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ABSTRACT

SYNTHESIS OF METALLIC PARTICLES WITH ANISOTROPIC
MORPHOLOGIES VIA SOLIDIFICATION PATH

Ulusel, Mert
M.S., Department of Metallurgical and Materials Engineering

Supervisor: Assoc. Prof. Dr. Simge Çınar Aygün

August 2022, 64 pages

The morphology of alloys is dependant on the kinetics and thermodynamics of solid-

ification. While the relation between these phenomena and the microstructure of bulk

alloys is known, their effects on particle morphologies has scarcely been studied. Par-

ticles are an exceptional model system for the study of nucleation and solidification

phenomena because it is possible to isolate individual nucleants, or obtain systems

with far less catalytic sites compared to bulk alloys. This makes it possible to obtain

undercooling values orders of magnitude greater in comparison to bulk alloys. Large

quantities of such particles can be produced with simple physical methods. The po-

tency and distribution of catalytic sites, while not directly observable, can be modified

with large scale treatments on particles, making it possible to control the stochasticity

associated with the aforementioned events. Distinct particle morphologies, such as

Janus particles, the production of which are nontrivial with bottom up methods, can

be produced by this approach. In this thesis, by the modification of the solidifica-

tion parameters, including thermal history, oxygen content of the environment and

cooling rate, particles with Janus, Triblock Janus and other distinct morphologies are

produced. While the underlying mechanisms are complex, such particles are con-
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sistently obtained in the gram scale. Production of even more complex anisotropic

morphologies, and the realisation of applications requiring a large amount of such

particles are made possible with a top-down approach to particle design.

Keywords: anisotropic particles, janus particles, solidification of liquid alloys, eutec-

tic bismuth-tin
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ÖZ

KATILAŞMA YÖNTEMİ İLE ANİZOTROPİK MORFOLOJİDE METALİK
PARÇACIK SENTEZİ

Ulusel, Mert
Yüksek Lisans, Metalurji ve Malzeme Mühendisliği Bölümü

Tez Yöneticisi: Doç. Dr. Simge Çınar Aygün

Ağustos 2022 , 64 sayfa

Alaşımların morfolojisi, katılaşmanın kinetiğine ve termodinamiğine bağlıdır. Bu fe-

nomenler ile büyük ölçekte üretilen alaşımların mikro yapısı arasındaki ilişki biliniyor

olsa da, parçacık morfolojileri üzerindeki etkileri çok az çalışılmıştır. Parçacıklar, çe-

kirdeklenme ve katılaşma olaylarının incelenmesi için iyi bir model sistemdir çünkü

bireysel çekirdeklenme bölgelerini izole etmek veya büyük ölçekte üretilen alaşım-

lara kıyasla çok daha az katalitik bölgeye sahip parçacıklar elde etmek mümkündür.

Bu, çok büyük aşırı soğuma değerleri elde etmeyi mümkün kılar. Bu tür parçacıklar,

basit fiziksel yöntemler kullanılarak büyük ölçekte üretilebilir. Katalitik bölgelerin

gücü ve dağılımı doğrudan gözlemlenebilir olmasa da, parçacıklar üzerinde büyük

ölçekli işlemlerle modifiye edilebilir, bu da katılaşma olayının kontrollü gerçekleşti-

rilmesini mümkün kılar. Aşağıdan yukarıya yöntemlerle üretimi zor olan Janus par-

çacıkları gibi farklı parçacık morfolojileri bu yaklaşımla üretilebilir. Bu tezde, termal

geçmiş, ortamın oksijen içeriği ve soğutma hızı gibi katılaşma parametrelerinin mo-

difikasyonu ile Janus ve diğer farklı simetrik olmayan morfolojilere sahip parçacıklar

üretilmiştir. Bu tür parçacıklar tutarlı bir şekilde gram ölçeğinde elde edilmiştir. Daha
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da karmaşık anizotropik morfolojilerin üretimi ve büyük miktarda bu tür parçacık ge-

rektiren uygulamalar, parçacık tasarımına yukarıdan aşağıya bir yaklaşımla mümkün

kılınabilir.

Anahtar Kelimeler: anizotropik parçacıklar, janus parçacıkları, sıvı alaşımların katı-

laşması, ötektik bizmut-kalay
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CHAPTER 1

INTRODUCTION

Control of processing parameters to affect the final microstructure, and thus, the prop-

erties of alloys is one of the basic principles of materials science. By changing the

cooling rate, the phase transformation kinetics of alloys can be modified, affecting

the final solidified microstructure. An example for such behaviour can be given for

carbon steel, where the microstructure includes pearlite, which is a phase mixture

of cementite and ferrite [1]. The distance between the lamellae consisting of these

phases can be decreased by cooling the austenite phase from which they originate

with different rates, modifying the mechanical properties of the alloy [2]. The modi-

fication of thermal history of alloys is another parameter, control of which is a com-

mon method for achieving high strength lightweight aluminium-copper alloys. Off-

equilibrium microstructures with fine particles can be obtained by precipitation from

super-saturated solid solutions, resulting in strength values otherwise unachievable in

the system [3].

In contrast to bulk materials, in the nano-scale, different mechanisms are present.

The decrease of the free energy cost of phase separation at this scale may result in

complete miscibility of components with limited solubility in each other in the bulk

scale [4]. The high ratio of surface atoms to total atoms also results in a melting

point depression with decreasing size in particles of this size [5]. These effects open

a new area of research, where principles of bulk phase transformations are no longer

applicable to predict solidified structures.

However, in the size range of sub-microns, bulk scale mechanisms can be applied in

order to produce particles with predictable and controllable microstructures. Among

these particle designs, “patchy”, or anisotropic particles, attract special interest, which
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combat the design limitations associated with their isotropic counterparts [6, 7, 8].

Consisting of regions with distinct chemical, physical, and electrical properties, the

interactions of these particles with external stimuli is strongly directional [9]. Janus

particles are a special case, owing their name to the two-faced roman god, where the

different regions are located at the two hemispheres of the particle. These particles are

called core-shell if they consist of a homogeneous core and distinct surface, and core-

less, or compartmentalized, if they are chemically homogeneous throughout [10]. The

proposed applications for these particles include usage as sensors [11], surfactants

[12], micromotors [13] and supramolecular structures [14].

Most existing methods for production of patchy particles are bottom-up, and many

involve coatings [15]. One such method is deposition of a metal on homogeneous

particles on a substrate [16]. Even though well-defined anisotropic particles can be

produced with these methods, their main limitation is yield, preventing enough from

being produced in order to realize the aforementioned applications.

In this thesis, large scale fabrication of anisotropic particles was realized by means of

fabrication of highly undercooled eutectic bismuth tin particles using droplet emul-

sion technique (DET) [17] in order to obtain homogeneous particles and reduce vari-

ation. Processes analogous to basic processes for alloys in materials science were

designed to investigate the relationship between purity, undercooling degree and mor-

phology to obtain sub-micron particles with consistent and distinct morphologies,

utilizing the basic principles of solidification.

Figure 1.1: Schematic representation of particle reactor production from bulk alloy,

and subsequent heat treatments to obtain particles with various phase distributions
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CHAPTER 2

LITERATURE REVIEW

Anisotropic particles are obtained via altering their solidification behavior in this the-

sis, thus, to better understand the principles that apply, solidification phenomena and

related concepts are first introduced.

2.1 Fundamental Concepts

2.1.1 Kinetics of Solidification

When a liquid is taken below its equilibrium solidification temperature (Tm), spon-

taneous solidification does not occur in all cases as one might expect. If this liquid

phase is metastable, relaxation occurs by nucleation, whereas unstable systems relax

by spinodal decomposition [18]. The change from metastable phase to stable phase

requires the formation of an interface, which is the basis of the energy barrier associ-

ated with nucleation. While initially developed for supercooled vapor condensation

into droplets by Volmer and Weber [19], the Classical Nucleation Theory (CNT) has

been extended to crystallization of supercooled liquids [20, 21].

2.1.1.1 Homogeneous Nucleation

According to CNT, the free energy change for the formation of a spherical nuclei for

liquid to solid phase transition is given by equation 2.1.

∆G =
4πr3

3
∆GV + 4πr2γSL (2.1)
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where ∆G is the free energy change associated with nucleus formation, r is the radius

of nuclei, ∆GV is the free energy change per unit volume of phase transformation and

γSL is the interfacial energy between the solid and liquid phases. From figure 2.1, it

can be seen that as the radius increases, ∆G reaches a local maxima at r∗ (the critical

nucleus size). The addition of new atoms after this ∆G∗ value results in reduction of

the Gibbs free energy, thus this value is the energy barrier associated with nucleation

[22].

Figure 2.1: The Gibbs free energy of formation of new nuclei with increasing nuclei

radius

∆G∗ can be calculated, by differentiating ∆G with respect to r to find r∗, then finding

∆G(r∗) (equation 2.2).

∆G∗ =
16πγ3

SL

3∆G2
V

(2.2)

Assuming that any cluster of atoms with a size smaller than r∗ will shrink, and larger

than r∗ will grow, Volmer and Weber formulated the steady state nucleation rate, con-

sidering the equilibrium distribution of clusters at temperature T, as seen in equation

2.3 [19].

n∗ = n1exp

(
−∆G

kT

)
(2.3)

Although the initial stage of nucleation is the most important stage, this steady state
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solution can also be expanded to cover the dependancy of nucleation rate on time

[23]. Thermodynamic, kinetic and experimental data over a wide enough tempera-

ture range are not available for most materials. Nucleation rates calculated with CNT

assuming homogeneous nucleation fit well with experimental data for silicate glasses

shown in figure 2.2a, with a possible cause for the variation being the different purities

of the samples [24]. Figure 2.2b illustrates the sensitivity of homogeneous nucleation

rate to the surface energy between the nucleating and parent phases for lithium dis-

ilicate glass. While CNT overestimates the relation, with a small change in surface

energy changing the nucleation rate by orders of magnitude, it shows the importance

of surface energy on the phenomenon. In practice, most solidification events initiate

on preexisting interfaces.

Figure 2.2: a) Measured and calculated dependency of homogeneous nucleation rate

of silicate glasses on temperature (Solid lines: Calculated rates for glasses with avail-

able thermodynamic data, Points: Experimental data, Dashed lines: Guides for the

eye) (retrieved from [24]) b) Dependency of nucleation rate on surface energy (σ:

solid-liquid surface energy) (retrieved from [25])

2.1.1.2 Heterogeneous Nucleation

Formation of the nuclei on a preexisting surface reduces the initial energy requirement

for surface formation, and thus the energy barrier associated with nucleation [26].

A schematic representation of this condition is illustrated in figure 2.3. Using the
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Figure 2.3: Heterogeneous nucleation of the solid phase on a wall, ϕ indicates the

contact angle between the nucleating phase and the wall, γ indicates surface energy

force balance between γSL, γLW and γSW , and rewriting equation 2.1, the energy

barrier for heterogeneous nucleation can be obtained (equation 2.4)

∆G∗
het =

16πγ3
SL

3∆G2
V

f(ϕ) (2.4)

where f(ϕ), the catalytic factor, is expressed in equation 2.5.

f(θ) =
2− 3cosϕ+ cosϕ3

4
(2.5)

With the addition of a single parameter, the contact angle, heterogeneous nucleation

can be described by CNT by using the same parameters as homogeneous nucleation

[27]. A lower catalytic factor means higher catalytic potency, as with decreasing

contact angle, the energy barrier for nucleation also decreases. The contact angle is

dependant on both the substrate and the solidifying material, as it is affected by many

chemical and physical parameters such as their structure and matching of their lattice

parameters [25]. As such, the effect of certain impurities on the the energy barrier,

and thus nucleation rate, varies greatly from system to system.

The variation of f(ϕ) with changing contact angle is given in figure 2.4. It is clear

that any contact angle below 180◦ is enough to lower the energy barrier, subsequently

increasing nucleation rate according to equation 2.3. It is hard to directly measure

ϕ, thus these values are calculated from experimental observations of undercooling

values for a given system [28]. However, because CNT has several limiting assump-
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Figure 2.4: Variation of the catalytic factor with changing contact angle

tions, such as the assumption of a sharp boundary between the phases, and not taking

into consideration the change in properties of the comparatively small nuclei with

respect to macro scale materials, it often fails to quantitatively predict experimental

outcomes. Still, it captures the fundamentals of solidification well, and thus is used to

qualitatively describe the phenomenon [22]. Figure 2.2b can also be used to illustrate

the drastic effect of catalytic potency on nucleation rate, as catalytic factor has the

same effect as decreasing surface energy. From this, the importance of the type of

catalytic site on the degree of undercooling is clear.

There is a clear preference towards heterogeneous nucleation due to the reduction

of the energy barrier. As such, most industrial scale solidification processes initiate

with heterogeneous nucleation, the catalysts of which are distributed randomly inside

the sample [30]. In addition, the formation of a critical sized nucleus is a stochastic

process, with nucleation times being distributed statistically even when repeating the

same experiments [31]. There is a strong correlation between solidification kinetics

and microstructure. In figure 2.5, the microstructure of Ni65Cu35 alloys undercooled

to different degrees can be seen [29]. It is clear that with increasing undercooling, the

different phase regions get finer. However, because of the distribution of nucleation
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Figure 2.5: Microstructures of Ni65Cu35 alloys undercooled by a) 45 K b) 121 K

(retrieved from [29])

sites and nucleation times, there is always some variation in the solidified microstruc-

tures. In order to obtain consistent morphologies across particles, the stochasticity

associated with solidification needs to be reduced.

2.2 Highly Undercooled Particles

The dependence of nucleation rate on catalytic potency of impurities has been estab-

lished, and their variation contributes to the variation in microstructures by modifying

the solidification kinetics. Removal of catalytic sites is one way to reduce stochas-

ticity, and while it is non-trivial for bulk alloys, it has been applied to particles to

great effect in order to study the fundamentals of solidification. For bulk materials,

this can be done by physical or chemical processes [28], including encasing in inor-

ganic glasses to act as a flux or a physical separation of the melt from surfaces using

drop tubes or levitation [32] . To produce particles devoid of catalytic sites, Droplet

Emulsion Technique (DET) is an effective approach. DET has initially been used by

Turnbull for mercury droplets [33], and improved by Perepezko [34]. In this tech-

nique, bulk alloys are brought above their melting point inside a carrier fluid with a

high boiling temperature and particles are sheared from the bulk by a blade rotating

at high speed. In particles produced this way, catalytic sites which initiate nucleation

and solidification are contained in a small fraction of particles, allowing for a major-
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ity to stay in the liquid phase well below their melting temperature [28]. The increase

in undercooling with decreasing size for micron sized particles has been observed

for a variety of pure metal droplets previously [33]. The achievable undercooling is

then limited by either homogeneous nucleation or the surface coating of the particles

for most of the particles. This method can be extended, using molten salts as a car-

rier fluid in order to produce particles from metals with higher melting points [35],

or by the usage of ceramic matrices which do not catalyze the solidification of said

metals [36]. The degree of undercooling of particles produced with this method is

strongly dependant on the purity of the initial bulk alloy, as a more pure starting ma-

terial means less particles with impurities at the end of the process. This phenomena

has been shown experimentally by Perepezko (figure 2.6a). Near eutectic bismuth-

tin particles with sufficient purity can be made to solidify at 1◦C (figure 2.6b), as

observed by differential scanning calorimetry (DSC) .

Figure 2.6: a) The dependence of undercooled particle yield on purity of Aluminium

b) DSC analysis for Sn-51 at% bi alloy produced by DET (retrieved from [28])

Consistent production of such particles has allowed for direct observation of certain

events during solidification. This method allows one to isolate the solidification event

taking place at a specific nucleation site. For example, isolation from other sites

allows for the observation of the effect of primary phase on catalyzing the solidifica-

tion of eutectic systems [37]. The behavior of certain nucleating agents in modify-

ing the solidification behavior of highly undercooled particles can also be observed.

Perepezko and Wilde studied this effect on pure tin particles with an undercooling of

180◦C [38]. Intentionally introduced Y2O3 particles result in a clear nucleation peak
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at a specific temperature in addition to the peak corresponding to the nucleation event

on the oxide layer. Modification of the oxide layer can also shift the position of this

peak to higher temperatures by increasing its catalytic potency. With this method, the

catalytic potency of different materials can be compared [37].

In general, high undercooling can have the following features on the solidified phases;

refined microstructures, with smaller grain size, increase in solubilities of the con-

stituents in each other, different phase morphologies, and super-saturated or metastable

phase formation [34]. For the simple eutectic lead-tin system, for particles in the or-

der of 10-20 microns, a direct relation between undercooling, composition and mor-

phology has been mapped by Chu, Shiohara and Flemings, seen in figure 2.7 [39].

The solidification of the lead-rich phase occurs earlier even for a range of hypoeu-

tectic compositions, causing a shift in the eutectic point 2.7. While the effect of

decreasing size on shifting the melting temperature and solubilities of eutectic alloys

is known, these effects become prominent in the size range of nanometers [40, 41].

For eutectic bismuth-tin alloy, the calculated undercooling for 10 nanometer parti-

cles is 124◦C [42], while 138◦C undercooling can be achieved for near-eutectic mi-

cron sized bismuth-tin particles [28]. The lower solidification temperature is caused

by the aforementioned lack of catalytic sites for these micron-sized particles. The

reason for the shift in the eutectic points composition, deduced by interrupted DSC

and microstructure analysis, is that the oxide layer surrounding the particles is a

more effective catalyst for the lead-rich phase. Another significant difference be-

tween nanoparticles and emulsified micron sized droplets is that, while the former

also melt at a reduced temperature compared to bulk [43], this is not the case for the

latter. As the surface effect is not as significant for micron and sub-micron sized par-

ticles, the free energy change of melting is still positive at the depressed solidification

temperature. Thus, melting is observed around the equilibrium melting temperature

[28, 37, 39, 44].

While undercooled particles have been studied extensively, the research is mainly

focused on the solidification phenomena itself, and not the produced particles. One

exception is the work of Çınar et al., where they used liquid phase Field’s metal and

bismuth-tin particles produced by DET for heat-free soldering [45]. The control of

solidification kinetics allowed by DET opens up opportunities for the engineering of
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Figure 2.7: The off-equilibrium phase diagram for lead-tin micron sized particles

(retrieved from [39])

particles with various structures.

2.3 Anisotropic Particles

2.3.1 Production Methods

Most of the present methods for the production of Janus particles involve coatings.

One such method is the deposition of a metal on homogeneous particles on a substrate,

convincingly producing well defined anisotropic particles [13, 46] (figure 2.8a). The

amount of particles which can be produced with this process is extremely limited.

This two dimensional method can be extended to three dimensions by the usage of
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emulsions, increasing yield [16]. In a study by Granick et al, an emulsion of water

was stabilized by silica particles, and the particles were suspended at the interface by

solidifying the wax. The particle-water interface was then functionalized by chemical

routes [47] (figure 2.8c). Controlling surface nucleation is another method, resulting

in non-spherical Janus particles using a chemical route (figure 2.8d). Another ap-

proach, proposed by Lahann et al, utilizes electrohydrodynamic jetting, combined

with electrospinning in order to produce Janus cylindrical particles and spheres [48]

(figure 2.8f).

Figure 2.8: Production methods for Janus particles: a) Deposition b) Ellipsoidal com-

plex core coacervate micelle with an interpolyelectrolyte complex core (IPEC) c)

Emulsion route d) Controlled surface nucleation e) Microfluidic photopolymeriza-

tion f) Electrodeposition (retrieved from [16])

Compared to Janus structures, the production of Triblock Janus particles, a.k.a. striped

particles, is a greater challenge owing to their more complex structure. For patchy

particles, coating methods can be utilized, coating the particles on one side, flipping

them over with contact stamping and coating the other side [49], or particle embed-

ding, coating and etching the particle in two steps resulting in a stripe in the center

with different surface characteristics [50].
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The main limitation of these methods is their low yield, which prevents sufficient

amounts of Janus particles to be produced in order to industrialize their application

areas. Another disadvantage is that most methods strictly produce core-shell particles,

which pose some intrinsic limitations over core-less particles, including degradation

over time and swelling. If both chemically and physically homogeneous particles are

needed, particle compartmentalization is required [6].

2.3.2 Application Areas

Various applications are proposed for such particles, including usage as sensors, sur-

factants, micromotors and supramolecular structures[51].

Smoukov et al. produced reconfigurable structures with Janus particles consisting of

a polystyrene core coated on one hemisphere with iron. Initially disordered, the par-

ticles assembled into various structures with the application of a magnetic field. The

orientation of the structures could be controlled by rotating the magnetic field. The

particles can be demagnetized by application of alternating magnetic fields to disas-

semble the structures and reconfigured by reapplication of the magnetic field, paving

the way for reconfigurable electronics [52]. Amphiphilic Janus particles, consist-

ing of hydrophilic and hydrophobic interfaces, adsorb strongly at interfaces, enabling

applications as surfactants. Because such particles can lead to a high reduction in

liquid-liquid interface tension in comparison to uniform particles, they can be used as

emulsion stabilizing agents [16].

Another proposed application is colloidal motors, which are colloids which exhibit

mobility in addition to Brownian motion by using the energy stored in their surround-

ings. The propulsion can be promoted with chemical reactions as in the cases of

self-electrophoresis [53] or bubble propulsion [54]. When Janus particles are sus-

pended an oxidative solution, such as H2O2 , the oxidation reactions take place on a

specific side of the particles due to asymmetry. The resulting asymmetric distribu-

tion of ions around the particles generates a local electric field around each particle,

resulting in self-electrophoresis, and propulsion. This mechanism can be promoted

with the application of light with suitable wavelength [55], generating electron-hole

pairs in photo-semiconductors, which then migrate to different parts in the particles
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and cause the reactions. In systems consisting of particles of sufficient size, the de-

composition reaction of the oxidative media can cause bubble formation once the

local concentration of oxygen exceeds the solubility limit. These bubbles are ejected

with a certain velocity from the particles’ surface, transferring their momentum to the

particle and causing propulsion. The motion can also be promoted by external power

sources, such as electric [56] or magnetic fields [57]. Aforementioned chemical reac-

tions can be induced by electric fields, and rotating magnetic fields can cause rotation,

or motion, by continually deforming particles [58].

There are several application areas for colloidal motors. In chemical mechanisms,

the velocity of the particles depend on their environment, so by tracking the motion

of the particles, information about the medium can also be observed, including the

rheology, presence of catalytic ions and pH [59]. Their diffusion can reveal informa-

tion about the environment, effectively acting as sensors [60]. Another area is cargo

carrying for drug delivery applications, by binding specific molecules to the particles

and navigating them to specific parts of the body with external stimuli [58].

2.4 The Bismuth-Tin System

Bismuth and tin form a eutectic system with a eutectic point at 43 wt% (57 at%) tin,

at 139◦. Bismuth has a maximum solubility of 21 wt% (13 at%) in tin, while val-

ues ranging from 0 to 1 wt% have been reported for the solubility of tin in bismuth

[61] (figure 2.9). While pure tin undergoes an allotropic transformation at 13◦C, even

trace amounts of bismuth is enough to prevent this transformation [62], and so it is

not observed in bismuth-tin alloys. The alloy system has widely been investigated

as an alternative to lead containing solders [63]. Thorough investigation of the sys-

tems mechanical [64] and electrical properties, and the effect of additional alloying

elements to the system is still ongoing [65].

Bulk eutectic bismuth-tin alloy has a complex regular microstructure [66]. During

solidification of metals, the advancing solid front is characterized by one of two types

of interfaces, faceted or non-faceted. For faceted interfaces, there is a strong pref-

erence over certain crystallographic orientations, while for non-faceted interfaces,
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atoms from the liquid phase may attach themselves anywhere on the advancing front.

The type of interface is correlated with the entropy of melting of a material, with

bismuth growing with a faceted interface and tin with a non-faceted interface. The

complex-regular eutectic morphology observed is a result of this mismatch [67]. The

types of phase arrangements, as well as the fineness of the individual phases are

strongly dependant on cooling rate [68].

Figure 2.9: The eutectic bismuth-tin phase diagram (retrieved from [69])

2.4.1 The Metastable Phases

In alloy systems, more reaction paths during solidification are present compared to

pure components, making it possible for numerous metastable phases to develop, in-

cluding the formation of supersaturated solid solutions [28]. In the literature, there

are three metastable phases in bismuth-tin particles, which are BiSn, Bi2Sn and β’, as

observed by Pilloni et al. in particles produced by ultrasonication. All of these phases

consist of tetragonal tin lattice supersaturated with bismuth to different degrees. The

formation of the phases is attributed to the complex environment the alloy melt is

exposed to during particle production [70]. In their differential scanning calorime-

try analysis, they see a clear endothermic peak at 115◦C, which is attributed to the
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decomposition temperature for the metastable phases 2.10a. The radius of bismuth

atoms is larger compared to tin, so the introduction of bismuth atoms to the tin lattice

results in an increase in the average inter-atomic separation. Thus, the XRD patterns

of the metastable phases matches the pattern of the tin phase (figure 2.10b), shift-

ing towards lower angles because of the increase interplanar distances according to

Bragg’s law [71].

Figure 2.10: a) DSC analysis of eutectic bismuth-tin particles b) XRD pattern of

eutectic bismuth-tin particles (Dots: experimental data, solid line: calculated data,

dotted lines: the difference profile. Lower vertical bars: reflection positions of Bi, Sn,

Bi2Sn and BiSn phases) (retrieved from [70])

The phases were observed to form under high hydrostatic pressures, and change the

morphology of the bismuth-tin eutectic, which was observed as a fine two-phase mix-

ture by Yoon & Perepezko [72]. Bhattacharya et al. also observed the formation of

the phase under hydrostatic forces in eutectic bismuth-tin particles embedded in an

aluminium matrix. The particles experience pressure due to the expansion of bismuth

upon solidification, and the off-equilibrium phases consistently form upon solidifica-

tion and decompose upon melting [73].
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2.4.2 Bismuth-Tin Particles

Highly undercooled bismuth-tin particles have been produced in the literature. For

particles produced with DET, undercooling degrees of up to 138◦C have been ob-

served (figure 2.6).

Figure 2.11: a) Heterostructure of eutectic bismuth-tin particles produced by ultrason-

ication b) Bismuth-Tin-Oxygen ternary phase diagram Dashed line: eutectic bismuth-

tin isopleth (retrieved from [74])

Tang et al. produced nanoscale bismuth-tin particles at various compositions for

catalysis applications using ultrasonication [74] which has a similar working prin-

ciple to DET, shearing particles with sonication rather than rotating blades [75]. They

characterized the surface of eutectic particles extensively by transmission electron

microscopy (TEM) and thermodynamic calculations, modeling the surface and core

structure of the nanoparticles (figure 2.11a). For bismuth-tin-oxygen ternary at the

eutectic isopleth at 300◦C, the most stable oxide phase is SnO, or stannous oxide,

until very high oxygen concentration. Thus, Tang et al. concluded that eutectic

bismuth-tin nanoparticles’ surfaces consists of SnO with traces of SnO2 and Bi2O3.

In the literature liquid tin has been used to produce 2D ultrathin SnOx by utilizing the

spontaneous oxidation characteristic [76], which also allows for mechanically stable

particles to be produced from bismuth-tin alloys.
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While its low melting temperature and oxidation behavior make this system an ex-

cellent candidate for droplet emulsion method, the eutectic composition being close

to about half of each component enables close to symmetrical Janus particles to be

fabricated at the eutectic composition.

In the literature, the discussed fundamentals have been used to study solidification

phenomena and parameters affecting it, such as specific catalytic sites, content of the

atmosphere, cooling rate and alloy concentration. Different particles with different

morphologies are obtained in this thesis by using highly undercooled particles pro-

duced by DET as core-shell reactors, and applying large scale processes to modify

the aforementioned parameters. The effect of those parameters on undercooling, and

subsequently on the solidified morphology of particles are discovered.

In chapter 3, methods for the synthesis, solidification and subsequent characterization

of the particles are outlined.

In chapter 4, solidification of particles devoid of catalytic sites is studied. Fine mor-

phologies resultant from their high undercooling are obtained and characterized.

In chapter 5, the change in solidification behavior due to intentional introduction of

catalytic sites and alteration of composition is studied to produce low undercooling

particles. Janus and Tri-block Janus particles, for which no bottom-up methods exist

in the literature, are produced in large scale and characterized.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Fabrication of Particles

3.1.1 Alloy Production

The particles were synthesized from Eutectic Bismuth-Tin alloy (Sn - 57 wt% Bi).

Eutectic BiSn alloy was produced from high purity (>99.99%) bismuth and tin metals.

Pure bismuth was crushed with a mortar. Elemental tin was cut into the smaller pieces

using Abrasive Cutter. Sufficient amounts of both metals were placed in an alumina

crucible and, to reduce oxidation, the crucible was filled with silicone oil (Epsilon

Kimya). The metal mix was heated to 230°C in the furnace, and the alloy melt was

mixed with a glass rod every 45 minutes to ensure homogeneity. After 2 hours, the

alloy was air cooled to room temperature.

3.1.2 Droplet Emulsion Technique

For the Droplet Emulsion Technique (DET), a Tefal Ultrablend modified with a heat

jacket and insulation was used [45] (figure 3.1). During particle production, the reac-

tor was filled with 200 mL of diethylene glycol (DEG) (99.5% purity) purchased from

Tekkim. The heat jacked was wrapped around the glass container and set to 200◦C.

DEG was stirred at 10,000 RPM to ensure uniform temperature distribution inside the

reactor. Temperature of DEG was measured every 3 minutes until it reached 160°C.

Once heated, 2 grams of eutectic alloy was placed inside the reactor and held there

for 1 minute to ensure complete melting. The reactor was set to 45,000 RPM to apply

shear force to the alloy melt for 4.5 minutes. The solution was then air cooled to room
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temperature, and washed three times with ethanol via centrifugation at 10,000 RPM

(figure 3.2a). The particles were stored in ethanol.

Figure 3.1: The Reactor used for Droplet Emulsion Technique a) modified with a heat

jacket b) the blade configuration

Reactor was cleaned prior to production to prevent contamination by impurities, using

acetic acid (8 vol%) and ultra pure water. To clean the surface of the alloy, hydrochlo-

ric acid (3.5 vol%) was used. The reactor and alloys were cleaned with ethanol.

3.1.3 Heat Treatments

The produced particles stored in ethanol were dried on silicon wafers (figure 3.2b).

Solidification of particles was done inside a freezer at -20◦C for one hour to ensure

uniform cooling. Heat treatments were applied in drying oven (Nuve KD 200) at the

determined conditions.

To achieve large undercooling solidification, as-produced undercooled particles were

directly cooled to -20◦ inside a freezer, on a silicon wafer for characterization or

beaker for large scale production. For solidification with even larger undercooling,

as-produced undercooled particles were taken to 160◦C, held at that temperature, then
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furnace cooled to 90◦C with 2.5◦C/min, and directly quenched to -20◦C by placing

inside the freezer. To introduce catalytic sites, solidified particles were heated to

160◦, held at that temperature in open atmosphere, and furnace cooled with a rate

of 2.5◦C/min to room temperature. To modify the composition of the eutectic par-

ticles, as-produced particles were heated to 230◦C inside the drying oven in open

atmosphere, held at that temperature, and furnace cooled with 2.5◦C/min to room

temperature. The heat treatment experiments were repeated for 15 minutes, 1 hour,

6 hours, 24 hours and 48 hours to study the effect of heat treatment time on the final

morphology.

To scale up the processes, heat treatments were applied to larger amounts of particles

dried inside glassware (figure 3.2c).

Figure 3.2: a) Particles produced with DET after centrifugation b) Silicon wafer

coated with particles for heat treatments, and subsequent SEM and XRD analyses

c) Large scale application of the heat treatments to particles inside glassware

3.2 Characterization of Particles

Back Scatter Electron Scanning Electron Microscopy (BSE-SEM) analysis and En-

ergy Dispersive Spectroscopy and EDS mapping were done with FEI Nova NanoSEM

430. Particles suspensions inside ethanol were dried on silicon wafers and analyzed.

FIB analyses were done with FEI Nanolab 600I. Particle were first coated with plat-

inum, then milled with 30 kV Ga+.
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Transmission electron microscopy (TEM) analyses were done with FEI Tecnai F30.

Samples suspended in ethanol were dried on carbon-coated copper TEM grids. To ob-

tain particles smaller than 100 nanometers, particles were centrifuged for 15 minutes

at 5000 rpm, supernatant was removed and dried at 60◦C to increase the concentration

of the solution. Heat treatments were applied to concentrated solutions of particles

inside glassware.

XRD analyses were performed with Rigaku DMAX2200, with a step width of 0.02°

and scanning rate of 1°/min. Particles measured were dried on single crystal silicon

wafers of orientation <4 0 0> in order to prevent noise from the substrate. Multiple

droplets of particle suspension were dried on the wafer depending on the concentra-

tion of the suspension to ensure the entire wafer was coated with particles, reducing

noise from the substrate.

Differential scanning calorimetry analyses were performed with TA instruments DSC250

using aluminum pans in air and nitrogen atmosphere with a cooling rate of 2.5°C/min.

2 mg of particles were used for each experiment. Particles suspended in ethanol were

dried on the pans. To analyze the microstructure of DSC samples, the lids of the

aluminium pans were removed and directly analyzed under SEM.
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CHAPTER 4

HIGH UNDERCOOLING MORPHOLOGIES

4.1 As-Produced Particles

If the particles are not sufficiently pure, or size refinement is not sufficient, high un-

dercooling will not be observed for particles produced with DET. In figure 4.1a, in

the BSE-SEM micrograph of eutectic bismuth-tin particles, large variations in mi-

crostructure can be observed. In contrast, a more uniform structure distribution can

be achieved by ensuring removal of catalytic sites (figure 4.1b).

Figure 4.1: a) Randomly solidified eutectic bismuth-tin particles produced with DET

b) Undercooled eutectic bismuth-tin particles produced with DET

In the BSE-SEM micrograph of the as-produced particles (figure 4.1b), several phase

distribution characteristics are observed across the particles. In BSE-SEM, in addition

to secondary electrons which provide topological information, majority of the signal

comes from backscattered electrons in which the signal strength is directly correlated
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with the elements atomic number [77]. As such, because bismuth is partially soluble

in tin at room temperature (with a maximum of 21 wt%), and tin is not soluble in bis-

muth (figure 2.9), one would expect to see two distinct contrast regions corresponding

to the pure bismuth and tin-rich regions, as in bulk bismuth tin alloy. However, in a

majority of the particles, no contrast is observed, and instead, the particles are uni-

form throughout, indicating the presence of a single phase, or the metastable liquid in

this case (figure 4.2).

Figure 4.2: BSE-SEM image of undercooled particles

A variety of phases are present in the X-ray Diffraction (XRD) pattern (figure 4.3) of

the particles produced with DET. Here, in addition to the equilibrium bismuth and tin

solid solution phases of the eutectic system, peaks belonging to additional metastable

phases can be observed. Because the inter-atomic separation of pure tin is lower than

pure bismuth, the dissolution of bismuth atoms in the tetragonal tin lattice results in

an increase in the average distance, and thus a slight shift to lower angles is observed

in the tin peaks according to Bragg’s law [71].

The first metastable phase is evidenced by the broad peak spanning 25◦ to 40◦ in the

XRD pattern, indicating the presence of short range order, or an amorphous phase in
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Figure 4.3: XRD pattern of the as-produced eutectic bismuth-tin particles showing

bismuth (PDF 04-006-7762), tin (PDF 04-008-4977) and metastable phase peaks

(metastable phase peaks retrieved from [70])

the particles’ structures. Since diffraction is observed at specific angles corresponding

to specific interplanar spacings in crystals with long range order according to Bragg’s

law, they appear as peaks in the diffraction pattern. However, in amorphous materials,

there is a lack of periodicity, so instead of sharp peaks, a broad peak corresponding

to the statistical preference of inter-atomic separation of the material is present [71],

further proving that the particles are in the liquid phase.

In the Energy-dispersive X-ray spectroscopy (EDS) map of an individual particle

without any backscatter contrast (figure 4.4), it is seen that bismuth and tin elements

are distributed uniformly throughout the particle. It can be further concluded that in

the particles, the elements have fully dissolved in each other at room temperature, as

is the case in liquid bismuth-tin, while also indicating that the particles are homoge-

neous throughout their core.

Heterogeneous nucleation initiating from container walls is a common occurrence

[78], which is not observed in the produced particles. In the case of the undercooled
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Figure 4.4: The EDS map of an Undercooled particle

particles, they can retain their shape and undercooled characteristic even after cen-

trifugation under up to 15,000 RPM, and retain their metastability for up to three

years. During production with DET, as the particles are sheared above their melting

point in DEG, their surfaces spontaneously oxidize, forming a thin protective oxide

shell [79]. As discussed previously, for eutectic bismuth-tin particles produced by

ultrasonication, their surfaces consist mostly of SnO (figure 2.11). This kinetic and

mechanical stability, and the fact that no XRD peaks are observed of any oxide phases

in the pattern(figure 4.3) leads to the conclusion that the surface of the produced par-

ticles consists of an either very thin, or amorphous coating containing various oxides

of bismuth and tin, consisting mostly of SnO. The amorphous characteristic of the

particles’ surfaces is reinforced by the fact that it does not catalyze solidification,

as non-crystalline surfaces make for poor catalytic sites for crystal nucleation [28].

These uniform particles with no present catalytic sites have been used as a starting

material for the rest of the study.

The particle size distribution is given in figure 4.5. Particles are mostly in the sub-
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micron range due to the high RPM used while producing them for sufficient refine-

ment, with a monomodal distribution. The particles are in the range of 60 nm and

1.2 microns, with an average particle size of 300 nm. Digital segmentation of 2000

individual particles from SEM micrographs via watershed algorithm, and subsequent

measurement of their sizes results in a similar size distribution (Appendix A).

Figure 4.5: Size distribution of the as-produced particles

The second metastable phase shows itself as a third phase region in BSE-SEM mi-

crographs of particles that either solidify during production, or that are solidified with

high undercooling, milled by focused ion beam (figure 4.6). In addition to the two

regions corresponding to the tin-rich solid solution and bismuth phases, a third region

can be observed. This region consists of elements with an average atomic number

between the two equilibrium phases, and corresponds to a super-saturated tin lattice.

The peaks observed in as-produced particles align with the BiSn and Bi2Sn peaks

reported by Pilloni et al. [70]. The metastable phase is generally attributed to high

pressure environments in the literature [72, 73]. Though the pressure is not as high

in the DET reactor in this study, the non-equilibrium conditions, such as the constant

shear force on the particles, may have aided in the formation of such phases.

In this study, the metastable phases are obtained only as a product of DET, and once
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Figure 4.6: BSE-SEM image of an as-produced particles core, milled using FIB

taken and held above their decomposition temperature for a sufficient amount of time,

they do not form upon cooling back to room temperature. As such, no correlation

between these phases and the various obtained particle morphologies has been drawn.

According to the classical theory of nucleation, nucleation rate is correlated with

temperature, as well as the energy barrier of nucleation (equation 2.2) at that specific

temperature. The potency of a specific catalytic site relates to the surface energy term

in the energy barrier, with a lower surface energy meaning higher catalytic potency.

However, from equation 2.3, it is apparent that nucleation is possible for high surface

energy sites if the temperature is sufficiently low, i.e. a high enough undercooling is

achieved. Another implication of equation 2.3 is that solidification temperature from

a given nucleant is characteristic, as for a specific γSL term, nucleation rate is high

enough to initiate solidification at a specific temperature.

When the particles are cooled to -80◦C, an exothermic peak with an onset temperature

of -7◦C is observed in differential scanning calorimetry analysis (figure 4.7). When

the particles are heated back up to room temperature, no corresponding endothermic
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Figure 4.7: DSC analysis of the solidification of highly undercooled as-produced

particles

event is observed at the same temperature, leading to the conclusion that this event

corresponds to the off-equilibrium solidification of the undercooled particles, further

proving their liquid characteristic. As the particles transform to their stable phases,

the event is irreversible, and the particles need to be heated up to 139◦C to melt them.

The common characteristic of the highly undercooled particles is the aforementioned

amorphous oxide shell. It is concluded that the solidification event at this temperature

initiates from the shell. The shell either acts as a catalytic site, or as the particles are

spherical in geometry, when the particles are cooled, the melt at the outermost part

reaches the nucleation temperature. Either way, 150◦C undercooling is required to

solidify the particles. As the event temperature is identified, undercooled particles are

treated at -20◦C in large scale to ensure solidification for further analysis.

Because there is a direct correlation between the purity of the initial alloy and under-

cooling degree, extra care has been taken to clean the DET experimental setup and

initial alloy in order to decrease impurities and increase the undercooled particle frac-

tion of the synthesized particles. The particles produced this way stay in liquid phase

29



at room temperature for up to three years.

4.2 Lamellar Particles

When the metastable undercooled particles are solidified, a distinct but consistent

morphology is observed. The undercooled particles have transformed into their equi-

librium phases, and the single phase liquid has segregated into two phase regions,

apparent in the BSE-SEM image as two distinct contrasts (figure 4.8).

Figure 4.8: BSE-SEM micrograph of the particles solidifed at -7◦C

This morphology resembles that of a complex-regular eutectic structure, observed

in bulk bismuth tin eutectics. This morphology is named Lamellar Particles. One

distinctive feature in these particles is the inter-phase spacing between the two equi-

librium phase regions (figure 4.9). In the bulk alloy where solidification initiates from

a container wall with low undercooling, the interlamellar spacing is in the order of a

few micrometers. In comparison, the Lamellar particles were solidified with a much
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larger undercooling, as the oxide shell from which solidification initiates has a low

catalytic potency. Compared to the morphology of similar particles solidified with

high undercooling in figure 2.7, where two distinct phase regions are observed in-

side the particles, Lamellar particles are more homogeneous. A possible explanation

might be the fact that the oxide layer surrounding the lead-tin particles is a much

more effective catalyst for the lead-rich phase, resulting in the preferential nucleation

of this phase at lead concentrations higher than the metastable eutectic temperature.

If the bismuth and tin-rich phases of the Lamellar particles show no such preference,

a more homogeneous structure is expected. Size refinement might play a role, as

the lead-tin particles are a few microns compared to the mostly sub-micron Lamellar

particles.

Figure 4.9: BSE-SEM micrographs of a) Bulk eutectic bismuth-tin alloy and b)

Lamellar particles, with interphase spacing measurements

For eutectic alloys, there is a relationship between the degree of undercooling and

the interlamellar spacing. This relation is also observed in eutectic alloy particles.

Han and Wei quantified this relation by using droplets of several hundred microme-

ters in order to study containerless solidification, and reported a direct correlation be-

tween droplet size and interlamellar spacing, as well as an inverse correlation between

droplet size and undercooling [80]. This leads to the conclusion that, as undercooling

increases, interlamellar spacing decreases in droplets, consistent with the increasing

nucleation rate 2.3.
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Figure 4.10: XRD pattern of the phase distributions achieved with large undercooling,

showing bismuth (PDF 04-006-7762), tin (PDF 04-008-4977) and metastable phase

peaks (metastable phase peaks retrieved from [70])

The XRD patterns of all particles with large undercooling phase distributions are

plotted in figure 4.10 for a higher undercooled particle yield batch. Much less signal

from solid particles is present in comparison to figure 4.3. After solidification of the

particles, the large peak disappears, and the crystal phase peaks are more pronounced.

As no treatment at high temperature was applied to these particles, the metastable

phase peaks are retained. The equilibrium phase peaks are much more intense in

comparison, since the batch consisting mostly of undercooled particles have solidified

as these phases.

For further analysis, Lamellar particles are milled using FIB to investigate their core

structures (figure 4.11). Their core morphology is found to be consistent with their

surface morphology, with several hundred nanometer tin lamellae distributed inside

the bismuth matrix. As solidification likely initiates from the surface and proceeds

across the particle, this consistency is expected.

To analyze the effect of thermal cycling on the as-produced particles, after solid-
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Figure 4.11: BSE-SEM micrographs of Lamellar particles’ cores, milled using FIB

ification at -7◦C, they were brought above their melting point, and re-solidified at

sub-zero temperatures in inert nitrogen atmosphere with a heating rate of 2.5◦C/min

(figure 4.12). Two endothermic peaks are present at 115◦C and 139◦. Heating after

initial solidification, the metastable phase decomposition occurs at the first endother-

mic event, and melting occurs at the second event at the eutectic temperature. In

the second cooling cycle, two peaks are present, one at onset temperature of 86◦C

and another with -7◦C. Here, the low temperature peak corresponds to the previously

discussed solidification from the oxide shell, while the first one indicates another

prominent catalytic site in the particles, further discussed in chapter 5.

In comparison to undercooled particles, the solidified particles are less spherical.

Tin, like most elements, shrinks upon solidification, while elemental bismuth is more

dense in its liquid state compared to solid, and its volume increases by 3.2% upon so-

lidification [81]. This discrepancy might be a reason for the deviation of the solidified

particles’ shapes from sphericity.

4.3 Composite Particles

To obtain finer structures, particles were quenched below their sub-zero solidification

temperature to further increase the degree of undercooling. The effect of increasing

cooling rate on the nucleation temperature of eutectic bismuth-tin particles can be

seen clearly with DSC analysis (figure 4.13).
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Figure 4.12: DSC analysis of the thermal cycling of as-produced particles under inert

nitrogen atmosphere

It is known that generally, a larger cooling rate corresponds to a higher degree of

undercooling upon solidification [82]. Although increasing undercooling is known

to result in finer lamellar eutectic structures, it is hard to isolate and study the effect

of cooling rate on the structure because of the aforementioned relation. Zhai et al.

studied the effect of cooling rate on the solidification of eutectic bismuth-tin particles

in the size range of 10 to 50 micrometers, and concluded that while there is no di-

rect correlation, both cooling rate and particle size affect the degree of undercooling,

which in turn affects the final solidified morphology [83]. The already low solidifica-

tion temperature can be lowered further by utilizing this, combining the undercooling

degree from lack of catalytic sites with cooling rate.

To observe the effect of this shift on the phase distribution of the particles, this pro-

cess was applied in the bulk scale to undercooled particles, heating them up to 160◦C,

holding them at this temperature for 6 hours and quenching them from 90◦C to -

20◦C. This temperature was chosen to quench the particles from above both the high

and low catalytic potency site initiated nucleation events. As a result, another distinct

morphology is observed. In these particles, instead of interconnected networks of

tin-rich phase lamellae, the tin phase is distributed as small regions resembling pre-

cipitates inside a matrix, they were thus labelled "Composite Particles" (figure 4.14).
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Figure 4.13: DSC analysis of the effect of cooling rate on the solidification peak

position of as-produced particles

In comparison to Lamellar particles, the interface area between the two phases is

much larger. This shift of morphology in eutectics with higher undercooling has been

reported in the literature for particles [80], and in this case, is attributed to the higher

nucleation rate and lower growth rate at lower temperatures. Although the exact

cooling rate is not quantified, from the resultant phase distributions, it is apparent that

this treatment has an effect on the solidification kinetics.

This shift in solidification kinetics is more apparent when the cores of the Composite

particles, milled with FIB, are observed (figure 4.15). In comparison to Lamellar

particles, more disconnected regions of tin nuclei are present, and even tin patches not

in contact with the surface of the particle can be seen (figure 4.15b). As growth rate

decreases exponentially with temperature, the likelihood of more nucleation events

taking place simultaneously increases, causing this distinct morphology.

The XRD pattern of these particles (figure 4.10) is similar to that of Lamellar par-

ticles with two minor differences. The metastable phase peak at 29◦ is much less

intense in comparison, while the other metastable phase peaks can’t be observed at
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Figure 4.14: BSE-SEM micrograph of Composite Particles

all. Holding the particles at 160◦C results in decomposition of the metastable phase.

The equilibrium phase peaks are also broader, with larger full with half maximum

values in comparison to Lamellar particles’ peaks, seen in the equilibrium tin peaks

at 31◦ and 32◦, as well as the equilibrium bismuth peaks at 38◦ and 40◦. The broader

peaks indicate that the average crystallite size is lower according to Scherrer Equation

[84], further proving that more nucleation events took place.

Figure 4.15: BSE-SEM micrographs of Composite particles’ cores, milled using FIB

The control of undercooling of eutectic bismuth-tin particles by isolation of catalytic
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sites allows for their solidification with very high nucleation rates in comparison to

their growth rates, allowing for the formation of new nuclei surpassing the growth

of the already nucleated solid phases, making it possible to achieve very fine phase

distributions. A schematic representation of the differing solidification kinetics, and

the resulting morphologies is presented in figure 4.16.

Figure 4.16: Schematic representation of the nucleation and growth rates of the

Lamellar and Composite particles

The increase in fineness of the different phase regions also corresponds to increasing

inter-facial area between the phases inside the particles. Defects are known to increase

the performance of catalysts by acting as active sites for chemical reactions [85].

One possible application for the particles solidified with high undercooling is thus

catalysis, as this characteristic makes them more efficient than their pure counterparts

[74], and allows for a new parameter to be modified in order to increase the catalytic

activity of particles besides composition or material type.
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CHAPTER 5

LOW UNDERCOOLING MORPHOLOGIES

5.1 Janus Particles

Undercooling and solidification behavior can be controlled by intentional introduc-

tion of catalytic sites to the particles to promote solidification at a higher temperature,

instead of removing nucleants or increasing cooling rate. Particles with different mor-

phologies can be obtained this way, as it is clear that there is a correlation between

the degree of undercooling upon solidification and the resultant morphology. Besides

the previously discussed intentional modification of nucleation behavior, the effect

of oxygen on nucleation catalysis of metals is also known. Studies on undercooling

phenomena involve inert atmosphere to prevent this [33]. In line with this, the pre-

viously solidified Lamellar particles were heated up to 160◦C in oxygen atmosphere,

and cooled back to room temperature slowly with 2.5◦C/min, with the resulting mor-

phology being Janus Particles (figure 5.1a). This morphology is consistent across

the entire batch of particles treated this way, with most of them displaying the Janus

morphology (figure 5.1b).

This process is applied in DSC with 2.5◦C/min, both in open atmosphere and inert

atmosphere (figure 5.2). After metastable phase decomposition and melting, in ni-

trogen atmosphere, a comparatively less intense normalized peak is observed with an

onset of 86◦C, similar to the one in figure 4.12. The metastable decomposition peak

is much less intense in comparison to the melting peak for this sample. This is at-

tributed to the chaotic nature of DET, and the low amount of metastable phase once

again has no bearing on the morphology obtained after subsequent processes. These

particles, when observed under BSE-SEM, were mostly in the liquid phase. However,
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Figure 5.1: a,b) BSE-SEM micrograph of Janus particles

for the experiment repeated under open atmosphere, a more intense peak is observed

at the same temperature. Once exposed to open atmosphere at high temperature , the

particles will solidify with the Janus morphology whether they melt in inert or open

atmosphere.

Figure 5.2: DSC analysis of the melting and high-catalytic potency site initiated so-

lidification of eutectic BiSn particles, performed under inert nitrogen atmosphere and

open atmosphere

Introduction of catalytic sites to a system and their subsequent purging has been inves-

tigated by Wilde et al. by using a 2 millimeter diameter gold droplet encased in glass

[86]. They reported that successive cycles under inert atmosphere would increase the
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degree of undercooling of the droplet at each solidification event, but any instance of

introduction of oxygen would drastically decrease this value. The proposed mech-

anism is that the oxide catalytic sites present in the droplet are accumulated at the

solidifying front and diffuse into the glass, which acts as a flux. Introduced oxygen,

on the other hand, reacts with dormant impurities inside the melt, activating them

as catalytic sites and increasing the nucleation temperature. Even small increases in

ppm-levels of oxygen significantly affects the solidification behavior of glass forming

alloys [87].

Figure 5.3: XRD pattern of Janus particles showing bismuth (PDF 04-006-7762) and

tin (PDF 04-008-4977) peaks

When the mostly liquid batch of particles is solidified, the noise due to the amorphous

phase disappears, as seen in the XRD pattern (figure 5.3). The metastable phase

decomposes during the melting process, and cooled slowly, the particles solidify as

the equilibrium phases, consistent with the BSE-SEM micrographs where two distinct

contrasts are observed.

BSE-SEM micrographs of individual FIB-milled Janus particles reveal that once again,

the phase distribution inside the particles’ cores are consistent with their surfaces (fig-

ure 5.4). The Janus particles are in fact coreless, or compartmentalized particles, as

opposed to patchy or core-shell. Upon closer inspection by contrast enhancement

(figure 5.4b), traces of tin phase nuclei can be observed inside the bismuth region of
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Figure 5.4: BSE-SEM micrographs of Janus particles’ cores, milled using FIB

the particles. This finding reinforces the observation of Bhattacharya et al. regarding

the solidification of eutectic bismuth-tin particles. They have shown, via in-situ XRD

at high temperature, that for dispersions of eutectic bismuth-tin particles in contact

with an aluminium matrix, bismuth is the phase which nucleates first, above the eu-

tectic temperature, obtaining Janus particles embedded in aluminium matrix ([73]).

Thermodynamically, the nucleation of both phases are equally favored for the eutec-

tic composition. However, as the surface of the particles consists mostly of tin oxide,

the composition of the liquid core shifts from the initial eutectic composition towards

bismuth-rich, making it more favorable for bismuth to nucleate first. As such, it is

concluded that the bismuth-rich region nucleates first, increasing the tin supersatura-

tion in the liquid in front of the advancing solid phase, until the tin composition is

high enough such that the tin-rich phase nucleates from the advancing front.

TEM analysis of the surface of nano-size solidified Janus particles confirms the ex-

istence of the previously mentioned oxide shell. A 3.5 nm oxide shell can be di-

rectly observed covering the particles. The coating is mostly amorphous, but nano-

crystalline regions are also present (figure 5.5).

Because the catalytic site introduced has a higher catalytic potency according to equa-

tion 2.5, the energy barrier associated with nucleation is lower, and so solidification

initiates at a higher temperature compared to solidification from the oxide shell. At

higher temperature upon nucleation, nucleation rate is lower and growth rate, which
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decreases exponentially with temperature, is higher, compared to that of Lamellar

particles. The introduction of catalytic sites promotes said high temperature nucle-

ation, and as such, most of the particles solidify initiating from the site characterized

by a 86◦C DSC peak. Higher growth and lower nucleation rate results in more likeli-

hood of each nuclei growing until completion of solidification, and increases the area

of the two phase domains. Some variation is still observed among the particles, with

a small amount deviating from the Janus morphology. As nucleation is a stochastic

event, there is some randomness associated with it, but the particle morphologies are

largely consistent (figure 5.1b).

Figure 5.5: High Resolution TEM nanograph of the oxide shell of Janus particles

The processes applied on silicon wafers and DSC can also be extended to larger

scales. DET can be used to produce undercooled particles in the gram scale, and

as long as all particles are cooled and heated to the target temperatures, and are in

contact with oxygen, they will solidify with the Janus morphology. As much as two

grams of Janus particles have been produced with this two-step process, by particle

production with DET and subsequent solidification and heat treatment using glass
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beakers as containers. As such, the method can be extended to produce Janus parti-

cles in the gram scale. For the first time in the literature, compartmentalized metallic

Janus particles have been produced with a top-down method.

5.2 Triblock Janus Particles

Considering the relation between the oxide shell, oxygen content and nucleation, the

influence of oxide layer on the nucleation event was investigated, with the aim to

extend the library of phase distributions. It was reported in the literature that once

tin nanoparticles are heated, a layer of SnO forms at temperatures below 400°C, with

the rate being highest at 235◦C [88]. Huh et al.[89] have stated that for bulk alloys of

tin, the formation of a crystalline oxide towards the core of the particle will proceed

inward at temperatures close to the melting point of tin, and the oxidation reaction

is rate-limited by the diffusion of oxygen as the mobility of tin is high. As such, the

as-produced particles were oxidized by heat treating them at 230◦ for 6 hours in open

atmosphere. Upon furnace cooling with a rate of 2.5◦/min to room temperature, such

particles solidified with a Triblock Janus (Striped) phase distribution, with a tin-rich

stripe on the center, and bismuth regions in the hemispheres, as seen in BSE-SEM

micrographs (figure 5.6a). Although the center tin-rich stripe is observed in most

particles, there is more variation in morphologies compared to Janus particles (figure

5.6b), possibly due to the difference in oxidation kinetics across them.

Figure 5.6: a,b) BSE-SEM micrographs of Striped particles
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The XRD pattern of these particles exhibit no metastable peaks, but a fourth new

phase appears, indexed to be stannous oxide (SnO), indicating the oxidation of par-

ticles to degrees observable in the XRD pattern, and further proving the nature of

the oxide shell of the particles. Oxidation results in a notable shift in composition,

evidenced by the significant reduction in the relative intensities of the pure tin-phase

peaks (figure 5.7).

Figure 5.7: XRD pattern of Striped particles showing bismuth (PDF 04-006-7762),

tin (PDF 04-008-4977) and tin oxide peaks (tin oxide peaks retrieved from [62])

TEM nanographs, presented in figure 5.8a, confirm this, with the oxide layer on the

surface visibly thickening from 3 nm in Janus particles to 10 nm for particles oxidized

in high temperatures.

A potential explanation for the morphology is the shift in composition of the particles.

For equilibrium off-eutectic alloys rich in bismuth, the solidification temperature in-

creases, with solidification initiating with primary-bismuth phase. This diffusion of

bismuth to the solid nuclei from the liquid would result in a shift in the composi-
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Figure 5.8: High resolution TEM nanographs of a) a Striped particle b) The oxide

shell surrounding the particles

tion of the remaining liquid, bringing the liquids composition to the eutectic point,

eventually resulting in eutectic solidification. The BSE-SEM micrograph of the core

of Janus particle revealed the presence of tin nuclei in the bismuth-rich side (figure

5.4). It is expected that, after the solidification of the first bismuth hemisphere, the

liquid is tin-rich enough so that the solidification of the tin-rich stripe initiates from

this hemisphere. After the stripe solidifies, the liquid is bismuth-rich again so that

the second hemisphere again solidifies as a bismuth rich region. From their HR-TEM

nanographs, it is revealed that these particles are also coreless (figure 5.8b).

This treatment is strongly time dependant. When Janus particles are heated up to

230◦C, and immediately heated back down to room temperature, they will solidify

with the Janus morphology. Conversely, when Striped particles, which were already

held at this temperature for 6 hours, undergo the same treatment, they will again

solidify with Striped morphology. Once the thickness of the oxide shell increases by

sufficient time spent at high temperature, the solidification behavior of the particles is

permanently altered. These particles can also be produced in the gram scale with this

treatment.

By intentional introduction of catalytic sites with high potency to the core-shell par-

ticle reactors, the solidification temperature is increased. At temperatures closer to

the equilibrium solidification temperature, growth rate is higher relative to high un-
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dercooling solidification, as shown schematically in figure 5.9. As such, particles

solidify with coarser structures, according to equation 2.3. While oxygen is known

to activate dormant catalytic sites in particles, this property has been used to inten-

tionally modify the undercooling behavior of the particles. Because the initial alloy

is sufficiently pure, the particles produced from the alloy are uniform in their solid-

ification characteristics. As such, applied large scale treatments have similar effects

on their solidification characteristics. The relationship between the morphologies

obtained and the solidification temperature at which they are observed is in strong

agreement with the fundamental concepts of physical metallurgy, and can be used as

a guideline to further predict and design particle structures.

Figure 5.9: Schematic representation of the nucleation and growth rates of the Janus

and Striped particles
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CHAPTER 6

CONCLUSIONS AND FUTURE RECOMMENDATIONS

6.1 Conclusions

In this thesis, undercooled particles, which have been studied extensively to under-

stand the various parameters affecting solidification, were used as a starting material

to produce particles with various phase distributions. The relationship between the

degree of undercooling, solidification kinetics and resultant morphologies were in-

vestigated.

Highly undercooled particles, stable in the liquid phase for more than three years,

were produced using Droplet Emulsion Technique. The particles were thoroughly

characterized structurally and thermally. The sub-zero temperature solidification of

these particles without any modification, initiating from the nanometer-thick oxide

shell on their surface, yielded particles with a complex regular eutectic structure with

an inter-phase spacing in the order of nanometers. Further decreasing of their so-

lidification temperature by quenching resulted in increase nucleation, as verified by

investigation of the particles’ cross sections, and a composite-like morphology with

dispersions of tin-rich phase in a bismuth matrix.

The well known effect of oxygen concentration of the environment was used as a tool

to introduce catalytic sites to the particles by taking the particles to high temperatures

in an open air environment decreasing the degree of undercooling significantly. This

decrease also resulted in a decrease in the nucleation rate, and the higher temperature

allowed for more mobility and a faster growth rate of the phases. As a result of the

increased solidification temperature, this resulted in a much coarser structure with

the two equilibrium phases situated at the hemispheres of the particles, solidifying
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as the Janus morphology. The particles solidified in a coreless configuration, being

homogeneous throughout their core to their surface. The production of particles with

a structure normally restricted to bottom-up methods was made possible by this large

scale processing technique.

The composition of the particles was modified by utilizing the surface oxide layer as

another tool. High temperature processing of the particles resulted in further oxida-

tion of the particles’ surfaces, thickening the oxide layer and shifting the composition

of the particles towards hypereutectic, as evidenced by direct imaging of the oxide

layer using Transmission Electron Microscopy. This change of the oxide layer, in

addition to shifting the composition, resulted in a modification of the solidification

sequence of the particles. Another distinct and hard to produce morphology, Triblock

Janus, was obtained as a result.

The underlying mechanisms for all of the described particle morphologies were found

to be consistent with the fundamental concepts of solidification and physical metal-

lurgy. These fundamentals were combined with the unconventional characteristics of

sub-micron sized alloy particles. The particles were used as reactors for large scale

control of microstructures, reducing the stochasticity associated with solidification

in order to anticipate and control the resultant morphologies from solidification, and

paving the way for more complex particle designs.

6.2 Future Recommendations

Particles produced with a process were found to share the same general features.

However, there was some variation in particles sharing the same morphology. Janus

particles produced had differing ratios of the volume of the two phases. The corre-

lation between this variation and particle size, treatment parameters including time

and temperature, and initial particle production steps should be investigated in order

to find the underlying mechanism and increase the consistency in morphology of the

particles. Another example is the variation in particle shape of striped particles, with

many deviating from spheres.

Interrupted Differential Scanning Calorimetry, or in-situ observation of solidification
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can help improve understanding of the solidification mechanisms of the morpholo-

gies. Thus more accurate prediction of resultant morphologies from different treat-

ments can be made. While ex-situ measurements allow for deductions to be made

about nucleation and growth, it is clear that the phenomenon is much more complex

and sensitive to unidentified parameters.

All the morphologies were obtained for the eutectic bismuth-tin system. For more un-

derstanding, more compositions of the same system should be studied to investigate

the structures they would yield, as composition is one of the main factors in solidi-

fication sequence, and thus microstructure. Furthermore, different low melting point

eutectic alloys should be studied to ensure applicability of the developed processes to

other systems.

For all processes and characterizations in this thesis, particles with their as-produced

size distribution were used. Segmentation of the particles into different size ranges

would allow for correlations about microstructure and size to be drawn to see if any

trend exists. As nanoparticles are also produced, and properties of materials change

drastically in this range, separation of nanoparticles and subsequent property mea-

surement is required for utilization of the particles in aforementioned applications.
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APPENDIX A

DIGITAL IMAGE SEGMENTATION

In order to quantify the information between particles’ sizes, shapes and their mor-

phologies, individual particles have been segmented from SEM Micrographs, which

contain all of the aforementioned information. The process is illustrated on a micro-

graph in figure A.1a.

Figure A.1: The segmentation steps applied to SEM micrographs a) Initial Micro-

graph b) Gaussian filtered image c) Binarized image d) Euclidean distance transform,

and its topological representation e) Particle locations found by extended minima

trans- form, and marked on the original micrograph f) Particles segmented via water-

shed algorithm, and their locations marked on the original micrograph
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Gaussian filter is first applied to the images to reduce noise, and prevent false pos-

itives in the thresholding step (figure A.1b) [90]. Otsu’s method is applied to the

filtered image in order to automatically determine the threshold value separating the

background from the images [91], after which binarization is applied with the found

value (figure A.1c). As the particles are mostly spherical, euclidean distance trans-

form is used to locate the particles’ centers, as usually only a single local minima is

present as a result of this transformation for the micrographs [92]. The result of this

transformation, and the resulting 3D surface of the image, is shown in figure A.1d.

After distance transform is applied, local minima regions are extended to join adja-

cent local minima, preventing oversegmentation of individual particles, and forming

the seeds which indicate individual particle locations (figure A.1e). Watershed trans-

formation on the resultant image to locate the ridges, or the boundaries between the

particles.

Once the boundaries are located, the individual particles are extracted from the mi-

crograph, shown in figure A.2a. Particles are eliminated according to their sphericity,

as the particles produced in this study are mostly spherical, or close to it, large devia-

tions from sphericity result from faulty segmantation [93]. The sizes of the particles

with sufficient sphericity were calculated by using the largest distance in the points

comprising their perimeter (figure A.2).

Figure A.2: a) An individual segmented particle b) Measured size of the particle
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