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Copper-cobalt (Cu-Co) alloys (particularly with small to intermediate cobalt 

content) have been widely studied because they exhibit several promising properties for 

magnetic, microelectronic, structural, and catalytic applications. In this work, Cu-Co 

alloys of 30 to 40 at% Co were of interest and were studied under various bulk 

supercooling and cooling conditions using an electromagnetic levitation (EML) system 

equipped with rapid solidification devices. It was found that various types of 

microstructures can be obtained depending on composition, and on bulk supercooling and 

cooling rates. Above the metastable liquid phase separation (MLPS) temperature, 

depending on composition, the microstructure changed from dendritic to nondendritic 

microstructure as the supercooling and cooling rates increased. On the other hand, MLPS 

microstructures with Co-rich spherulites in Cu-rich matrix could be obtained if the liquid 

was bulk supercooled below the MLPS temperature. It was also found that 

electromagnetic stirring and thermal recalescence during the levitation stage could alter 



xiv 

or destroy the MLPS microstructure. However, rapid solidification immediately after the 

MLPS could yield a desirable microstructure with homogeneous distribution of 

submicron-size spherulites in matrix.  

In addition to the EML experiment, numerical simulation was also used to explain 

and compare with the experimental results. It was numerically shown that an increase in 

cobalt content slightly suppressed the solidification velocity and cooling rate of the alloy. 

On the other hand, bulk supercooling and large mold/sample heat transfer coefficient 

significantly enhanced the solidification velocity and cooling rate of the alloy. 

Particularly, microstructural evolution predicted using the numerical simulation showed 

good agreement with experimental results. Numerical simulation was also used to predict 

coarsening behavior during the liquid state of an MLPS Cu-Co alloy with 30 to 40 at% 

Co. The coarsening parameters in experimental results showed reasonable agreement 

with theoretical predictions. 
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CHAPTER 1 
INTRODUCTION 

Copper and copper alloys have a long history in human civilization. Early uses of 

copper and its alloys were found in China and the Middle East, and expanded to Europe 

from 4500-1500 B.C. (the copper and bronze age). Bronze was accidentally discovered, 

where the copper sites were rich with tin, and it became a better choice for producing 

practical tools and weapons throughout Central Europe, Southern Spain, the British Isles, 

Northern Italy, and the South of France [1]. Around the 15th century, copper and bronze 

fabrication had become an important occupation and the foundation of human 

civilization. Currently, copper and its alloys have been widely used in several 

applications (architectural, constructional, transportation, structural, marine, electrical, 

telecommunication, and electronic) [2]. A great example is the Statue of Liberty: her 

beautiful greenish skin is made of oxidized copper [2]. Copper is also found in several 

advanced applications such as the computer chip. Copper interconnects improve the 

performance and efficiency of computers because it can provide much faster operating 

speeds and greater circuit integration. Up to 200 million transistors can be packed onto a 

single chip. According to a recent statistical report, global copper consumption has 

increased steadily every year. Most copper and copper alloys consumed in the United 

States are for electrical applications [2].  

Fifty-four binary systems of copper (Cu) have been discovered and studied [3, 4]. 

Most of these systems have been thoroughly investigated. Alloys of these systems have 

been used in various applications, while research and development are ongoing for some 
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of these systems. Among the 54 binary systems, there are 15 binary systems of Cu with 

Boron (B), Bismuth (Bi), Carbon (C), Cobalt (Co), Chromium (Cr), Iron (Fe), Mercury 

(Hg), Iridium (Ir), Lithium (Li), Niobium (Nb), Lead (Pb), Rhodium (Rh), Silicon (Si), 

Thallium (Tl), and Vanadium (V); indicating a dominating liquid/solid (S+L) regime 

covering a wide range of temperature and composition in their equilibrium phase 

diagrams. According to the physical properties of these 15 elements, the dominating S+L 

regimes in these binary systems may result from a significant difference between the 

melting temperatures of these elements and that of Cu (Table 1-1). However, the most 

important reason for the dominating S+L regimes in these systems is the large positive 

enthalpy of mixing [5], which results in very small mutual solubility and hence 

immiscibility at low temperature.  

The 15 binary systems mentioned previously can be further categorized into two 

groups:  

• Binary diagrams in which the liquidus curve monotonously decreases from one side 
to the other. 

• Binary diagrams with a two-liquid mixture dome.  

For the first group, as temperature decreases, the separation between the liquidus and 

solidus temperature increases. For the second group, a unique phase diagram with a two-

liquid mixture dome on the top of an L+S regime is known as a monotectic phase 

diagram [6] and the monotectic reaction is represented by the invariant reaction 

SLL +→ 21 . Below a monotectic temperature, the binary diagrams of the second group 

indicate a similar L+S regime to that of the first group. 

Among the above-mentioned binary systems, Cu-Fe and Cu-Co systems are of 

interest for several applications. Most of the physical properties of Fe and Co (Table 1-2) 
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are compatible [7]; however, the magnetic transformation temperature (TC) of the Cu-Co 

system is approximately 300°C higher than that of the Cu-Fe system. Such a high TC can 

lead to various opportunities for Cu-Co alloys in elevated-temperature magnetic 

applications. The Cu-Co system is the focus of our study. The fundamental study of this 

system complements previous work on Cu-Fe [8]. 

Some experimental and computational studies show that Cu-Co alloys can be used 

for structural applications [9, 10]. It has been suggested that the strengthening mechanism 

in Cu-Co alloys resulted from dislocation-particle interactions, where the strain field 

around the coherent spherical Co precipitates (induced by the lattice mismatch between 

particles and matrix) interacted with dislocations. Nevertheless, such applications are 

limited to Cu-Co alloys with very fine Co-precipitates (approximately 70 Angstrom) [11]. 

Besides the structural application, Cu-Co alloys show promise for catalytic [12–14] and 

magneto-electronic [15] applications, where the performance of the alloys critically 

depends on the morphology of Co precipitates. For catalytic applications, the 

electrochemical process between copper and cobalt on the surface of the alloys was found 

responsible for high selectivity to alcohol formation via a dual-site mechanism involving 

both Cu and Co of the alloy [14, 16–18], as shown in Equations 1-1 and 1-2.     

 22
0 2)1(2)( nHnOSurfacenCSurfacenHnCOcatalystCo n ++≥→++      (1-1) 

 OHnOHHCnHnOSurfacenCSurface nnn 2122 )1(2)1( −+→++≥ +      (1-2) 

A high volume fraction and homogeneous distribution of Co is also desirable for such 

catalytic reactions. 

Cu-Co alloys were also found to have a unique behavior called Giant-Magneto-

Resistance (GMR), where the electrical resistance of the alloys decreased under applied 
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magnetic fields [19]. This GMR behavior has been observed in several materials 

composed of magnetic and nonmagnetic elements, and the behavior is promising for 

sensing and data-storage applications. The GMR behavior evolves from the behavior of 

conducting electrons at the interfaces between magnetic and nonmagnetic layers [20]. In 

the absence of a magnetic field, electrons suffer spin-dependent scattering at the interface 

(due to opposite electron-spin directions), resulting in low electrical conductivity across 

the interface (Figure 1-1). In contrast, the applied magnetic field aligns the spins in the 

same direction and allows electrons to travel freely across the interface (Figure 1-1). The 

GMR ratio used to quantify such behavior [21] is calculated using Equation 1-3. 

 
),0(

),0(),(
T

TTHratioGMR
ρ

ρρ −
=  (1-3) 

where ρ(H,T) and ρ(0,T) are the electrical resistance measured at the temperature “T” at 

an applied magnetic field of “H” and zero, accordingly. Recent experiments showed that 

high performance Co-Cu alloys such as the GMR material could be obtained in granular 

Cu-Co alloys synthesized using rapid solidification techniques [19, 22]. Magnetic 

properties of these alloys depended heavily on processing conditions, volume fraction of 

the constituent phases, and their microstructures [23]. Moreover, the GMR ratio was 

found to be proportional to the specific area of the Co precipitates [24]. However, for 

rapid solidification followed by precipitation, the volume fraction of the Co-phase was 

limited to around 15 at%, according to the maximum solubility of Co in Cu (which 

limited their GMR performance to about 11%) [25]. Therefore, one could achieve a high 

GMR ratio in a granular Cu-Co alloy, if a larger volume fraction of fine and 

homogeneously distributed Co-phase could be obtained.  
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The morphology of Co in Cu-Co alloys dictating the properties and functionalities 

of the alloy depends on the processing technique. Cu-Co alloys can be synthesized in 

several forms (such as a multi-layer, powders, and ribbons) through thin film deposition 

[26], pulse-plating [27], nebulized spray pyrolysis [28], atomization [29], ball milling 

[30], and melt spinning [31]. Although a conventional solidification process is more 

economical than other techniques for producing bulk-volume Cu-Co alloys, the challenge 

is to minimize and or eliminate chemical segregation. Rapid solidification processing 

(widely used to synthesize advanced alloys) can minimize or eliminate such problems 

and can result in enhanced properties. As discussed later, it is possible to synthesize Cu-

Co alloys with fine and homogeneous Co precipitates in Cu-Co alloys of less than 15 at% 

Co (maximum solubility). However, chemical segregation becomes significant in alloys 

of more than 15 at% Co, where the difference between the liquidus and solidus 

temperatures is significant. Nevertheless, bulk supercooling before solidification of liquid 

Cu-Fe and Cu-Co alloys could lead to metastable liquid phase separation (MLPS) [8] 

resulting in very fine and homogeneous dispersion of Fe-rich or Co-rich spherulites 

throughout a Cu-rich matrix, and vice versa. In addition, a large volume fraction of fine 

and homogeneously dispersed Co spherulites could be obtained via bulk supercooling 

and liquid phase separation of a high Co-content liquid compared to that of conventional 

rapid solidification processes. To achieve such a fine-scale microstructure in Cu-Co 

alloys with large Co contents, one must avoid excessive coarsening, agglomeration, and 

coalescence by rapid solidification immediately after the MLPS. Therefore, we focused 

on finding the optimal condition for obtaining such large Co-content Cu-Co alloys with a 

large volume fraction of fine and homogeneous Co-rich dispersions; and also on 
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fundamental understanding of the microstructural evolution in Cu-Co alloys under 

various bulk supercooling and cooling conditions. 



7 

 

Table 1-1.  Selected properties of elements that form binary systems with copper, with 
large L+S regimes 

Element Atomic number Atomic weight 
(g/mole) 

Melting 
temperature; Tm 

(°C) 
Tm-Tm ,Cu (°C) 

B 5 10.81 2092 1007 
Bi 83 208.98 271 -813 
C 6 12.01 3827 2742 
Co 27 58.93 1495 410 
Cr 24 52.00 1863 778 
Fe 26 55.85 1538 453 
Ir 77 192.22 2447 1362 
Li 3 6.94 181 -904 
Nb 41 92.91 2469 1384 
Rh 45 102.91 1963 878 
Si 14 28.09 1414 329 
Hg 80 200.59 -39 -1124 
Pb 82 207.20 328 -757 
Tl 81 204.37 304 -781 
V 23 50.94 1910 825 
Cu 29 63.55 1085 0 
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Table 1-2.  Selected properties of Co and Fe compared to those of Cu 
Properties Fe Co Cu 

Atomic number 26 27 29 
Atomic weight (g/mole) 55.847 58.933 63.55 
Density (kg/m3) 7870 8832 8930 
Melting temperature (ºC ) 1538 1495 1085 
Crystal structure at room 
temperature 

BCC HCP FCC 

Goldschmidt metallic radius 
(Angstrom) 

1.27 1.25 1.28 

Electrical resistivity (nW-m) 97.1 52.5 16.7 
Thermal conductivity 
(W/m-K) 

80.4 69.0 398.0 

Specific heat capacity 
(kJ/kg-K) 

0.447 0.414 0.385 

Magnetic behavior Ferromagnetic  Ferromagnetic Diamagnetic 
Saturation magnetic 
moment (mB) 

2.216 1.715 — 

Curie temperature (ºC ) 771 1115 — 
Electronic configuration [Ar] 3d(6) 4s(2) [Ar] 3d(7) 4s(2) [Ar] 3d(10) 4s(1) 
Allotropic transformation L→δ (1538ºC), 

δ→γ (1394ºC), 
and γ→α (912ºC) 

L→α (1495ºC) 
and α→ε (422ºC) 

L→S (1085ºC) 



9 

 

 
Figure 1-1.  Mechanism of giant-magneto-resistance in Cu-Co alloys. A) Without applied 

magnetic field. B) With applied magnetic field 
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Copper-Cobalt (Cu-Co) Phase Diagram 

An equilibrium Cu-Co phase diagram was first calculated in 1978 [32]. 

Retrogression of the solidus curve in the Cu-Co phase diagram was later reported [33]. 

The most accepted Cu-Co phase diagram [34] is shown in Figure 2-1. Details of the 

phase diagram are described next. 

The uniqueness of the Cu-Co system is the presence of a dominating L+S regime 

covering a wide range of temperature and composition at above 1085ºC. On the cobalt 

side, two forms of cobalt, α-Co (FCC) and ε-Co (HCP), exist according to its allotropic 

transformations at 1495 and 422°C, respectively. Retrogression of the solidus curve takes 

place 1367°C, where the maximum solubility of Cu in Co is approximately 19.7 at%. As 

temperature decreases, the solubility of Cu in Co decreases, and the maximum solubility 

of Cu in Co are approximately 0.04 at% Cu at 442°C. The magnetic transformation 

temperature linearly increases from 1050 to 1120°C for 91 to 100 at% Co. On the other 

hand, the liquidus curve of the system nonlinearly decreases from 1495 to 1112°C and 

the separation between the liquidus and solidus curves increases significantly as 

temperature decreases. At 1112°C, a peritectic reaction takes place, where 

)%8()%87()%5( 2
1112

11 CoatSCoatSCoatL C⎯⎯ →⎯+
o

. At a constant temperature in the L+S 

region, the separation between the liquidus and solidus lines can be quantified using a 

parameter called an equilibrium partitioning coefficient (ke), 
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S
e C

Ck =  (2-1) 

where CS* and CL* are the solid and liquid compositions, according to the solidus and 

liquidus curves. The equilibrium partitioning coefficient can be independent of 

temperature, if the slopes of liquidus and solidus curves are constant. On the other hand, 

the coefficient is temperature dependent, which is the case for the Cu-Co system. The 

equilibrium partitioning coefficient as a function of temperature is shown in Figure 2-2. 

Slightly above 1112°C, the ke value is approximately 0.0575. It should also be mentioned 

that on the copper side of the phase diagram, the ke value is constant at 1.6 from 1112 to 

1085°C. The solubility of Co in Cu decreases significantly as temperature decreases 

toward 422°C. The maximum solubility of Co in Cu below this temperature is 0.04 at%. 

2.2 Driving Force for Solidification 

Phase transformation from one to another normally requires a driving force (dG), 

which can be in thermal (dT), mechanical (dP) and non-mechanical (δW’) forms [35], as 

described by the Gibbs free-energy (G) equation. 

 'WVdPSdTdG δ++−=  (2-2) 

Solidification is one type of phase transformation, in which a liquid phase transforms into 

a solid phase, and the demarcation between the two phases is a solid/liquid (S/L) 

interface. With the emphasis on the thermal driving force, supercooling is a major driving 

force for a solidification process that can be obtained under several effects such as 

curvature (∆Tr), kinetics (∆Tk), pressure (∆Tp), composition (∆Tc), and temperature (∆Tt) 

[36]. The supercooling due to the first three effects influences the solidification in the 

vicinity of the S/L interface (known as interfacial supercooling). The magnitude of these 
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supercoolings is typically small (2K for r = 0.1 µm for ∆Tr, 0.01 to 0.05K for ∆Tk, and 

10-2 K/atm for ∆Tp). On the other hand, constitutional or compositional supercooling 

resulting from solute build-up in the liquid ahead of the S/L interface can result in several 

degrees of interfacial supercooling, depending on the difference between the equilibrium 

liquidus profile and the temperature gradient ahead of the interface [6], which can be 

approximately calculated by using Equation 2-3. 

 )( 0
* CCmT Lc −−=∆  (2-3) 

where m is the slope of a liquidus line, CL* is the composition of liquid at the interface on 

the liquid side, and C0 is the composition of the bulk liquid. On the other hand, bulk 

supercooling or thermal supercooling (∆Tt) can be attributed to suppression of overall 

temperature of the liquid below its equilibrium melting or liquidus temperature; generally 

has a magnitude in the order of 10 or 100°. If the liquid experiences large bulk or thermal 

supercooling, interfacial supercooling may be negligible.  

2.3 Homogeneous and Heterogeneous Nucleation in Solidification 

Nucleation is the phenomenon of a new phase forming by the accumulation of 

atoms for the starting phase. A driving force is generally required to overcome the 

nucleation barrier (
*

SLG →∆ ) of a new phase. The magnitude of the supercooling driving 

force required for nucleation of a solid phase from a liquid [37] is shown in Equation 2-4. 
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where σS/N is the surface energy between a solid phase and an active nucleation site, VS is 

the molar volume of a nucleating phase, Tm is the melting point of a solid, and ∆Hf is the 

heat of solidification. The S(θ) term is a geometric factor accounting for the wetting 
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angle (θ) between a solid phase and an active nucleation site; and it varies from 0 to 1 for 

θ = 0 to 180°  (Figure 2-3). The wetting angle can be calculated using Young’s equation 

[35], where 

 
LS

NSNL

/

//cos
σ

σσ
θ

−
=  (2-5) 

For copper and cobalt, the S/L surface energies (σS/L) are approximately 0.186 and 0.289 

J/m2 [38].  

The wettability between a solid phase and the nucleation site resulting from the 

equilibrium among the surface energies dictates the level of supercooling required for 

nucleation of a solid phase; the smaller the wetting angle, the better the wettability (and 

hence the smaller the geometric factor). As a result, a small amount of supercooling is 

required for nucleation when the liquid is in contact with a potent nucleant. Such a 

phenomenon is known as heterogeneous nucleation. Heterogeneous nucleation in 

solidification generally takes place in the presence of a crucible wall or solid inclusions 

with similar chemistry to that of liquid. On the other hand, homogeneous nucleation 

(whereby a new solid phase nucleates within a liquid itself) can take place if the 

geometric factor is equal to one. As a result, a large amount of supercooling is usually 

required for homogeneous nucleation. For example, supercooling of about 410 degrees is 

required for homogeneous nucleation of a solid in Cu and Co liquid respectively [39].  

A liquid can experience a considerable thermal and bulk supercooling before the 

nucleation of a solid phase. The liquid may then experience metastable phase 

transformation if the formation of an equilibrium phase is suppressed [40]. For example, 

the liquid (L) can transform into an “A” phase at below T* if it is supercooled for at least 

Tm-T* degrees and no preferential nucleation site for a solid (S) phase exists (Figure 2-4). 
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However, difficulty obtaining large supercooling in liquid metals and alloys under 

conventional processes is due to the presence of active nucleation sites such as container 

surface and impurities, which can result in a small value of the geometrical factor S(θ). In 

general, the following approaches can be used to achieve a large bulk supercooling in 

liquid. 

• High purity materials (such as raw materials) are used, to minimize possible 
heterogeneous impurities. 

• Since the probability of finding nucleants is proportional to the volume of liquid 
[39], dispersion of liquid into a large number of small droplets is needed. 

• A nonreactive crucible material or containerless processing may be required.     

Based on these requirements, several techniques such as emulsification [41], melt fluxing 

[42], atomization [43], drop tube [44], electromagnetic levitation (EML) [45], and 

electrostatic levitation (ESL) [46] (Table 2-1) can be used to achieve large bulk 

supercooling in a liquid before solidification. Among these techniques, EML and ESL are 

of interest, because a metallic or nonmetallic (only for ESL) specimen can be cyclically 

melted and solidified without any physical contact with a crucible material. The operating 

nature of these techniques allows controllability of the supercooling level [47, 48]. The 

EML technique can process a larger specimen (7-mm in diameter) than the ESL 

technique can (less than 1-mm in diameter) [48]. Therefore, we used the EML technique 

to study bulk supercooled Cu-Co alloys. 

2.4 Containerless Processing using the Electromagnetic Levitation (EML) 
Technique 

Electromagnetic field has been used in several metal processing techniques 

particularly induction melting [49]. In the EML technique, magnetic field is used for 

generating levitation forces on a specimen. The magnetic field also results in heating and 
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melting of the specimen. To generate the levitation forces on the specimen, the AC 

current is supplied through an electrically conductive coil. The supplied current 

subsequently induces the magnetic field around the coil. The induced magnetic field then 

induces currents within the surface of the specimen due to the skin effect [50] and the 

depth “δ” of the surface influenced by the magnetic field can be estimated  using the 

following equation.  

 
ωσµ

δ

2
1

1
=  (2-6) 

where  ω is the angular frequency of the applied field, σ and µ are the conductivity and 

the magnetic permeability of the specimen accordingly. The inductive currents due to the 

skin effect can result in the heating and melting of the specimen. In addition, the 

inductive currents produced within the skin depth counteract with the applied magnetic 

field from the levitation coil and result in the Lorentz forces acting toward the specimen 

as described by the following equation. 

 BVqFLorentz

rr
×=  (2-7) 

where Vq
r

is the analogous to the inductive current generated on the specimen’s surface, 

and B
r

is the magnetic field generated by the levitation coil.  

The use of the EML technique to heating and melting metals without a crucible was 

first accomplished in 1952, where two sets of coils (Figure 2-5) were used to stabilize a 

specimen [51]. The design of a levitation coil influences the magnetic force, heating, and 

cooling rate on the specimen [52]. It has been demonstrated that the coil with a 

cylindrical shape as shown in Figure 2-6 has several advantages for a containerless 
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experiment [47]. For example, the cylindrical-shape coil can yield a good stability for the 

levitated specimen. In addition, the specimen can be processed in a reducing atmosphere 

by inserting a glass tube inside the coil and the reducing gases such as argon or hydrogen 

can be delivered through the tube. In addition, the specimen can be cooled down by 

delivering the cooling gas such as helium through the same glass tube.  

Besides the levitation forces, other aspects such as thermal and fluid flow condition 

within the levitated sample are of interest. It was numerically demonstrated that 

temperature difference within the levitated specimens of the diameter between 5 to 9 mm 

was less than 5 degrees [53–56]. However, fluid flow velocity within the specimens is 

quite severe. Therefore, the combination of such conditions is likely to induce the 

uniformity in temperature and composition of the levitated liquid during the EML 

process.  

Due to a contactless nature of the technique, the EML technique can provide bulk 

supercooling to the liquid by eliminating the heterogeneous nucleation sites due to a 

container wall. In addition, the chance of heterogeneous nucleation within a liquid during 

the EML experiment can be minimized by supplying reducing gases such as hydrogen 

and/or argon. These gases prevent the formation of inclusions that can result in 

heterogeneous nucleation, which decreases supercoolability of the liquid. The EML 

technique has been used for the investigation of the effect of bulk supercooling in several 

metals and alloys. Particularly, the use of the EML technique for the study of the bulk 

supercooling effect in Cu-Fe and Cu-Co alloys was initially reported in 1990 [8] and the 

metastable liquid phase separation (MLPS) of bulk supercooled Cu-Fe and Cu-Co liquids 
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was reported in these system. In the following section, the scientific background on the 

MLPS phenomenon particularly in the Cu-Co system will be discussed.   

2.5 Metastable Liquid Phase Separation (MLPS) in Bulk Supercooled Cu-Co Alloys 

According to the equilibrium phase diagram, the Cu-Co liquid is completely 

miscible at above liquidus temperature depending on composition. However, the liquid 

exhibits a tendency toward liquid demixing in the bulk supercooled state as that of Cu-Fe 

system [57, 58]. Such tendency can be demonstrated using the free energy of the Cu-Co 

liquid (
L

totalCoCuG ,− )[32], where 

 L
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L
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L
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L
idealCoCuG ,−  is the ideal free energy of mixing of Cu-Co liquid and 

L
mixingCoCuG ,−∆  is the 

excess free energy of mixing. XCu is the atomic fraction of Cu in Cu-Co liquid, R is 8.314 

J/mole-K and T is temperature (K). Metastable liquid phase separation in Cu-Co liquid 

can be attributed to a large positive enthalpy of mixing (
L

mixingCoCuH ,−∆ ) (Figure 2-7). In 

order to demonstrate the MLPS in the Cu-Co liquid, the free energy of the liquid were 

plotted in the temperature range of the L+S regime; 1112 to 1495°C (or 1385 to 1768 K) 

(Figure 2-7). As the temperature of the liquid decreases during bulk supercooling, the 

free energy curve becomes undulated because of the influence of the enthalpy of mixing. 
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If the liquid is bulk supercooled below a critical temperature, where the free energy of the 

liquid becomes undulating (for a given magnitude of bulk supercooling and composition), 

the free energy of an initial bulk supercooled liquid is larger than that of two liquids with 

compositions corresponding to two minima of the free energy curve. As a result, the 

initial liquid tends to separate into two new liquids to minimize the free energy of the 

system. By plotting the two compositions as described previously as a function of the 

critical temperature, the miscibility boundary can be obtained (Figure 2-8). For Cu-Co 

liquid alloys of less than 40 wt% Co bulk supercooled into the miscibility boundary, the 

liquid will separate into two new liquids, Co-rich spherulites as a minor phase (called L1) 

dispersed in Cu-rich liquid as a major phase (called L2) [8]. On the other hand, the Cu-Co 

liquid alloys of more than 55 wt% Co bulked supercooled into the miscibility boundary 

will separate and compose of Cu-rich liquid spherulites as a minor phase (L2) dispersed 

in Co-rich liquid as a major phase (L1) [59]. For both cases, the fraction of both liquids 

follows the lever rule. The metastable liquid phase separation of the Cu-Co liquid mainly 

takes place by nucleation rather than spinodal decomposition. This is because the 

liquid/liquid interface energy is small; estimated to be less than 10 ergs/cm2 (as 

compared, for example, with 100-300 ergs/cm2 for solid/liquid interfaces) [8]. Therefore, 

an initial microstructure of the MLPS liquid should appear as many small spherulites of 

one liquid within another. 

The studies on the MLPS in Cu-Co system have been done since 1958 (Table 2-2). 

Around 1992, it was found that granular Cu-Co alloys could exhibit the giant-magneto-

resistance (GMR) property and such finding has driven researchers to find methods to 

obtain a high GMR ratio [19]. Nakagawa was first to observe the MLPS in Cu-Co alloys 
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of 50 and 76 at% Co [59]. In his study, the specimens of approximately 400 mg contained 

in a small half-fused pure alumina crucible were melted and quenched together. Magnetic 

susceptibility technique was used to determine the MLPS boundary at which metastable 

liquid immiscibility occurred. It was also observed that if the specimens were quenched 

in water immediately after the initial state of separation, spherical drops would form. 

After Nakagawa, Elder was the first to utilize the EML technique to bulk supercool Cu-

Co alloys of various compositions [8, 58, 60]. The miscibility boundary of the system 

was determined from liquid phase separated specimens by plotting compositions of 

spherulites and matrices versus supercooling temperatures. In addition, the 

experimentally measured MLPS boundary was in good agreement with that predicted by 

thermodynamic calculation [32, 33, 61]. Later on, the existence of the MLPS boundary 

was also confirmed by Li [62] and Robinson [63] through a melt fluxing technique. The 

later author applied a high temperature thermodynamic method and showed a strong 

temperature dependence of the liquid specific heat, which was described in the 

framework of the self-association (clustering) of the binary liquid. Munitz had continued 

several investigations on the system using the EML, drop tube, and electron beam surface 

melting techniques covering a wide range of composition from 10 to 80 at% Co [60, 64–

66]. Under free-fall containerless solidification of 3-mm diameter specimens using the 

drop tube technique, it was found that some specimens revealed the microstructure of fine 

spherulites in the matrix due to the MLPS. It was also found that the condition called 

dynamic supercooling due to rapid solidification without a bulk supercooling caused by 

self-substrating using the electron beam surface melting technique could result in the 

MLPS microstructure. More recently, Yamauchi observed the MLPS in bulk Co-Cu 
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alloys using a high-frequency induction furnace under an argon atmosphere [67]. In his 

study, small amounts of boron (B) were added to some alloys to achieve the MLPS. Since 

then, several investigations on the MLPS in Cu-Co system have been done repeatedly in 

order to obtain homogeneous distribution of fine Co-rich spherulites in Cu-rich matrix in 

high Co-content Cu-Co alloys [57, 59, 60, 62–79]. 

The MLPS was also observed in the ternary Cu-Co-Fe system as well using the 

EML technique [80]. Bulk supercooling of the ternary alloys containing more than 10 

wt% Co and 10 wt% Fe could lead to the formation of two separated liquid phases.  In 

alloys containing more than 54 wt% Cu (depending on the Co and Fe content), the MLPS 

in this alloy generally appeared as dispersed (Fe, Co)-rich spherulites in a Cu-rich matrix, 

whereas for alloys containing less copper, the separation resulted in Cu-rich spherulites in 

a (Fe, Co)-rich matrix. The compositions and phase separation temperatures were found 

to be consistent with the (Fe, Co)-Cu quasi-binary phase diagram. The MLPS in Cu-Co-

Fe and Cu-Fe-Ni-Cr alloys were also observed by Munitz using the laser surface melting 

technique [66, 81, 82]. Such technique led to the formation of extremely fine particles of 

one phase in the other. The MLPS under such technique was believed to be due to 

dynamic supercooling of the laser-melted pool. 

Besides the formation of the MLPS microstructure in a bulk supercooled Cu-Co 

liquid, the microstructural evolution of the MLPS liquid immediately after the onset of 

the MLPS is also of interest. In the following section, the influence of physical conditions 

during the liquid state of MLPS will be discussed.  
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2.6 Coarsening, Impingement and Coalescence of Liquid Spherulites in the MLPS 
Cu-Co Liquid  

When a Cu-Co liquid is bulk supercooled into the miscibility boundary depending 

on composition, it will separate into liquid spherulites dispersed in a liquid matrix with 

compositional difference corresponding to the miscibility boundary. Prior to 

solidification, these spherulites can grow in order to reduce the free energy of the system 

in terms of the surface energy and compositional difference. If the liquid spherulites have 

no relative velocity respect to the liquid matrix, the spherulites are expected to grow and 

coarsen by a pure diffusion process. This diffusive process leads to the growth of larger 

spherulites at the expense of the smaller ones, which is known as Ostwald ripening. The 

relationship between average particle radius and time during the Ostwald ripening can be 

described using the Lipschitz-Slyozov-Wagner (LSW) theory [83, 84], where 
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ro is original mean spherulite radius at the onset of coarsening, r is mean spherulite radius 

at time “t”, VM, VD are the molar volume of the liquid matrix and spherulite, X0 is the 

concentration of the original liquid, XM and XD are the concentrations of the liquid matrix 

and spherulite, σLL is the surface energy between the two liquids, R is the gas constant, D 

is the diffusion coefficient of the minor element, T is the absolute temperature, and t is 

time.  

The purely diffusional growth coarsening theory of LSW predicts the increase in 

the spherulite size with cubic root of time. On the other hand, if the relative velocity 

between the spherulite and the matrix is not zero, the deviation from the LSW theory; a 
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pure diffusional growth coarsening theory is expected. There are many factors that can 

induce the motion of the spherulites and among of those, Marangoni effect, Stokes effect, 

and physical stirring are of interest. First, Marangoni effect is the motion of liquid due to 

the surface tension induced by either the temperature gradient or compositional 

difference within the liquid. Another effect called Stokes effect is the motion of liquid 

spherulites due to the mass density difference between spherulites and matrix. The last 

effect of interest is the fluid convection caused by physical stirring. In this case, the 

coarsening behavior is expected to deviate significantly from that predicted by the LSW 

theory. Moreover, it was suggested that the coarsening of liquid spherulites in the liquid 

matrix is faster than that of solid particles in the liquid matrix because the fluid inside the 

spherulites does not only occur by diffusion but also by convection, which is not the case 

for solid particles [85]. Several studies were done to investigate the Ostwald ripening in 

immiscible liquid systems [86–90]. Particularly, Ratke [85] proposed a general equation 

for the coarsening of liquid/liquid systems for various coarsening conditions, where    

 

n

nr
Kt

r
r

/1

00

1
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+=  (2-14) 

n is the coarsening exponent and K is the coarsening coefficient. When the relative 

velocity between the liquid spherulites and the liquid matrix is zero, the coarsening 

exponent is equal to 3 and the equation follows the LSW theory. If the spherulites travel 

with a constant velocity of U0 respect to the matrix, the coarsening exponent is predicted 

to be 5/2. If the coarsening takes place under the Marangoni effect, the spherulites 

velocity is equal to r m/s, where r is the radius of liquid spherulites and it can be 

demonstrated that the coarsening exponent is equal to 2.  Similarly, under the Stokes 
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effect, the spherulites velocity is approximately r2 m/s and the coarsening exponent is 

predicted to be 3/2. This situation can take place in the MLPS Cu-Co liquid due to the 

difference in the composition of liquid spherulites and matrix. In the EML technique, the 

physical stirring of the levitated liquid can be significant because of the electromagnetic 

field. As calculated by El-Kaddah [53, 54], fluid velocity in a levitated liquid can be as 

fast as 0.3 m/s at the surface and approximately 0.15 m/s at the center of the levitated 

specimen. Particularly for the MLPS Cu-Co liquid during the levitation state, severe 

swirling and impingement of the liquid spherulites (Figure 2-19) can take place during 

the EML experiment as that of the Cu-Fe system [8]. Therefore, in the presence of both 

Marangoni and Stokes effects, it is likely that the coarsening coefficient should be less 

than 3/2.  Moreover, it is expected that the coarsening exponent of the MLPS spherulites 

in the presence of physical stirring such as the electromagnetic stirring during the EML 

experiment should be significantly below the coarsening exponents predicted by Ratke. 

The coarsening of liquid spherulites in the MLPS Cu-Co liquid due to all above effects 

prior to solidification can result in an undesirable destruction of the MLPS 

microstructure. Therefore, the coarsening behavior especially the coarsening exponent in 

this particular case is of interest and it is discussed later.  

Besides the MLPS phenomenon, solidifications of the Cu-Co liquid with and 

without the MLPS are also of interest. In the following sections, the fundamental of alloy 

solidification and the solidification of the MLPS Cu-Co liquid will be discussed. 

2.7 Solidification of Alloys 

2.7.1 Length Scale in Solidification  

Solidification is one type of phase transformations in which a liquid phase 

transforms into a solid phase and it requires a driving force. Consider at the S/L interface, 
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solidification involves the movement of atoms from liquid region toward the solid region 

and it can be mentioned that solidification is an atomic-scale or nano-scale phenomenon. 

The demarcation between liquid and solid atoms can be termed as an atomic-scale or 

nanoscale solid/liquid (S/L) interface (Figure 2-10). On the other hand, at a larger length 

scale at the order of 10-4 m, the S/L interface can be termed as a meso-scale S/L interface 

and it is composed of infinitesimal portions of the atomic or nano-scale S/L interface 

(Figure 2-10). For the later case, three regions covering the transition from liquid to solid 

can be identified as liquid, mushy (containing both liquid and solid) and solid [6].  

At the atomic or nano-scale level, a transition from liquid to solid region 

continuously takes place over a distance and a continuous change in the free energy from 

the solid to liquid phase can be shown in Figure 2-11 [91]. The atomic scale S/L interface 

with a few atomic layers thick is mentioned to be an atomically-sharp interface and 

mentioned to be diffuse interface if the interface layer is relatively large compared to that 

of atomically-sharp one. It has been known that transport phenomena at the atomic-scale 

S/L interface during solidification dictates solute distribution in solidifying alloys. For the 

case that limited diffusion in liquid and solid is assumed, solute atoms are rejected into 

the liquid ahead of the S/L interface according to its corresponding equilibrium 

partitioning coefficient (ke). Solute rejection into the liquid region results in a solute 

boundary layer (δo,i) [6]. The magnitude of the boundary layer can be calculated using the 

following equation. 

 
i

io
io V

D ,
, =δ  (2-15) 

where Do,i  is the interfacial diffusion coefficient of a liquid and Vi is the solidification 

velocity. For local-equilibrium solidification in which the interfacial composition can be 
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approximated using an equilibrium phase diagram, the solidification velocity has to be 

small enough to allow for the compositional arrangement at the S/L interface 

corresponding to a ke value. In the other words, it can be mentioned that chemical 

diffusion is much higher in magnitude than that of thermal diffusion in the case of 

equilibrium solidification. For an equilibrium solidification, the Do,i and δo,i are typically 

2.5x10-9 m2/s and 0.5x10-9 m  [6] and the solidification velocity is necessary to equal or 

less than the io

ioD

,

,

δ ratio or approximately 5 m/s in order to maintain an equilibrium at the 

S/L interface.  

On the other hand, an equilibrium condition at the S/L interfacial diffusion can no 

longer be assumed if the solidification velocity or the inter-diffusion coefficient deviates 

significantly from the equilibrium condition. In this case, an interfacial Peclet number 

(Pi) (including a boundary layer thickness, the solidification velocity, and the interfacial 

diffusion coefficient at the S/L interface) is used to describe thermal and solutal 

conditions at the S/L interface and it can be represented by the following equation 
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where Vi and Di are the velocity and diffusivity of a S/L interface for non-equilibrium 

condition. It can be seen that an increase in the solidification velocity or a decrease in the 

diffusion coefficient will result in a small value of solute boundary layer; δi and hence a 

large Peclet number. Besides the solidification velocity, diffusion coefficient can be 

affected by convection or fluid flow. Increase in convection in the liquid can also 

decrease the boundary layer thickness [92], which in turn results in an increase in the 

Peclet number. As will be discussed in the following section, changes in the Peclet 
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number, which is accounted for the interfacial diffusion coefficient and particularly the 

solidification velocity can alter the partitioning coefficient at the S/L interface of alloys 

during solidification. 

2.7.2 Effect of Solidification Velocity on the Partitioning Coefficient 

Solid/liquid interface velocity affects the partitioning coefficient of alloys [91, 93, 

94]. According to the Aziz’s model, the velocity-dependent partitioning coefficient 

(k(Vi)) can be described by the following equation. 
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Another model proposed by Sobolev [94] can be described by the following equation. 
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where VD and VDi are the bulk and interfacial diffusion speed. Another recent model 

accounting for the Peclet number proposed by Abbaschian and Kurz [91] can be 

described by Equation 2-19. 
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All models provide a common trend in which the coefficient approaches unity as the 

solidification velocity increases. In terms of the Peclet number, the partition coefficient 

also approaches unity as the Peclet number increases (Figure 2-12). As the partitioning 

coefficient approaches unity, the interface composition on the solid (CS*) and liquid 
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(CL*) sides becomes equal and the partitionless solidification take place. In the following 

section, a brief discussion on the partitionless solidification will be provided. 

2.7.3 Partitionless Solidification and T0 Curve 

For an equilibrium phase diagram, solidus (TS) and liquidus (TL) curves are 

constructed from a series of CS* and CL*compositions as a function of temperature in 

which the chemical potential (µ) (the intercepts on both  sides of the free energy-

composition (G-X) curves) are equal (Figure 2-13). Similarly, a series of Cm 

compositions in which the liquid and solid phases have the same free energy (the 

intersection between the two free energy curves) can be constructed and the curve in this 

case is known as T0 curve. The T0 curve is located between the liquidus and solidus 

curves and it is normally not included in the phase diagram. However, the T0 curve has a 

technological importance for rapid solidification processes [95]. For the liquid of the 

composition between TS and T0 curves, there is a chance that the liquid can transform 

into solid of the same composition corresponding to the k value of 1. The theoretical 

study by Boettinger [96] showed that TS and TL curves converge to a single line below T0 

curve at high solidification velocities indicating that rapid solidification processes can 

enhance the homogeneity of solidified alloys by reducing chemical segregation.  

Solidification velocity is an important parameter in solidification processes 

dictating the final microstructural and properties of alloys [36]. A term rapid 

solidification is generally referred to rapid heat extraction from a liquid or particularly 

from a S/L interface. Rapid solidification of liquid alloys was first explored by Duwez 

[97]. Not only rapid solidification can enhance solubility of alloys, it can also result in 

formation of metastable or amorphous phases [98]. Various types of rapid solidification 
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apparatus [99, 100] have been invented and most common rapid solidification techniques 

are melt spinning [98], atomization [43], spray forming [98], laser surface melting, and 

laser forming techniques [101]. The fundamental of these techniques is basically to 

rapidly extract the heat of solidification from the liquid through solid. Rapid heat 

extraction in these techniques can be enhanced by improving the contact condition 

between the mold or substrate and the liquid. On the other hand, disintegrating liquid into 

small portions can also improve the heat extraction rate from the liquid. However, rapid 

heat extraction from the S/L interface is the ultimate key to enhance the S/L interfacial 

velocity during solidification. 

Rapid solidification can enhance the solubility in several alloys that do not exhibit 

significant separation between liquidus and solidus curves (the alloy system with a small 

k). However, as the difference between TL and T0 curves increases, it is more difficult to 

maintain the S/L interface temperature below the T0 temperature in which partitionless 

solidification can take place [102]. In addition, most rapid solidification techniques rely 

on rapid external heat extraction and the thickness of the material being processed [103]. 

As a result, the production of a large-dimension specimen with high solidification rate 

throughout is limited. 

Another important phenomenon involved in rapid solidification processes is known 

as dynamic supercooling. Dynamic supercooling takes place within a thin liquid region 

adjacent to the mold/liquid interface when the liquid solidifies against a cold substrate. It 

is believed that a large difference in temperature between the liquid and the substrate 

results in the suppression in the temperature of the S/L interface below the equilibrium 

liquidus temperature before solidification leading to a metastable or partitionless 
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solidification. Dynamic supercooling is predominant in liquid metal processes such as 

melt spinning, spray forming, and splat cooling techniques. The phenomenon can also be 

observed in self-substrating techniques such as electron beam or laser surface melting in 

which the liquid region at the end of the melt-pool can undergo metastable solidification. 

As mentioned earlier, solid solution of Cu-Co alloys with large cobalt content is 

desirable for several applications. Therefore, rapid solidification of Cu-Co alloys is the 

first choice to achieve such goal. There have been attempts to enhance the solubility of 

cobalt in copper through rapid solidification processes particularly melt spinning (Table 

2-3) [25, 29, 31, 60, 64, 66, 97, 104–117]. However, it can be seen from the Cu-Co phase 

diagram that the difference between the liquidus and solidus temperature is significant 

and this is also true for the liquidus and the T0 temperature. Particularly, the T0 curve is 

significantly below TL for the Cu-Co alloys of 10 to 50 at% Co (Figure 2-8) and the 

enhanced solubility may not be attained. Therefore, bulk supercooling followed by rapid 

solidification is required in order to allow for the significant suppression of the S/L 

interface temperature below the T0 temperature before solidification. 

2.7.4 Mesoscale Solidification of Alloys 

The mesoscale S/L interface during the solidification of an alloy can be divided 

into 3 regions of solid, solid+liquid (mushy), and liquid. It has been known that the 

thermal and compositional profiles around the mesoscale S/L interface dictate the 

morphology of the interface [118]. The thermal profile at the interface is dictated by the 

imposed temperature fields both sides of the interface. On the other hand, the 

compositional profile is dictated by solute distribution in the liquid ahead of the interface. 

The liquidus temperature of the liquid ahead of the interface is varied depending on 

composition of liquid ahead of the interface. For a large positive temperature gradient in 
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the liquid, the thermal profiles can be demonstrated using the diagram “a” in Figure 2-14. 

In this case, the temperature of the liquid is larger than the equilibrium liquidus 

temperature profile corresponding to the solute concentration and the plane-front 

interface is stable. As the temperature gradient in the liquid ahead of the interface 

decreases, there is a region that the temperature of the liquid is lower than the equilibrium 

liquidus temperature profile and therefore the plane-front interface is no longer stable. 

Consequently, a cellular and dendritic morphology is formed as the temperature gradient 

decreases as demonstrated using the diagram“b and c” in Figure 2-14.  As the 

temperature gradient in the liquid becomes small, equiaxed dendrites can form ahead of 

the interface as shown using the diagram “d”. For all cases above, the driving force and 

the morphological development during the solidification is attributed to interfacial 

supercoolings such as kinetics, curvature, and particularly constitutional supercoolings 

[36]. On the other hand, if the liquid is significantly supercooled due to thermal or bulk 

supercooling prior to solidification, the overall temperature of the liquid is significantly 

below its equilibrium liquidus temperature. When the nucleation of a solid takes place, 

the S/L interface is formed and the temperature gradient ahead of the interface is negative 

as shown using the diagram “a” in Figure 2-15. In this case, dendrites or equiaxed 

dendrites can form at the surface of within the bulk supercooled liquid. 

Another important aspect about the solidification of bulk supercooled alloys is that 

equixaed dendrites can form within the bulk supercooled liquid. The nucleation sites for 

the equiaxed dendrites in this case are not at the surface of the mold but potential nucleis 

within the liquid. As a result, isolated equiaxed dendrites can be observed at the onset of 

the solidification of a bulk supercooled liquid and their thermal profiles across the 
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interface can be shown using the diagram “b” in Figure 2-15. For the Cu-Co alloys with 

out the MLPS, the dendritic microstructure is generally observed due to a non-facet 

nature of the system. However, in the alloys experienced a bulk supercooling below the 

MLPS temperature, the liquid spherulites instead of equiaxed dendrites are nucleated 

within a bulk supercooled liquid. In the following section, the solidification of the MLPS 

Cu-Co liquid will be briefly discussed.  

2.7.5 Solidification Sequence of a MLPS Cu-Co Liquid 

The solidification path of a MLPS Cu-Co liquid is considerably different and more 

complicated than that of a single phase supercooled liquid. This is because after the 

MLPS takes place, the initial liquid separates into two new liquids (Co-rich liquid (L1) 

and Cu-rich liquid (L2)) and each liquid phase does not only experience its own 

supercooling, which can be considerably different than the bulk supercooling, but may 

also follow a solidification path considerably different than the bulk. For example, when 

80 wt% Cu-20 wt.% Co alloy is supercooled to 1425K (~200 degrees bulk supercooling), 

the L1 liquid will have a composition around 15% Cu and 85% Co, whereas the L2 liquid 

will have a composition around 95% Cu and 5% Co. At this temperature, the L1 will 

experience 300 degrees supercooling as compared to around 160 for L2.  With such a 

large supercooling, L1 will most likely nucleate and solidify first. Since the L1 

composition is below the T0 curve for the cobalt-rich side of the diagram, it will have 

partitionless solidification at least at the beginning. The L2 liquid, on the other hand, has 

smaller supercooling and gets nucleated by the L1 spherulites. Evidence for such 

nucleation hierarchy and the solidification path for the Cu-Co alloys have been given in 

more detail in the references [60, 119]. An important aspect of the solidification of the 

MLPS liquid is the thermal conditions during recalescence of L1 and L2.  If L1 is the 
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minor phase, its heat of solidification can get absorbed by the larger L2 matrix. As a 

result, L1 spherulites will form a spherical solid shell before the temperature rises above 

the metastable immiscibility boundary, and the L2 phase nucleates heterogeneously on 

the solid shells (Figure 2-16). On the other hand, if L1 is the major phase, it is first to 

solidify and L2 can heterogeneously nucleates from the L1 surface (Figure 2-16). 

However, the temperature can increase above the metastable immiscibility region, 

causing the remaining liquids to remix [119]. When remixing happens, the distinct 

boundary between of solute rich spherulites and solute poor matrix will disappear.  

Depending on the subsequent cooling rate, some compositionally solute rich regions may 

appear in the final microstructure.  

In the following chapters, some fundamental understanding of the heat transport 

phenomenon during mesoscale solidification will be discussed to explain the 

solidification behavior of Cu-Co alloys particularly with bulk supercooling. 

2.8 Heat Transport Phenomenon at the Mesoscale Solidification of Alloys 

Thermal history during solidification processes may be used to predict the 

microstructural evolution in alloys. Several important parameters such as the S/L 

interface temperature, the S/L interface position, the S/L interface velocity and the 

cooling rate are of interest in solidification problem because these parameters can be 

correlated to the final microstructure and properties of the casting [36]. These parameters 

are basically derived from temporal evolution of temperature within a solidifying alloy 

and therefore the understanding of heat transport phenomenon during solidification is 

necessary.  

At a mesoscale (the order of 10-4 m), a solidifying alloy can be divided into three 

regions; solid, solid+liquid and liquid. For a pure metal, the transition from solid to liquid 
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takes place at its melting point (Tm) and the demarcation between the solid and liquid 

region noted as IS in Figure 2-17 can be considered as a solid/liquid interface. In addition, 

the transition of an enthalpy; energy in the form of heat contained in a substance 

according to its heat capacity (Cp) at temperature T;(H(T) compared to that of 298K 

(H298) 

 ∫+=
T

PdTCHTH
298

298)(  (2-20) 

, abruptly occurs as demonstrated in Figure 2-17. The heat of solidification for a pure 

metal is therefore the difference between the enthalpy of liquid (HL) and solid (HS) at its 

melting temperature, where 

 )()( mSmLf THTHH −=∆  (2-21) 

For Cu and Co, the enthalpies of solidification of both elements are 13017.6 and 15558.4 

J/mole respectively. For an alloy, the transition from liquid to solid takes place over a 

distance known as a mushy zone and the enthalpy changes gradually from TL to TS as 

demonstrated in Figure 2-17. In addition, the demarcation between liquid and solid may 

be defined as IM. The heat of solidification in this case (∆Hf
*) is the difference between 

the enthalpy of liquid at liquidus temperature (HL(TL)) and the enthalpy of solid at solidus 

temperature (HS(TS)).  

 )()(*
SSLLf THTHH −=∆                                                                            (2-22) 

For normal solidification of an alloy, the temperature profile continuously 

decreases from liquid to solid region and the temperatures at the beginning and the end of 

the mushy zone are TL and TS respectively. In this case, heat of solidification is removed 

from the S/L interface through a mushy zone, a solid region and finally across the 
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mold/metal interface into a mold as demonstrated in Figure 2-18. For a bulk supercooled 

liquid, where its temperature is significantly below an equilibrium melting or liquidus 

temperature, the heat of solidification can dissipate into both a supercooled liquid and 

into the mold through the solid region as shown in Figure 2-18. The competition between 

the heat flow into both directions determines the temperature of the S/L interface. If the 

magnitude of heat flow into the mold direction is lower than that of the supercooled 

liquid direction, the heat of solidification can increase the temperature of liquid, which is 

known as thermal recalescence. When the recalescence begins, the supercooled liquid 

absorbs the heat of solidification. After the recalescence completes, the temperature of 

the remaining liquid will decrease under the effect of external heat extraction and the 

remaining liquid no longer solidifies under the effect of supercooling. 

The enthalpy-temperature relationship was used to visualize the solidification of 

aluminum alloy powders during atomization processes [120, 121] and the examples of 

the enthalpy-temperature diagrams for a pure metal and a binary alloy are shown in 

Figure 2-19. For normal solidification as mentioned earlier, the enthalpy paths during 

solidification follow the path “E” and the temperature profiles within a solidifying metal 

or alloy can be demonstrated using Figure 2-18. In this case, the solidification velocity is 

determined by the rate of heat flow through a solid part across the mold/metal interface 

and into the mold accordingly. When the supercooled liquid can solidify without the aid 

of external heat extraction, the enthalpy of solidification can be totally absorbed by the 

supercooled liquid and the temperature of the supercooled liquids increases back to its 

equilibrium liquidus temperature. Such phenomenon is known as an adiabatic 

solidification and the solidification paths in this case can be demonstrated as the path ”A” 
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in Figure 2-19. In order to achieve the adiabatic solidification, a minimum supercooling 

equal to the ∆Hf/Cp,l ratio, where ∆Hf is the enthalpy of solidification for normal 

solidification (J/mole) and Cp,l is the heat capacity of liquid (J/mole-K) is needed. For the 

case between the two mentioned previously, the enthalpy path during solidification can 

be demonstrated as the path “S” in Figure 2-19 and the fraction solid solidified due to 

thermal recalescence (fS,recalescence) can be estimated using the following equation. 

 
T
Tf R

cerecalescenS ∆
∆

=,                                                                                        (2-23) 

where ∆TR is the thermal recalescence and ∆T is the maximum supercooling before 

recalescene. 

Besides the heat transport phenomenon within a solidifying metal, the heat 

transport between a metal and a mold is also important. First, the heat transport between 

the mold and the metal related to external heat extraction can take place by either or all of 

three heat transfer mechanisms; conduction, convection, and radiation [122]. For the 

solidification of liquid metal against the mold, heat transfer coefficient (h) is used to 

measure the effectiveness of heat transfer between the metal and the mold and it is 

defined according to the following equation. 

 
)( moldmetal

T

TT
Jh
−

=                                                                                        (2-24) 

where JT is a heat flux across mold/material interface (W/m2), Tmetal is the temperature at 

the mold/metal interface on the metal side (K), and Tmold is the temperature at the 

mold/metal interface on the mold side (K) (Figure 2-17). The heat transfer coefficient can 

be dependent of several factors such as surface roughness, types of materials in contact, 

and so on. For a rough surface contact in which a mold and a solidifying material are not 
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completely in contact, heat transfer across mold/metal interface takes place by conduction 

through the gaseous medium, conduction through actual contact spots and radiation 

across the gap at the interface [123]. Therefore, the surface roughness is considered as 

one of several factors for the heat transfer coefficient. Another important aspect of the 

heat transfer coefficient is types of materials in contact [124]. In this work, the reported 

heat transfer coefficient between Cu and Cu-Co alloys is not available. However, the heat 

transfer coefficient between Cu and Cu mold can be used to estimate the coefficient for 

that of Cu-Co/Cu contact. For a molten Cu droplet on a Cu mold, the heat transfer 

coefficient as a function of surface roughness (Ra); (µm) can be described using the 

following equation [125].  

 13.041052.6 −⋅×= aRh                                                                                        (2-25) 

In practice, most heat transfer analysis usually treated the heat transfer coefficient 

as a factor. For example, Clyne selected a constant h of 2.2x103 W/m2-K throughout the 

numerical simulation for the solidification of Al-4.5 wt% Cu in order to match the 

numerical result with the experimental one [126]. Kunjapur chose h values of 544 W/m2-

K for the numerical simulation for the solidification of integrated blade-disc castings 

against a copper chill [127]. Levi utilized a constant h value of 5x105 W/m2-K for the 

numerical analysis of atomization of several aluminum alloys [121]. Jonsson applied the 

h values between 1x104 and 1x106 W/m2-K for the numerical simulation of melt spinning 

and splat quenching of Al-13 wt% Cu [128]. Similarly, Wang applied the h values 

between 1x105 and 1x108 W/m2-K for the numerical simulation of splat quenching of Al-

5 wt% Cu liquid on a cold substrate [129, 130]. It can be seen that the heat transfer 

coefficient is an important parameter dictating the effectiveness of heat flow out of a 
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solidifying body and it is therefore necessary to consider such coefficient in the heat 

transfer analysis of solidification.  

2.9 Thermal Condition at the Mesoscale S/L Interface 

Consider a small section of the mesoscale S/L interface during solidification, an 

interface velocity can be calculated based on heat conservation described by the Stefans 

condition [131].  
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where κS,i and κL,i are thermal conductivities on the solid and liquid at the interface, 
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are temperature gradients in the normal direction (n) on the solid and 

liquid sides of the interface, ρS is the density of the solid, and ∆Hf is the heat of 

solidification for either a pure metal or an alloy.  

Besides the thermal condition at the S/L interface, temperature gradients on both 

sides of the mesoscale S/L interface are also important for the calculation of the 

solidification velocity. During solidification, the temperature within a solidifying body is 

time and position dependent and a governing equation for the energy balance [124] 

within a solidifying body can be described as 
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where ρ is density, CP is heat capacity, T is temperature, t is time, υ is velocity, q is heat 

flux, P is pressure, τ is shear stress, and R* is the rate of energy or heat generation. If only 

heat conduction is considered and ρ and κ are assumed to be constant, the energy balance 

can be reduced into the heat conduction equation without heat generation, where 

 ⎥
⎦

⎤
⎢
⎣

⎡
∂
∂

+
∂
∂

+
∂
∂

−=
∂
∂
⋅⋅ 2

2

2

2

2

2

z
T

y
T

x
Tk

t
TCPρ                                                                (2-28) 

or 

 ⎥
⎦

⎤
⎢
⎣

⎡
∂
∂

+
∂
∂

+
∂
∂

−=
∂
∂

2

2

2

2

2

2

z
T

y
T

x
T

t
T α                                                                            (2-29) 

 
PC

k
⋅

=
ρ

α                                                                                                    (2-30) 

where α is the thermal diffusivity. Depending on boundary conditions and the geometry 

of the system, an analytical solution for heat conduction problem can be obtained by 

solving the above differential equation and the temperature profile as a function of time. 

The examples of analytical solutions for heat conduction of simple geometries such as a 

plate, a cylinder, and a sphere etc. can be found in the reference [132]. However, the heat 

conduction with solidification is more complicated because the energy is generated at the 
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solidification interface, where its position is time-dependent. Therefore, numerical 

methods become important for solving solidification problem and they will be discussed 

briefly in the following section. 

2.10 Numerical Methods for Solidification Problems 

Several important parameters such as the S/L interface temperature, the S/L 

interface position, the S/L interface velocity, and the cooling rate are of interest in 

solidification problem because these parameters can be correlated to the final 

microstructure and properties of the casting. However, these parameters are basically 

derived from temperature information of a solidifying body. Unfortunately, it is 

inconvenient to predict temperature information in a solidifying body using analytical 

solution because the boundary condition such as the temperature at the mold/metal 

interface for solidification problem is normally time-dependent. Therefore, the use of 

numerical methods for the prediction of temperature distribution during solidification is 

necessary. There are two common classes of numerical methods, finite element (FEM) 

and finite difference (FDM) methods. Both numerical methods are based on the process 

called discretization, where the system of interest is divided into a number of small sub-

regions, elements and nodes. On the other hand, the FEM method utilizes integral 

formulations to create a system of algebraic equations. The complete solution obtained by 

this method is generated by connecting or assembling the individual solutions, allowing 

for continuity at the inter-elemental boundaries. The formulation of FEM problem can be 

done in several ways and the formulation of the problem will lead to an equation in the 

form 

 [ ]{ } { }qTK =                                                                                                    (2-31) 
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or [Conductance matrix]{Temperature matrix} = {heat flow matrix} 

where the final result is in the following form 

 { } { }[ ] 1−= KqT                                                                                                    (2-32) 

For more details, the fundamental of the FEM method can be found in several textbooks 

particularly in the reference [133].    

On the other hand, the FDM method, the differential equation is written for each 

node and the derivatives are replaced by difference equations, which results in a set of 

simultaneous linear equations [127]. There are several algorithms that can be used for the 

FDM analysis such as Euler methods, Leap-Frog method, Predictor-Corrector methods, 

Crank-Nicholson method, and Runge-Kutta methods [134, 135]. These methods are 

basically based on Taylor’s series [134]. Therefore, the advantage of the FDM methods 

over the FEM method is that they do not require the use of polynomial trial functions and 

a minimization procedure, which saves computational time to obtain solutions. Among 

the previously mentioned FDM methods, the explicit or forward Euler method is 

favorable in this work because it is most computationally efficient and easy to program 

and the detail for the explicit Euler method will be described in details in the next 

chapter. In addition, the one dimensional FDM method will be emphasized in order to 

basically understand the temporal and spatial evolution of the S/L interface parameters 

during the solidification of bulk supercooled Cu-Co liquid.  

The final point to be mentioned here is that for conventional solidification 

simulation, it is usually assumed that solidification suddenly takes place at equilibrium 

melting or continuously occurs from the equilibrium liquidus to solidus temperature. 

However, such situation is not applicable to rapid solidification or solidification of bulk 
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supercooled liquid, where the equilibrium at S/L interface no longer exists. For example, 

the temperature of the S/L interface during the partitionless solidification has to be below 

the T0 temperature. Therefore, a special assumption at the interface based for the 

solidification of bulk supercooled liquid will be used for the numerical simulation and the 

detail will be described in the next chapter. 
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Table 2-1.  Techniques for obtaining bulk supercooling in liquid metals and alloys 

Technique Typical specimen Process description 

Atomization Powder Liquid stream is injected through the 
cooling medium (gas or liquid) 

Drop tube Droplets Free-fall in an atmospheric controlled 
tower 

Emulsification Droplets Specimen is injected into a denucleating 
agent (non-wetting liquid) 

Electromagnetic 
levitation (EML) 

7-mm sphere Good for paramagnetic and diamagnetic 
materials with a good electrical 
conductivity. Levitation coil is critical. 
Magnetic force stabilizes as well as 
heats the specimen. Levitation-heating 
dependent 

Electrostatic 
levitation (ESL) 

<2-mm sphere Positive charge is generated on the 
specimen using high-energy UV light. 
Negative-charge plates stabilize the 
sample. Levitation- heating independent 

Melt fluxing Droplets Specimen is encapsulated in a 
denucleating agent (non-wetting solid) 
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Table 2-2.  Time line showing the study on metastable liquid phase separation in the Cu-
Co system 

Year Authors Composition Techniques 

1958 Y. Nakagawa 50 and 76 at% Co Alumina-crucible fluxing 
1989 S.P. Elder et al 30 and 40 wt% Co EML 
1990 A. Munitz et al up to 80 wt% Co Electron beam surface melting, EML, 

and chill casting 
1991 A. Munitz et al up to 50 wt% Co Drop tube 
1992 A. Munitz et al 10 wt% Co Electron beam surface melting, EML, 

and chill casting 
1998 D. Li et al 10 to 80 wt% Co Melt fluxing 
1998 A .Munitz et al. up to 80 wt% Co Electron beam surface melting, EML 
1998 C.D. Cao et al 30 at% Co , and melt fluxing 
1998 B. Wei 7.8 at% Co Melt fluxing 
1998 I. Yamauchi 20, 30, 50 and 70 at% 

Co 
Alumina-crucible fluxing 

1999 C.D. Cao et al 7.77 at% Co Melt fluxing 
1999 C.D. Cao et al 8.3 at% Co Drop tube 
1999 M.B.  Robinson 

et al 
32 and 50 at% Co Melt fluxing 

1999 M.B.  Robinson 
et al 

10 to 100 wt% Co Melt fluxing 

2001 M. Kolbe et al 10.7 to 84 at% Co Melt fluxing, EML, and drop tube 
2001 Z. Sun et al 15 and 25 at% Co Melt fluxing 
2002 C.D. Cao et al 12.8 to 84 at% Co Melt fluxing 
2003 X.Y. Lu et al 50 at% Co EML and drop tube 
2003 C.D. Cao et al 16 at% Co Melt fluxing, EML, and drop tube 
2004 M. Kolbe et al 41.8 to 95 at% Co EML 
2004 X.Y. Lu et al 16 and 41.8 at% Co EML and drop tube 
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Table 2-3.  Time line showing rapid solidification works on the Cu-Co system 

Year Authors Composition Techniques Specimen Objective 

1963 P. Duwez — — — Fundamental 
1990 A. Munitz up to 80 at% 

Co 
Electron beam, 
surface melting, 
and chill casting 

— Fundamental 

1992 A. Munitz 10 wt% Co Electron beam, 
surface melting, 
and chill casting 

— Fundamental 

1993 J. Wecker 15 at% Co Melt spinning Ribbon GMR 
1995 P. Allia 10 at% Co Melt spinning 45-100 µm 

ribbon 
GMR 

1996 R. Busch 10 to 50 at% 
Co 

Melt spinning Ribbon Fundamental, 
GMR 

1996 P. Allia 5 and 15 
at% Co 

Melt spinning Ribbon GMR 

1996 R.H. Yu 15 at% Co Melt spinning Ribbon GMR 
1996 X. Song 30 at% Co Melt spinning 30 µm 

ribbon 
GMR 

1997 A. Hutten 0.5 to 25 
at% Co 

Melt spinning Ribbon GMR 

1997 X. Song 30 at% Co Melt spinning Ribbon GMR 
1998 A .Munitz up to 80 

wt% Co 
Electron beam 
surface melting 

Ribbon Fundamental, 
GMR 

1998 E. Bonnetti 3,6 and 12 
at% Co 

Melt spinning 50-µm 
ribbon 

GMR 

1998 M.G.M. Miranda 10 at% Co Melt spinning Ribbon GMR 
1998 A. Lopez 10 at% Co Melt spinning 15-µm 

ribbon 
GMR 

1999 D. Fiorani 10 at% Co Melt spinning Ribbon GMR 
1999 M. Kuzminski 10 at% Co Melt spinning Ribbon GMR 
1999 T. Liu 15 at% Co Melt spinning 25-µm 

ribbon 
GMR 

2000 J.B. Corria 5 at% Co Melt spinning 45-µm 
ribbon 

GMR 

2002 M.G.M. Miranda 10 at% Co Melt spinning Ribbon GMR 
2003 E. Bosco 3 to 25 at% 

Co 
Melt spinning 
and planar flow 
casting 

Ribbon GMR 
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A 

 
B 

Figure 2-1.  Equilibrium phase diagram of a Cu-Co system. A) Temperature range of 200 
to 800°C. B) Temperature range of 1000 to 1800°C. [Reprinted from ASM 
International Staff, ASM handbook: Vol.3 Alloy Phase Diagram, ASM 
International, Materials Park, OH, USA, 1992] 
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Figure 2-2.   Temperature-dependent equilibrium partitioning coefficient of the Cu-Co 
system in the range of 1113 to 1495°C 
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Figure 2-3.   Wettability of a solid phase on a nucleation site. A) Poor wettability. B) 
Good wettability 
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Figure 2-4.  Plot between free energy and temperature (G-T) at a constant composition 
showing possible phase transformation of supercooled liquid 
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Figure 2-5.  Coaxial levitation coil first used for containerless processing of metals. A) 
Solid state. B) Molten state. [Reprinted from Figure 10, p. 550 and Figure 11, 
p.551 in E.C. Okress, D.M. Wroughton, G. Comenxtz, P.H. Brace, and J.C.R. 
Kelly, J. Appl. Phys. 23(5) (1952) 545] 
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Figure 2-6.  Levitation of a specimen in the EML system 
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Figure 2-7.  Thermodynamic functions indicating tendency of liquid phase separation in 
Cu-Co alloys. A) Heat of mixing. B) Gibbs free energy of Cu-Co liquid 
between 1300 and 1675K 
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Figure 2-8.  Cu-Co phase diagram with the miscibility boundary and extended T0, TS, and 

TL curves 
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Figure 2-9.  Effects of electromagnetic filed on the MLPS microstructure in Cu-Fe alloys. 
A) Severe swirling. B) Impingement of liquid spherulites. [Reprinted from 
Figure 2.9, p. 40 and Figure 4.32, p. 143 in S.P. Elder, Metastable Liquid 
Immiscibility in Iron-Copper Alloys, Ph.D. Dissertation, University of 
Florida, Gainesville, 1990] 
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Figure 2-10.  Solid-liquid interface. A) Mesoscale. B) Nanoscale 
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Figure 2-11.  Free energy profile across a S/L interface. [Reprinted from Figure 4, p. 323 
in R. Abbaschian and W. Kurz in Solidification Processes and 
Microstructures: A Symposium in Honor of Wilfried Kurz, M. Rappaz, C. 
Beckermann, and R. Trivedi eds., TMS, 2004, p. 319] 
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Figure 2-12.  Velocity-dependent partitioning coefficient. [Reprinted from Figure 6, p. 
324 in R. Abbaschian and W. Kurz in Solidification Processes and 
Microstructures: A Symposium in Honor of Wilfried Kurz, M. Rappaz, C. 
Beckermann, and R. Trivedi eds., TMS, 2004, p. 319] 
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Figure 2-13.  Mechanism of solute trapping 
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Figure 2-14.  Morphology of the mesoscale S/L interface with a positive temperature 
gradient in the liquid. A) Plane-front. B) Cellular. C) Dendritic. D) Dendritic 
and equiaxed solidification from the mold surface 



59 

 

 

Figure 2-15.  Morphology of the mesoscale S/L interface with a negative temperature 
gradient in the liquid (a bulk supercooled liquid). A) Dendritic and equiaxed 
solidification from the mold surface. B) Heterogeneous nucleation and growth 
of an equiaxed dendrite within a liquid 
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Figure 2-16.  Solidification microstructures of the MLPS Cu-Co alloys. A) Co-rich (L1) 
is a major phase. B) Cu-rich (L2) is a major phase. [Reprinted from Figure 1a 
and 1d, p. 4051 in A. Munitz and R. Abbaschian, Metall. Trans. A27 (1996) 
4049] 
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Figure 2-17.  Enthalpy-temperature profiles. A) Pure metal. B) Binary alloy 
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Figure 2-18.  Temperature profiles for solidification of an alloy in a mold. A) Normal 
solidification. B) Solidification of a supercooled liquid 
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B 
Figure 2-19.  Enthalpy-temperature diagrams for solidification under various conditions. 

A) Pure metal. B) Binary alloys 
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CHAPTER 3 
TECHNICAL APPROACHES 

As discussed earlier, the electromagnetic levitation (EML) technique is favorable 

for the investigation of the effect of bulk supercooling on Cu-Co alloys because the 

technique can physically isolate the specimen from a container using the electromagnetic 

field and hence heterogeneous nucleation of a solid phase due to the presence of a 

container can be prevented. As a result, a levitated specimen can be bulk supercooled 

below its equilibrium melting or liquidus temperature. Besides bulk supercooling, rapid 

solidification of Cu-Co alloys from the liquid state is also of interest. In this chapter, 

specimen preparation, experimental procedures including the overview on the 

electromagnetic levitation apparatus with a rapid solidification device and specimen 

characterization will be discussed.   

3.1 Specimen Preparation 

The compositions of Cu-Co alloys in this work were selected based on the 

metastable phase diagram of Cu-Co in Figure 2-8. The diagram was divided into 3 

regimes based on the relative position between the MLPS boundary and the extended T0 

curve. At less than 10.5 at% Co and more than 52 at% Co, the MLPS curve is below the 

T0 curve indicating that a bulk supercooled Cu-Co liquids of these compositions are 

likely to encounter partitionless solidification prior to the MLPS. On the other hand, Cu-

Co alloys of the compositions between the two regimes are mostly susceptible to the 

MLPS. The plot indicating minimum supercoolings required for partitionless 

solidification and MLPS of various compositions is shown in Figure 3-1. The plot also 
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indicates two cross-overs, where partitionless solidification and MLPS require the same 

amount of supercooling. However, it should be noted that the minimum supercooling of 

less than 70 degrees for MLPS can be achieved in the alloys of approximately between 

30 to 40 at% Co. In addition, the alloys of 30 to 40 at% Co are good candidates for 

applications as mentioned in the first chapter. Therefore, the Cu-Co alloys of 30 to 40 

at% Co were primarily investigated.  

A suitable geometry of the specimen for the levitation was a 7-mm diameter sphere 

with the weight between 1 to 1.5 grams. Several Cu-Co alloy specimens were prepared 

from high purity Cu (99.999%) wire of 1 mm-diameter and Co (99.99%) chunk by Alfa 

AESAR™ using a Centorr™ arc-melting furnace (Figure 3-2). The raw materials were 

weighed using a Sartorius™ electronic balance with a precision of ±0.005 grams. The 

raw materials and titanium getter were placed in a bell-jar and flushed 4 to 5 times with 

high-purity argon to minimize oxidation during the arc-melting process and enhance the 

supercoolability. Prior to each arc-melting process, titanium getter was first melted to 

getter the residual oxygen.  

3.2 Experimental Procedures 

To produce specimens with various cooling conditions, the levitated specimens 

were solidified under 3 conditions; in the levitation state, in a conical copper mold, and 

splat cooled using the splat cooling device. Such cooling conditions resulted in specimens 

with different shapes; pear shape (P), cone-shape (C), and spat-cooled (S) specimens 

respectively. The P specimens were slowly solidified using the mixture of helium+4% 

hydrogen and argon gases under heat convection. The C specimens were dropped from 
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the levitation state and rapidly solidified against a vacuum copper mold under heat 

conduction mode. The S specimens were splat cooled against copper platens.  

In order to achieve bulk supercooling followed by various cooling conditions, an 

electromagnetic levitation system equipped with a rapid solidification device named 

Electromagnetic Splat/Quenching Apparatus (ESQA) were customarily built for this 

study. The ESQA apparatus extended the capability of the existing Electromagnetic 

Levitation (EML) system at the Materials Science and Engineering Department, 

University of Florida. The ESQA apparatus was connected to power supply units, 

processing gas supplier, and a data acquisition system (Figure 3-3). The ESQA apparatus 

(Figure 3-4) was composed of a levitation coil, a processing gas inlet, a protective gas 

inlet, a splat chamber, a splat-cooling mechanism, a two-color pyrometer, and a specimen 

positioning mechanism. The levitation coil was fabricated from a dehydrated-soft copper 

refrigeration tube of 1/8-inch O.D. x 0.030-inch wall thickness sleeved with insulating 

fiberglass. The coil was shaped into a configuration of 2-ups and 4-downs around a 15-

mm glass tube (Figure 2-6) and the gap between each round and the glass tube was kept 

at minimum. The levitation coil was connected to a step-down transformer powered by a 

10-kW high frequency (400 kHz) generator using brass couplings. A glass tube of 15-mm 

in diameter was inserted inside the coil, through which argon with 4%hydrogen and 

helium gases were delivered through the inlet B; the first gas was used to provide a 

reducing atmosphere, whereas the later provided cooling when needed. Below the 

levitation coil, the splat chamber filled with argon gas delivered through the inlet C. The 

splat-cooling device, which was used to produce a thin foil specimen was located 

immediately below the levitation coil and enclosed in the splat chamber. In addition, a 
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thin plastic membrane was inserted between the glass tube and the splat chamber to 

prevent the downward flow of the helium gas from the glass tube and to prevent oxygen 

contamination from the splat chamber. The splat cooling device was composed of two 

copper substrates; one of which was connected by a rod to another plate which was 

propelled by an electromagnetically activated coil. The electromagnetically activated coil 

was powered by a low inductance 6kJ, 180-µF capacitor bank by Magneform™, which 

was used to store the electrical energy for the activation [136]. The splat mechanism 

synchronized with the levitation system, was activated after the levitation power was 

turned off resulting in splat quenching of the liquid droplet between the two copper 

platens. During the levitation process, a two-color pyrometer was used to continuously 

monitor and record the temperature of the levitated specimen. The voltage output from 

the pyrometer was recorded using a 10-Hz data acquisition system. The relationship 

between the voltage signal and the temperature was determined using a calibration 

function of the pyrometer and the temperature-voltage profile of a pure copper and the 

following relationship was obtained.  

 25
0023.0

5044.1
−⎟

⎠
⎞

⎜
⎝
⎛ +

=
VT                                                                              (3-1) 

where T is temperature in degree Celsius and V is the pyrometer signal in volt.  

To produce a thin foil specimen, the capacitor tank was charged prior to the levitation 

power to be turned on and the splat mechanism operated immediately after the levitation 

power was turned off. On the other hand, cone-shape specimens were produced using a 

vacuum mold with a conical cavity (Figure 3-5). The depth of the mold cavity was 1.6 cm 

and the diameter at the top of the cavity was 1 cm. In addition, a small hole of 1 mm in 

diameter was drilled through the bottom of the mold in order to allow for the generation 
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of a vacuum suction during the processing. The vacuum mold was made of copper and 

designed to fit beneath the coupling between the glass tube and the splat chamber (Figure 

3-5).  As a result, cone-shape specimens were produced from the levitated liquid when 

the liquid was dropped from the levitation state.   

3.3 Specimen Characterization 

 The as-processed specimens were mounted using a SAMPL-KWICK fast cure 

acrylic by Buehler™ and sectioned using a South Bay Technology™ diamond saw. The 

mounted specimens were roughly polished using 400, 600, 2400, and 4000-grinding 

papers followed by fine surface finishing on a polishing cloth using the water-based 

alumina (α-Al2O3) solutions of 5, 1, and 0.3 µm, accordingly. The specimens were then 

etched using a 10% volume of a nitric acid (HNO3) solution for 12 to 15 minutes. The 

microstructures of the specimens were then examined using a Nikon™ stereo microscope 

and a Nikon™ Optiphot equipped with a digital imaging system with a Nikon™ Coolpix 

5000 digital camera (Figure 3-6). 
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Figure 3-1.  Minimum supercooling required for approaching T0 and TMLPS as a function 
of composition 
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Figure 3-2.  Arc-melting furnace for specimen preparation 
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Figure 3-3.  Electromagnetic levitation station. A) Power supply units. B) Processing gas 
supplier. C) ESQA apparatus. D) Data acquisition system 
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Figure 3-4.  Electromagnetic splat quenching apparatus (ESQA). A) Levitation coil. B) 
Processing gas inlet. C) Protective gas inlet. D) Splat chamber. E) Splat-
cooling mechanism. F) Two-color pyrometer. G) Specimen positioning 
mechanism 
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Figure 3-5.  Vacuum molds used for producing cone specimens. A) Copper mold. B) 
Installation position 
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Figure 3-6.  Metallographic imaging equipment 
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CHAPTER 4 
EXPERIMENTAL RESULTS AND DISCUSSIONS 

In this chapter, the thermal and microstructural information of the levitated 

specimens under various processing conditions will be presented and discussed. 

4.1 Results 

4.1.1 Thermal Information 

During the levitation stage, the time-voltage profiles of specimens were recorded 

and the examples of the profile are shown in Figure 4-1. For example, the time-voltage in 

Figure 4-1a represents the temperature history of a specimen during several heating and 

cooling cycles in levitation stage. As the specimen is heated up, its temperature increases 

indicating by the increase in the voltage signal. On the other hand, the decrease in the 

voltage signal indicates that the specimen is cooled down.    

During the heating cycle for the alloys of more than 5 at% Co, the melting point of 

a pure Cu (Tm, Cu) at 1085°C followed by the peritectic temperature (Tperitectic) at 1112°C 

was observed as the first and second inflection in the heating curve (Figure 4-1a). Above 

the first two inflections, an inflection point corresponding to liquidus temperature (TL) 

was also observed. During the cooling cycle of a levitated specimen solidified without 

bulk supercooling, the inflection point at the same voltage level as that of the liquidus 

temperature was observed. In contrast, the specimens experiencing bulk supercooling 

during the cooling indicated no inflection point at the TL and the cooling curve continued 

until thermal recalescence occurred. In this case, the maximum bulk supercooled noted as 

∆T in Figure 4-1a was the difference between the voltage signals corresponding to the TL 
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and the inflection point immediately before the thermal recalescence. In addition, the 

specimens with metastable liquid phase separation (MLPS) indicated an inflection point 

below the TL during the cooling cycle noted as TMLPS in Figure 4-1b and the difference 

between TL and TMLPS was the magnitude of bulk supercooling required for the MLPS 

(∆TMLPS). For both the solidification of a bulk supercooled liquid with and without 

MLPS, the sharp increase in the voltage signal corresponding to thermal recalescence 

noted as ∆TR was also observed. 

The temperature profile during the cooling cycle of the levitated specimen can be 

represented by one of the diagrams shown in Figure 4-2.  For specimens solidified 

without bulk supercooling (∆T = 0), their temperature profiles can be represented by the 

diagram “a”. For specimens solidified after bulk supercooling but no MLPS, their 

temperature profiles can be represented by the diagram “b or c”. If the magnitude of 

thermal recalescence is equal to the maximum supercooling (∆TR = ∆T), the temperature 

profile of the specimen can be represented using the diagram “b”. If the magnitude of 

thermal recalescence is less than the maximum supercooling (∆TR < ∆T), the temperature 

profile of the specimen can be represented by the diagram “c”. On the other hand, the 

thermal history of the specimens with the MLPS can be represented by the diagram “d” 

or “e”. The specimens with their processing conditions and thermal information during 

the levitation state are summarized in Table 4-1.   
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4.1.2 Microstructural Observation 

4.1.2.1 Specimens solidified during the levitation state 

Specimens solidified without bulk supercooling (∆T = 0). There were four 

specimens; P4, P6, P8, and P15 solidified without bulk supercooling in the levitation state 

(Table 4-1) and their cooling rates were comparable in the range of 140 and 200 

degree/sec. For a low cobalt-content; 6.26 at% Co (P6 specimen) (Figure 4-3), the 

microstructure appeared to have small flower-like Co-rich dendrites distributed in a Cu-

rich matrix. As the cobalt content increased; 11.54, 28.07, and 35.76 at% Co (P15, P4, 

and P8 accordingly), small clusters of Co-rich dendrites began to form and the size and 

the thickness of the dendrite arm increased as shown in Figure 4-4, 4-5, and 4-6 

accordingly. 

Specimens solidified after bulk supercooling with ∆TR = ∆T. There were five 

specimens (P7, P10, P13, P14, and P16) solidified after bulk supercooling with ∆TR = ∆T 

(Table 4-1). The compositions of these specimens were between 30 and 40 at% Co and 

their average composition was 37.23 at% Co. The microstructures of these specimens 

were very similar indicating a common microstructural feature with well-connected 

secondary dendrites with long primary arms (Figure 4-7). Such microstructure was in 

contrast with that of a specimen with similar composition (P8 in this case) solidifying 

without bulk supercooling in which only short dendrites were observed. 

Specimens solidified after bulk supercooling with ∆TR < ∆T and without 

MLPS. There were five specimens (P1, P2, P3, P5, and P12) solidified with bulk 

supercooling with ∆TR < ∆T and no MLPS (Table 4-1). The microstructures of these 

specimens indicated the mixture of small dendritic clusters and long dendrites (Figure 4-
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8). It was also observed that such microstructures were the mixture of the microstructures 

obtained under the solidification without bulk supercooling (∆T = 0) and the 

solidification with ∆TR = ∆T. It was also observed that the feature of microstructure 

changed with the magnitude of thermal recalescence respected to the maximum 

supercooling as demonstrated using three P specimens (P8, P12, and P13) with 

comparable compositions solidified under the different magnitude of thermal 

recalescence (Figure 4-9). The P8 specimen solidified without bulk supercooling (∆T = 

0) and its microstructure was primarily small dendritic clusters. The P12 specimen 

solidified after bulk supercooling with ∆TR < ∆T indicated the mixture of small dendritic 

clusters and well-connected long dendrites. Finally, the P13 specimen solidified after 

bulk supercooling with ∆TR = ∆T indicated long dendrites with well-connected secondary 

arms throughout. 

Specimens solidified after bulk supercooling with MLPS. As discussed earlier, 

the MLPS microstructure can be obtained if the Cu-Co liquid is bulk supercooled into the 

miscibility boundary and the microstructure is composed of liquid spherulites dispersed 

in the matrix. There were four specimens; P9, P11, P16, and P18 with the average 

composition of 33.44 at% Co experienced the MLPS (Table 4-1). For the P9 specimen, it 

experienced the MLPS at 77 degree bulk supercooling below its equilibrium liquidus 

temperature and it was further bulk supercooled for 165 degrees prior to thermal 

recalescence. However, the thermal history of the specimen indicated that its temperature 

remained below the MLPS temperature after the recalescence. As a result, the 

microstructure of the P9 specimen indicated the dispersion of large Co-rich spherulites 

with the diameters between 100 and 400 µm within the Cu-rich matrix (Figure 4-10). At 
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higher magnifications, the surfaces of these spherulites were composed of tiny spherulites 

of 2 to 5 µm in diameter. For the P11 specimen, it experienced the MLPS at 39 degree 

bulk supercooling below its equilibrium liquidus temperature and further bulk 

supercooled for 87 degrees prior to thermal recalescence. Similar to the P9 specimen, the 

temperature of P11 specimen remained below the MLPS temperature after the 

recalescence. However, the microstructure was composed of large swirling and irregular 

Co-rich spherulites in the Cu-rich matrix (Figure 4-11). 

Another specimen indicating the MLPS in its thermal history was the P16 

specimen. It was indicated that the specimen experienced the MLPS at 48 degrees bulk 

supercooling below its equilibrium liquidus temperature and further bulk supercooled for 

26 degrees prior to thermal recalescence. However, the magnitude of thermal 

recalescence was equal to the maximum supercooling, which resulted in the increase in 

the temperature of the specimen back to its equilibrium liquidus temperature. The 

microstructure of this specimen (Figure 4-12) indicated no MLPS microstructural 

compared to that of P9, P11, and P18. Indeed, the microstructure of this specimen 

resembled to that of the specimens solidified after bulk supercooling with ∆TR = ∆T as 

discussed previously.  

The last specimen that indicated the MLPS according to the thermal history was the 

P18 specimen. The P18 specimen experienced the MLPS at 74 degree bulk supercooling 

below its equilibrium liquidus temperature. However, the specimen was slightly bulk 

supercooled for 13 degrees after the MLPS and the thermal recalesence resulted in the 

increase in the temperature of the specimen to above the MLPS temperature. Contrary to 

that of the P9 and P11 specimens, the microstructure in this case was composed of small 
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Co-rich spherulites of less than 30 µm in diameter and small parts of Co-rich dendrites 

(Figure 4-13).  

4.1.2.2 Specimens rapidly solidified in the cone-shape copper mold 

The specimens in this group were dropped from the temperatures above 

equilibrium liquidus temperatures (superheated), below equilibrium liquidus temperatures 

but prior to the MLPS, and below the MLPS (Table 4-1). After the drop, the specimens 

were rapidly solidified against the cone-shape copper mold and their final shapes were 

conformed to the shape of the mold cavity. However, some specimens experienced 

thermal recalescence before they solidified against the mold and the shapes of these 

specimens were deviated from the cone shape as will be discussed later in this section.  

Specimens rapidly solidified from superheated state  There were two specimens; 

C8 and C10 rapidly solidified from the superheat state. However, the microstructures of 

these two specimens were similar and only the microstructure of the C10 specimen will 

be discussed. 

The microstructure of the C10 specimen (Figure 4-14) was composed of a dendritic 

and non-dendritic structure depending on the position with respect to the mold/specimen 

interface. However, the transition from the dendritic-to-non dendritic structure was 

obvious as indicated by a “y” shape at a low magnification. At the top of the “y” shape, 

the microstructure was dendritic and the scale of the dendrite increased toward the center 

line the specimen. On the other hand, the outer regions of the “y” demarcation adjacent to 

the mold/specimen interface indicated no dendritic structure. The microstructures in these 

regions revealed small scale non-dendritic structure and the scale of the microstructure 

decreased toward the mold/specimen interface.   



81 

 

Another way to look at the microstructure of the C10 specimen was to observe the 

microstructure along the center line of the specimen using a reference frame (Figure 4-

15). It was observed that the transition in the microstructure took place along the center 

axis and the transition from dendritic-to-non dendritic was observed between the C5 and 

D5 position of the reference frame (Figure 4-16). The dendrite arm spacing (DAS) at 

various positions along the center of C10 specimen were measured (Figure 4-17) and the 

DAS at the C5 position, where the transition took place was measured to be 1.6 µm.  

Specimens rapidly solidified from bulk supercooled state without MLPS. There 

were three specimens; C9, C11, and C13 rapidly solidified from the bulk supercooled 

state without the MLPS. The compositions of these specimens were in between 30 and 40 

at% Co. At a low magnification, the microstructures of these specimens were similar, 

where the microstructure was primarily composed of non-dendritic microstructure of 

various scales. Along the center line of these specimens, a grainy feature was observed. 

Away from the center line toward the mold/specimen interface, the demarcation between 

the grainy and a smooth feature was obvious. However, the microstructures of these 

specimens no longer indicated a dendritic structure at the top section as that of the 

specimens rapidly solidified from the superheated state. In order to demonstrate such 

microstructure, the C13 specimen was used as the representative of the specimens in this 

group. As mentioned earlier, the demarcation between the grainy and the smooth feature 

resulted from the transition from a continuous to grain-like non-dendritic structure as 

shown in Figure 4-18.  

Specimens rapidly solidified from bulk supercooled state with MLPS. 

According to the thermal histories of the rapidly solidified specimens, there were four 
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specimens; C7, C12, C15, and C16 that experienced the MLPS prior to rapid 

solidification.  

The C7 specimen of 37.09 at% Co experienced the MLPS at 68 degree bulk 

supercooling below the equilibrium liquidus temperature. The specimen was further bulk 

supercooled for 125 degrees after the MLPS followed by thermal recalescence. As a 

result, the temperature of the specimen before the drop was at 72 degrees below the 

equilibrium liquidus temperature or 3 degrees below the MLPS temperature. The 

microstructure of the as-processed specimen (Figure 4-19) was the MLPS microstructure 

composing of large Co-rich spherulites of 100 to 500 µm in diameter dispersed in Cu-rich 

matrix. At a higher magnification, the surfaces of these spherulites were composed of 

tiny spherulites of less than 10 µm in diameter. It was noticed that such microstructure 

was similar to that of the specimen solidified in the levitation state after the MLPS. 

The thermal history of the C15 and C16 specimens indicated that these specimens 

experienced the MLPS. The compositions of these specimens were comparable (36.94 

and 37.89 at% Co accordingly) in the range of 30 to 40 at% Co and they were both 77 

degree bulk supercooled below their equilibrium liquidus temperatures and the MLPS 

were detected at 63 and 68 degree bulk supercooling. It also should be noted that these 

specimens were slightly bulk supercooled below the MLPS temperatures. It was also 

interesting that these specimens did not have the cone-shape as other specimens rapidly 

solidified in the cone-shape mold. In addition, the microstructures of both specimens 

(Figure 4-20 and 4-21) indicate some trace of MLPS structure. 

The last specimen that indicated the MLPS prior to rapid solidification was the C12 

specimen. The C12 specimen of 36.04 at% Co experienced the MLPS at 53 degree bulk 
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supercooled below its equilibrium liquidus temperature and further 7 degree bulk 

supercooled prior to rapid solidification. The specimen had a cone-shape and the 

microstructure indicated a smooth appearance, which could not be resolved at low 

magnifications (Figure 4-22). At a high magnification, the microstructure of the specimen 

revealed the homogeneous distribution of small Co-rich spherulites of less than 1 µm in 

diameter throughout Cu-rich matrix. In addition, the variation of the diameter of the 

spherulites along the center line was observed and the diameters of spherulites were 

measured at various positions along the center line (Figure 4-23, 4-24, and 4-25). It was 

observed that the diameter of the spherulite increased toward the thick section (A5 

position) of the specimen. 

4.2 Discussions 

4.2.1 Specimens Solidified during the Levitation State without MLPS  

Considering the Cu-Co alloy of 30 to 40 at% Co, it was observed that the 

microstructures of the specimens solidified without bulk supercooling (∆T = 0) were 

primarily small Co-rich dendritic clusters. In this case, it could be explained that 

solidification started at heterogeneous nucleation sites on the surface of the specimens. 

The solidification front then propagated into the liquid and the specimens were then 

completely solidified (Figure 4-26). Since the solidification took place slowly in this 

case, the effect of electromagnetic stirring was significant resulting in broken dendrites in 

the as-solidified microstructure. In contrast, the specimens solidified after bulk 

supercooling with ∆TR = ∆T indicated the networks of long dendrites. It could be 

explained that the equiaxed dendrites were first heterogeneously nucleated within the 

bulk supercooled liquid under the driving force equivalent to the maximum bulk 
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supercooling (∆T). These equiaxed dendrites then grew as long dendritic networks and 

the heat of solidification was released into the bulk supercooled liquid during the growth 

process (Figure 4-27). As these dendritic networks grew, the temperature of the bulk 

supercooled liquid increased toward the equilibrium liquidus temperature. However, such 

nucleation and growth of these dendrites took place rapidly and therefore the sharp 

increase in the temperature of the specimens (∆TR) was observed. In this case, the effect 

of electromagnetic stirring was not significant compared to the rapid growth of dendritic 

networks. Therefore, the dendritic networks instead of broken dendrites were observed in 

the as-solidified microstructure. 

The microstructures composed of the mixture between the dendritic networks and 

small dendritic clusters were also observed. Such microstructure was obtained when the 

specimens were solidified in the levitation state after bulk supercooling with ∆TR < ∆T. It 

could be explained that the solidification simultaneously took place at the surface as well 

as within the bulk supercooled liquid. The solidification at the surface of the specimen 

resulted in the formation of equiaxed dendrites, while the nucleation and growth of 

dendrites within the liquid resulted in the formation of dendritic networks. The heat of 

solidification for the first case was primarily absorbed by the external heat extraction, 

while the heat of solidification for the later case was absorbed by the bulk supercooled 

liquid. Therefore, the heat of solidification did not result in the complete increase in the 

temperature of the specimen to the equilibrium liquidus temperature. As a result, the 

magnitude of thermal recalescence in this case was less than the maximum bulk 

supercooling. The mechanism for the microstructural formation in this case can be shown 

using Figure 4-28. It could also be suggested that the fraction of dendritic networks in the 
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microstructure was observed to be proportional to the magnitude of the recalescence ∆TR, 

the larger the recalescence, the larger the fraction of the dendritic networks was.   

4.2.2 Relationship between Cooling rates and Dendrite Arm Spacing (DAS) 

Among the above mentioned specimens solidified in the levitation state, the 

specimens with known cooling rates were used as references for establishing the cooling 

rate (ε*)-dendrite arm spacing (λ2) relationship. Optical micrographs of the P specimens 

with know cooling rates were taken at 560X from 5 different areas adjacent to the surface 

with a dendritic microstructure and the DAS were measured and averaged. The 

relationships among alloy composition (X), cooling rate (ε*), and supercooling (∆T) were 

plotted (Figure 4-29). In general, the plots indicated that the DAS was inversely 

proportional to cooling rate and supercooling, while it showed the opposite trend for 

composition. General relationship between the experimentally obtained cooling rate and 

DAS can be represented by the following equation 

 nA −⋅= )( *
2 ελ                                                                                                      (4-1) 

where A is a materials dependent and n is between 0.333 and 0.5 [92]. For Cu-Co alloys 

of 10 to 40 at% Co under various bulk supercooling without the MLPS, A and n were 

found to be 29.514 and 0.4207 using a curve fitting method (Figure 4-29a). Even though, 

the λ2-ε* relationship is well quantified, however, the mathematical relationships between 

the DAS versus supercooling (λ2-∆T) and the DAS versus composition (λ2-X) are 

unknown. Therefore, linear curve fitting method was again used to predict both 

relationships (Figure 4-29b and 4-29c). 
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4.2.3 Specimens Solidified during the Levitation State with MLPS  

For the specimens with the MLPS microstructure, it could be suggested that large 

spherulites were formed because the temperature of the specimen was significantly below 

the MLPS temperature as shown by P9 and P11 specimens (Figure 4-10 and 4-11). 

However, the swirling and impingement of spherulites in P11 specimen was due to the 

effect of electromagnetic stirring during the levitation state as described in the work on 

Cu-Fe system by Elder [8]. In contrast, small spherulites as observed in P18 specimen 

were formed because the liquid was slightly bulk supercooled below the MLPS 

temperature. 

Similar explanation for the effect of thermal recalescence on the microstructure of 

the specimens solidified without the MLPS could also be used to explain the recalescence 

in the MLPS specimens. However, the difference between the two cases was that thermal 

recalescence for the specimens without the MLPS was due to the formation of the 

dendritic networks within the liquid, while the thermal recalescence for the later case was 

due to the solidification of the liquids spherulites. As discussed earlier, for the MLPS Cu-

Co liquid, the liquid spherulites (Co-rich) were likely to solidify first because they 

experienced a larger magnitude of bulk supercooling compared to that of the liquid 

matrix (Cu-rich). As these liquid spherulites solidified, the heat of solidification was 

absorbed by the liquid matrix and resulted in the increase in the temperature of the liquid 

matrix as thermal recalescence (Figure 4-30). If there were no heterogeneous nucleation 

and solidification taking place at the surface of the specimen, thermal recalescence could 

lead to the complete increase in the temperature of the liquid back to its equilibrium 

liquidus temperature (∆TR = ∆T ). As a result, the MLPS microstructure could be altered 
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and the networks of dendrites could be formed as that of the specimens solidified after 

thermal recalescence. Such evidence was already demonstrated using the P16 specimen. 

On the other hand, if the heterogeneous nucleation and solidification at the surface as 

well as the solidification of the liquid spherulites took place simultaneously, the heat of 

solidification released by the spherulites could be less absorbed by the liquid matrix and 

these could result in the magnitude of thermal recalescence of less than the maximum 

bulk supercooling (∆TR < ∆T ). For the most extreme case, if the heterogeneous 

nucleation and solidification at the surface of the specimen took place before the 

solidification of the liquid spherulites, the heat of solidification released from these 

spherulites could be absorbed by the solidified solid instead of the bulk supercooled 

liquid. Such event therefore could result in ∆TR << ∆T and the destruction of the MLPS 

microstructure could be minimized. Such evidence was also demonstrated using the P9, 

P11, and P18 specimens.       

It was demonstrated that thermal recalescence had a significant influence on the 

final microstructure of the bulk supercooled liquid. Particularly for the MLPS specimens, 

thermal recalescence after the MLPS should be prevented to preserve the MLPS 

microstructure after solidification. The MLPS microstructure with fine and homogeneous 

distribution of the liquid spherulites could be obtained if the specimen were rapidly 

solidified immediately after the MLPS and prior to thermal recalescence. In the next 

section, the microstructures of the Cu-Co alloys of 30 to 40 at% Co under rapid 

solidification immediately after various bulk supercooling particularly at below the 

MLPS temperature will be presented and discussed. 
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4.2.4 Specimens Rapidly Solidified in the Cone-Shaped Copper Mold without MLPS 

Specimens dropped into the cone-shape copper mold were solidified faster than 

those solidified during the levitation state. Particularly, the rapidly solidified specimens 

indicated an observable microstructural difference between the region close to the 

mold/metal interface and the central region of the specimen (Figure 4-14 and 4-18). For 

the C10 specimen (Figure 4-14) rapidly solidified from the superheated state, the non-

dendritic microstructure was observed in the region close to the mold/specimen interface, 

while the dendritic microstructure started to develop as the distance from the 

mold/specimen interface increased. This is because the scale of microstructure is 

inversely proportional to the cooling rate [92] and the transition from the dendritic-to-

non-dendritic microstructure can be observed as the cooling rate increased [45]. For the 

C13 specimen (Figure 4-18) rapidly solidified from the bulk supercooled state, only the 

non-dendritic microstructure was observed. It could be suggested that bulk supercooling 

enhanced the cooling rate of this specimen as reflected by a predominant non-dendritic 

microstructure compared to that of the C10 specimen. 

4.2.5 Specimens Rapidly Solidified in the Cone-Shaped Copper Mold with MLPS 

The specimens rapidly solidified into the cone-shape mold after the MLPS 

indicated similar microstructural feature to that of the specimens solidified during the 

levitation state. C7 specimen (Figure 4-19) was rapidly solidified from the liquid state 

after the MLPS and resulted in the MLPS microstructure with large spherulites. However, 

the difference between the two types of specimens was that the solidification rate of the 

specimens in the first group was higher than the later.  

The advantage of rapid solidification immediately after the MLPS was that fine and 

homogeneous distribution of spherulites in another could be obtained. It could be 
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suggested that rapid heat extraction immediately after the MLPS could minimize thermal 

recalescence and the growth of liquid spherulites. As discussed earlier that thermal 

recalescence could also alter the MLPS microstructure. Such evidence was also observed 

in the rapidly solidified specimens; the C15 and C16 specimens (Figure 4-20 and 4-21). 

First, the shape of these specimens deviated from the cone-shape compared to others. In 

addition, the microstructures of both specimens indicated some trace of MLPS structure. 

Even though, there was no thermal recalescence observed in the temperature profiles of 

these specimens during the levitation state, it could be suggested that thermal 

recalescence took place during the drop. Thermal recalescence then resulted in partial 

solidification of the liquids and the mixture of solid and liquid subsequently solidified 

against the cone-shape mold. As a result, incomplete cone-shape specimens were 

obtained. In addition, thermal recalescence in these specimens could result in remelting 

and remixing of the MLPS structure as that of the specimen solidified in the levitation 

state after the MLPS and thermal recalescence. Besides, the swirling and disintegration of 

spherulites in the C15 specimen revealed the effect of thermal recalescence and 

electromagnetic stirring in this specimen. However, the MLPS microstructure was not 

observed in the C16 specimen. It could be suggested that the magnitude of thermal 

recalescene in the C16 specimen was larger than that of the C15 specimen, which 

resulted in more alteration of the MLPS microstructure. Such phenomenon was 

previously mentioned for the P16 specimen that experienced the MLPS but undergone 

thermal recalescence afterwards. From these examples, it was also necessary to rapidly 

solidify the MLPS liquid prior to thermal recalescence to prevent the destruction of the 

MLPS microstructure.   
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The desirable MLPS microstructure with fine and homogeneous distribution of 

spherulites was obtained in the C12 specimen. It was observed that the diameter of the 

spherulite increased toward the thick section (A5 position) of the specimen (Figure 4-24 

and 4-25), which was likely to solidify last. The increase in the diameter of the 

spherulites toward the thick section was due to the coarsening of the liquid spherulites 

before solidification. However, the major problem to obtain such relationship was that the 

solidification times at various positions along the center line were unknown 

experimentally. Therefore, as will be discussed in next chapters, the numerical simulation 

for the solidification of bulk supercooled Cu-Co liquid was used to estimate the 

solidification times at various positions along the center line of this specimen.  

4.2.6 Microstructure at region adjacent to the mold/specimen interface 

Besides the microstructure in the bulk region of the rapidly solidified specimens, 

the thin regions adjacent to the mold/specimen interface of these specimens were also 

investigated. According to a general observation, at a very thin region of C specimens 

adjacent to the mold/sample interface, different microstructures compared to that of the 

bulk region were observed. For example, it was observed that the MLPS microstructure 

of approximately 100 to 150 µm thick was formed at a thin surface layer of the C8 

specimen followed by the non-dendritic structure even though the specimen did not 

experience bulk supercooling (Figure 4-31). Theoretically, in order to obtain the MLPS 

microstructure, the temperature of the liquid had to be below the MLPS temperature. 

Therefore, the region experienced dynamic supercooling due to rapid heat extraction 

within the thin layer adjacent to the cold substrate. The contact condition between the 
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mold and the specimen should also have a significant impact on the magnitude of 

dynamic supercooling.    

Another way to demonstrate the dynamic supercooling was to rapidly solidify the 

alloy in which the bulk supercooling required for the partitionless solidification is 

comparable to that of the MLPS. According to the diagram in Figure 2-8, at 

approximately below 15 at% Co, the crossover between the T0 and the TMLPS curves takes 

place and therefore partitionless solidification is likely to take place as well as the MLPS. 

However, large supercooling (more than 100 degree bulk supercooling) is required to 

obtain both the partitionless solidification and the MLPS in the Cu-Co alloys of less than 

15 at% Co. This situation was demonstrated using the C1 specimen of 10.61 at% Co, 

where the specimen was rapidly solidified from 250 degrees above its equilibrium 

liquidus temperature. As a result, a thin featureless region of approximately 100 to 150 

µm thick adjacent to the mold/specimen interface was obtained. Immediately after the 

featureless region, the demarcation between such region and the MLPS microstructure 

was observed (Figure 4-32). It could be suggested that the featureless microstructural 

obtained with partitionless solidification, where the S/L interface temperature was 

suppressed below the T0 curve. As the solidification proceeded, the S/L interface 

temperature increased into the MLPS temperature regime, which resulted in the MLPS 

microstructure.  

 Similar observations were previously reported by Munitz [60, 64-66] that fine 

spherulites were obtained due to the MLPS mechanism at the end of the melt-pool 

without any initial bulk supercooling. With a good contact condition between the melt 

and the substrate such as in an e-beam or laser surface melting, large dynamic 
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supercooling and hence the MLPS microstructure could be obtained in the Cu-Co alloys 

of less than 10 at% Co. 

The specimens rapidly solidified using the splat cooling device were also good 

examples to demonstrate the dynamic supercooling. For such characteristic, the thin foil 

specimen is likely to experience the dynamic supercooling as that of the thin surface 

region of C specimens. In order to demonstrate such assumption, a Cu-Co alloy of 36.94 

at% Co was splat cooled from above the equilibrium liquidus temperature. It was 

observed that the MLPS microstructure was obtained throughout the specimen without 

initial bulk supercooling (Figure 4-33). It could be suggested that the dynamic 

supercooling obtained during the splat cooling process was large enough to suppress the 

S/L interface temperature below the MLPS temperature before solidification. 

4.3 Conclusion 

According to the microstructural observation of the Cu-Co alloys of 30 to 40 at% 

Co under various bulk supercoolings and cooling conditions, the following remarks were 

made. 

• For the alloys under normal solidification (∆T = 0) in the levitation state, the 
microstructures were composed of small Co-rich dendritic clusters in Cu-rich 
matrix. In contrast, the alloys solidified in the levitation state after thermal 
recalescence with ∆TR = ∆T revealed the dendritic structure with long and well-
connected dendritic network. For the alloys that experienced bulk supercooling and 
partially recalesced (∆TR < ∆T), the microstructures indicated the mixture between 
that obtained under ∆T = 0 and ∆TR = ∆T conditions. As the magnitude of thermal 
recalescence increased, the fraction of long and well-connected dendritic networks 
increased. 

• Dendritic to non-dendritic transition was observed as cooling rate increased. 

• For the alloys bulk supercooled below the MLPS temperatures, the MLPS 
microstructures with Co-rich spherulites distributed in the Cu-rich matrix were 
obtained. The diameters of spherulites were found to increase as the liquids were 
further bulk supercooled below the MLPS temperatures. In addition, the 



93 

 

electromagnetic stirring during the levitation state resulted in the impingement and 
swirling of the spherulites. Moreover, the MLPS microstructures were altered if the 
temperature of the MLPS liquids increased above the MLPS temperature prior to 
solidification due to thermal recalescence. 

• Rapid solidification immediately after the MLPS led to the formation of small and 
homogeneous distribution of Co-rich spherulites throughout Cu-rich matrix. The 
diameters of these spherulites increased toward the thick section of the specimen. It 
could be suggested that the increase in the diameters of the spherulites was due to 
the coarsening of the liquid spherulites in the liquid matrix during the solidification 
process.  

• At the small region adjacent to the mold/specimen interface of the rapidly solidified 
specimens, the MLPS or the partitionless microstructures could be obtained without 
an initial bulk supercooling. The phenomenon was known as the dynamic 
supercooling and it could be obtained using splat-cooling technique in this work. 
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Table 4-1.  Levitated specimens with their thermal information 
Characteristics of the thermal History* 

Specimen identification Composition 
∆T ∆TR ∆TMLPS 

P6 6.26 0 0 — 

P3 9.50 41 7 — 

P1 10.99 63 16 — 

P2 11.05 87 24 — 

P15 11.54 0 0 0 

P5 16.00 52 35 — 

P18 22.93 87 35 74 

P4 28.07 0 0 — 

P8 35.76 0 0 — 

P11 36.18 126 87 39 

P13 36.36 41 41 — 

P12 36.42 39 19 — 

P16 36.42 74 74 48 

P17 36.42 53 53 — 

P10 37.09 48 48 — 

P14 37.82 54 54 — 

P9 38.22 242 111 77 

P7 39.24 41 41 — 

C11 34.67 63 0 — 

C6 35.57 48 0 — 

C13 35.71 58 0 — 

C8 35.95 (135) 0 — 

C12 36.94 60 0 53 

C15 36.94 77 — 63 

C7 37.09 193 121 68 

C16 37.89 77 — 68 

C10 38.99 (34) 0 — 

C9 39.13 39 0 — 

SX 36.94 0 0 — 
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*The numbers in parentheses are superheated liquid. 
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Figure 4-1.  Time-voltage profile of a levitated specimen with bulk supercooling. A) 
Without MLPS. B) With MLPS 
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Figure 4-2.  Temperature profile of the levitated specimen. A) Without bulk supercooling 
(∆T = 0). B) With bulk supercooling and ∆TR = ∆T. C) With bulk 
supercooling and ∆TR < ∆T. D) and E) With bulk supercooling followed by 
the MLPS and ∆TR < ∆T with MLPS 
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Figure 4-3.  P6 specimen (6.26 at% Co and ∆T = 0) 
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Figure 4-4.  P15 specimen (11.54 at% Co and ∆T = 0) 



100 

 

 
Figure 4-5.  P4 specimen (28.07 at% Co and ∆T = 0) 
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Figure 4-6.  P8 specimens (35.76 at% Co and ∆T = 0) 
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Figure 4-7.  Optical micrographs at 100X of Cu-Co alloys with ∆TR = ∆T. A) P7 (39.24 
at% Co and ∆T = 41). B) P10 (37.09 at% Co and ∆T = 48). C) P13 (36.36 at% 
Co and ∆T = 41). D) P14 (37.82 at% Co and ∆T = 54). E) P16 (36.42 at% Co 
and ∆T = 74). F) P17 (36.42 at% Co and ∆T = 53) 
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Figure 4-8.  Optical micrographs at 100X of Cu-Co alloys with ∆TR < ∆T. A) P3 (9.5 at% 
Co, ∆TR = 7, and ∆T = 41). B) P1 (10.99 at% Co, ∆TR = 16, and ∆T = 63). C) 
P2 (11.05 at% Co, ∆TR = 24, and ∆T = 87). D) P5 (16 at% Co, ∆TR = 35, and 
∆T = 52). E) P12 (36.42 at% Co, ∆TR = 19, and ∆T = 39) 
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Figure 4-9.  Optical micrographs at 100X of Cu-Co alloys with different thermal history. 

A) ∆TR and ∆T = 0 (P8 with 35.76 at% Co). B) ∆TR < ∆T (P12 with 36.42 
at% Co). C) ∆TR = ∆T (P13 with 36.36 at% Co) 
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Figure 4-10.  P9 specimen (38.22 at% Co, ∆T = 242, ∆TR = 111, and ∆TMLPS = 77) 
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Figure 4-11.  P11 specimen (36.18 at% Co, ∆T = 126, ∆TR = 87, and ∆TMLPS = 39) 
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Figure 4-12.  P16 specimen (36.42 at% Co, ∆T = 74, ∆TR = 74, and ∆TMLPS = 48) 
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Figure 4-13.  P18 specimen (22.93 at% Co, ∆T = 87, ∆TR = 35, and ∆TMLPS = 74) 
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Figure 4-14.  C10 specimen (38.99 at% Co with 34 degrees superheated before rapid 

solidification) 
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Figure 4-15.  Appearance of C10 specimen rapidly solidified in a cone-shape mold 
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Figure 4-16.  Detail microstructures along the center line of the C10 specimen 
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Figure 4-17.  Dendrite arm spacing (DAS) (from B5 to C5) or the average particle 
diameter (from B-D5 to F5) versus distance along the center of the C10 
specimen 
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Figure 4-18.  C13 specimen (35.71 at% Co, ∆T = 58) 
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Figure 4-19.   C7 specimen (37.09 at% Co, ∆T = 193, ∆TR = 121, and ∆TMLPS = 68) 
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Figure 4-20.   C15 specimen (36.94 at% Co, ∆T = 77 and ∆TMLPS = 63) 
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Figure 4-21.   C16 specimen (37.89 at% Co, ∆T = 77 and ∆TMLPS = 68) 
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Figure 4-22.  C12 specimen (36.94 at% Co, ∆T = 60, ∆TR = 0, and ∆TMLPS = 63) 
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Figure 4-23.  Appearance of C12 specimen rapidly solidified in a cone-shape mold 
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Figure 4-24.  Detail microstructures along the center of the C12 specimen 
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Figure 4-25.  Average spherulite diameter versus distance along the center axis of the 
C12 specimen 
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Figure 4-26.  Microstructural evolution in specimens solidified without bulk supercooling 
in the levitation state 
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Figure 4-27.  Schematic shows the microstructural evolution in specimens solidified in 
the levitation state after bulk supercooling with ∆TR = ∆T 
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Figure 4-28.  Schematic shows the microstructural evolution in specimens solidified in 
the levitation state after bulk supercooling with ∆TR < ∆T 



124 

 

 

Figure 4-29.  Relationships between experimentally obtained dendrite arm spacing with 
other parameters for Cu-Co alloys of 10 to 40at%Co. A) Cooling rate. B) 
Supercooling. C) Composition  
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Figure 4-30.  Schematic shows the formation of the MLPS microstructure in Cu-Co 
alloys 
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Figure 4-31.  C8 specimen (35.95 at% Co with 135 degrees superheated before rapid 
solidification) shows the MLPS spherulites formed by dynamic supercooling 
at the edge regime 
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Figure 4-32.  C1 specimen (10.61 at% Co with 250 degrees superheated before rapid 
solidification shows a thin featureless layer was observed prior to the thin 
layer of MLPS microstructure 
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Figure 4-33  SX specimen (36.94 at% Co and splat cooled at its equilibrium liquidus 
temperature) 
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CHAPTER 5 
NUMERICAL APPROACHES 

The purpose of the numerical simulation in this work was to elucidate the effects of 

processing parameters on the solidification behavior of bulk supercooled Cu-Co alloys of 

less than 40 at% Co and to explain microstructural evolution in the alloys under various 

processing conditions described in the experimental chapters.  

To simulate the solidification of bulk supercooled Cu-Co alloys, a one-dimensional 

finite difference method was used. The system for the simulation was composed of a 

mold and a sample region with the thickness of “wmold” and “wsample”, respectively 

(Figure 5-1). The system was equally divided into G intervals of ∆x unit length using 

G+1 grids and the boundary conditions used for the simulation are shown in Table 5-1. 

Using an explicit Euler method, finite difference discretization of the heat conduction 

equation without heat generation was used for the mold, the solid and the liquid parts of 

the system, where 
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n is the time step and i is the node number, where 0 < i < A is the mold part, i = A is the 

mold/sample interface and A < i < G +1 is the sample part. The 
2)( x

t
∆
∆α

term is known as 

a Fourier number (F0) and the stability for numerical simulation for 1D case is obtained if 

F0 ≤ 0.5 [6, 131]. In addition, the numerical stability applied at the mold/sample interface 

can be described as the following condition [6]. 
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At the mold/sample (m/s) interface, the following equations are used to solve for 

temperatures on the mold and the sample sides. 
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and  
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where ∆t is the time step (second) and ∆x is the size of the grid (meter). 

The heat transfer coefficients between a Cu mold and Cu-Co alloys used in the 

simulation were estimated from the equation by Wang [125], where 

 13.041052.6 −⋅×= aRh                                                                                          (5-5) 

 For the surface roughness of 9 µm (as polished by a 4000-grid paper), the heat transfer 

coefficient was calculated to be 4.9x104 W/m2-K. In addition, the heat transfer coefficient 

for the surface roughness of 0.05 µm obtained using fine aluminum oxide solution was 

approximated to be 9.7x104 W/m2-K. It should be noted that the above equation is valid 

for surface contact between a free-fall liquid and the substrate. However, with the aid of 

vacuum used in this work, a good contact between the liquid and the copper mold were 

obtained and the further enhancement in the heat transfer coefficient could be obtained up 
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to 1x105 W/m2-K or more. Therefore, the heat transfer coefficient of 1x105 W/m2-K was 

primarily used for the contact between the copper mold and the Cu-Co alloys. In order to 

demonstrate the effect of the heat transfer coefficient in the solidification behavior in this 

study, the coefficients of 1x104 and 1x106 W/m2-K were also used for comparison.  

To treat bulk supercooling situation, the concept of the enthalpy-temperature 

diagram [121] was applied and it was assumed that the thermal recalescence tends to 

raise the interface temperature to the equilibrium liquidus temperature (Tequil). Therefore, 

the following heat conduction condition was used as the boundary condition at the S/L 

interface instead of the heat conduction equation with heat generation term as in 

conventional solidification [6].  
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Depending on the temperatures  around the S/L interface at the nodes “i-1” and “i+1”, the 

resulting S/L interface temperature (
n

iLST ,/ ) at the node location “i” for the time step “n” 

was solved numerically. In addition, other S/L interface information such as temperature 

gradients on both sides of the S/L interface (
n

iL
n

iS andGG ,, ), velocity (
n

iLSV ,/ ) at the 

interface and cooling rate (ε’) were calculated using the following equations. 
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It should be noted that the enthalpy of solidification at the temperature 
n

iLST ,/ is required 

for the calculation of the S/L interface velocity. For a Cu-Co alloy with the atomic 

fraction of cobalt equal to “X” (Cu-xCo), a general equation for the enthalpy of 

solidification at the temperature 
n

iLST ,/ can be written as      

 )1357,(),(),( ,/,/
* XHTXHTXH S

n
iLSL

n
iLSf −=∆                                        (5-11) 

Using the information in Table 5-2 [7, 35, 122], the enthalpy equations for solid copper 

(
Cu
SH ), solid cobalt (

Co
SH ), liquid copper (

Cu
LH ) and liquid cobalt (

Co
LH ) with units in 

J/mole were obtained. 
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 )1768(863.5471.680834.15558 −++= TH Co
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To calculate the enthalpies of solid and liquid Cu-Co alloy (
xCoCu

L
xCoCu

S HandH −−

) as a 

function of temperature, the rule of mixing was used for the calculation and the 

enthalpies of mixing for solid and liquid Cu-Co alloys [32] were included in these 

equations. 
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For a completion, the enthalpy of the mixture between solid and liquid Cu-Co alloy was 

also calculated using the following equation.  

 )1( fHfHH xCoCu
L

xCoCu
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xCoCu
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+                                                    (5-18) 

and the fraction solid (f) was approximated to be proportional to temperature using the 

following equation 
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As a result, the enthalpy of Cu-Co alloys of less than 40 at% Co as a function of 

temperature and composition was obtained (Figure 5-2). Besides the enthalpy of 

solidification, the last two parameters for the calculation of the S/L interface velocity are 

the thermal conductivity ( xCoCuK − ) and the density ( xCoCu−ρ ) of the Cu-Co alloy of “x” 

at% Co. For the simplicity, it was assumed that these parameters for solid and liquid are 

comparable and the average thermal conductivity and density of a Cu-Co alloy of “x” 

at% Co could be estimated using the following equations. 
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In addition, the cooling rate at the S/L interface (
'

,/ iLSε ) could be calculated using the 

following equation. 
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and the KL and KS were assumed to be equal as mentioned previously. According to all 

above information, the solidification simulation was programmed using C++ language on 

Bloodshed Dev-C++ 4.0 version software® using Pentium-based processor. The flow 

chart of the program is shown in Figure 5-3 and the detail of the program can be found in 

the Appendix. 
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Table 5-1.  Boundary conditions for the numerical simulation in this work 

Grid position Description Prescribed condition 

i = 0  Mold/environment interface 
envi

TT =
=0  

i = A  Mold/sample interface 

AimoldSample TT
Qh

=
−

=
)(

 
i = G+1 End of the sample 

0
1

=
∂
∂

+=Gix
T
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Table 5-2.  Selected properties of copper and cobalt 

Thermo-physical Properties Symbol Cu Co 

Atomic weight (g/mole) Aw 63.55 58.93 
FCC density(kg/m3) ρ 8.94 8.80 
FCC Tm (K) Tm 1357 1768 
∆HL/fcc (J/mole) ∆Hm 13017.6 15558.4 
∆SL/fcc (J/mole-K) ∆Sm 9.62 8.80 
Liquid heat capacity (J/mole-K) CL 31.40 54.86 
Solid heat capacity (J/mole-K) CS 29.00 40.19 
Entropy at 298 K (J/mole-K) S298 33.14 30.00 
Enthalpy at 298 K (J/mole) H298 9875.72 8940.00 
Enthalpy at Tm (J/mole) HM 40586.00 68083.71 
Thermal conductivity at 1357 K (W/m-K) K 165.6 69.2 
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Figure 5-1.  Schematic shows the setup for the finite difference simulation for 1D 
solidification of bulk supercooled Cu-Co alloys 
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Figure 5-2.  Enthalpy-temperature-composition diagram of Cu-Co alloys of 0 to 40 at% 
Co 
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Figure 5-3.  Flow chart of C++ program used for the numerical simulation 
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CHAPTER 6 
NUMERICAL RESULTS AND DISCUSSIONS 

6.1 Validation of Numerical Simulation 

First of all, the relationship between the distance solidified (M; meter) versus time 

(t; sec) for a pure liquid copper solidified at its melting temperature (1357K) against a 

copper mold at 298K was simulated in comparison with the most suitable analytical 

solution for solidification of pure liquid metal against a metal mold with the solution 

given by the following equation [124].  

 tckM sss ⋅⋅⋅⋅⋅= ρβ2                                                                              (6-1) 
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where k, ρ and c are the thermal conductivity, the density, and the heat capacity 

accordingly. S and m are the notation for solid and mold. TM is the melting temperature 

of a pure metal. T0 is the temperature of the mold. ∆Hf is the enthalpy of solidification of 

a pure metal. β is a constant. First, it should be mentioned that the analytical solution 

assumes that both mold and metal are semi-infinite. Second, the analytical solution 

assumes that there is no resistance between mold and metal and therefore the heat transfer 

coefficient is said to be infinite. The solidification of a pure metal according to the 

analytical and numerical simulation are schematically shown in Figure 6-1.  

By substituting physical properties of mold and metal for the solidification of a pure 

copper against a copper mold, the final form of the analytical solution was 
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 tM ⋅×⋅⋅= − )101075.0()80995.0(2 3                                                      (6-3) 

The analytical results were then plotted in comparison with numerical results of 

different heat transfer coefficients and mold thicknesses (Figure 6-2). It was 

demonstrated that the analytical result yielded shorter solidification times compared to 

that of numerical results. First, the reason for the discrepancy between the two results was 

because the analytical solution was not accounted for the mold/sample interface heat 

transfer resistance. Therefore, for the same distance solidified, the numerical simulation 

always provided a longer solidification time. By increasing the heat transfer coefficients 

(from 1x105 to 1x106 W/m2-K in this case) for the numerical simulation, it was 

demonstrated that a larger h resulted in a shorter solidification time. It was 

understandable because a good contact at the mold/sample interface enhanced the heat 

flow across the mold/sample interface and hence resulted in better heat extraction from 

the sample. It should also be mentioned that the temperature at the mold/sample interface 

was not constant according to our simulation and the M-t plot indicated non-linearity 

with t at the early stage of solidification and became linear afterward. This was also 

another reason for obtaining a longer solidification time using the numerical simulation.  

Another possible reason for the discrepancy was that the analytical solution was 

valid for an infinite mold thickness, while the numerical simulation was assumed to have 

a finite mold thickness. Therefore, for the same distance solidified, it was reasonable that 

the analytical solution yielded a shorter solidification time compared to the numerical 

one. However, by increasing the mold thickness (wmold) in the numerical simulation, it 

was demonstrated that the numerical result approached the analytical solution. Such 

result was reasonable because one assumption for the analytical solution was that the 
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thickness of the mold was infinite. However, for an increasing h value and the mold 

thickness, the numerical result approached the analytical solution with no interface 

resistance and an infinite mold thickness. 

6.2 Results  

In this section, the numerical simulation for a 1D solidification of Cu-Co alloys 

was done in order to demonstrate the effects of heat transfer coefficient (h), composition 

(X) and bulk supercooling (∆T) on the solidification parameters such as the S/L interface 

temperature, the S/L interface velocity, the temperature gradients on both sides of the S/L 

interface and the cooling rate at the S/L interface. For the following simulations, the mold 

(wmold) and sample (wsample) thickness were set constant at 0.01 and 0.005 meter 

corresponding to the mold thickness and the maximum radius of the cone-shape mold in 

this study and the heat transfer coefficient between the liquid copper and the copper mold 

was designated to be primarily at 1x106 W/m2-K according to the surface condition 

mentioned previously. 

6.2.1 Effects of Heat Transfer Coefficient (h) 

Solidification of a pure Cu at the melting point (1357K) with three different h 

values; 1x104, 1x105, and 1x106 W/m2-K were compared. It was found that the increase 

in the h value was found to increase solidification time (Figure 6-3). In addition, the 

increase in the h value enhanced the S/L interface velocity and the cooling rate of 

solidified sample (Figure 6-4 and 6-5). In all three cases, thermal gradients on the solid 

and liquid sides of the S/L interface were always positive for the entire solidification 

(Figure 6-6). 

It was also observed that the increase in the h value significantly suppressed the 

S/L interface temperature at a thin region close to the mold/sample interface (Figure 6-7). 
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For the h value of 1x104 W/m2-K, the temperature suppression (∆Tdy) at the thin region 

adjacent to the mold/specimen interface was only 1 degree below the melting point. As 

the h value increased to 1x105 W/m2-K, the ∆Tdy value increased to 14 degrees below the 

melting point. Ultimately, the h value of 1x106 W/m2-K suppressed the temperature up to 

120 degrees below the melting point. The simulation also showed that the thickness of 

the thin regions were relatively constant at approximately less than 150 µm. However, the 

S/L interface temperature during solidification within the zone depended on h value; the 

larger the h value, the lower the interface temperature was. On the other hand, the larger 

the h value, the larger the temperature suppression (∆Tdy) was (Figure 6-7).  

6.2.2 Effects of Composition (X) 

Solidification Cu-Co alloys of 0, 10, 20, 30, and 40 at% Co with no bulk 

supercooling were simulated to check the compositional effect on the solidification 

behavior of Cu-Co alloys. It was demonstrated that an increase in cobalt content 

increased the solidification time (Figure 6-8) and tended to suppress S/L interface 

velocity (Figure 6-9) during solidification. Nevertheless, composition had small effect on 

the cooling rate (Figure 6-10). It was also observed that the thermal gradients in the solid 

and liquid sides of the interface were always positive in all cases (Figure 6-11) because 

the solidification of three alloys were simulated without bulk supercooling. 

6.2.3 Effect of Bulk Supercooling (∆T) 

The effect of bulk supercooling on the solidification behavior was also simulated in 

a pure copper for 0, 100, and 200 degree bulk supercooling. The heat transfer coefficients 

for all cases were set at 1x106 W/m2-K. It was found that an increase in bulk supercooling 

decreased solidification time (Figure 6-12). In terms of thermal condition at the S/L 
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interface, the thermal gradients on the solid side of the S/L interface were comparable 

and always positive (Figure 6-13). However, with bulk supercooling, the thermal gradient 

on the liquid side of the S/L interface was no longer positive (Figure 6-14). As the 

solidification proceeded, the thermal gradient at the interface on the liquid side (GL,i) 

increased from negative toward zero. It was observed that an end point where the GL,i 

rapidly approached zero was dependent of bulk supercooling level. On the other hand, it 

could be mentioned that the effect of bulk supercooling started to fade out and the 

specimen solidified under the effect of pure external cooling after this end point. In 

addition, the larger the bulk supercooling, the larger the fraction solidified under the 

effect of supercooling was. Similar end points were also observed in the S/L interface 

velocity-position (Figure 6-15) and cooling rate-position (Figure 6-16) plots. 

Similar to that of the heat transfer coefficient, bulk supercooling also enhanced the 

magnitude of the temperature suppression (∆Tdy) at the thin region adjacent to the 

mold/specimen interface (Figure 6-17). It was shown that without the bulk supercooling, 

the temperature of the thin region was suppressed 20 degrees below the melting point. As 

the initial bulk supercooling increased to 100 and 200 degrees, the ∆Tdy were 160 and 

182 degrees below the melting point accordingly. Therefore, it was shown that the initial 

bulk supercooling could enhance the temperature suppression of the thin region. 

However, the thickness of the thin region was again constant at approximately less than 

150 µm for all bulk supercooling level.  
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6.3 Discussions 

6.3.1 Solidification of Bulk Supercooled Cu in the Cone-Shaped Copper Mold 

The numerical simulations for solidification of a pure copper without and with 357 

degree bulk supercooling in the cone-shape copper mold were done. In order to map out 

the numerical results, a reference frame of 8x10 mm grid corresponding to the geometry 

of the mold cavity as shown in Figure 4-15 was used. By combining numerical results of 

the section A to I, solidification velocity contours were constructed for two different 

cases (Figure 6-18). It was shown that bulk supercooling altered the solidification pattern 

as indicated by the change in the solidification velocity profile of the specimen. 

6.3.2 Comparison between Experimental and Numerical Simulation 

It was previously numerically shown that bulk supercooling prior to solidification 

could result in the enhancements in solidification velocity and cooling rate. Using the 

experimental results from the previous chapter, the example of the alteration of 

solidification pattern was shown using the C10 and C13 of comparable compositions as 

mentioned previously. It should be noted that the C10 specimen was rapidly solidified 

from the superheated state, while the C13 was rapidly solidified from the bulk 

supercooled state. Two different simulations for the alloy composition of 37.5 at% Co 

(the average composition of C10 and C13) were performed, with no supercooling and h = 

1x105W/m2-K and with 100 degree bulk supercooling and h = 1x106 W/m2-K and the 

simulation results for velocity and cooling rate were shown in Figure 6-19.  In this case, 

the cooling rate contours were used for microstructural representative. By 

superimposition of the microstructures of both specimens with the cooling rate maps for 

both conditions, it was found that the numerical simulation yields reasonable results for 
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both cases. However, small discrepancy between the experimental and numerical 

simulation could be due to  

• The mapping results were obtained from a 1D simulation 

• The mold/sample contact condition during the experiment might not be the same 
and this could result in the microstructure different from those predicted 
numerically. 

However, it was shown that the numerical simulation yielded a reasonable outcome 

compared to the experimental results and it was successfully used to visualize the 

solidification of Cu-Co alloys with bulk supercooling. 

6.3.3 Coarsening of MLPS Liquid Spherulites in the C12 Specimen during Rapid 
Solidification 

The microstructure of the C12 specimen indicated an interesting and desirable 

microstructure, where spherulites were uniformly distributed within the matrix. The C12 

specimen was bulk supercooled a few degrees below the MLPS temperature prior to 

rapid solidification against the conical copper mold. However, the diameter of spherulites 

varied with position. According to the microstructural mapping respected to the 8x10 

mm2 reference frame, it was found that the diameter of spherulites at different positions 

along the sample axis (5-axis) had a relationship with the distance as shown previously in 

Figure 4-25.  

In order to predict the coarsening rate of MLPS liquid spherulite during 

solidification, the solidification times at various positions along the center of the C12 

specimen were estimated using the numerical simulation with the heat transfer 

coefficients between 5x104 and 1x106 W/m2-K. The spherulites diameter (d) was then 

plotted against t1/3 for each heat transfer coefficient and data points were fit using a power 
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function (Figure 6-20). It was found that the relationships between the spherulite 

diameters versus t1/3 were in the following form. 

 atKd )( 3/1' ⋅=                                                                                          (6-1) 

On the other hand, the above equation could be written in a general coarsening equation 

[85], where 

 ( ) )/1( ntKd ⋅=                                                                                                      (6-2) 

 a
n 3
=

                                                                                                                 (6-3) 

 
nKK )( '=                                                                                                           (6-4) 

and K and a for each numerical simulation are listed in Table 6-1. It was found that the 

coarsening coefficients (k) for the simulation were between 3.271 and 7.868 and the 

coarsening exponents (n) were approximately between 0.9805 and 1.3503 for the heat 

transfer coefficient between 5x104 and 1x106 W/m2-K respectively. According to the 

LSW theory, where the coarsening of either liquid or solid spherulites takes place due to 

a pure diffusion effect with no relative motion, the n value is equal to 3. On the other 

hand, the coarsening of liquid spherulites due to Stokes flow is reflected by the 

coarsening exponent of 1.5. However, the coarsening exponents obtained using the 

numerical simulation was always below 1.5 depending on the heat transfer coefficient 

used for simulation. It was quite reasonable because the liquid flow during the levitation 

state was relatively severe due to the electromagnetic stirring and could result in random 

impingement of liquid spherulites prior to rapid solidification.  
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6.3.4 Dynamic Supercooling 

The simulation result on the effect of the heat transfer coefficient supported the 

assumption and the experimental results for the C1 and C8 specimen on the dynamic 

supercooling phenomenon. It was demonstrated that a good heat transfer condition 

between the mold and the specimen indicating by a large heat transfer coefficient was 

favorable for the dynamic supercooling. It was also confirmed that the thickness of the 

dynamically supercooled region was relatively constant at less than 150 µm from the 

mold/specimen interface. This result also confirmed that dynamic supercooling was 

limited only to a thin region of rapidly solidified specimen. The example for this 

phenomenon was also experimentally found in splat cooled specimens. 

In addition, it was found that the initial bulk supercooling could enhance the 

magnitude of the dynamic supercooling. However, the thickness of the dynamically 

supercooled region was insensitive to bulk supercooling. Nevertheless, such finding 

signifies that the initial bulk supercooling may be required if a large dynamics 

supercooling is needed. 

6.4 Conclusions 

 In summary, numerical simulations provided several understanding of 

solidification behavior of rapid solidification of bulk supercooled liquid and the 

following conclusion remarks were made. 

• Increase in cobalt content suppressed the S/L interface velocity and the cooling rate 
of the alloy.  

• Large h value was favorable for temperature suppression at the thin surface region 
of rapidly solidified specimen. However, the simulation showed that the thickness 
of the layer was apparently constant at less than 150 µm regardless the magnitude 
of the h value.  

• Bulk supercooling enhanced the solidification velocity and hence the cooling rate.  
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• Bulk supercooling also enhanced temperature suppression at the thin surface region 
of rapidly solidified specimen. However, the thickness of the thin region was 
relatively constant regardless the magnitude of bulk supercooling 
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Table 6-1.  Coarsening coefficient (k) and coarsening exponent (n) under various heat 
transfer coefficients predicted using the numerical simulation in this work 

Heat transfer coefficient (W/m2-K) used for the simulation 
Coefficient 

5 x 104 1 x 105 5 x 105 1 x 106 

K’ 3.349 4.2093 4.6322 4.9074 
a 3.0597 2.7828 2.2786 2.2218 
K 3.271 4.709 7.526 7.868 
n 0.9805 1.0781 1.3166 1.3503 
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Figure 6-1.  Schematics show solidification of a pure liquid at its melting point. A) 
Analytical solution without mold/sample resistance. B) Numerical simulation 
in this work with mold/sample resistance 
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Figure 6-2.  Comparison between the analytical and simulation results for the 
solidification of a pure liquid copper at the melting point in a copper mold 
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Figure 6-3.  Plots between S/L interface position versus time for a pure Cu with various 
heat transfer coefficients 
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Figure 6-4.  Plots between S/L interface velocity versus position for a pure cu with 
various heat transfer coefficients 
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Figure 6-5.  Plots between cooling rate versus position for a pure cu with various heat 
transfer coefficients 
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Figure 6-6.  Plots between thermal gradients on the solid (GS,i) and liquid (GL,i) sides at 
the S/L interface versus position for a pure Cu with various heat transfer 
coefficients 
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Figure 6-7.  Plots between S/L interface temperature versus position for a pure cu with 
various heat transfer coefficients. A) General plots. B) Same plots indicate 
various levels of dynamic supercooling obtained from various h values 
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Figure 6-8.  Plots between S/L interface position versus time for various compositions 
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Figure 6-9.  Plots between S/L interface velocity versus position for various compositions 
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Figure 6-10.  Plots between cooling rate versus position for various compositions 
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Figure 6-11.  Plots between thermal gradients on the solid (GS,i) and liquid (GL,i) sides at 
the S/L interface versus position for various compositions 
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Figure 6-12.  Plots between S/L interface position versus time for a pure Cu with various 
bulk supercoolings 
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Figure 6-13.  Plots between thermal gradient on the solid side (GS,i) at the S/L interface 
versus position for a pure Cu with various bulk supercoolings 
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Figure 6-14.  Plots between thermal gradient on the liquid side (GL,i) at the S/L interface 

versus position for a pure Cu with various bulk supercooling. Dotted circle 
indicates a position, where the gradients for different ∆T are merged 
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Figure 6-15.  Plots between S/L interface velocity versus position for a pure Cu with 

various bulk supercoolings. Dotted circle indicates a position, where S/L 
interface velocities for different ∆T are merged 
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Figure 6-16.  Plots between cooling rate versus position for a pure Cu with various bulk 

supercoolings. Dotted circle indicates a position, where cooling rates for 
different ∆T are merged 
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Figure 6-17.  Plots between S/L interface temperature versus position for a pure Cu with 

various bulk supercoolings. A) General plots. B) Same plots indicate various 
levels of dynamic supercooling obtained from various ∆T values 
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Figure 6-18.  Solidification velocity maps of a pure Cu. A) Without bulk supercooling. B) 
With 357 degree bulk supercooling 
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Figure 6-19.  Microstructural maps of specimens solidified with and without bulk 
supercooling. A) C10. B) C13 specimens 
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Figure 6-20.  Average spherulite diameter along the center of C12 specimen versus 
solidification time predicted using the numerical simulation under various h 
values 
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CHAPTER 7 
CONCLUSIONS 

Cu-Co alloys of less than 40 at% Co with various bulk supercooling and cooling 

conditions were successfully produced using an electromagnetic levitation system 

equipped with rapid solidification devices. It was experimentally and numerically found 

that alloy composition, supercooling, and cooling rate influenced the final microstructure 

of the solidified alloys.  

For the alloys with small cobalt content, the microstructures were primarily small 

Co-rich dendritic clusters distributed in Cu-rich matrix. As the cobalt content increased 

toward 40 at% Co, small clusters of dendrites formed and the thickness of dendrite 

increased significantly. Bulk supercooling refined the microstructure due to the 

enhancement in solidification velocity. In addition, the dendritic to nondendritic 

transition took place at the cooling rate approximately 1000 degree/sec for the Cu-Co 

alloy with 30 to 40 at% Co. The connectivity and the length of dendrites could be 

influenced by the magnitude of thermal recalescence respected to the initial bulk 

supercooling. For the specimens in which thermal recalescence resulted in the increase in 

the liquid temperature back to its equilibrium melting temperature (∆TR = ∆T), the 

dendritic structure with well connectivity and long dendrite arms was observed in this 

case. As the magnitude of thermal recalescence respected to the initial bulk supercooling 

decreased (∆TR < ∆T), the connectivity of the dendritic structure decreased. 

For the alloys bulk supercooled below the MLPS temperature depending on 

composition, the metastable liquid phase separation microstructures with Co-rich 
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spherulites dispersed in Cu-rich matrix were obtained. However, thermal recalescence 

and electromagnetic stirring could alter the MLPS microstructure. Thermal recalescence 

of the MLPS Cu-Co liquid could also result in a dendritic structure due to remelting and 

remixing of phase separated liquid. On the other hand, rapid solidification of the MLPS 

Cu-Co liquid of 30 to 40 at% Co immediately after the MLPS could yield a desirable 

homogeneous distribution of fine Co-rich spherulites in Cu-rich matrix. It was 

numerically predicted using h = 1x106 W/m2-K that the coarsening exponents (n) for the 

MLPS spherulites in Cu-Co liquid of 30 to 40 at% Co was 1.35, which was below n = 2 

and 1.5 for the coarsening exponent under Marangoni and Stokes conditions, accordingly. 

Such prediction was reasonable because the coarsening of the MLPS spherulites in this 

work was significantly affected by the electromagnetic stirring. 

Numerical simulation in this work was also useful for explaining the effects of 

alloy composition, bulk supercooling, and heat transfer coefficient on the solidification 

behavior of the alloy. It was numerically demonstrated that an increase in cobalt content 

slightly suppressed the solidification velocity and cooling rate of the alloy. On the other 

hand, increases in bulk supercooling and heat transfer coefficient significantly enhanced 

the solidification velocity and cooling rate. The numerical simulation also confirmed that 

dynamic supercooling was predominant only at a thin region approximately less than 150 

µm adjacent to the mold/sample interface. However, the magnitude of dynamics 

supercooling depended on both initial bulk supercooling level and the heat transfer 

coefficient. The higher the value of these two factors, the larger the magnitude of 

dynamic supercooling was.  
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APPENDIX 
C++ CODE FOR NUMERICAL SIMULATION 

#include <iostream> 
#include <math.h> 
#include <fstream.h> 
//////////////////////////////////////////////////////////////////////////////// 
//Solidification of Bulk Supercooled Cu-Co Alloys 
//C++ Code written by Surasak Wannaparhun 2004 
//////////////////////////////////////////////////////////////////////////////// 
int main() 
{ 
 
/////////////////////////////////Variable Assignment//////////////////////////// 
int n,j,G,I,A,msgrid, P, p, i; 
int COUNTER; 
float GS, GL, Geff, V, E, fs; 
float a, PL, PR, step; 
float wmold, wsample, hms, Tmold, Tsample, Tnucl, Tenv, Tequil, dt, dy, endtime; 
float kmold, cpmold, dmold; 
float kint, cpint, dint; 
float alphamold, alphassample, alphalsample, alphaint; 
float T[500000], Tnew[500000]; 
float Time[500000], Position[500000], Temperature[500000], Velocity[500000]; 
float Coolingrate[500000], Gradsolid[500000], Gradliquid[500000], Gradeff[500000]; 
double Tmoldint, Tmoldintnew, Tsampleint, Tsampleintnew, Tint; 
float fourier; 
float K[500000]; 
float Cp[500000]; 
float D[500000]; 
float Alpha[500000]; 
float t = 0; 
float sigma, Tintnew, yi, Y, Ynew, grid, difference; 
float X;  //Atomic fraction of cobalt ( between 0 to 1)// 
///////////////////////////End of Variable Assignment/////////////////////////// 
 
////////////////////////////////Output file///////////////////////////////////// 
ofstream fout ("Solidification of Bulk Supercooled Cu_Co_Alloys.txt"); 
/////////////////////////////////Output file//////////////////////////////////// 
 
std::cout<<"=================================================="; 
std::cout<<"\nPlease provide the following simulation Parameters"; 



174 

 

std::cout<<"\n================================================"; 
 
/////////////Thermophysical properties of Cu, Co and Cu-xCo alloy/////////////// 
  float awCu = 63.55e-3;   //Atomic weight Cu (kg/mole)// 
  float awCo = 58.93e-3;   //Atomic weight Co (kg/mole)// 
  float dlCu = 8933;       //Density of liquid Cu (kg/m3)// 
  float dsCu = 8933;       //Density of solid Cu (kg/m3)// 
  float dlCo = 8862;       //Density of liquid Co (kg/m3)// 
  float dsCo = 8862;       //Density of solid Cu (kg/m3)// 
  float cpsCu = 401;       //Heat capacity of solid Cu (J/kg-K)// 
  float cplCu = 401;       //Heat capacity of liquid Cu (J/kg-K)// 
  float cpsCo = 733;       //Heat capacity of solid Co (J/kg-K)// 
  float cplCo = 733;       //Heat capacity of liquid Co (J/kg-K)// 
  float ksCu = 385;        //Thermal conductivity of solid Cu (W/m-K)// 
  float klCu = 385;        //Thermal conductivity of liquid Cu (W/m-K)// 
  float ksCo = 49.3;       //Thermal conductivity of solid Co (W/m-K)// 
  float klCo = 49.3;       //Thermal conductivity of liquid Co (W/m-K)// 
////////////End of Thermophysical properties of Cu, Co and Cu-xCo alloy///////// 
 
////////////Calculations of Thermophysical properties of Cu-xCo alloy/////////// 
        float klsample = (1-X)*klCu + X*klCo;      //(W/m-K)// 
        float kssample = (1-X)*ksCu + X*ksCo;      //(W/m-K)// 
        float cpssample = (1-X)*cpsCu + X*cpsCo;   //(J/kg-K)// 
        float cplsample = (1-X)*cplCu + X*cplCo;   //(J/kg-K)// 
        float dssample = (1-X)*dsCu + X*dsCo;   //(kg/m3)// 
        float dlsample = (1-X)*dlCu + X*dlCo;   //(kg/m3)// 
        float AW = (1-X)*awCu + X*awCo; //Atomic weight of Cu-xCo alloy (kg/mole)// 
////////End of Calculations of Thermophysical properties of Cu-xCo alloy//////// 
 
////////////////////////////////Parameter input///////////////////////////////// 
      std::cout<<"\nPlease type the atomic fraction of Cobalt in Cu-xCo alloy ?     "; 
      std::cin>>X; 
      std::cout<<"\nLiquid temperature (K) ?     "; 
      std::cin>>Tsample; 
      std::cout<<"\nEquilibrium liquidus temperature (K) ?     "; 
      std::cin>>Tequil; 
      std::cout<<"\nMold width (meter) ?     "; 
      std::cin>>wmold; 
      std::cout<<"\nSample width (meter) ?     "; 
      std::cin>>wsample; 
      std::cout<<"\nNumber of interval (integer) (should be at least 200) ?     "; 
      std::cin>>I; 
      std::cout<<"\nMold/Sample Heat transfer coefficient (W/m2-K) ?     "; 
      std::cin>>hms; 
      std::cout<<"\nMold temperature (K) ?     "; 
      std::cin>>Tmold; 
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      std::cout<<"\nEnvironment temperature (K) ?     "; 
      std::cin>>Tenv; 
 
      std::cout<<"\nThermal conductivity of mold (W/m-K) ?    "; 
      std::cin>>kmold; 
      std::cout<<"\nHeat capacity of mold (J/kg-K) ?     "; 
      std::cin>>cpmold; 
      std::cout<<"\nDensity of mold (kg/m3) ?     "; 
      std::cin>>dmold; 
///////////////////////////////End of parameter input/////////////////////////// 
 
////////////////////////////////Thermal diffusivity///////////////////////////// 
alphamold = kmold/(cpmold*dmold); 
alphassample = kssample/(cpssample*dssample); 
alphalsample = klsample/(cplsample*dlsample); 
////////////////////////////End of thermal diffusivity////////////////////////// 
 
///////////////////////////////////M/S Interface//////////////////////////////// 
kint = (kssample+kmold)/2; 
cpint = (cpssample+cpmold)/2; 
dint = (dssample+dint)/2; 
alphaint = (alphamold+alphalsample)/2; 
////////////////////////////////////M/S Interface/////////////////////////////// 
 
/////////////////////////Grid interval calculation////////////////////////////// 
       G = I+1; 
       dy = (wmold+wsample)/I; 
       a = (wmold/dy)+1; 
       A = a*1; 
       std::cout<<"\nThe grid number for the mold/sample interface is "<<A; 
       std::cout<<"\nPlease retype the number: "; 
       std::cin>>msgrid; 
///////////////////////////Grid interval calculation//////////////////////////// 
 
/////////////////////////Numerical stability criterion////////////////////////// 
       float fouriermold = 0.5; 
       float fouriersample = 0.5; 
       float dtmold = fouriermold*(dy*dy)/alphamold; 
       float dtssample = fouriersample*(dy*dy)/alphassample; 
       float dtlsample = fouriersample*(dy*dy)/alphalsample; 
       float factor = ((hms*dy/kint)+1); 
       float fourierint = 0.5/factor; 
       float dtint = fourierint*(dy*dy)/alphaint; 
       { 
       if (dtmold <= dtssample) 
           dt = dtmold; 



176 

 

       else 
           dt = dtssample; 
       } 
       { 
       if (dtssample <= dtlsample) 
           dt = dtssample; 
       else 
           dt = dtlsample; 
       } 
       { 
       if (dt >= dtint) 
          dt = dtint; 
       else 
          dt = dt; 
       } 
       dt = dt/10.0; 
       std::cout<<"\nA proper time step is "<<dt; 
//       std::cout<<"\nPlease provide the simulation time (equal or less than the proper time 
step above (sec)"; 
//       std::cin>>step; 
////////////////////////End of Numerical stability criterion//////////////////// 
 
///////////////////////////////Nucleation Temperature/////////////////////////// 
      Tnucl = Tsample; 
///////////////////////////////Nucleation Temperature/////////////////////////// 
 
//////////////////////////////////////Print out///////////////////////////////// 
      
fout<<"\n========================================================
======="; 
      fout<<"\nSolidification of Bulk Supercooled Cu-Co alloys                "; 
      fout<<"\nProgram written by Surasak Wannaparhun, 2004                   "; 
      
fout<<"\n========================================================
======="; 
      fout<<"\n                      Simulation Parameters                    "; 
      
fout<<"\n========================================================
======="; 
      fout<<"\nSolidification of a bulk supercooled Cu-"<<X*100<<"at%Co"; 
      fout<<"\nAtomic weight is (kg/mole) "<<AW; 
      fout<<"\nEquilibrium liquidus temperature (K):                "<<Tequil; 
      fout<<"\nInitial liquid temperature (K):                      "<<Tsample; 
      fout<<"\n\n----------------Thermophysical properties----------------------"; 
      fout<<"\nEnvironment temperature (K):                         "<<Tenv; 
      fout<<"\nInitial mold temperature (K):                        "<<Tmold; 
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      fout<<"\nMold/Sample Heat transfer coefficient (W/m2-K):      "<<hms; 
//      fout<<"\nThermal diffusivity of solid sample (m2/K):          "<<alphassample; 
//      fout<<"\nThermal diffusivity of liquid sample (m2/K):         "<<alphalsample; 
//      fout<<"\nThermal diffusivity of mold/sample interface (m2/K): "<<alphaint; 
//      fout<<"\nThermal diffusivity of mold (m2/K):                  "<<alphamold; 
      fout<<"\n(Thermal conductivity of mold) (W/m-K):              "<<kmold; 
      fout<<"\n(Heat capacity of mold) (J/kg-K):                    "<<cpmold; 
      fout<<"\n(Density of mold) (kg/m3):                           "<<dmold; 
 
      fout<<"\n"; 
      fout<<"\n-------------------Physical parameters-------------------------"; 
      fout<<"\nMold width (meter):                                  "<<wmold; 
      fout<<"\nSample width (meter):                                "<<wsample; 
      fout<<"\nNumber of grid (integer):                            "<<G; 
      fout<<"\nGrid no. at the mold/sample interface:               "<<msgrid; 
      fout<<"\n"; 
      fout<<"\nThe size of the interval (m):                        "<<dy; 
      fout<<"\nA proper time step is (second):                      "<<dt; 
      
fout<<"\n========================================================
======="; 
////////////////Initialize temperatures and materials properties//////////////// 
// To display temperature profile of the system// 
//              fout<<"\n t = 0 sec"; 
//              fout<<"\n---------------------------------------------------------------"; 
//              fout<<"\nGrid no.              position (meter)          Temperature (K)"; 
//              fout<<"\n---------------------------------------------------------------"; 
 
              //Mold Part// 
              for (j = 1; j < msgrid; ++j) 
              { 
              T[j] = Tmold; 
              K[j] = kmold; 
              Cp[j] = cpmold; 
              D[j] = dmold; 
              Alpha[j] = alphamold; 
//              fout<<"\n"<<j<<"                    "<<(j-1)*dy<<"                       "<<T[j]; 
              } 
              //End of Mold Part// 
 
              //Mold/Sample Interface// 
              { 
//             fout<<"\n"<<msgrid<<"                    "<<((msgrid-1)*dy)<<"                       
"<<Tmold<<"     Mold/sample interface"; 
//             fout<<"\n"<<msgrid<<"                    "<<((msgrid-1)*dy)<<"                       
"<<Tsample<<"     Mold/sample interface"; 
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              } 
              //End of Mold/Sample Interface// 
 
              //Sample Part// 
              for (j = 1; j < G+1; ++j) 
                 { 
                 if (j > msgrid) 
                       { 
                       T[j] = Tsample; 
                       K[j] = klsample; 
                       Cp[j] = cplsample; 
                       D[j] = dlsample; 
                       Alpha[j] = alphalsample; 
//                       fout<<"\n"<<j<<"                    "<<(j-1)*dy<<"                       "<<T[j]; 
                       } 
                 } 
              //End of Sample Part// 
// To display temperature profile of the system// 
//End of Initializing temperatures and materials properties 
///////////////////////////////The boundary condition ////////////////////////// 
T[0] = Tenv; 
T[G+1] = Tsample; //Insulated on the sample side// 
Tmoldint = Tmold; //Mold/sample interface// 
Tsampleint = Tsample; //Mold/sample interface// 
///////////////////////////End of The boundary condition /////////////////////// 
fout<<"\n"; 
fout<<"\n=================Initial S/L interface 
parameters======================="; 
fout<<"\n"; 
 
///Calculate the initial interface parameters at the onset of solidification//// 
 
         //The effective enthalpy at the interface of temperature T// 
         float solidcopper = (9875.72 + 29*(1357-298))*(1-X);  //J/mole// 
         float solidcobalt = (8940 + 40.193*(1357-298))* X;    //J/mole// 
         float solidexcess =  X*(1-X)*((29288*X)+(31798*(1-X)));      //J/mole// 
         float Hsolid = solidcopper + solidcobalt + solidexcess;  //J/mole// 
 
         float liquidcopper = (53603.6 + 31.40*(Tsampleint-1357))*(1-X);  //J/mole// 
         float liquidcobalt = (83642.11 + 54.863*(Tsampleint-1768))*X;  //J/mole// 
         float liquidexcess =  X*(1-X)*((40166*X)+(53555*(1-X)));      //J/mole// 
         float Hliquid = liquidcopper + liquidcobalt + solidexcess; //J/mole// 
 
         float Heff = (Hliquid-Hsolid)/AW;       //(J/kg)// 
         //End of The effective enthalpy at the interface of temperature T// 
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         float GS0 = (Tsampleint-Tmoldint)/dy; //Initial temp. gradient in the solid// 
         float GL0 = (T[msgrid+1]-Tsampleint)/dy; //Initial temp. gradient in the liquid// 
         float Geff0 = GS0-GL0; 
         float V0 = ((kssample*GS0)-(klsample*GL0))/(dssample*Heff); //Initial interface 
velocity in the solid// 
         float Y0 = (msgrid-1)*dy; //Initial interface position// 
         float E0 = Geff0*V0; //Initial cooling rate// 
         float fs0 = 0; //Fraction solidified// 
 
         Y = Y0; 
         V = V0; 
         COUNTER = 0; 
///////////////End of Calculate the initial interface parameters//////////////// 
// To display temperature history at various positions in the sample// 
//         fout<<"\nTime(sec)          "<<(msgrid)*dy<<"(m)          "<<G*dy<<"(m)"; 
// To display temperature history at various positions in the sample// 
////////// To display the interface information as a function of time/////////// 
fout<<"\n"; 
fout<<"\n========================================================
===============================================================
============================================="; 
fout<<"\n"; 
fout<<"\nTime(sec)          Position(m)          Temperature(K)          Velocity(m/sec)          
Cooling rate(K/sec)          GSi(K/m)          GLi(K/m)          Geffi(K/m)"; 
fout<<"\n========================================================
===============================================================
============================================="; 
fout<<"\n"<<t<<"          "<<Y0<<"          "<<Tsampleint<<"          "<<V0<<"          
"<<E0<<"          "<<GS0<<"          "<<GL0<<"          "<<Geff0; 
 
///////////////////////////////Start to move the interface////////////////////// 
while (Y < wmold+wsample) 
{ //while loop// 
         COUNTER = COUNTER +1; 
         Y = Y + (V*dt); 
         //check the position of the interface// 
 
              for (p = 1; p < G+1; ++p) 
                  { 
                     PL = (p+2)*dy; 
                     PR = (p+3)*dy; 
                         { 
                         if (Y > PL) 
                         { 
                            if (Y < PR) 
                            { 



180 

 

//                            yi = ((PR+PL)/2); 
//                            fout<<"\n\n Interface detected"; 
//                            fout<<"\n counter is "<<counter; 
//                            fout<<"\n PL is "<<PL; 
//                            fout<<"\n Y is  "<<Y; 
//                            fout<<"\n yi is  "<<yi; 
//                            fout<<"\n PR is "<<PR; 
//                            fout<<"\n The interface is between the grid "<<p+3<<" and "<<p+4; 
                            P = p+3; 
                           } 
                         } 
                        } 
                 } 
 
             T[P] = Tequil; //Recalesce to the equilibrium melting temperature// 
 
 
//////////////////////End of check the position of the interface//////////////// 
 
////////////////////////////Adjust the temperature profile////////////////////// 
 
//    fout<<"\n t = "<<t<<" sec"; 
//    fout<<"\n---------------------------------------------------------------"; 
//    fout<<"\nGrid no.              position (meter)          Temperature (K)"; 
//    fout<<"\n---------------------------------------------------------------"; 
 
 
 
             //Mold part// 
             Tmoldintnew = Tmoldint - 2*(alphamold*(dt/dy)*((Tmoldint-T[msgrid-1])/dy)) 
+ 2*((alphaint*hms*dt/kint)*((Tsampleint-Tmoldint)/dy)); 
             T[msgrid] = Tmoldintnew; 
             { 
             for (n = 1; n < msgrid; ++n) 
                  { 
                  Tnew[n] = T[n] + (dt/dy)*(alphamold*((T[n-1]-
T[n])/dy)+alphamold*((T[n+1]-T[n])/dy)); 
                  } 
             } 
 
             //Mold part// 
 
             //Sample Part// 
 
             Tsampleintnew = Tsampleint + 2*(alphalsample*(dt/dy)*((T[msgrid+1]-
Tsampleint)/dy)) - 2*((alphaint*hms*dt/kint)*((Tsampleint-Tmoldint)/dy)); 
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             T[msgrid] = Tsampleintnew; 
             { 
             for (n = 1; n < G+1; ++n) 
                     if (n > msgrid) 
                     { 
                       Tnew[n] = T[n] + (dt/dy)*(alphassample*((T[n-1]-T[n])/dy) + 
alphassample*((T[n+1]-T[n])/dy)); 
                     } 
             } 
             //End of sample part// 
//////To display temperature profile of the system as a function of time//////// 
             //Print out new temperatures// 
//             { 
//             for (n = 1; n < msgrid; ++n) 
//                  { 
//                  fout<<"\n"<<n<<"                    "<<(n-1)*dy<<"                       "<<Tnew[n]; 
//                  } 
//            } 
//             fout<<"\n"<<msgrid<<"                    "<<(msgrid-1)*dy<<"                       
"<<Tmoldintnew<<"     Mold/sample interface"; 
//             fout<<"\n"<<msgrid<<"                    "<<(msgrid-1)*dy<<"                       
"<<Tsampleintnew<<"     Mold/sample interface"; 
//             { 
//             for (n = 1; n < G+1; ++n) 
//                     if (n > msgrid) 
//                    { 
//                       if (n < P) 
//                       fout<<"\n"<<n<<"                    "<<(n-1)*dy<<"                       
"<<Tnew[n]<<"     Solid"; 
//                       else 
//                       fout<<"\n"<<n<<"                    "<<(n-1)*dy<<"                       
"<<Tnew[n]<<"     Liquid"; 
//                     } 
//             } 
////End of displaying temperature profile of the system as a function of time/// 
      //Replace old temperatures with new ones 
              { 
              for (n = 1; n < msgrid; ++n) 
              T[n] = Tnew[n]; 
              } 
              { 
              for (n = 1; n < G+1; ++n) 
                { 
                 if (n >msgrid) 
                T[n] = Tnew[n]; 
                 } 
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              } 
              T[0] = Tenv; 
              T[G+1] = T[G]; 
              Tint = T[P]; 
              Tmoldint = Tmoldintnew; 
              Tsampleint = Tsampleintnew; 
      //End of Replacing old temperatures with new ones 
 
///////////////////End of recalculating the temperature profile///////////////// 
 
//////////////////////Calculating new interface information///////////////////// 
         //The effective enthalpy at the interface of temperature T// 
 
         solidcopper = (9875.72 + 29*(1357-298))*(1-X);  //J/mole// 
         solidcobalt = (8940 + 40.193*(1357-298))* X;    //J/mole// 
         solidexcess =  X*(1-X)*((29288*X)+(31798*(1-X)));      //J/mole// 
         Hsolid = solidcopper + solidcobalt + solidexcess;  //J/mole// 
 
         liquidcopper = (53603.6 + 31.40*(Tint-1357))*(1-X);  //J/mole// 
         liquidcobalt = (83642.11 + 54.863*(Tint-1768))*X;  //J/mole// 
         liquidexcess =  X*(1-X)*((40166*X)+(53555*(1-X)));      //J/mole// 
         Hliquid = liquidcopper + liquidcobalt + solidexcess; //J/mole// 
 
         Heff = (Hliquid-Hsolid)/AW;       //(J/kg)// 
 
         //End of The effective enthalpy at the interface of temperature T// 
         GS = (Tint-T[P-1])/dy; 
         GL = (T[P+1]-Tint)/dy; 
         Geff = GS-GL; 
         V = ((kssample*GS)-(klsample*GL))/(dssample*Heff); 
         E = Geff*V; 
         t = t + dt; 
         fs = (Y-wmold)/wsample; 
 
         //Store data// 
         Time[COUNTER] = t; 
         Position[COUNTER] = Y; 
         Temperature[COUNTER] = Tint; 
         Velocity[COUNTER] = V; 
         Coolingrate[COUNTER] = E; 
         Gradsolid[COUNTER] = GS; 
         Gradliquid[COUNTER] = GL; 
         Gradeff[COUNTER] = Geff; 
         //Store data// 
 
         //screen and print out the interface information// 
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         grid = Position[COUNTER]/dy; 
         difference = P - grid; 
         if (difference < 0.05) 
         fout<<"\n"<<Time[COUNTER]<<"          "<<Position[COUNTER]<<"          
"<<Temperature[COUNTER]<<"          "<<Velocity[COUNTER]<<"          
"<<Coolingrate[COUNTER]<<"          "<<Gradsolid[COUNTER]<<"          
"<<Gradliquid[COUNTER]<<"          "<<Gradeff[COUNTER]; 
         //screen and print out the interface information// 
 
} //End of while loop// 
 
      fout<<"\n\nEnd of program"; 
 
return 0; 
} 
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