is the same type of anomalous eutectic shown in Fig. 5.2c. A similar microstructure was 

found in the Co-20at.%Sn hypo-eutectic alloy [176]. 
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Fig. 5.2. Backscattered electron images of the Co-81.5at.%B eutectic alloys solidified with different 

undercooling: (a) ΔT=63 K, (b) ΔT=85 K, (c) ΔT=110 K and (d) ΔT=204 K. The magnified graphs 

corresponding to the square frames in Figs. 5.2c and 5.2d are shown in Figs. 5.2c1 and 5.2d1. 

5.3.3 Samples processed under a magnetic field of 4T 

Fig. 5.3 provides the representative backscattered electron images of undercooled Co-

81.5at.%B eutectic alloys solidified under a magnetic field of 4 T. A clear alignment of the primary 
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α-Co phase is observed. Without a magnetic field, the primary α-Co phase (light grey block in Fig. 

5.2) exhibits a disordered nature. After an application of a magnetic field of 4 T, the primary α-Co 

phase is aligned in such a way that the primary dendrite trunk of the α-Co phase is parallel to the 

magnetic field direction and tends to form a chain-like structure [177]; see Fig. 5.3a. With the 

increase of undercooling, part of the primary α-Co dendrites are broken and the magnetic field 

alignment is not remarkable (i.e., there is an angle difference between the primary dendrite trunk 

and the field direction); see Fig. 5.3c. As undercooling increases further, the primary α-Co dendrites 

are fully broken and the ellipsoidal primary α-Co particles are stacked as long chains along the 

direction of the applied magnetic field (Fig. 5.3e). Gaucherand et al. [80] observed a similar 

microstructure in the Co-B eutectic alloys with an external magnetic field of 3 T. At the maximal 

undercooling, ΔT=194 K, obtained in the present work, the morphology is not remarkably different 

from the sample solidified without the magnetic field (Fig. 5.2d), except that most of the primary α-

Co particles within the anomalous eutectics colonies are self-organize as chain-like structures along 

the direction of external magnetic field; see Fig. 5.3g. Nevertheless, no clear alignment can be 

observed on the transverse sections, i.e., the primary α-Co phase distributes randomly through the 

whole samples, see Figs. 5.3b, 5.3d, 5.3f and 5.3h. 
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Fig. 5.3. Longitudinal (left, parallel to the direction of magnetic field) and transverse (right, perpendicular 
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to the direction of magnetic field) structures of Co-81.5at.%B eutectic alloys solidified under a magnetic 

field of 4 T with different undercooling: (a, b) ΔT=58 K, (c, d) ΔT=76 K, (e, f) ΔT=108 K and (g, h) 

ΔT=194 K. The corresponding macrostructures are shown as inserts Figs. 5.3a1-5.3f1. The inserts Figs. 

5.3g1 and 5.3h1 are the magnified graphs of the fine anomalous eutectic colonies shown in Figs. 5.3g 

and 5.3h. 

5.4 The mechanism of magnetic-field-induced chain-like assemblies of the primary 

phase 

5.4.1 Magnetic alignment of the primary α-Co phase 

To achieve magnetic alignment, a crystal needs to bear magnetic anisotropy. This means that 

the magnetic susceptibility is different in different crystal axes or dimensions [178]. The former, 

which corresponds to crystallographic alignment, is due to magneto crystalline anisotropy. The latter, 

which corresponds to morphological alignment, is ascribed to the shape anisotropy that results in 

the difference in the demagnetization factor [179]. When the anisotropic magnetic energy ∆E is 

higher than the thermal energy (i.e., ∆E>KBT, where KB is the Boltzmann constant and T is the 

absolute temperature) [178], the magnetic torque exerted on this anisotropic crystal makes the 

crystal to follow a fixed orientation (e.g., the crystallite is aligned to their maximum magnetic 

susceptibility or the longest dimension parallel to the direction of the applied field), thus decreasing 

the magnetization energy [88]. 

The magnetization energy E for unit volume is given by [180]: 

 0
0

aH

aE MdH    (5.1) 

where μ0=4π∙10-7 H m-1 is the magnetic constant, M is the magnetization and Ha is the imposed 



Chapter 5 Magnetic-field-induced chain-like assemblies of the primary phase during non-

equilibrium solidification of a Co-B eutectic alloy: Experiments and modeling 

95 
 

magnetic field. 

For the non-magnetic materials (|χ|≪1) such as diamagnetic (χ<0) and paramagnetic (χ>0) ones, 

the M-H curve is a linear one (see Fig. 5.4a) and the magnetization is related to the internal field by 

the susceptibility of the materials χ: 

 = iM H  (5.2) 

The internal field Hi is consisted of the applied field Ha and the demagnetizing field Hd: 

 i a dH H H   (5.3) 

The demagnetizing field is related to the magnetization by a tensor n of demagnetization factors 

based on the body geometry: 

 dH nM   (5.4) 

Therefore, M can be expressed as: 

  1 aM n H    (5.5) 

Then E is evaluated from Eqs. (5.1) and (5.5) as: 

     2
0 0

0

1
1 1

2

aH

n a a aE n H dH n H            (5.6) 

 

Fig. 5.4. M-H curves for (a) paramagnetic and (b) ferromagnetic material. 

For the ferromagnetic materials (|χ|≫1), the M-H curve is a non-linear one and the 

magnetization saturates at a certain magnetic intensity (see Fig. 5.4b). The magnetization curve can 
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be divided into two distinct regions. In the first region (I), the magnetization grows non-linearly 

with the applied field until it reaches a saturation value. In the second region (II), the constant-

magnitude saturated magnetization vector rotates toward to the applied field asymptotically as the 

field’s strength increases. The approximate expression of E can be obtained by assuming that M is 

saturated at a certain magnetic intensity Hs, i.e., HS=nMS. And the magnetization M can be expressed 

as M=Ha/n since the susceptibility |χ|≫1. Therefore, Ef is given by: 

 

 
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 (5.7) 

According to a previous study [51], Tc of the α-Co phase in the near-equilibrium state for the 

Co-81.5at.%B eutectic alloys is about 1380 K, i.e., only 26 K smaller than the melting point 

Tm=1406 K. Consequently, the primary α-Co phases precipitated in this work are more likely to be 

in the ferromagnetic state rather than the paramagnetic state, even though Tc of the primary α-Co 

phase may decrease because the composition of soluble boron may increase with undercooling. To 

get direct evidences, magnetization during the heating and cooling processes is in-situ measured; 

see Fig. 5.5. It can be seen that for both cases (at modest and high undercooling), there is a significant 

increase in magnetization at the moment of nucleation, indicating that the precipitated primary α-

Co phases are in the ferromagnetic state. Therefore, the anisotropic magnetic energy ∆E of the 

primary α-Co phases can be calculated using Eq. (5.7) as: 

 
2

/ / 0 / /

1

2
f f sE V E E M V n n       (5.8) 

where V is the volume of the primary crystal, / /fE and fE   are the magnetization energy 

paralleling and perpendicular to the direction of applied field. To simplify the problem, the primary 
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α-Co phases are assumed to have the shape of an ellipsoid of revolution and the magnetization of 

them is saturated at the moment of nucleation under the magnetic field of 4 T. Assuming further 

/ /n n =1/2, the anisotropic magnetic energy ∆E can be estimated, i.e., ∆E = 5.24×10-10 J, which 

is much larger than the thermal energy (KBT is in a magnitude of 10-20 (SI unit)), indicating that 

magnetic alignment of the primary α-Co phases can be easily realized. The parameters used for the 

calculations are listed in Table 5.1. 

 

Fig. 5.5. The cooling and magnetization curves of Co-81.5at.%B eutectic alloy with different 

undercooling: (a) ΔT=54 K and (c) ΔT=230 K. Figs. 5.5b and 5.5d show the ranges around the nucleation 

temperature. The field intensity and gradient are 1.56 T and 23.235 T m-1, respectively. 
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Table 5.1 

Physical parameters used for calculating the anisotropic magnetic energy of the primary α-Co phases. 

Property Symbol Si Unit Value Ref. 

Saturation magnetization2 Ms Am2 kg-1 100 Evaluated from Fig. 5 

Primary crystal volume V m3 2.1×10-15 Evaluated from Fig. 3 

Density 𝜌 kg m-3 8.9×103 [181] 

5.4.2 Rotation of the primary α-Co phase 

The rotation of a crystal particle arises from the torque T caused by the imposed magnetic field. 

The general expression of T is [182]: 

 T VM B   (5.9) 

where B is the applied magnetic field. As mentioned above, for non-magnetic materials, the 

magnetization of the object is linearly related to the applied magnetic field intensity. Therefore, the 

resulting equation for the torque on the object in an applied field is straightforward. However, for 

the ferromagnetic materials, the magnetization is a nonlinear function of the applied magnetic field 

intensity, and the relation between the applied field and the resulting torque is nontrivial. 

Hereinafter, the magnetic torque is taken into account by three different cases, i.e., an isotropic 

non-magnetic crystal in a homogeneous field, an anisotropic non-magnetic crystal in a 

homogeneous field and a ferromagnetic crystal in a homogeneous field. 

For the isotropic non-magnetic particles, the torque is due to a non-uniform demagnetization 

                                                             
2The α-Co phase is the sole ferromagnetic phase (Tc of other phases are very low [153]) around the 

nucleation temperature range in this work, therefore the increase of the magnetization at the moment 

of nucleation (see Fig. 5.5) should come mainly from the nucleation of the α-Co phase. However, it 

should be noted that the magnetization shown in Fig. 5.5 is the average magnetization of the whole 

sample. Therefore, the mass fraction of the primary α-Co phases in the sample should be considered 

and the value is estimated around 5 % by analyzing the microstructures shown in Fig. 5.3. Then the 

saturation magnetization of the primary α-Co phase can be evaluated to be 20 times of the average 

magnetization shown in Fig. 5.5. 
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field and leads to the alignment of the longest dimension (which carries the maximum magnetization) 

along the direction of the applied field. The torque is given as [182]: 

 
 

 
2

2

0

1 3
sin 2

4

n B
T V 




  (5.10) 

where θ is the angle between the principal axis of the cylinder and the direction of the applied 

magnetic field (see Fig. 5.6a). It should be noted that the demagnetization factors for general 

ellipsoidal bodies are constrained by the relation 1x y zn n n   . For an axially symmetric body, the 

relation can be modified as 2 1a rn n  . The axial demagnetization factor na for a prolate ellipsoid 

is given as [183]: 
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       

 (5.11) 

where R≥1 is the ratio of long and short dimensions of the body. 

For an anisotropic non-magnetic crystal, the direction, which carries the maximum 

magnetization (maximum magnetic susceptibility), aligns parallel with the direction of magnetic 

field. The torque is given by [182]: 

  
2

0

1
sin 2

2

B
T V 


   (5.12) 

where 1 2     (see Fig. 5.6b). 

For a ferromagnetic crystal (see Fig. 5.6c), the magnetization of an ellipsoidal body is uniform 

throughout and always parallel to the direction of the internal field Hi, which can be expressed as: 

 

cos cos

1
sin sin
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ipara a

iprep a

H H nM

n
H H M
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 


   (5.13) 

When the field intensity is low enough such that |M|<Ms, i.e., Ha<Hs, the internal field Hi=0. 

Consequently, we have: 
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 (5.14) 

Therefore, the torque can be expressed analytically as: 
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The torque is quadratic in |Ha|, and is maximized when φ=45°. 

When the applied field is high enough such that |M|=Ms, i.e., Ha≥Hs, the internal field Hi>0. As 

mentioned above, the magnetization M is always parallel to the direction of the internal field Hi. 

Consequently, M×Hi=0, i.e., 
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Then, we have: 
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The torque can be expressed analytically as: 
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As can be seen from Eq. (5.17), the torque is not maximized when φ=45° but when θ=45°. The 

torque on the primary α-Co crystal can be calculated with a certain applied-field angle (e.g., φ=45°) 

and a length-to-width ratio of R=4, which is evaluated from Fig. 5.3 (see Fig. 5.7a). In the low-field 
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region (Ha<Hs), the torque increases with the magnetization vector until it saturates but the 

magnetization angle θ is locked. As the field increases beyond saturation (Ha>Hs), the magnitude of 

the torque saturates rapidly and the magnetization vector rotates toward to the applied field until it 

parallels to the direction of the applied field, i.e.,    (see Fig. 5.7b). 

 

Fig. 5.6. Schematic diagrams of (a) an isotropic non-magnetic crystal in a homogeneous field, (b) 

an anisotropic non-magnetic crystal in a homogeneous field and (c) a ferromagnetic crystal in a 

homogeneous field. 

 

Fig. 5.7. (a) The magnetic torque of the primary α-Co crystal versus the applied filed intensity. (b) 

The angle between the applied field and the predicted magnetization versus the applied filed 

intensity. 

When a particle rotates in a liquid, the liquid viscosity induces a rotating torque Tv that prevents 

its rotation, and Tv is proportional to the rotation speed [182]: 

  /vT d dt    (5.19) 
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For ellipsoid particles, ξ is given as [182]: 

  32 6ln 3L R    (5.20) 

where η is the viscosity of the fluid, L is the length of the particle. In the low-field region, the 

magnetization vector increases without rotation until it saturates. As the field increases to a critical 

value, the magnetization vector rotates toward to the applied field. The rotation time t in the high-

field region (Ha>Hs) can be expressed as: 

 
0ln tan tan

2 2
t

 


    
     

    
 (5.21) 

where α0 is the starting angle, α is the angle at time t and τ is a characteristic orientation time. In this 

case, τ is found to be: 

 0 s aM H V    (5.22) 

The rotation time t defined as the interval time that it takes for the particle to rotate from α0=89° to 

α=1° are shown in Fig. 5.8. The parameters used are listed in Table 5.2. The time needed for a 

saturated α-Co particle to rotate is negligible as compared with the crystallization time (see Fig. 5.5), 

indicating that magnetic alignment can be easily realized. 

 

Fig. 5.8. Rotation of the saturated α-Co particles. The angle between the applied magnetic field and 

the magnetization vector is plotted as a function of time. 
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Table 5.2 

Physical parameters used for calculating the rotation time of a saturated α-Co particle. 

Property Symbol Si Unit Value Ref. 

Viscosity η Pa·s 1.35×10-2 [184] 

Length L m 8×10-5 Evaluated from Fig. 5.3 

5.4.3 Formation of the chain-like structures for the primary α-Co phase 

Under a strong magnetic field, the primary α-Co particle in the liquid matrix is magnetized. If 

the magnetization is strong enough, large magnetic forces may develop at the tip and hence make 

the solidifying Co to form as long needles [88]. The magnetization results (see Fig. 5.5) indicate 

that the primary α-Co phases are strongly magnetized and could form small magnets, which are 

similar with the axial magnets, with an imposed magnetic field. This will generate attractive force 

along the field direction and repulsive force in the direction perpendicular to the field direction 

between neighboring α-Co phases [177]. With the aid of these two interactions, the α-Co particles 

attracted and repelled each other and tend to trap other α-Co particles on either top or bottom 

magnetic pole, i.e., to self-organize as chain-like stacking. In addition, as the most energetically 

favorable particles distribution, the chain-like stacking (for which n=0) has the minimal 

demagnetizing energy ( 2

0 / 2nM  per unit volume) [80]. 

In order to better understand the phenomenon that the primary α-Co particles self-organize as 

chain-like stacking, a quantitative analysis was carried out. The force created by a moment m1 (one 

α-Co particle) on the moment m2 (another α-Co particle) at a distance r12 is given as [185]: 

12 12 12 12 12 122 1 1 2 1 2 1 20
1 2

5 7

12 12
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=
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  (5.23) 

With all moments paralleling to the direction of the applied magnetic field and having the same 
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value, the force expression is simplified using the polar coordinates system: 
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  (5.24) 

where ω is the angle between the magnetic field direction and the inter-particle vector. r  is a unit 

vector in the direction of r and   is a unit vector normal to the direction of r. The magnetic 

moment m is given as: 

 m MV   (5.25) 

In the present case, the α-Co particles are approximated as spheres in order to simplify the 

calculations. Dependence of the forces on the radial and angular components is plotted in Fig. 5.9a, 

and on the vectorial equivalent is shown in Fig. 5.9b. As shown in Fig. 5.9b, a saturated α-Co particle 

tends to attract the two closest particles, leading to an aligned chain-like stacking since the maximum 

force is located in the line that goes though the particle and parallel to the magnetic field direction. 

The force generated perpendicular to the magnetic field direction makes two particles repel each 

other. The calculation results are consistent with the experiment ones (see Fig. 5.3), i.e., the primary 

α-Co phases are stacked as long divided chains along the applied field. 

 

Fig. 5.9. Angular dependence of dipole-dipole force: (a) the blue line represents the radial 

component and the red line represents the angular component, and (b) the force is plotted with 
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different position of the second particle. The color-bar denotes the relative magnitude of the force. 

However, to self-organize as chain-like stacking, the α-Co particles need to move through the 

viscous melt. According to the Stokes’s law [186], a fluid drag force will produce by the viscous 

melt and opposes the movement. The force is given as: 

 6F rv   (5.26) 

where r is the radius of the spherical particle and v is the flow velocity relative to the particle. The 

dependence of the velocity v on the angular ω and distance r12 are shown in Fig. 5.10. For a saturated 

α-Co particle, the neighbor saturated α-Co particles are much easier to migrate to either the top or 

bottom of the particle, i.e., to self-organize as chain-like stacking. 

 

Fig. 5.10. The dependence of the velocity v on the angular ω and distance r12. The radius of the 

particle is set to be r=13 μm. 

5.4.4 Favored morphology of the primary α-Co phase 

As shown in Figs. 5.2 and 5.3, the appearance of the primary α-Co phases are rod-like and 

spherical at relatively high undercooling, and the application of magnetic field is more conducive 

to obtain such kind of α-Co phases. Without the magnetic field, the primary α-Co dendrites are still 

visible at ΔT=110 K, even though some of them are ruptured because of re-melting during 
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recalescence; see Fig. 5.2c. Under an imposed magnetic field, only rod-like and spherical primary 

α-Co phases can be found at similar undercooling, see Figs. 5.3e and 5.3f. Li et al. [187] investigated 

the nucleation and growth behaviors of the primary Al2Cu phases in the Al-Cu hypereutectic alloy 

under a magnetic field by differential thermal analysis. The obtained microstructures solidified with 

and without magnetic fields showed a similar discipline. Typical dendrite morphologies of primary 

Al2Cu phases were observed for the case without magnetic field, whereas, the appearance of primary 

Al2Cu phases were inclined to be rod-like and spherical for the case with an imposed magnetic field. 

The tendency of the primary Al2Cu phases to be rod-like and spherical became more obvious with 

the increase of the magnetic field intensity, indicating that the morphology of the precipitated phase 

can be altered when a magnetic field is applied. 

When a magnetic body is placed in a uniform magnetic field, a demagnetizing magnetic field 

will generate inside. The direction of the demagnetizing magnetic field is opposite to the direction 

of the applied field [188]. The appearance of the primary α-Co phases tends to be rod-like and 

spherical in order to reduce the demagnetizing energy ( 2

0 / 2nM ). For a sphere, n=1/3. For a long 

cylinder, n = 0 when M  is along length, and n=1/2 when M  is along the width. 

In addition, the thermoelectric magnetic forces (TEMF) [189] produced by the interaction 

between the thermoelectric currents and the applied magnetic field may also attribute to the 

fragmentation of the primary α-Co dendrites. Lu et al. [170] attributed the destruction of the primary 

dendrite to the TEMF by measuring the Seebeck voltage near the liquid-solid interface. TEMF in 

the solid Al2Cu column was simulated by Wang et al. [190], and the results indicated that a torque 

can form on the column due to the TEMF. This torque would fragment the continuously grown 

column and respond to the refinement. Therefore, compare with the case without the magnetic field, 
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the primary α-Co dendrites under a magnetic field are more apt to fragment and hence to be rod-

like and spherical. 

5.5 Summary 

Effect of a high magnetic field on the morphology and alignment of the primary phase in the 

Co-81.5at.%B eutectic alloy during non-equilibrium solidification has been investigated 

experimentally. The following conclusions can be drawn. 

(1) The field-cooled samples exhibit long primary Co-dendrites with their primary dendrite 

trunk aligned parallel to the magnetic field at relative low undercooling and ellipsoidal primary Co 

particles with their long axis aligned parallel to the applied field at relative high undercooling. The 

shape effect should be responsible for this morphological alignment. 

(2) The Co particles are stacked as long chains along the applied field, however, randomly 

dispersed in the zero field solidified samples. This chain-like stacking structure is a consequence of 

the particle to particle interactions. 

(3) The favored appearance of the primary α-Co phases are rod-like or spherical at relatively 

high undercooling, and the application of magnetic field is more conducive to obtain such kind of 

α-Co phases. 

5.5 Résumé 

L'effet d'un champ magnétique intense sur la morphologie et l'alignement de la phase primaire 

de l'alliage eutectique Co-81.5at.%B pendant la solidification hors équilibre a été étudié 

expérimentalement. Les conclusions suivantes peuvent être tirées. 

(1) Les échantillons refroidis sous champ présentent des dendrites primaires de Cobalt 
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allongées avec leur tronc de dendrite primaire aligné parallèlement au champ magnétique pour un 

sous-refroidissement relativement faible, et des particules primaires de Co ellipsoïdales avec leur 

axe long aligné parallèlement au champ appliqué pour un sous-refroidissement relativement élevé. 

L'effet de forme devrait être responsable de cet alignement morphologique. 

(2) Les particules de Co sont empilées en longues chaînes le long du champ appliqué, mais 

dispersées au hasard dans les échantillons solidifiés sous champ nul. Cette structure d'empilement 

en chaîne est due aux interactions de particule à particule. 

(3) L'aspect préférentiel des phases primaires de Cobalt α est en forme de tige ou sphérique 

avec un sous-refroidissement relativement élevé, et l'application d'un champ magnétique favorise la 

formation de ces phases de Cobalt α. 
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Chapter 6 Conclusions and Perspectives 

6.1 Conclusions 

In the present work, a thorough investigation has been conducted on the Co-B alloys in terms 

of the microstructure evolution during non-equilibrium solidification with/without magnetic field 

and the temperature induced liquid-liquid structure transition. From the experimental and 

calculation results of the present work, following main conclusions can be drawn: 

Microstructure evolution and phase selection in the undercooled hypereutectic Co-

20at.%B alloy 

A transition from hypereutectic to hypoeutectic was found at a critical undercooling of 119 K, 

i.e., phase selection between the α-Co and the β-Co3B phase occurs in the undercooled Co-20at.%B 

hypereutectic alloy. When ∆T <119 K, the morphologies of the undercooled Co-20at.%B alloy are 

characterized by a primary directional dendritic structure of β-Co3B phase surrounded by the α-

Co+β-Co3B regular lamellar eutectics. When ∆T >119 K, the above hypereutectic microstructure is 

replaced by the hypoeutectic microstructure with the α-Co phase as the primary phase. 

From the calculation results of the critical works for nucleation of the α-Co and β-Co3B phase 

in the Co-20at.%B hypereutectic alloy, the critical work for nucleation of the β-Co3B phase is always 

smaller than that of the α-Co phase, indicating that the β-Co3B phase should be the preferred 

nucleation phase over the whole range of undercooling. The successful formation of an effective 

nucleus, however, does not mean that micronucleus can definitely grow into a macro crystal. 

The growth velocities of the α-Co and β-Co3B phases in the undercooled Co-20at.%B 

hypereutectic alloy have been calculated according to the LKT/BCT model. It was found that the 
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preferred nucleation phase is not always the faster growing phase with the increase of undercooling. 

The β-Co3B phase has a prior nucleation over that of α-Co phase at low undercooling. However, the 

growth velocity of the β-Co3B phase is far lower than that of α-Co phase when ΔT>122 K, indicating 

that phase selection between the α-Co and β-Co3B phases is growth-controlled. 

Temperature induced liquid-liquid structure transition in Co-B alloys 

Through utilizing the cyclic superheating and cooling as well as DSC measurements, the 

overheating dependent undercooling in the Co-B alloys were studied. For each alloy, there is a 

critical overheating temperature Tc
0 at which there is a sharp increase of the meaning undercooling, 

i.e., below (above) Tc
0; the mean undercooling is about 80 °C (200 °C). The critical overheating 

temperature is 1360 °C for the hypereutectic Co80B20 alloy, 1380 °C for the eutectic Co81.5B18.5 alloy, 

and 1390 °C for the hypoeutectic Co83B17 alloy. 

DSC measurements show that there is a thermal absorption peak in the heating process above 

the melting temperature or the liquidus temperature, the peak temperature of which is nearly equal 

to the overheating temperature, indicating that the temperature-induced L-LST does occur when the 

overheating temperature is above the critical overheating temperature and it should relate highly to 

nucleation in the undercooled Co-B eutectic melts. L-LST is not dependent on the heating and 

cooling rates and is irreversible. 

The effect of L-LST on nucleation is interpreted by the recent nucleation theory that considers 

the structure of overheated melts, according to which the second melting temperature Tm2 can be 

calculated and is nearly equal to the critical overheating temperature Tc
0, indicating that the tiny 

crystals that can be survival above to Tm2 is highly related to L-LST. This work provides further 

evidences for L-LST and is helpful for our understanding of solidification in undercooled melts. 
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By in-situ measuring the magnetization, the temperature induced liquid-liquid structure 

transition was further investigated. A magnetization anomaly in term of the non-Curie-Weiss 

temperature dependence of magnetization was observed in the overheated state, demonstrating a 

temperature induced liquid-liquid structure transition. This anomalous behavior was found to be a 

universal formula for the Co-B binary alloy system. A transition point (T0) and two paramagnetic 

Curie temperatures (θ(LI), θ(LII)) corresponding to two different structures of the liquids are 

determined. The effects of magnetic field intensity on the liquid-liquid structure transition and 

paramagnetic Curie temperatures are studied. T0 and θ(LII) are found not sensitive to the field 

intensity, whereas, θ(LI) shifts to lower temperatures with the increasing magnetic field intensity. 

With the increased concentration of Co, T0, θ(LI) and θ(LII) shift to higher temperatures and the 

Curie constants for the liquid I and liquid II decrease. Based on the location of T0, a guideline was 

drawn above the liquidus in the Co-B phase diagram, which could provide a significant guidance to 

the practical melt treatment. 

Magnetic-field-induced chain-like assemblies of the primary phase during non-

equilibrium solidification 

The field-cooled samples exhibit long primary Co-dendrites with their primary dendrite trunk 

aligned parallel to the magnetic field at relative low undercooling and ellipsoidal primary Co particles 

with their long axis aligned parallel to the applied field at relative high undercooling. The shape effect 

should be responsible for this morphological alignment. 

The Co particles are stacked as long chains along the applied field, however, randomly dispersed in 

the zero field solidified samples. This chain-like stacking structure is a consequence of the particle to 

particle interactions. 
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The favored appearance of the primary α-Co phases are rod-like and spherical at relatively high 

undercooling, and the application of magnetic field is more conducive to obtain such kind of α-Co phases. 

6.2 Perspectives 

In this PhD work, a thoroughly study was conducted on the Co-B alloys in terms of the 

microstructure evolution during non-equilibrium solidification with/without magnetic field. 

Meanwhile, the temperature induced liquid-liquid structure transition behavior was characterized. 

Comprehensive information concerning these fundamental issues was obtained for the Co-B alloys, 

opening new perspectives on further investigations of this alloy system and can be summarized as 

follows: 

1) For the temperature induced liquid-liquid structure transition, the present work mainly 

focused on the detection and characterization of the transition behavior, the effects of the magnetic 

field intensity on the LLST and paramagnetic curie temperatures and the composition dependent 

characteristic transition temperatures. However, a more in depth analysis of the locally favored 

structures and their stability and transition process still need to be explored. 

2) The present work shows the microstructure evolution processes are affected by magnetic field 

depending on the field intensity and undercooling. With stronger magnetic field up to 25 T, the 

thermal and solute convection in the melt are influenced more drastically. Therefore, the 

microstructure evolution processes must be different and need to be studied to improve our 

knowledge. 

6.3 Conclusions et perspectives 

Dans le cadre du présent travail, une étude approfondie a été menée sur les alliages Co-B en 
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termes d'évolution de la microstructure lors d'une solidification hors équilibre avec/sans champ 

magnétique et de la transition liquide-liquide induite par la température. Les résultats expérimentaux 

et numériques permettent de tirer les principales conclusions suivantes : 

Evolution de la microstructure et sélection de phase dans l'alliage hypereutectique 

sous-refroidi Co-20at.%B 

Une transition de l'hypereutectique à l'hypoeutectique a été observée à un sous-refroidissement 

critique de 119 K: une sélection de phase entre la phase α-Co et la phase β-Co3B se produit dans 

l'alliage hypereutectique Co-20at.%B sous refroidi. Lorsque ∆T <119 K, les morphologies de 

l'alliage Co-20at.%B sous-refroidi sont caractérisées par une structure dendritique directionnelle 

primaire de phase β-Co3B entourée par l'eutectique lamellaire régulier α-Co+β-Co3B. Lorsque 

∆T >119 K, la microstructure hypereutectique ci-dessus est remplacée par la microstructure 

hypoeutectique avec la phase α-Co comme phase primaire. 

D'après les résultats des calculs des travaux critiques pour la nucléation de la phase α-Co et β-Co3B 

dans l'alliage hypereutectique Co-20at.%B, le travail critique pour la nucléation de la phase β-Co3B 

est toujours inférieur à celui de la phase α-Co, indiquant que la phase β-Co3B devrait être la phase 

de nucléation préférentielle sur toute la plage du sous refroidissement. La formation réussie d'un 

noyau critique ne signifie toutefois pas que ce micro-noyau puisse se transformer en macro-cristal. 

Les vitesses de croissance des phases α-Co et β-Co3B dans l'alliage hypereutectique Co-20at.%B 

sous-refroidi ont été calculées selon le modèle LKT/BCT. On a constaté que la phase de nucléation 

préférentielle n'est pas toujours la phase de croissance plus rapide avec l'augmentation du sous-

refroidissement. La phase β-Co3B a une nucléation antérieure à celle de la phase α-Co à faible sous-

refroidissement. Cependant, la vitesse de croissance de la phase β-Co3B est bien inférieure à celle 
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de la phase α-Co lorsque ΔT>122 K, indiquant que la sélection de phase entre les phases α-Co et β-

Co3B est contrôlée par la vitesse de croissance. 

Transition structurale liquide-liquide induite par la température dans les alliages Co-

B 

En utilisant les mesures de surchauffe et de refroidissement cycliques ainsi que les mesures 

DSC, on a étudié la dépendance du sous-refroidissement en fonction de la surchauffe dans les 

alliages Co-B. Pour chaque alliage, il y a une température critique de surchauffe Tc
0 au-dessus de 

laquelle il y a une brusque augmentation du sous-refroidissement moyen, c'est-à-dire passant de 

80°C pour une surchauffe inférieure Tc
0, à 200 °C pour une surchauffe supérieure à Tc

0. La 

température critique de surchauffe est de 1360 °C pour l'alliage hypereutectique Co80B20, 1380 °C 

pour l'alliage eutectique Co81.5B18.5 et 1390 °C pour l'alliage hypoeutectique Co83B17. 

Les mesures DSC montrent qu'il y a un pic d'absorption thermique dans le processus de 

chauffage au-dessus de la température de fusion ou de la température du liquidus, dont la 

température maximale est presque égale à la température de surchauffe, ce qui indique que la 

transition structurale liquide-liquide induite par la température se produit lorsque la température de 

surchauffe est supérieure à la température critique de surchauffe et que celle-ci doit être étroutement 

liée à la nucléation dans les liquides eutectiques Co-B sous refroidis. Cette transition structurale 

liquide-liquide ne dépend pas des vitesses de chauffage et de refroidissement et est irréversible. 

L'effet de la transition structurale liquide-liquide sur la nucléation est interprété par la théorie 

récente de la nucléation qui considère la structure des métaux liquides surchauffés, selon laquelle 

une seconde température de fusion Tm
2 peut être calculée et est presque égale à la température 

critique de surchauffe Tc
0, indiquant que la survie de petits cristaux au-dessus de Tm

2 est fortement 
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liée à la transition structurale liquide-liquide. Ce travail fournit d'autres preuves de la transition 

structurale liquide-liquide et est utile pour notre compréhension de la solidification dans les métaux 

liquides sous-refroidis. 

En mesurant in situ l'aimantation, la transition de la structure liquide-liquide induite par la 

température a été étudiée plus en détail. Une anomalie d'aimantation, en termes de non dépendance 

en température de la loi de Curie-Weiss a été observée à l'état surchauffé, ce qui démontre une 

transition structurale liquide-liquide induite par la température. Ce comportement anormal s'est 

avéré être une règle universelle pour le système binaire Co-B. Un point de transition (T0) et deux 

températures paramagnétiques de Curie (θ(LI), θ(LII)) correspondant à deux structures différentes 

des liquides sont déterminés. Les effets de l'intensité du champ magnétique sur la transition liquide-

liquide et les températures paramagnétiques de Curie sont étudiés. T0 et θ(LII) ne sont pas sensibles 

à l'intensité du champ, tandis que θ(LI) passe à des températures plus basses avec l'intensité 

croissante du champ magnétique. Avec l'augmentation de la concentration en Cobalt, T0, θ(LI) et 

θ(LII) passent à des températures plus élevées et les constantes de Curie pour le liquide I et le liquide 

II diminuent. En se basant sur l'emplacement de T0, une ligne directrice a été tracée au-dessus du 

liquidus dans le diagramme de phase Co-B, ce qui pourrait fournir une aide importante pour le 

traitement pratique de la fusion. 

Assemblages en chaîne induits par champ magnétique de la phase primaire pendant 

la solidification hors équilibre 

Les échantillons refroidis sous champ présentent des co-dendrites primaires longues avec leur 

tronc de dendrite primaire aligné parallèlement au champ magnétique pour un sous-refroidissement 

relativement faible et des particules primaires de Co ellipsoïdales avec leur axe long aligné 
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parallèlement au champ appliqué pour un sous-refroidissement relativement élevé. L'effet de forme 

devrait être responsable de cet alignement morphologique. 

Les particules de Cobalt sont empilées en longues chaînes le long du champ appliqué, mais 

dispersées au hasard dans les échantillons solidifiés en champ nul. Cette structure d'empilement en 

chaîne est une conséquence des interactions de particule à particule. 

L'aspect préférentiel des phases primaires de α-Co est en forme de tige ou sphérique pour un 

sous-refroidissement relativement élevé, et l'application d'un champ magnétique favorise l'obtention 

de ce type de phases de Cobalt α. 

Dans ce travail de thèse, une étude approfondie a été menée sur les alliages Co-B en termes 

d'évolution de la microstructure lors d'une solidification hors équilibre avec ou sans champ 

magnétique. Le comportement de transition de la structure liquide-liquide induite par la température 

a été caractérisé. Des informations complètes sur ces questions fondamentales ont été obtenues pour 

les alliages Co-B, ouvrant de nouvelles perspectives pour les études ultérieures de ce système 

d'alliages et peuvent être résumées comme suit: 

1) Pour la transition de structure liquide-liquide induite par la température, le présent travail s'est 

principalement concentré sur la détection et la caractérisation du comportement de transition, les 

effets de l'intensité du champ magnétique sur les températures de transition structurale liquide-

liquide et les lois de Curie paramagnétique ainsi que sur la dépendance en températures de ces 

transitions. Toutefois, une analyse plus approfondie des structures locales privilégiées, de leur 

stabilité et de leur processus de transition doit encore être explorée. 

2) Le présent travail montre que les processus d'évolution de la microstructure sont influencés par 

le champ magnétique et dépendent de l'intensité du champ et du sous-refroidissement. Avec un 



Chapter 6 Conclusions and Perspectives 

117 
 

champ magnétique intense jusqu'à 25 T, la convection thermique et la convection du soluté dans 

l'alliage fondu sont plus fortement influencées. Par conséquent, les processus d'évolution de la 

microstructure sont certainement différents et doivent être étudiés pour amé liorer notre 

connaissance du système. 
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