Interfacial Mechanics and Liquid
Crystal Structure of Liquid Gallium

Von dem Stuttgarter Zentrum flr Simulationswissenschaften
(SC SimTech) der Universitat Stuttgart zur Erlangdag
Wirde eines Dokteingenieurs (Drlng.) genehmigte
Abhandlung

Vorgelegt von
Muhammad Yunusa

ausYobe,Nigeria
Hauptberichter: Prof. Dr. Metin Sitti
Mitberichter: Prof. Dr-Ing. Holger Steeb
Mitberichter: Prof. Dr. Antal Kl

Tag der mundlichen Prifun@6. Oktober 2021

Max-PlancklInstitut flr Intelligente Systeme
2021






Dedicated to my beloved parents






Acknowledgements

| am thankful to Professor Metin Sitti for giving the opportunity to work in the Physical
Intelligence Department at the Max Planck Institute for Intelligent Systems. Being my PhD
supervisor, he gave me space to grovaasientist amongst the exemplarylleagues in the
department. | appreciate the freedom | had during these amazing years of my studies. Additionally,
| am indebted to Professor Antal Jakli for the guidance he gave me through my last year of PhD

study. | would like to thank Professor Holgkeeb for serving as a-examiner of my thesis.

This work would not have been possible without the support of many people. | am very thankful
to the past and present members of the Physical Intelligence Department for all their fruitful
academic discussi and personal advices. | would like to th&ho Zhan LumCeren Garip Yasa,
Hakan Ceyl an, Ni hal Sukho SongARyw\ikeam SinglpAbdoa RenaY a s a ,
FranceschMatthew WoodwardKirstin PetersenChantal Goethleiylassimo MastrangelMetin

Mu r a d dJmuit Banlj Senol Mutly Vimal Kishore Byungwook Park, Alp Karacakol,
Xiaoguang DongMukrime Birgul Akolpoglu, Devin Sheehan, Hyung Gyu Kim, Martin Phelan,
Utku Culha SinanDemir, Gaurav Gardi, Xinghao Hu, Yunwoo L&gem Balda DaygrandZiyu

Ren for the great discussions. Special thank
Ville Liimatainen andVarun Sridhar for always being around and supportive. They were always
around to listen to all my happy and sad moments. Maanykdto Nagaraj KrishnegSubbaiah,

Maritta Dudek,Anitha Shiva, Jack Sau@erd HoernerGerd Maier, Hilda David, and Peter
Schitzendube for the technical suppbappreciatenany hours ofthe insightful discussions with
Gunther Richter.

| would like tothank my research collaborators: Guillermo Amador, DirlDrotlef, Aliénor
Lahl ou, Morteza Amjadi, Ua u rghdkRaaildanedShahséuam u s
Yubing Guo, and Wendong Wang for their help and great scientific discussions.

| would sincerelylike to thank Patricia Martinez Janina Sieber]diké PappWiedmann,and

Eugenia Komnikor their tireless administrative support.

My foremost and deepest gratitude is to my family, especially my parents for their love, support,
and constant encragements during tough and cheerful times. They lift my spirit up and always
believe in me undoubtedly. My father, who never see the day to witness the end of my PhD

S

Al



endeavor, always gave me strength and courage to strive when nothing seems to whik. May

soul rest in perfect peace.

Finally, I acknowledge funding supports from Max Planck Society

Stuttgart October2021 Muhammad Yunusa



Abstract

Gallium is a strange metallic material with many features that can benefit our society. Its crystal
melts at a few degrees above room temperatur e
metals such as indium and tin to form a stable rmamperature liquid metalhe common gallium

based liquid metals are eutectic galliumdium (EGaln) and galliuamdium-tin (GalnSn) alloys

with melting point of 15 andl 9 , respectively. Recently, res:
gallium-basediquid metal for flexible soft electronics such as soft robots and sensors have gained
many attentions. However, understanding of the liquid state of gallium and its alloy is lacking. For
instance, the structure property of liquid gallium is one of theé fuodamental aspects that evaded
scientists for decades. Elemental gallium is also capable of remaining in liquid state at room
temperature due to its supercooling effect. Supercoling is the process of cooling a liquid below its
freezing point without bexming a solid or crystal. Moreover, at ambient conditions, liquid gallium

forms a nanometethick oxide skin that provides mechanical stability to the core liquid.

This dissertation aims to shed light on the fundamental aspects of supercooled liquid
gallium. First, the mechanical properties of the oxide skin encapsulating the supercooled liquid
gallium droplet is investigated. By leveraging the supercooling behavior of gallium and the
formation of its oxide skin, we characterized the emergence of wringlirtge interface and
adhesion energy between the liquid gallium and rigid substrate. An interfacial energy of 0.238 *

0.008 J rif was measured between gallium droplet and flat glass.

Secondly, seed induced crystallization of supercooled liquid galliumhendifferent
substrate materials revealed the dependence of the kinetics of crystallization on thermal behavior
of the substrate. Such approach further elucidates on the importance of interface temperature
during crystallization with a preferred orientatioThis result is especially crucial in casting
technology for high quality crystal formation on flat surfaces. The characteristic interface adhesion

is significant in choosing the right materials for liquid metal manipulation. The design principle
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used inensuring control on the phase transition demonstrate a large switching force between the
liquid and crystalline state. Through thermal analysis, we have determined glass transition in

elemental metallic gallium.

The third part of the dissertation reporés unprecedented liquid crystal structure in
supercooled liquid gallium. Byhe use of techniques apedl in liquid crystal (LC) research,
observation of LC texture in supercooled liquid gallium was realRetlective polarized optical
microscopy (RPOM) on liquid gallium sandwiched between glasses treated with rubbed polymers
reveals the onset of an anisotropic reflecobpossible dimer molecules clustersat 120°C that
increases on cooling and persists down to room temperature or below. Onethkawtth, when
gallium is sandwiched between substrates that align conventional liquid crystal molecules normal
to the surface, the reflection is isotropitie R-POM and scanning electron microscope textures
reveal the existence of a lamellar structure corresponding to smectic liquid crystalljpiease€.
phase is very stable even below room temperafithrermal and electrical respongsstify the
switching behwior of liquid gallium. This observation of LC structure of a highly electrically
conductive supercooled liquid gallium provides an unexpected new field of materials seidnce
liquid crystal research



Zusammenfassung

Gallium ist ein eigetimliches metallisches Material mit vielen Eigenschaften, die sich fur die
Menschheit als nutzbringend erweisen konnten. Sein Kristall schmilzt bei wenigen Grad Uber
Raumtemperatukr (0 1 3. Gallium lasst sich leicht mit anderen Metallen wie Indium und Zinn
legieren, um bei Raumtemperatur ein stabiles Flussigmetall zu bilden. Die gebrauchlichsten
Flussigmetalle auf Galliumbasis sind eine eutektische Galiuhum- (EGaln) und eine Gallium
Indium-Zinn- (GalnSn) Legierung mit einem Schmelzpunkt von 15 bzd9
Forschungsaktivitaten zum Einsatz von Galkbasiertem Flissigmetall fur flexible
Softelektronik wie SofRoboter und Sensoren haben unlangst viel Aufmerksamkeit auf sich
gezogen. Das gegenwartige Verstandnis des flissigen Zustands von Galliumingrd se
Legierungen ist jedoch noch unvollstéandig. Zum Beispiel gehdren die Struktureigenschaften von
flissigem Gallium zu den grundlegendsten Fragen, mit denen sich Wissenschaftler seit
Jahrzehnten beschéftigen. Elementares Gallium ist aufgrund des Unieds#ifekts auch bei
Raumtemperatur in der Lage, im flissigen Zustand zu bleiben. Unterkihlung ist der Prozess der
Abkuhlung einer Flussigkeit unter ihren Gefrierpunkt, ohne dass sie zu einem Festkdrper oder
Kristall wird. Dartiber hinaus bildet das flussigsallium bei Umgebungsbedingungen eine

nanometerdicke Oxidhaut, die der Kernflissigkeit mechanische Stabilitéat verleiht.

Ziel der vorliegenden Arbeit ist es, die grundlegenden Eigenschaften des unterkihlten fllissigen
Galliums zu beleuchten. Zunéchst werddie mechanischen Eigenschaften der Oxidhaut
untersucht, welche das unterkunhlte flissige Galliumtropfchen einkapselt. Um die Entstehung von
Falten an der Grenzflache und die Adhasionsenergie zwischen flissigem Gallium und starrem
Substrat charakterisieran kbnnen, haben wir uns das Unterkihlungsverhalten von Gallium und
die Bildung seiner Oxidhaut zunutze gemacht. So wurde zwischen Galliumtropfen und Flachglas
eine Grenzflachenenergie von 0,238 + 0,008 gemessen.

Im zweiten Teil zeigte die keimindigzte Kristallisation von unterkihltem flissigem Gallium auf

den verschiedenen Substratmaterialien die Abhangigkeit der Kristallisationskinetik vom
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thermischen Verhalten des Substrats. Ein solcher Ansatz gibt weitere Aufschlisse Uber die
Bedeutung der Graflachentemperatur wahrend der Kiristallisation mit bevorzugter
Wuchsausrichtung. Dieses Ergebnis ist besonders in der GielRereitechnik fur eine qualitativ
hochwertige Kristallbildung auf ebenen Oberflachen entscheidend. Die charakteristische
Grenzflachenhafing ist bei der Auswahl der richtigen Materialien fur die
Flissigmetallmanipulation von Bedeutung. Das Konstruktionsprinzip, mit dem die Kontrolle Gber
den Phasenubergang sichergestellt wird, zeigt eine grofe Umwandlungskraft zwischen dem
flissigen und dma kristallinen Zustand. Durch thermische Analyse haben wir den Glasibergang

in elementarem metallischem Gallium bestimmt.

Der dritte Teil der Dissertation berichtet Gber eine noch nie dagewesene Flussigkristallstruktur in
unterkihltem flussigen Gallium. Durch den Einsatz von Techniken, die in der
Flussigkristallforschung angewendet werden, wurde die Flussigkristalltextunt@nkihltem
flissigem Gallium beobachtet. Dazu wurde das Material zwischen Glasplattchen eingefligt,
welche mit polierten Polymeren behandelt wurden. Unter dem Polarisationsmikroskop im
Reflexionsmodus (engl.-ROM) zeigt sich der Beginn einer anisotropegfl&ion maoglicher
Dimermolekile bei 120°C, die beim Abkuhlen zunimmt und bis zu Raumtemperatur oder darunter
bestehen bleibt. Wird Gallium dagegen zwischen Substrate gepresst, die herkémmliche
Flussigkristallmolektle normal zur Oberflache ausrichterdiesReflexion isotrop. Die Texturen

unter dem RPOM- und Rasterelektronenmikroskop zeigen die Existenz einer lamellaren Struktur,
die einer smektischen Flussigkristallphase entspricht. Die Flussigkristallphase ist auch unterhalb
der Raumtemperatur sehr lsta Das thermische und elektrische Verhalten rechtfertigt das
Umwandlungsverhalten von flissigem Gallium. Diese Beobachtung der Flussigkristallstruktur
eines hoch elektrisch leitfahigen unterkuhlten flissigen Galliums eréffnet ein unerwartetes neues

Feldder Material und Flussigkristallforschung.
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1 Introduction

Following its prediction in 187by Dmitri Mendeleey who named it ékaaluminiund , gal I i um
(Ga) was discovered and extracted in 1875Raul Emile Lecoq de Boisbaudrgh,2]. The

discovery of gallium ushered the semiconductor industry through the development of gallium
arsenide as a direct bandgap semiconductor in the 13B0%he ability of gallium to alloy with

other elements such as indium, arsenic, and nitrogen makes it one of the most importans material

for semiconductor and optoelectronic devices. This lead to an unprecedented paradigm shift in
electronic imustry that transformed our modern society. Over 100 years after its discovery, the
unusualanomalies of gallium are yet to be understood. Recently, intense research activities have
been resumed in both fundameriadel and application area of gallium raéf4i 13].

Despitebeing one of the most valuable materials in modern semiconductor industry,
gallium has a lot to offer our society in terms of its outstanding electrical and thermal conductivity
in the liquid stat¢14i 16]. The properties of its liquid state is not well understood. With its intrinsic
l ow melting point (~ 30 ), gall i uneutecctiquid eadi |

metals at room temperature.

The common room temperature eutectic alloys of gallium are gaifidmam (EGaln) and
gallium-indiumttin (GanSn), which are both liquid at room temperature with melting point of 15
and-1 9 , r §.9ypieatEGalrvcerhposition i5.5 wt% Ga and 24.5 wt%, whereas the
eutecic composition of GalnSn B3wt% Ga, 22 wt% In and 10 wt% $10]. Thus, liquid gallium
and itsalloys have been the precursors and centerpiece of research activity in flexible and
stretchable interconnects for soft robofit$,18,27 30,19 26], and 3D printing of liquid metal
[31,32] Gallium and its alloys can readily form an oxide crustnwbagosed to ambient conditions
The oxide skin that forms on galliubased liquid metals consist £&xa with a thickness ranging
from 1 to 3 nm. The oxide layer provides a mechanical support to the inner liquid metal by
preventing the flow of the liquid metf83i 36]. However, the consequences of this oxide skin on

these liquid metals inontact with other surfaces is poorly understood.

The ability to phasehange at room temperatuf&7] and form a supercooled liquid

stat¢38i 40] are among the other fundamental properties of elemental gallium. Gallium can be

15


https://en.wikipedia.org/wiki/Dmitri_Mendeleev
https://en.wikipedia.org/wiki/Mendeleev%27s_predicted_elements
https://en.wikipedia.org/wiki/Paul_Emile_Lecoq_de_Boisbaudran

supercooled to a wide tempenatuange below its melting point like other technological liquids
such as water, Si, Ge, and Bi. The supercooling behavior of gallium ensured a long period of
metastability of the liquid state at ambient conditions. Therefore, the -phasge and
supercobng of gallium make it a good candidate to serve as a platform to explore some
fundamental properties of matter such as plcaseige memory stafél], structural ordef4,42

46], and crystallization behavi¢47]. By principle, the fundamentals of surface wetting, adhesion,
rheology, liquidliquid transition and crystallization of liquid metals can be studied, owing to their
liquid state stability.

1.1 Surface Tension and Wetting Properties

Surface interaction between two substances is governed by the surface tension across their
interface. Most of the physical and chemical activities occur at the interfaces. Surface tension is
defined as forec (F) per unit length (x) acting across a sutfa@n be expressed &s; QTQ @

in energy expression as free energy (W) per unit area (A) of surfac€® «j Q6 The unit of

surface tensioi/mor J/n?. For instance, the surface tension of water is 72miN

There are several methods to meaghee surface tension of a liquid. The Wilhgimlate or
pendant drop techniques are the common methods of measuring the surface tension of a liquid.
Liguid metals possess one of the highest surface tension in the literature with value as high as 700
mN m™[48,49]

Unlike surface tension, which speaks of liquatbor interfacgeinterfacial tension is based
on the surface free energy per unit area between two different liquids that are immiscible. In this
case, the difference between the liguabor surface tension of two different liquids (A T 1A)

and the interfaciakinsion between them () is expressed as work of adhesion;

0 rroT (1.1)

where a and b represemtet two different ligids. For purdiquids pulled apart the work of

cohesion can be written;as

0 q (1.2)
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If one liquid and other solid surface constitute the interface, then;
0 r o (1.3)

Accordingto Young[50], the trigonometric relations between contact angle and the forces acting
on a liquid droplet in equilibrium can be expresset as T r AT-OSubstituting Yo

eqguation of wetting in to the work of adhesion expression yields the YDupge” equation:
0 r p AI-O (1.4)

taki ngo d ¢ ;0r®0°,0 [ ; and for 180°) TL This expression correlates

the wetting angle (d) and the work of adhesio

Further, the force of adhesion between a flat sulestaatand an elastic sphere, b, with raius
a medium c was postulated Byphnson, Kendall, and Rob&rtheory, (Johnson, Kendall, &
Roberts, 1971]51]. The JKR theory is expressed as;

O -0 (1.5)
wherel is the work of adhesion between material a and b in a medium c.

In an ideal elastic sphere adhesion based on the JKR mode, the force of adhesion depends
on theenergy required to separate the interface between two different materials. Understanding
the oxide skin effect on gallium and its alloys droplet is rather complex. The droplet naturally
encapsulated with the nanofilm of oxide layers can be ruptured thehegar yielding. The shear
force required to yield the oxide skin is close to the interfacial surface tension estimate when the
droplet is squeezed in contact with a rigid substiidie.droplet shows viscotie behavior with
a precondition of yield aceding to rheological studig52,53] Therefore, JKR model fall shio
in capturing the dynamics of liquid metal droplets. By the assumption of Newtonian behavior of
liquid metal droplet, it is possible to model its surface energy with surface characteristic of fluid
such as water. Besides, the viscosity of the pure lijgthls is nearly twice that of watgéd].

Irrespective of the ~ 3 nm oxide skthe overall liquidlike property of the droplet is not affected.

Through the shape of droplet formed by a fluid, surface tension can be measured
alternatively. By the pendant technique, as aforementioned, a motionless droplet hanging from a
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pipette or sginge tip is imaged. In this scenario, there are two acting forces on the droplet: gravity
and surface tension force. Balancing these forces will enable to determine the droplet shape as

stated by the Youngaplace equation:
Yo 1 — — (1.6)

whereY0 is the pressure difference across a liquid sphere which represent the change in pressure
between inside and outside of the droplet, dhdnd’Y are the two radii of curvature of the

interface.

To modify the surface tension of liquid metaidectrochemical aneklectrewetting
methods has been widely applied to tune the electrical double layer (EDL) across liquid metal
[55,56] The EDL formation is usually achieved in the presence of an electrolyte solution or when
a liquid metal droplet is submerged in electrolyte solution. The surface tension between the liquid
metal and kectrolyte depends on the potential difference across the EDL. The voltage drop across

the EDL is described by Lippmanbés equation:
I o -0w a.7)

where , 6, andw are surface tension, the capacitance, the potential difference across the electrical
double layer; anfl is the surface tension at maximum when V = 0. The EDL is uniformly charged

in the absence of externally @ed field. However, with the application of field potential
gradient is generated along the EDL due to a finite conductivity. In the initial condition, where the
EDL is uniformly distributed, the change in Laplace pres$iirean be assumed for a torim
spherical droplet a¥0 ¢ j'Y. For instance, Khan et &57] demonstrated how to reduce the
surface tension of liquid metal from ~ 500 m3tmnear zero in sodium hydroxide electrolyte with

the application of 1V external potential. The ability to control the surface tension of liquid metal
through surface oxidation is a good example on how versatile and important it is to harness the
interfacial eergy of liquid metal. Moreover, Hu al. [58] manipulated liquid metal on a graphite
surface immersed in an electrolyte to move the liquid uphill by controlling the pH of the

environment.

18



1.2 Wrinkling Phenomena

Wrinkling is ubiquitous in naturdJntil recently, wrinkling, buckling and mechanical instabilities
have been considered a nuisance and #ppearance deemed unwanigd]. The manifestation

of wrinkling and buckling effects are vemportant principle in mechanical deformation of elastic
slendematerials. Wrinkling can be observed in animahsurface due the stiff epidermis layer
attached to a soft dermiswhen elastic material experiersdmickling. Naturally, wrinkles appear

on surfaces to accommodate stress suehhasa sheet of plastic material is under the influence

of external forcéuniaxial tensile force)60]. Other examples of wrinkle emergence are shown on
thin sheets of plastic floating on water surf@&¥]. In addition, thin films coating witlmetal or
plasma treatment on soft elastomer can generate wrinkles with a defined wavelength, which can
provide insight into the hard to measure mechamoaperties of the materif2]. As polymer

thin films are increasingly being integral part of electronics as coatings, dielectric menjég&nes
tunable grating64], and smart surfacd65], access to their elastic moduli is crucial in designing
and choosing the right parameter for specific application. Therefore, characterization of periodic
wrinkling generated onusfaces offers an alternative approach to measure the elastic properties of

such films[66]. Wrinkling occurs over a wider length scale.

In biological systemghe field of wrinkle generated by a cell crawling on soft substrates
have been used to quantify the forces generated during movggvgr&imilarly, vesicle, a thin
soft bag formed by lipid bilayers with thickness of ~ 3 nm wrink&. Recently, Oratis et al.
[69] show thatupturing and collapsing of viscous bubbles generate wrinkling with features similar
to those appear ialasticsheet The quantification of wrinkling phenomena have been studied by
stretchingcomposite materials with different stiffness where the top stiffer layer film adhered to
the bottom infinite elastic foundation. A uniaxial force applied to these composite materials

generate wnkling instability with a characteristic wavelength.
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The critical wavelength that minimizes the total strain energy is material dependent and

can be expressed as:

¢ Q

(1.8)

where'Qis the thickness of the upper fill®andbar e Youngds modul us and
subscriptsQandi denote the film and elastic substrate). When monitored carefully and analyzed,
wrinkling provides a powerful tool to characterize the mechanical properties of thin films such as
elastic modulus. The wavelength denotes a sinusoidal deformation pratile Hiim along the
direction of applied compressive force that act on the elastic substrate. This kind of deformation
mechanism is brought about by the competing energy between bendedilof and stretching

of the foundationmaterial Figure 1.).

A landmark theory of wrinkling formulated by Cerda and Mahadd@a@h showed a
generalized equations of wrinkling instability. They showed the optimal wrinkling wavelength by
balancing the bending and strectching energy of a sheet that experiences uniaxial force. They
derived a scaling law based on bending stireasd effective elastic modulus. The scaling law of

their finding can be summarized below as:

Il
I

(1.9)

z ¥

B (1.10)

where0 is the bending stiffness of a thin shaeis an effective elastic stiffness of foundation,
andY7To denotes the applied compressive strain. These expressions provide a powerful tool of
characterizing all wrinkling phenomena. A thin elastic shdetn stretcheavill buckle/wrinkle

due to energy minimization.
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h skin

foundation

X

Figure 1.1: A schematic illustration of wrinkling geometry. A thin skin (film) with a thickn€ss
is rested on top of a thick infinite elastic foundation. Wrinkle wavelength and amplitude are
represented asando, respectivelyReproduced from referengeQ].

An extension of wrinkling instability has been realized in different conditions. For
example,when a thin polymer is stretched at a liquid interface due to surface tension effect, a
wrinkling transition can emerge where a compression force is imposed through Laplace pressure
[71]. Therefore, understanding how wrlalevolves is of great importanzedrug manufacturing.

Thin elastic sheet made of polymer can wrap a droplet optimally as a prime exa@nephtrol

over the mechanical buckling effect of thin sheets where syminegaking phenomena may arise
through stress minimization. In the early observatidimg et al.[71] illustrated an elegant
experiment to characterize the wrinkling instability and the transition regime from wrinkled to
crumpled regime in a thin polymer sheets on water droplet under compression. They used a
polystyrene sheet of thickness from 49 to 137 nm, carefully delivered on the free surface of water
at the top of a tube which formed a spherical cap of ratfiusg 0. Where in this cageis the
liquid-vapor surface tension that stretches the sheet radially at its peritnitethe Laplace
pressure that acts normal to the surface of the sheet. In such scenario, the sheid tespm

different forcesexertedon the sheet, the stretching and bending with maduliO G&ando

O,whereOi s Young®s smPwd s 0 0i6 thickmesst Thewemerging d

morphological deformations were expressed through nondimensionless paraieéiterd as
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confinement |( ) and bendability7( . In summary, the governing equations of such wrinkling

transitions can be expressed as:

| k —h (1.11)

: _ 8 (1.12)

wherew is the sheet radius. Because the stretching and compressioorarenergetically costly,

the sheet experiences aftplane deformation to relieve stress. For optimal wrapping of liquid
with a thin film material, a transition from wrinklingede is ensued by folding to teacapsulated

final state. In this problenthe bending energies are negligible because of the dominating surface
interfacial energief72]. When a denser oil is dropped into a water bath where a thin sheet resides
at the watedir interface, the surface tension force and the force of gravity compete to determine

whether the impacting drop sink or float at the avahterface. The critical size of the droplet

depend on the capillary length, which is definedias g whereY” is the change in density

between oil and water. The droplet size require to sink the droplet is related to capillary length in

a given relationshipyy - .

During liguid metal exposure to ambient condition, oxide skin (thin film) growth is
inevitable due to passivation of gallivoxide layer. The oxide skin on galliubased liquid metal
is analogous to a thin film of synthetiolgmer wrapping a liquid droplet. The oxide growth start
with a fractal geometry with the abundance of oxygen in the environment. This oxide layer growth
reached an equilibrium state attaining a thickness of approximately 3 nm. As previously discussed,
the oxide skin provides a mechanical stability and prevent the liquid metal from free flowing.
Under certain experimental conditions, an exotic wrinkling transition emerges in the natural liquid
metal droplet, which provide a platform to investigate wrirkkffect in inorganic material. With
the application of the wekstablished theory of wrinkling, we characterized the deformation of
the oxide skin wrapped around the inner liquid metal. The analogous characteristic wrinkling will

be discussdin the next chapter.
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1.3 Crystallization Kinetics

Crystallization process usually involves first order phase transition from amorphous to crystalline
solid phase. Understanding crystallization process is vital in material design and development for
many applications areas. For example, tailoring the crystallization kinetics in qohasge
material application is a crucial aspect in selecting the right material candidate for the desired
application. As information storage becomes an importané isEourdigital era due t@ sudden

boost inthe internetof-things, the current information storage system faces challenge in high
speed data processifif3]. According to a projection, the global digital data will continuous to
double every year, and anticipated to have reached 44 zettabytes by2Q28 1.2) For many

years, scientist have set dotlook for an alternative architecture for memory device with fast
speed, high density, and nonvolatile low power consumption memory dErddeBhasechange
memory has attracteal great deal of attention as a nonvolatile data storage system for the next

generation computing

In phasechange memory application, chalcogenide materials that exhibit amorphous
glassy behavior are used in memory cell. To store information, a traniiim the amorphous
(nonordered) to ordered (crystalline) phase is triggered by electrical or optical stimulation. The
basis for this kind of data storage device lies at the heart of how fast crystallization takes place to
SET and RESET a bit of informan. In addition, most of the materials used in phasge
application are alloys of binary and ternary composit[{@g$. Recently, elemental phasbange
material based on antimony has been reported to show-phasge behavior under fast cooling
condition[76], which opens a new avenue of monotomic ptasege memory material research.
Soares et al[77] demonstrated an atiptical phase&hange memory in a single gallium
nanoparticle solely based polymorphismof gallium. They used pulse laser to deliver energy in
form of heat to realize phase transition thre nanoparticle. Through differeas in optical
properties during phase transition, the polymorphic phases of gallium can be identified at different
state.The typical polymorphs of gallium are alpha, beta, gamma, and delta phases. Depending on
the heating condition, a metastable phase of gallium can be induced which exhibit a distinguishable

optical state.
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In designing a memory cell, interfacial propeityone of the fundamental criteria to

consider. Interface plays an important role in tailoring the bulk property of a material.

Interface determineandpartly affects crystal growth velocity and acts as a site for heterogeneous

nucleation.
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Figure 1.2: The growth tendency of digital data created or copied by autonmatethines and
internet of thingsReproduced from referen{é4].
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In classical nucleation theory (CNT), the kinetics of heterogeneous nucleation is modelled
based on energy minimization of a system. To favor crystallization, the free energy change of solid
and liquid state is negativé/’O 118 The CNT is a wellestabished theory and has been
thoroughly investigated by TurnbJlf8]. The Gibbs free energy chang€O for the formation

of crystallite is the summation of the volumetric and sbtdid interfacial terms:
Yo YO YO (1.13)

whereY"O and¥Y"O are the volume and interfacial terms, respectively. &pgression maybe

written as:
Yo -“i YO t“it (1.14)

wherei is the radiusY"O is volumetric free energy aridis the interfacial energy. Due to
competition between the volumietand interfacial ternm equation 1.14for a stable nucleation
to form a nuclei critical radiud * is required for a maximut¥'O The driven kinetics of attaining

a critical nucleus is expressed as:
17 =— (1.15)

Therefore, the nucleation barrier for the formation of such critical radius is given as:

Yo (1.16)

Here YO indicates the initiation of solidification process. However, the tendency of metallic
liquid to deeply supercooled usually result in high activation energy. The Gibbs free energy

between the liquid and solid maybe expressed as:

Y0 y y

(1.17)

whereY'O is the latent heat of meltingy is melting temperature, andYis the supercooling

degree”Y Y.
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In another term, the role of liquid surface in crystallization can be understood throughionclea

frequency. The rate of homogeneous nucleation of liquid is defined as:

S‘/ z

Y 60A@D (1.18)

whereo is a prefactor proprtional to free energy of activatioiO for selfdiffusion of atoms
across the solilquid interface. The expressian —A @D — . Here,¢ is the number of
atoms per unit volume of liquidis the Boltzmann constant affds the Planclconstant. At the
solidification temperature of most metafs@ B — is in the order op T . Hence, it is expected

to arrive atd  p i wd& [79]. In many cases, it is arguable that nucleation takes place
homogeneouslwithin because of stable nuclei formation in a melt. Therefore, nucleation mostly
occur at a surface, interface, crevices, impurity, or boundaries. In such, the energy required for
nucleation is favorably reduced by a factor related to contact angle ofitkeis on the foreign

surfaces. Herdree energy expressias writtenas:

Y3 Y3 0— (1.19)

0— (1.20)

Thus, the rate of heterogeneous nucleation can be written as:

Y 8 Agpl

(1.21)

whered p i @& .In adeep supercooled liqud metal, heterogeneous nucleation can be
powerful tool to harness the crystallization behavior of a melt such as the room tempevature lo
melting point metallic alloys. In principle, heterogeneous nucleation can be tanhtrpkeethg

to induceon-demand crystallization in supercooled liquids or facilitategireeipitation of rain
droplets. In chapter 3, heterogeneous crystallizaproach is used to enalbhe control of Ga
crystalformation from a stable supercooled m@y. tuning the surface and interface in which
crystallizationoccur, one can understand thefluence of temperature on the crystallization

kinetics Furthermorethe initial surface temperature could determine the outcortteeafystal
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morphology. Several material properties including thermal conductivity, diffusion coefficient,
thickness, and density are crucial during crystallization proéessexample, theral gradient
across two different materials during crystallization determines how faster heat dissipate at an
interface. Thesolidification of metallic melt with high thermal conductivity is interesting in
tailoring microstructure of solids for wide applican areaslIn crystal growth process, single
crystal material can be obtained through seeding from a starting melt of the material. Due to
immense boost in solar cell industry, alternative réotdnigh quality crystal fabrication is being

sought since mterials with different chemistry and form are desirable for different applications.

1.4 Size Temperature Effect on Gallium Polymorphism

The unusual melting and freezing of gallium across different size scales have been reported in
numerous studiel80i 86]. The influence of sizeelated effect on therystallization and melting

of gallium under confinement has remain a challenge for decieer ambient condition,
gallium solidifies into different crystal modificatiores different temperature regime. The stable
room temperaturbulk gallium isthealpha | "Odphasevi t h mel t i n g, wipeeasnt of
several other metastable phases sucheda | "Ow, delta] "O®, andgamma® "O
polymorphs exist at much lower temperatwith melting points1 6 . 2219 , 4 -3)5.a6nd ,
respectively{83]. The high-pressurgphases of gallium are more complexemaGall exist as
body-centercubic (bcc) and Galll as body-center tetragonal (bcfB7i 89]. Most of the studies
conducted on confined gallium droplets were in a polymer mapaxpus glasor at grain
boundaries in a confined space. FstancepPi Cicco[82] embeddediroplets of gallium in epoxy

resin to probe the peculiar phase transition of gallium in a confined geoiBeamest al.[90]

show that gallium grown on the tip of optical fiber exhibit metastable phases even without the
confinement effectLiu et al.[80] attributed the metastability of gallium to surface interaction with
carbon nanotubeglthough, myriad of research has been carried out on the physical properties of
these polymorphs, there remain some aspects of these phases to be disGtnszed. not
tangible explanation to what extent confinement and sudtieetcontribute to the emergence of

the different crystal phases in elemental gallium.
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1.5 Anomalous Structure Order in Liquid Gallium

Like water,upon freezing teolid fromtheliquid state aambient conditiog galliumexhibits3%

volume changg89]. Unlike other metals, the stabbethorhombicU-Ga crystal consist adimer
molecules. In a firsprinciples theoretical work by Gong et §91], UGa was identified as a
metallic molecular crystalue to its strong Galimercovalent behavioirguably, the description

of molecular nature afallium metal may be related to its low melting pdB2]. Upon melting

from the solid phasehe dimeric character @allium may remainn the molten stateMelting is

an orderdisorder phase transition by which numerous physical properties such-aangegrder

and shar modulus are altered drasticalhdditionally, electronic property of a liquidhasecan

vary from the solid phase of the same material substantially. For example, semiconductor Si and
Ge are metallic in the liquid phaf#3,94].

An amorphousiquid phase is disordered system lddass The like of seh systems lack
defined direction in terms dbng-range orderHowever,the structure of liquid gallium differs
from that of a simple liquidThere are speculation on thgistence oflimersin the liquid phase,
which arereminiscence of the dimeric bondy o f-Gasolidghagk. For decades, the structure
property of liquid galliumhas beemebated44,92] X-ray andneutron scatteringxperiments of
liquid gallium areemployed taharacterizeéhe structur@rdernear the melting point arad higher
temperaturesThe maximum structure facto¥'Q of liquid gallium is asymmetrical Wich
centered around B5A1 with a shouldeff46,95,96] Xiong et al.[45] have elaborated othe
evolution of such structuna liquid gallium for a wide range demperatureDrewitt et al.[4]
have recently reported on the structure of liquid gallium under extreraguypeeand temperature
condition.In their results, even though the liquid resembles a-bpinére structure close to the
melting curve, they found increasing fractions of ffielel symmetric and crystalline motifs at high
pressure and temperatuigased orthe neutron and Xay scatteringdata, Mokshin et al44]
disclosed thatm stable crystalline domains orolecularGa dimers in equilibrium liquid phase.
According to a theoretical study, the structure of liquid gallium has been attributed to the high
pressure gallium phases -Baand Galll [97] o r -G&[95] instead of the dimeDespite the
extensive studies on the structural featusédiquid gallium, discussion orthe origin of sich

fascinating behavior has remainadonclusiveand a consensusssll lacking.
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1.6 Liquid -Liquid phaseTransition in Gallium

Under strong supercoolingf glassy liquid liquid-liquid phase transition (LLPT) were observed
in both molecular liquids andetallic meltg98,99] LLPT is a liquid polymorphism attributed to
structural transformation. This structural anomaly is temperature depemtdcan affect
thermophysical parameters of liquid such as viscoditye viscosity — of molten slag is

temperature sensitivaove themeltinp oi nt as descri beg0by Frenkel
- 0AoBb— (1.22)

whered andOare temperature independent,and s Bol t zmannds constant.

In experimental studies, LLPE shown to occur in elemental liquids such as phosph¢i®dg,
andsilicon [98]. In a recent study, LLPT has been observed in Suld#] and gallium alloys
under nanoconfinemeft03]. Generally LLPT is a hiddenphenomenon overshadowed fagt
crystallization procgsin materias. Theory and simulation studies show that elemental gallium
exhibit LLPT [98,104,105]In a studyby Li et al.[85], they claimed that sizeemperature driven
polymorphism in gallium is accompanied by LLPT where metastable gallium phasesaoasd

with a liquid at a certaifengthscaleafter transition from one phase to another

1.7 Gallium Clustersi Ma gi ¢ stMe | t er

It is a fundamentadjuestion to understand how the atomic and electronic properties change with
size of matte[106]. Clusters are foredbecaus®f aggregatiostarting from a single atom tens

and hundreds of atoms andiolk materal. Thermodynamic property such as melting point of a
small cluster differs from that of the bulk parent matddil’]. The reduction of melting point as

Si ze decr ea melthgpoirgd & pro evédstatsavith@w melting points like indium
[108], gold [109], tin [110], and lead[111] are used for the investigatiaf the melting point
depressionln a pioneering work, Schmidt et §1.12,113]have measured the melting point and

heat capacity of 139 sodium atoms in a cluster where the cluster acted as its own nanocalorimetry.
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Lai et al.[110] experimentedvith small tin particle by nanocalorimetric measurements
using ultrafast calorimetric methobh light of recent studieamelting pointdepressions partly
applicable for mesoscopic clusters containing thousands of paiftiddf For much smaller
clusters with a few atoms, the melting pailepression effecoes not holdThrough ion mobility
measurerant, Shvartsburget al.[114,115]examined the room temperature structure of tin cluster
cations consting of 68 atoms. Thegxperimentallyproved that clusters with 15r<< 35 adopt

prolate geometrie§.e., pointy ellipsoid similar to a rugby ball shap®)ith aspect ratio up to 3.

Following the work 6 Li et al.[106] onthe dynamics otomic clusters and the simulation
on cluster formationthere was greainterest in the structural dynamid oluster formation.
Molecular dynamic simulationsn atomic clusters of Gaand Ga: revealed a dramatic size
sensitivityof heat capacity measuremght6]. This type of cluster oGas1 ion with awell-defined
heat capacitys calledafi ma g i ¢ Imanéxpeemeatal studgonductedy Gary et al[117],
theymeasuredhe internal energy of the cluster ions ofisaGas’, and Gao'. The temperature
dependency of specific heat capacity of gallium persist across wide racgestefs of B-55
atomg[118]. The strong size dependent higheran bul k (29 . 8 Of gattierd t i ng
cluster ionis well studied At this length scale, the addition of one atom to a cluster can have a
tremendous effect on the specific heat capacity of the cluster. In doing so, a subtle change in
specific heat capacity can be detected based on the number of atoms in a cluststakae,in
nonmelter cluster iors usually without dneat capacity peatr a broad peak, whereas tinagic

melterexhibit anidentifiable peak of specific heat capacity
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1.8 Methodology

In this section, most of the important techniques and sample piiepgpeoceduregovered in
this dissertatiomre discussed. Microstructure characterization techniques employed are explained

in detail.

1.8.1Investigation of the Supercooling Effect

To investig&e the supercooling effect of galliynve used differential scanning calorimetry (DSC).

The principle of DSC is based on the energy changes that occur when material isAmgateadt

change in a material suesenthalpy of fusion and crystallization can be register as the material

is heate, cooled, or held isothermally at a constant temperature. The tempeatattneh events

occur is very important in understanding thermal behavior of the mafinialmethod provides

both quantitative and qualitative information about the physicachathical changes pertaining
energy changein materials DSC is oneamongst othetechniques used to study therfgal
dependent property ahaterialssuch as melting, crystallization, boiling, oxidation, reaction
kinetics, glass transitioand enthalpy reaery. The use of this technique spdrom material
understanding to pharmaceutical studies. The advantage of this technique is that the sample are

easily prepared and encapsulated.

Ga samplesf 5 - 7 mgwere subjected to heating and cooling at 5 E T to detect the
endot hermic and exothermic peak for all phase
at around 3 0 regular melting poimt of Ga.. On the=contrary, during cooling circle
the | iquid Ga does nothe induced supeacbdling efig&igura 1.3) 3 0 d
The supercooling effect is induced by overheating the material beyond its melting point.
Supercooling effect is a thermal related to the internal energy of a ststean intrinsic property
of certain materials to exhibit supercooled state because of metastability. Typical example of such
materials is liquid water. In Figure 1.3, the green line indicates the heating cycle, while the red

line indicates cooling cyel respectively.
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Figure 1.3: DSC curve of heating and cooling cycle demonstrating the supercooling behavior Ga

1.8.2Fabrication of a PDMS Post

To prepare a platform in which we will carry out the experiment, a negative mold made up of
PDMS was obtained by replicating a-pinted cylindrical post that was designed in a computer
aided design (CAD) software (SolidWorks). Before the molding proeegistic version of the

post, composed of VeroClear material was fabricated using 3D printer (Objet260 Connex,
Stratasys Ltd.). The post has a diameter of 1.75 mm with a height of 5.25 mm, and base support
of 5 mm diameter with 2.8 mitickness Figure 14, step L The printed post was thoroughly
cleaned in 1 mol NaOH solution to remove the supporting matefibés.post was then fixed
upright in a small plastic petri dish using doubided tape. A prepolymer (Sylgard 184, Dow
Corning) siloxane base ardring agent were mixed in a 10:1 ratio, degassed, and casted into the
Petri dish, which was then cured in a vacuum oven at 90 °C for 1 hour and carefully demolded.
The fabricated negative mold of the soft cavity was treated in an oxygen plasma at @08@ W f
minutes, then followed by surface modification usifgchloro(1H,1H,2H,2H-perfluorooctyl)
silane(SigmaAldrich Chemie GMBH) for 1 hour in vacuum and cured at 90 °C for 30 minutes.
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The perfluorosilane modification of the mold was very significant in preventing the adhesion of
the casted materials in the following replication steps. To fabricate the sample, again, the siloxane
base and curing agent were mixed in a 10:1 ratio, degamseéadasted on the PDMS mold of the
cylindrical post cavity. The sample was cured in a vacuum oven at 90 °C for 1 hour and then
demolded(Figure 1.4, steps 9 and )10'he post was attached to a threaded metallic holder to
facilitate attachment onto a f@sensor for adhesion measurement. A silicone adhesived8j|
SmoothOn Inc.) was applied between the metal and the base part of the PDMS post. After curing
at room temperature for 30 min, strongly bonded component of the post and the metal holder was

prepared.
1. 3D Printing 2. Petri dish 3. Fixing parts 4. Casting
Veroclear
‘ l \ PDMS
5. Curing

6. Demolding 7. Plasma Treatment,

i 8. Casting
Oven ﬁ Silanization
m o
12. Inking

9. Curing 10. Demolding 11. Attaching
90°C, 1h Oven lE]
m E -
m l_\:,_l Liquid Gallium

Figure 14: Fabrication procedure of a PDMS post with a Ga droplet. Individual steps of printing
and molding are shown schematically. Ga was kept in liquid state by heating it above its melting
point, up to 35C, in order to induce supercooling effd&tl9]. After heating the metal to this
temperature, solidification process of ligush was inhibited; then, we dipped the post in the melt

to decorate the PDMS tip with a Ga droplet. The experiments were carried out in ambient
temperature. Ideally, heating Ga dbout few degrees (1 to €) above its melting temperature
does not impede its solidification at room temperature when cooled down
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1.8.3Attachment of Liquid Gallium Droplet to PDMS Post

A pool of liquidGa was prepared by heating commercially available @a (99.99%ACROS

Or g a n)iugts 1B °C above its melting temperat@®.7 °C) After heating to this temperature,

the supercooling effect is induced, which depends on the degree of overligd8/i0] T h e
solidific#tai os ofmhliibguiedd at room temperatur e
conveniently by | everagin@attho sakddtectewl| degd
above its meltig temperature does not impede its solidification when cooled down to room
temperature. The PDMS post mounted to the force sevessipwered into the Ga liquitb coat

the material After removing the PDMS from the liquid Ga spherical cap dropletasattached

to the post due to cohesive bond between ligkadand the PDMS ahownin Figure 1.4, step

12.

1.8.4Adhesion Setup

A customized adhesion setup mounted on an inverted optical microscope (Axio Observer Al,
Zeiss) with a video camera (Grasshopper3, Point Gray Research Inc.) was used to visualize and
record the contaatterface(Figure 1.5)Theforce between the sampledcisubstrate was measured

by a highresolution load cell (GS@5, Transducer Techniques). The load cell was mounted to a
high-precision piezo motion stage (LS5 2 nj, Physi k I nstrumente Gn
verticalzdirection, with aresolutionof 5nemn d max i mum v e lloAdongranged f 10 1
motor stage (M605 2DD, Physik Instrumente GmbH & Co. KG) was usegdirection with

em resolution and hi gh mMdakeisubstrate wagfixed ontota gamplep t o
holder within the focatange of the microscope and moved tlirection by the piezo stage (LPS

65 2n, Physik I nstrumente GmbH & Co. KG). A s
side view of the sample during the experiments. The camera was attached to an objextive |
(Mitutoyo M Plan Apo 10x Objective) and captured thdirection motions during preloading

from the side. A computer controls all motion stages. Both environmental temperature and
humidity were monitored using a commercially purchased sensor (Hunightyerature/Dew

Point Meter, Fisher Scientific

34



Stage (z-axis)

Inverted Microscope

| Stage (x-axis)

PDMS post

| Ga droplet
-—

Glass surface

B—

Figure 1.5: (a) Photograph of the custom experimental setup for characterization of the Ga droplet
adhesion on a glass substrate. (b) The magnifieevstgeimage of the Gdroplet attached to the
PDMS pillar mounted on the load cell, and the glass surface on which theGigusdpressed.
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1.8.5Microscopy Technique

A scanning electron microscopy (SEMXchniquewas usedo characterize the surface structure

and morphology ofgallium material. In addition, the elemental composition of gallium was
analyzed with this technique. An accelerated electrons beam bombarded the surface of the
material, thereby creating secondary photons with a characteristics energy level. By stenning
illumined sample surface under high vacuum, a detector can collect the scattered secondary
electrons emitted by the material to reconstruct the surface morphology. The emitted secondary
electrons are characteristics of the material under investigdinensecondary electrons are the
result of interaction of the atoms from the sample due to the interaction with incident electron
beam. Back scattered electrons due to elastic scattering from the atom of the material enabled

elemental analysis by creatiagcontrast difference.

When secondary electrons are created in the material, an unoccupied state is left behind which can
interact with a high energy level electron and result in characterisay ¥mission that allow the

further elemental characterizat of the material through energy dispersiveay spectroscopy

(EDX or EDS).

The surface of glium is crumpled with uneven geometry when exposed to ambient condition.

SEM imaging allowthe visualization ofthe wrinklesthatformed on gallium droplet skong the

structureof thefresh gallium oxide skin that developed on the drofletprepare gallium sample

for SEM, thin film sampls wereslowly cooled and solidified which were thguenched in liquid

nitrogen prior to imaging.Afterward the sample waBeezefracturedto investigate the bulk

structure property of thBims Figure 16a depicts a typical gallium sample fractured into small

piece and was mounted on a SEM holder with carbon tape as fixation supmang SEM

imaging,the samples as heldat -2 0 t o pr eventEDsdnalysicfor egGafdml d a ma ¢

crystallized at ambient condition shows the elemental content of the material (Figure 1.6b).
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Figure 1.6: (a) Representation of SEBample preparation for microstructure characteristics. The
arrow is pointing at a fractured gallium film of 300 um thickness. The black film is conductive
carbon tape suitable for SEM imagirflg) An EDX analysis of pure Ga solid crystallized in open
air.
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1.8.6 Atomic Force Microscope (AFM)

Atomic force microscopy technique is utilized to for the characterization of surface roughness and
morphology of material. AFM imaging technique uses laser beam deflection system with a
cantilever. The laser reflection from the back of a reflective castils detected onto a position
sensitive detector by scanning across a surface. The sharp tip of the cantilever is force sensitive
and allows mapping material surfaces with micoo nanecontours. With AFM, very fine
roughness scale down to nanometetuiess are characterizeerom the AFM resulin Figure 1.7,

we measured surface roughness valueafigid glasswith a rootmeansquare value of 1.23 nm.
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Figure 1.7: Atomic force microscope (AFM) surface 3D image of the glass substrat
in experimentsRootmeansquare RMS) roughness of the glass surface is measur
1.23 nm.The image wasbtained using JPK NanoWizard ULTRA Speed AFM thrc

tapping mode
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1.8.7X-ray Diffraction (XRD) Technique

X-ray diffraction technique is a very powerful tool to investigate the structure of materials. It has
been widely utilized in diverse application area including material sciphgsics.chemistryand

biology. X-ray difraction techniques widely employto understand structural property of matter

such asrystal (long-range order) and amorpho(disorder). The method is nondestructive for

most materials. XRD has majonplication intailoring microstructure for variouapplications.

XRD technique is based on Br aggo0sX-thyrddiatom ct i on
The mat hemati cal e x p rf diffastioroenplamd the relamonsBp betyepd s | a
the wavelength and angle of diffraction. linstten as:

¢ _ CQOEF (1.23)

where_ is the wavelength of Xay photonQis interlayer spacing between planes, ans half

the diffraction angle. For the XRD ohin film gallium sample, we adopted the conventional
powder XRD D8 Advance BrukeX-ray machineusing a CeKU(_  1.5418 A)to investigate

the crystal structure darge area crystals of gallium obtained from the supercooled Stae.

crystal was fabricated on the desired substrate material such glass. Prior to the XRD analysis, the
sample cooled in liquid nitrogen to prevenelting of gallium due to its low melting pointhe
tendency to methe structure in gallium crystal at room temperature is hpgim gprolongexposure

to high-energy radiationin Figure 1.8, an example of gallium film prepared for the XRD
experiment is illustrated. The sample thickness is arouna65
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Figure 1.8: Sample preparation for-Kay diffraction measurement. The darKeilvery gray
region on the glass plate is a large angatal ofgallium obtained fronthe supercooled melt.

1.8.80ptical Characterization and Device Fabrication

Optical reflection of measurements are performed in lantre-optic cell. The device was
constructed by sandehing liquid galliumor galliumindium alloyin between tweelectrically
conducting transparent glass plates. A spacer controlled the thickness of the assembled device.
Copper electrodes wemnnectedo the conductive side of both glasses using highly electrical
conducting silver paste that is thermally cured for 30 minutes to enable secure electrical
connections (Figure 1.9). Note that, liquid metal is sandwiched between the glasses with the
conductirg sides inward. For further experimental detail on optical sample preparation, the reader
should referred to chapter Bihe optical effect upon field application is studied unediective
polarized optical microscopy (ROM). Because of the opacity of lgam, the optical
characterization was limited to reflectiight, unlike theusual transparenmnaterials, which
transmitincidentlight. Ga and its EGaln alloy shorelatively very small absorptiorat certain
electromagnetic wavelength. The BAS-NIR spectra of the two materials, pure Ga and EGaln

(75.5% Ga, 24.5% Imyvere carried out in thin film sandwiched between transparent gihss.
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UV-Vis-NIR spectra exhibismall relative absorption aelectivewavelengths in liquid Ga and
EGalnfilm under investigationFigure 1.10).The measurement was performesing Perkin
Elmer UV-Vis-NIR, lambda 1050+.

Figure 1.9: An illustration of electreoptic device. The device was assembled by sandwiching
liquid metal film between two electrically conducting glass plates. The black rectangular box
show the liquid Ga film of approximately 1 x 0.5 rfim
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1.9 Objectives of the Thesis

Due to the evegrowing demand of soft electronic devices for functional material interfacing with
machine for sensing and motion detection, liquid metals are extensively studied. However, the
understanding of structural and interfacial properties ofdiguetals remained inconclusive. In

this work, | set to resolve some of the fundamental questions related to the liquid structure of
metallic materials. The findings presented in this thesis will change the scope of how liquid metals
are utilized in sofmatter conductive material application and will open up a new avenue of

materialphysics research.
Objectives of this thesis are:

(1) To understand the role of the &8 skin encapsulating liquid gallium droplet and its
interaction with a rigid substrate

(2) Explore the fundamentals of crystallization in supercooled liquids, the effect of
supporting substrate on the crystallization kinetics, and the realization of glass

transition in elemental gallium

(3) Investigate structural order in gallium by revealing the ligquigstal mesophase in
supercooled liquid gallium and galliumdium, which has evaded scientists for

decades.

1.10Thesis Mntribution s

This thesis focuses on three different fundamental physical attribusep@fcoolediquid metal
gallium. New strategiebave beendeveloped to study therinkling behaviorof oxide skin
encapsulating liquid gallium dropleinder mechanical deformation atrigid interface thermal
effect on the crystallization kineti@s different interface materials, and molecular liqargstal
behavior ofthe supercooled liquid gallium and galliumdium alloy. Thus, different fabrication
methods and desig@are utilized to reveal the fundamental aspects of liquid gallium that remained

unknown hitherto. The main contributions are:
1. Characerization of wrinkling emergence and the transition from circular to radial wrinkles.
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2. Highly oriented crystal formationnosubstratg glass transition of elemental metal, and

substratedependent adhesion of gallium

3. Discovery of liquid crystal phase supercoolediquid gallium and galliurandium.

1.11Thesis Outline

The thesis consists of three pa@hapter 2 introducede wrinklingmechanics and adhesion of
supercooled droplet of gallium under mechanical confinement. The role of its oxide skiraict cont

with rigid substrates such as rigid glass, where wrinkling instability and interfacial adhesion is
studied. We thoroughly investigated the evolution of wrinkling dynamics of the oxide crust
analogous to a thin sheet of plastic stretched on a fluidcriThe wrinkling phenomena is an
example of how natural systems develop folds and creases to relieve stresses and conform from
threedimensioml (3D)to two-dimensioml (2D)space. The force characterization gives an insight

of how much deformation is geired to rupture the oxide skin of liquid metal. Newtonian liquid

like property of the liquid droplet igerified through surface energy approximation. Residue
deposition the substrate surface is analyzed for a delicate manipulation of the dropletswAll t

enable the versatility on how to utilize liquid metal for soft electronic applications.

Chapter 3summarizeghe phase transformation kinetics of bulk gallium from liquid to
solid state (crystallization kinetics). The influence of themmachanical stress at the interface of
the substrates with different thermal properties are investigated. The goal of tlmthartvork
is to elucidate the intrinsic material properties of elemental gallium and leverage the unusual
properties it present to understand the fundamental aspect of crystallization kinetics of liquid
metals at ambient condition. The supercoolingaftd gallium provides a suitable platform to
investigate how metallic liquids crystallized. The unique effect of surface temperature and the
thermal conductivity of the substrate are exceptional features allowing the formation of monolithic
crystal film d gallium. Single crystal growth are achieved similar to Czochralsjdgtal growth
methodon a flat glass slide. This approach provides a new route to suitable production of high
quality crystals on different substrates for optoelectronic, solar celfjexqble electronics. One
of the missing link between crystallization and surface property when growing a large area crystal

is the influence of the substrate material. To solve this challenge, we have uncovered the
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underlying principle governing heat dipation through substrateBy tuning the surface
temperature and the thermal conductivity of the substrate, we controlled the outcome of the
crystallization process. Depending on the interface material, we can tailor the microstructure of
the crystal formtion leading to large area single crystal formation without the need for external
forces such as magnetic or electric field during growth process. Moreover, the introduction of
seeding crystal enabled on demand crystallization with high fidelity. Diffefirem other
supercooled liquids such as water, we now show that crystallization of supercooled liquid metal
can be controlled by initiating a nucleation from a specific site. The method can be extended to a

largescale synthesis of high quality crystadrit a melt precursor.

In Chapter 4a discovery ofiquid crystal phasén liquid metas is demonstratedver
decades, scientist have posed the notion of structural order in liquid gallium. In an ideal isotropic
liquid, atoms jiggle around randomly without any leragnge order. On the contrary, crystalline
materials are ordered witkgular arrangement ofans andlefined translational symmetry. The
atoms in crystals are fixed in position with a special modification. Different atoms form distinct
modification of crystal structures. According to classification of matter, a phase that exist between
the isotrgic liquid and solid statss a mesophase. The mesophases can possexzesty of both
liquid and solid with a longange molecular spatiarganization and therefore atalledliquid
crystals(LCs). Unlike the disordered isotropic liquids, LCs pos$asgrange orientation, and in
some cases, positional order. In 1888, Friedrich Reinitzer discovered the cholesteric LC phase in
cholesteryl benzoate by observing the foggy blue color upon melting before reaching the isotropic
phase[121]. Many scientists and engineers have detestrtes of optical activities and phase
transitions in various LC materials. Currently, there are hundreds of organically synthesized LC
molecules with exotic properties including the nematic, cholesteric, and smectic phases. The
common nematic phase enathithe modern day LC display technold$22]. The constituent of
LC molecules have been the covalently bonded organic molecules. Hitherto, in this thesis, an
unprecedented discovery of L€lructurein supercoolednetallic liquid gallium and its adly
(gallium+Indium) is unveiled at room temperature. By the useefiective polarized optical
microscopy (RPOM) on Ga sandwiched between glass substrates treated with rubbed polymers
that usually align the director of thermotropic liquid crystals (L@ajallel to the rubbing
spectroscopy technique and differential scanning calorimetry, we have identified anisotropic

reflection at 120°C that increases on cooling and persists down to room temperature. The optical
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phenomenon investigatexuld be a paradigm shift in understanding the behavior of matter and

justifies the long debated structural order mechanism in liquid metals.

Finally, the last chapter summarizes the overall contributions and results of our work and

presents a future woifor the immense potentials of liquid metals in electronic devices.
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2 Wrinkling Instability and Adhesion of
Liquid Gallium Droplet

Reprintfrom referencg123]
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DOI: 10.1021/acs.nanolett.8b00164
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2.1 Introduction

Themechanical behaviors of nanofilms in response to external stimuli could provide insights into
the morphology of biological systems. Recent studies have explored the wealth of such behaviors
by exposing twalimensional (2D) films to various loading condits[60,71,124 126] aswell as
conforming them to thredimensional (3D) objec{427,128] The fundamentaksponse explored

in these studies is the eotf-plane wrinkling that occurs to alleviate compressive stresses.
Wrinkling has implications in morphogenesis, interfacigck trapping to enhance adhesion,
patterning, and functional optical and electromaterials[59,129 132]. Also, this frustrated
geometry is naturally observed during crystal growth on curved suffeig@434] For instance,

the growth of a native gallium oxide (&) nanofilm a few nanometers thi¢k35,136]on the

surface of liquid gallium aheutectic galliurindium metals could result in a crumpled topology.

Gallium-based liquid metals have garnered considerable attention recently as a result of
their unique intrinsic mechanical, thermghasechanging, and electrochemical properties
[8,57,137,138]Li qui d gallium (Ga) has a | ow melting
(1.95 mPalLs at 30.5 [64). Its toxiaty cgprhplargd ta nveiclocygHgj i at o
negligible[139], and the vapor pressure at room temperature is low (< Jp38 Pa)[140]. Ga
based liquid metals are attractive for a broad range of applicaticnding flexible or stretchable
sensors, microelectronics, 3D printing, reversible adhesives, ander@tation nanomechanical
deviced28,31,37,141144]. The GaOs skin of liquid Ga and its alloys is a robust elastic nanofilm
that provides mechanical support to the bulk liquid metals, even upon mechanical deformation.
The oxide nanofilm is readily formed as the liquid metal is exposed to oxygen by initially forming
one unit cell layer thicknegd 35,140] It then grows at an ambient atmosphere, attaining a
thickness value up to 3 nfit36]. Although a few studies have been conducted on the wetting
behavior of Gabased liquid metald.45,146] there are none on the interfacial adhesion mechanics
of a liquid Ga droplet when its @2z skin comes into contact with a rigid substrate. In this study,
we present the mechanical behavior of the highly bendable native oxide skin when compressed
against a rigid flat substrate as it exhibits a fascinating wrinkling phenomenon, and its implications
on the adhesion energy necessary to separate the intdrfec&oO3 sheet relieves the applied

compressive stress at the contact interface by transitioning from a circular to radial wrinkled state.
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Thecircular wrinkles enhandeacture strength by trapping cracks that propagate along the radial

direction

While theadhesive contact mechanics of such oxide nanofilms on a liquid metal droplet
may appear analogous to that of elastomeric thin membranes filled wifh4&ir149], our
nanofilm mechanics differ significantly. In this study, the oxide nanofilm encapsulates an
incompressible fluid with a constant volume, while the reparifldted and deflatedelastomer
membranes were filled with air that was compressible and hadable volume. Moreover, the
elastomer membranes were highly stretchable while our oxide nanofilm is mainly bendable. A
scanning electron microscope (SEM) image of fresh Ga droplet shows a highly crumpled oxide
membrane with sharp ridges awelrtices (Figire 2.1a). Theseut-of-plane deformations are to
relieve inplane stresses that are induced by defects including grain boundary and atomic

dislocation[140,150] However, Figure 2.18hows the SEM of the Ga droplet covered with the

oxide skin after being deformed by a given preload (force). Note that the oxide skin ruptured at a

N

high load,evidenced by the daspots, which are discontinuities due to cracks

Figure 2.1: Morphology of he crumpled gallium oxide (G@s) nanofilm encapsulatinglajuid-
gallium (Ga) droplet Scanning electron microscopy (SEM) images of the crumple®4{3kin:
(a) before contact with a smooth glass substrate and (b) after contact with a preload offh@ mN.
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scale bars are (a) 100 um, (a, inset) 20 um, and (b) 200 pum, respedivelgrrow in (b) points
to the center of contact of the Ga droplet.

2.2 Experimental Section
2.2.1Adhesion Setup

Adhesion experiment studies were carried out using custade device to probe the mechanical
deformation of liquid metal by leveraging its ability to remain liquid at room temperature. The
force sensitive deformation of thiquid droplet was captured through fordistance relationship

during loading and unloading. This method is widely employed in understanding Van der Waals
adhesion of rigid surfaces and biological adhesion mechddisin152] In this approach, the

liquid metal droplet was compressed on a rigid surface where the adhesion between the flat
substrate and thequid metal encapsulated with native oxide was measured. Moreover, the
adhesion experiment in combination withsitu phase transition experiment provided insight on

the crystallization kinetics of supercooled liquid gallium

2.2.2Microscopic Characterization

A scanning electron microscope (ZEISS ULTHRB SEM) technigue was used for the
characterization of wrinkle geometries of fresh gallium oxide skin that developed on the gallium
droplet. The droplet was deposited on a PDMS post forming spherical capidfGig(Figure

2.1b).

2.3 Results
2.3.1Uniaxial Compression of Gallium

A schematic of the experimental procedure for characterization of liquid Ga droplet on a smooth
flat glass substrate is illustratedFigure 2.2aA hemispherical liquid Ga droplet was attached to
the tip of a polydimethysiloxane (PDMS) post with a 1.75 diameter. Thesetup was mounted

on an inverted optical microscope. By means of a piezo stage, the Ga droplet was brought into
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contact with a flat ljss substrate, which has a rootansquare (RMS) roughness of 1.23 nm
(Figure 1.6)andthe contact interface was recorded with a camera attached to the microscope. A
secondary camera monitored the side profile of the droplet. The contact interfastéscongie

Ga0z3 nanofilm with thicknesst), contact widtH\W), and heightKl) between the post and the flat
substrate aseenFigure 2.2b Force graph representation reveals steps of the experimental
procedure when a droplet approached the rigid gla$ace (Figure 2.2¢. The PDMS post with

the Ga droplet was mounted to a load cell and lowered (I) to establish contact with the substrate
by the piezo motion stage with a constant speed afi#8 until a predefined compressive normal
force (preloadFpre) was attained (II). The droplet was kept under preloaded condition for a
dwelling time of 20 s (HIll). Then, the droplet was retracted with a constant speed w29 and

the maximum negative forcEos, during pultoff was achieved at IV. Note that répresents the

lift -off (detachment) of the droplet from the contact interface. Here, after each experiment (from
0.1 to 10 mN), a new fresh Ga droplet was used for consistent measurements. The oxide nanofilm
yielded and ruptureds the preloathcreasedsuch thatracksstarted to appear along the radial
wrinkles and thus fresh new oxide was formed on the surf@#dkeexperiments were conducted

at room temperature (286 °C)with arelativehumidity of approximately 285%.

Preload b a5
(2) e (b) (©)

—~ 25}

Liquid Ga
Ga oxide

Force F (mN

Ga droplet \

0 110 2‘0 3‘0 40
Time (s)

Figure 2.2: Experimental setup and geometrical parameters. (a) Schematic of the experimental
setup with a Garoplet gray) attached to a PDMS post (green) and in contact with a flat smooth
glass substrate (blue). (b) Sidew schematiof a crosssection through the central vertical plane
depicting the measured geometrical parameters. The thiD:Ghin is displayedin dark gray,

while the encapsulated liquid Ga is indicated in Igyaty. The parametend, W, t, andda represent

the height of the droplet between the PDMS post and the flat glass surface, contact width, thickness
of the oxide skin, and the apparent contact angle of the droplet, respectively. (c) A representative
force curve obtained from a measurementh@nsmooth glass substraloints | and \fepresent
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approaching (contact point) and retraction (detachment p&totints Il and Ill correspontb
dwelling time.Pointsll and IV show the reaction points of the preldag and pultoff force
(adhesion}o, respectively.

Force balance and interfacial tensionBy balancing the applied preload with the Laplace
pressure of the bulging sides of gmueezed dropl¢l53], we estimated the apparent interfacial
tension of the droplet at room temperature and presbigare 2.3a depictsthe side view
geometry of a deformed liquid Ga droplet on a substrate at a preload of 4 mN. The force balance

is expresseds
O ——AT-05 (2.1)

whered, is the apparent contact angle of th®plet 6ee Figure 2.2bando 1 s t he appa
interfacialtension. Eq 2.1 is solved for the contact withThe experimental observations are

shown as the red dots in Figure 2.Geexperimental data was fitted with a square root function

using the curve fitting toolbox in MatlabMathWorks, Inc., Natick, MA) with the apparent

interfacial tensior as a fittng parameter. All of the ensuing fitting was conducted using Matlab.

The fit is represented by the dasltied in Figure 2.3and has coefficient of determinatioly

T80 TT

We found an apparent interfacial tensafr0.591 N/mwhich is remarkably close to thgitical
surface yield stress previously reporteddds0.6 N/m using a rheomet§s3,154] The critical

yield stress indicates the point beyond which the oxide nanofilm yleldsother study using the
pendantdrop method effective surface tension of 0.695 Niwvas reported for a Ga droplet
submerged in hydrochloric acid (HCI) bath of 1.0 M concentrd86ih The acidic environment
inhibited the growth of the oxide nanofilm and so the effect of the surface yield stress was
preventedNote that the deviation observed in the fitting of our experiments may be associated
with the surface yieldtressbased orthe constant interfacial tension assumption. Moreover, it
could also be affect by droplet pinning onto the PDMS post, which rdsale asymmetric side

deformation at the onset of bulging as the drive advances.

Wrinkle modeling: As the compression force is increased, a transition from circular to

radial wrinkles occurs at the contact interface as shown in the microst@gesn Figure 2.3a
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II. The circular wrinkles are expected deformations of the thin oxide skin as its initial
hemispherical shell geometry transitions to that of a flat disk during contact. The initial
hemispherical geometry has a higher surface area thaof thlat disk; therefore, the excess skin

folds into the liquid bulk to conserve the material. The analodlyisoprojection is similar tthe

mapma ker 6s problem in which it i s chasufagengi ng
[155]. The oxide was forced to conform to 2D region from 3D hemisphere. The lengtld $cede

circle) represents thiansition point in whichradial wrinkleswill begin to form. We used a
previously reported method for solving the problem of a thin sheet under axisymmetric loading
[71]. This method solves the Foppbn Karman equations for the dike geometry of the oxide

skin at the contact interfacsee Figure A.1, Appendix A for detail), or:

na m (2.2)

4G4 A4 O (2.3)

whereQ s the inplane stress tensor ahds the gradient operator fand radiai and azimuthal
—directionsOi s t he YoungéstmedWwlods he cuvature teasori and
4 G4 is the mean curvature (see the note in Appendix A). The lengthacglellow circle in
Figure 2.34l) is the natural length scale because it repredéetsvidth of the region of interest

of the thin elastic sheet.

The scale for force per urliéngth isd "@ 1 QwhereP is the applied pressure at the contact
interface, i.e.p)) O T w¥¢ ,and is the angle between the points of contact between the

Ga droplet and the post on the substrate. This scaling represents the force pulling on the edge of
the elastic sheet and is an adaptation of the force scaleKirggret al [71] to the case of a Ga
droplet forced into contact with a flat substrate. The dimensionless goverdingrydifferential

equations (ODEs) can then be expressed as:

T 6 - " 24)

T  —n — i (2.5)
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In our case, the dimensionless confinement parameter is:
| — (2.6)

This parameter represents the ratio of terséresespulling the sheet towards and away from the
center. By numerically solving the ODEs, we found that the hoop stress is fensilertfor
confinement parameters below a critical value, or | “, ard the hoop stress becomes
compressive, T, for confinement parameters | “. However, for sufficiently thin sheets,
they are unable to withstand compression, thus resulting in bending and wrinkling. The bendability
parametef, k p @ @ ATfCp ‘00 , compares the bending and tensile forces in
the sheet. Her&®) ¢ o @GPa[156]. We foundhigh bendability of aroung@ 1, which is close to

the reported valueg p 1t for a thin polymer sheet on a liquid drogdlé1]. Note thatOis most
likely overestimated which makes our bendability value conservative. Therefore, for large
confinement parameters | “, we expect the roughly 3 nm thick oxide skin to bend under
compression, resulting in zero hoop stress 1 Using asymptotic matchin@ee the note in
Appendix A and ref71], for details), we found the same poview relationship between the radial
wrinkle extentL and the confinement parameteas was found for a thin film on a liquid droplet
[71]:

- = (2.7)
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Figure 2.3: Liquid Ga and Gg#)s skin mechanics during preloading. (a) Liquid Ga droplet
compressed against a smooth glass substrate with a preload oPan@\ and Il represent side

and bottom views of the droplet, respectively. (b) Apparent interfacial tension fitting of the
experimental data (red dots) using the theoreticadel in eR.1. Black dashed line represents the
square root fit for theapparent interfacial tension’Y( T1@o71). (c) Relationship between
dimensionless radial wrinkle extebhtW and dimensionless confinement parametéeq 2.6)
normalized by the critical dimensionless confinement paramétewhere the radial wrinkles
initiated. Experimental data is depicted by red dots, experimental fit by the black dash line (

@ ¢ and theoretical prediction (eq 2.7) by the black solid line. Error bars represent standard
deviation. The scale bars are 260.
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Using controlledexperimentsin which we varied the preload and thus the pressurae
found the relationship between the dimensionless wrinkle ekjantand the dimensionless
confinement parameter normalized by the critical value beyondhwiaidial wrinkling occurs
| j| * for our system. We found the critical confinement parametar as1.01. The best power
law fit for the experimental data, represented by the dashed line, was determinedi®) peith
a coefficient odeterminationyY 1@ WFigure 2.3¢. In addition, the number of radial wrinkles

increased with increasing prelog@egure 2.4).
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Figure 24: Relationship between number of wrinkles and preload. As preload is inc
the number of radiakrinkles also increased. Error bars represent standard deviation.
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2.3.2Droplet Deformation and Residue Analysis

Deposited residue of liquid Ga, adhesion dependent on preload, and interfacial energy were
determined. We analyzed the contact interface eglidiss substrates after each experimental cycle

as seen ifrigure 2.5 A clean contact surface was selected after each adhesion experiment while
increasing the preload from 0.1 to 10 mN. At low preloads, up to 2 mN, Ga residue is not
discernible on the glass substrate. From 3 mN and above, residue of Ga oxide can be afbserved
the contact interface, outlined by the blue circle. During higher preloading, radial oxide stripes are
left on the substrate. Interestingly, the oxide skin carhssf when it ruptures and spontaneously
reconstructs. In light of this, new fresh oxitin grow upon exposure to oxygen leading to a slight

increase of surface area of thexGalayer in the process (Figure A.2, Appendix A).

Before Coritact ’ 2mN : . 3mN . 4mN 5mN

_____________

.
.I

-----

Figure 25: Adhesion characterization and residue deposition duringofful{a) Inverted light
microscope images of the glass substrate before and after the liquid Ga is brought into contact with
the glass substrate for varying preloads. The-dashed circle represents the contact area of the
liquid Ga. The black spots are residlefs behind by the liquid Ga. The scale bar is 0.5 mm.

To determine he deformation range éatl dependence attribute of the compressed droplet,
we show howFqs varied with the applied preloaBpre, in Figure 2.6 Theinset imagespanels 4
[Il) depict the side view of the spherical Ga droplet in contact with the flat glass substrate for

applied prelods of 2, 5, and 10 mN, respectively. We observed a slight increabe: ofith
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increasingFpre, which may be related to the formation of fresh reuide as a result of yielding.
Specifically, when the preload is increased from 4 to 10 mN, we observed an increaseff pull
force by 48%. Along with this increasehgr, we observed a 58% increase in contact area (Figure
A.3, Appendix A).
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Figure 2.6: Relationship between pudiff force, R, and preload fre. Inset images show side
views of the liquid Ga drop under different preloads.

The contact area dependency on the applied preload is shown in Figure A.4a, Appevitixe
both pultoff and the contact area exhibit the same trend. Theoffulbrce and the contact area
saturated at higher preload condition. Upon close inspection, we show rate independenee of pull

off force at different retraction speed (Figure B&.Appendix A).
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2.3.3 Adhesive Stress and Surface Energy

To gainmore insight into the oxidekin rupturing mechanism, we evaluated the adhesive stress

» "O j“ wX¢ inFigure 2.7awhich shows an asymptotic decay with increasing preload,
and is believed to be related to fracture strength and nanofilm yielding. At lower preloads-(yellow
shaded region iRigure 2.7 beforetransition from circular to radial wrinkles, adhesive stisss
maximum, which correlates to high fracture strength duringgftillThe circular wrinkles act as
discontinuities during crack propagation to trapdheck front,andthus higher stress is required

for the crack to achnce further. The crack propagdin an intermittent fashiotoward the center

upon retraction. Such crack trapping mechanism can be found in biological adhesive soft pads of
insect (e.g.thecricket Tettigonia viridissimaand synthetic materia[$32,157] An intermediate

state exists at about 1 to 2 mN, after the radial wrinkles have emerged and the oxide skin was still
intact (unshaded regian Figure 2.7% Beyond the 2 mN threshold (resthaded regiorrigure

2.79, the oxide membrane cannot suptbé applied compressive stress, thereby rupturing along
the radial wrinkles. The radial wrinkles are oriented parallel to the crack propagatioanfotb

not significantly affect the adhesion. The stress levels off within the range -00 ®%Pa due to

the increased contact area.

We further analyzed the interfacial energy of the Ga droplet on the glass substrate, assuming
the droplet together W the GaOs nanofilm behaves like a fluid. In principle, bulk Ga liquid
behaves like a Newtonian fluid. Therefore, the separation energy of the droplebfitdidh be
related to the normal pudff force and the contact length at separatios, (the triple contact
circumference). This implies that when the gffl force acting perpendicular to the contact length
is plotted against the triple contact circumference, a linear graph passing through the origin should
be obtained with a slope correspding to the interfacial surface enerdjy
"0 j* 00 E+[158].

61



In Figure 2.7bwe show the relationship betweEgs: a n dwOES) for the Ga droplet, in
which — is the apparent contact angle of the droplet in the contact line vicinity during the
maximum puHoff (Figure A.5, Appendix A). As shown, we observed a linear ralatigp passing
through the origin with a slope o8 o ¢ T@tmtyl (Y 1@ @t Our interfacial adhesion
energy (€ o1l ) is greater than the work of adhesion of solid Ga previously reported based
on the JohnseKendalFRoberts (JKR) theory w1t ), and it is in good agreement with the
adhesion energies of thin sheahomaterialsuch agraphene tg x ™ 1ti ) [37,159,160]
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Figure 2.7: (a) Relationship between adhesive sttess "O j“ w7¥¢ and preload fre. The
yellow-shaded area represents preload conditions before the circular to radial wrinkling transition
with high adhesive stress. The relmaded areaepresents theondition in which circular and

radial wrinkles coexist after the transition. The-stdded area represents the condition in which

the oxide membrane yields and ruptures because of high preloading. (b) Relationship between
pull-off force Ry and verticacomponent of the contact perimetewi "Q&. Experimental data

is represented ned dots. The slope of the best linear fit (black dashed lre,(R8) represents

the effective surface tension and surface energy. Error bars represent standéichdev
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2.4 Summary

The crumpled oxide nanofilfFigure 2.1a)is the precursor to the wrinkling phenomenon we
observed, which reveals the fundamental interfacial mechanics between the liquid Ga and the rigid
glass substrate. Symmetry instability at high preloads results in bending and wrinkling to relieve
the appli@ in-plane stress of the oxide film. Consequently, the highly bendable skin ruptures
through the radially wrinkled regions at higher preloads, thus depositing oxide on the substrate.
The wrinkling behavior closely follows established models for nanofilndeuaxisymmetrical
loading, thus providing a new platform for studying wrinkling of thin films under external stimuli.
Wrinkling is a familiar morphological instability in developmental biologg. (morphogenesis)

and its evolution has implications soft tissue growth, from tumor development and invasion to
biofilm expansior{161]. Notwithstanding the complex contact mechanics of the oxide skin, the
adhesion between the Ga droplet and flat rigid substrate was found to be equivalent to that of a
Newtonian fluid droplet on a flat rigid substrate, even adwesrders of magnitude ipreload.
Through our analysis, we are capable of predicting the contact geometry and subsequent adhesion
effectivity for a given preload. Additionally, we can predict when the oxide nanofilm ruptures and
leaves residue on the surface, which may furtheilitiste costeffective roomtemperature 2D
patterning of liquid Ga for future semiconductor applicatid&l]. Understanding the behavior

of dropletsencapsulated in thin membranes could also help improve food processing quality,
cosmetics, and drugs. In short, our findings provide the tooteéprecise control diquid-metal

interfaces.
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3 Crystallization Kinetics and Interfacial
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3.1 Introduction

Understanding the crystallization process is essential in many reseaashsuch as phasieange

(PC) memory162,163] protein crystallizatiori164], biomineralizatior{165], pathologie§166],

and semiconduors [167]. Crystallization occurs in two steps: nucleation and grgw&)164]

The nucleation of liquid is ubiquitous in nature and facilitated by active sites, such as impurities
and surface irregularities (e.g., cleavagasmically sharp wedges, and por¢s3,168 170].
Nucleation plays a crucial role in PC materials, where structural changes from amorphous to
crystalline state is triggered by electfica optical stimulation. For instance, Lokt al. [163]
reported an ultrafast crystallization speed of 500 ps uBSke€es (GTS) material by applying a
constant low voltage via pigructural ordering (incubation) effects. Simpsen al. [171]
demonstrated amwptical excitation with laseébased timeesolved pulses to investigate the
interfacial crystallization of superlattices in Gé®&Tes. In addition, crystallization kinetics
have been investigated in glass and supercooled lifL6@s172] Despite adecade of advances

in PC materials research, there are only a few studies on dielectric cap@isggess conditions

in PC device cell§75,173 176]. Therefore, a detailed study of the interface materials and
crystallization temperature is still missing to unfold ploéential of PC materials.

Many technological liquids, such as Si, Ge, Bi, and GST, exhibit supercooling behavior
[162,167,169]In casting technonly, reducing the supercooling of liquid melts isiwitailoring
microstructure The degree to which a liquid can be supercoolquedés on the nature of the
contacting solid wall177]. Also, surfacenducel crystallization is important in forming extended
singlecrystalline texture in supercooled liquids due to surface layering of atoms, molecules, and
charged colloids adjacent to the solid walls of substfateg178 181]. In addition, singlecrystal
texture formation through physical camment and uniaxial magnetic field have been
demonstrated182]. However, direct experimental evidence of the link between the interfacial
temperature and the surface layering effect is still missing. Similarly, supercooled liquid Ga
exhibits surface layering in contacttivia hard wall of a diamond substrfi83]. Ga can be
supercooled to ¢ Y #oruv Y #Helow its freezing pointq @J }#[184]. Because of its cost
effectiveness and accessibility, Ga is an interesting material in phase transition (PT) studies. Ga
also shavs a promising potential in monatomic PC memory devices for data stpfape

superconductivity185], metamaterial186], and reversible adhesi¢a7].
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To reverse the supercooling of liquid Ga, external perturbations are applied to induce nucleation
and subsequent crystal grow{h80,185,187] Even though molecular liquids are promising
candidates to study phase transformation at ambient pressures and modgratatiees, it is

rather difficult to practically monitor the exact site of nucleation, since nucleation is a stochastic
procesg164,169] Here, we study crystallization of supercooled liquid Ga and vividly reveal the
temporal change of its ligd-to-solid PT at the interface between the liquid Ga and different hard

substrates.

3.2 Experimental Section

3D printing of the postA cylindrical polymer (VeroClear material) post was printed using a 3D
printer (Objet260 Connex, Stratasys Ltd.). The post has outer diameter of 3 mm, inner diameter of
2.5 mm, and a height of 5 mm. A hole cavity placed at the center along the lenkyéhpafst
compartmentalized an electrical resistor for heatingpose (Figure 3.1). Therinted post was
thoroughly cleaned in 1 M NaOH solution. It was then attached to a threaded metal holder to
facilitate attachment onto a force sensor for adhesion mezaeut. A silicone adhesive (Stloxy,
SmoothOn Inc.) was applied between the metal and the base part of the plastic post. After curing

at room temperature for 30 min, the two parts were strongly bonded.

Figure 3.1: An illustration of 3D printed device assembled with all components.
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General handling warning Gallium-based liquid metals corrode metal surfaces, especially
aluminum (Al). Therefore, careful handling of Ga and its alloys is recommended to avoid damage

to instuments and equipment including microscopes and aiteeecomposed of Al components.

Deposition of the liquid Ga droplet onto the posMelt of Ga was prepared by heating
commercially available pure liquid Ga (Gallium, 99.99%C ROS Or ( t@ 65 °C.sAfer
homogeneous heating, supercooling effect was induced. A 44 mg of the supercooled Ga was
injected into the cavity at the center of the post, which then bulged at the tip of the post forming a
hemispherical cap. The injected liquid metakvira thermal contact with a resistor inserted-half

way in the cavity. This resistor is used to dissipate heat via Joule effect, to melt the Ga droplet.

Finally, the post was mounted onto the force sensor with the liquid metal droplet attached.

Adhesion measurement setupA customized adhesion measurement setup mounted on an
inverted optical microscope (Axio Observer Al, Zeiss) with a video camera (Grasshoppetr3, Poi
Gray Research Inc.) was used to visualize the phase contrast imagesoatdlénterface. The
force between the sample ahe substrate was measured by a higholution load cell (GSQ@5,
Transducer Techniques). The load cell was mounted to gonéglision piezo motion stage (LPS

65 2",Physik Instrumente GmbH & Co. KG) in the tieal z direction, with a resolution of 5 nm
and maximum velocity of 1 | O . A longranged motor stage (@05 2DD, Physik
Instrumente GmbH & Co. KG) was usedyidlirection with em resolution and high maximum
velocityuptou 1t | O [123].

Humidity and temperature control Both environmental temperature and humidity were
monitored using a commerciallyurchased sensor (Humidity/Temperature/Dew Point Meter,
Fisher Scientific). The humidity ranged from 26 to 45% and the room temperature range was 22
to 25 °C. A sixchannel handheld temperature data logg@MEGA RDXL6SD, Omega
Engineering, Inc.) was useéd monitorin-situ temperature of both Ga and the surface. Heating

and cooling temperature controller (BTE100 and BTESLM, Bioscience Tools) was used to
regulate the environment temperature. To harvest dissipated energy for direct heating of Ga, a 220

Ohm resistor was connected in series to a 9 V power source. The heat energy dissipated by the
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resistor can raise up the temperature of the droplet instantaneously up to 60 °C, which is enough

to melt the solid Ga instantly (the Ga melting temperature: 9.8

Microscopic characterizationA scanning electron microscope (Zeiss Ultra 500 Gemini SEM,

Carl Zeiss Inc., Oberkochen, Germany) was used to characterize the seeding crystal surface and
the area of the Ga droplet, which contacted to the substrate. Elgugysive xray spectroscopy
(Bruker, Billerica, MA) was performed using an accelerating voltage of 15 keV on the seeding
crystal and the solidified Ga droplet. 3D laser scanning microscope (Keyen¥2®X was used

for characterizing suaice topology of the substrate.

X-ray diffraction (XRD) measurementsXRD characterization was obtained with D8 Advance
Bruker using a G&KU(_  1.5418 A). A glass substrate and the crystallizedv@ae first cooled

in liquid nitrogen prior to XRD measurement to prevent any structural disorder such as surface
melting of the solid crystal. Lattice constants for XRD measurements were determined from ICDD

card no: 03065-2493 for Ga. All samples were prepared at ambigmin temperature.

Differential scanning calorimetry (DSC) analysihermal analysis were obtained by Discovery
DSC 2500 (TA Instrument). Heating or cooling rateaf i E T with modulation amplitude of
0. 32 to detect t he eakfdrdhe brgstllinedsamalesdn different h e r

substrates. fle sample mass was around 5 mg.

Substrate materialsAll the substrates utilized in the experiments are commercially available.

Zinc selenide, sapphire, and silicon substrates (discs) with 5 rokmélss and 25 mm diameter
(Thorlabs. Inc.), a glass slide of 1 mm thickness and1B20nm thick ITGcoated glass slide
(Sigma Aldrich), and a copper plate O 99. 9%
Aesar) were used as the substrate matefidéle copper plate was polished to maintain the same
magnitude of nanoscale roughness across all target surfacesn®amegquare (RMS) roughness

values of the smooth glass, ITO coated glass, ZnSe, sapphire, silicon, and polished copper
substrates are 581, 43, 54, 39, and 105 nm, respectively. The RMS roughness of frosted glass

substrate is 1.41 pm.
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3.2.1Supercooling Effect and Recalescence Point

A commercially available pure Ga (Gallium, 99.99%, ACROS Organics) was heated in an oven at
65 °C for an hour to assure a homogeneous melting of the complete solid to the liquid state. As
such, a supercooled melt of Ga was obtained. The supercooledvigsiidbtained as a result of
overheating the liquid above the melting point of Ga (29.8 °C). The induced supercooling can only
be reversed when the melt is cooled down to negative temperature. In this state, the supercooled
liquid Ga was stable for at lea&tmonths without undergoing any phase transition. A droplet of

the liquid metal was poured into a plastic holder with a cavity fitted with a thermocouple device
to monitor the phase transition of the liquid and recalescence point. A thermocouple device wa
fitted entirely into to the liquid metal droplet while the temperature profile was registered using an
Omega data logger (RDXL6SD). Due to the size of the droplet and high thermal conductivity
¢c@7 1 + Ga[l188,189] the temperature across the droplet of Ga was assumed to be
uniform across the droplet during measurement. In addition, a 220 Ohm resistor connected to a 9
V battery was used to deliver the heat required to melirihyget (Figure 3.2a).

To control the crystllization of the supercooled melt, seed crystal made of solid Ga was
obtained from the supercooled Ga melt. The solid seed crystal was brought into contact with the
metastable liquid Ga, thereby inducing crystallization of the supercooled Ga. We motiitored
transformation usinghe thermocouple embedded inside the liquid metal. The recalescence point
as the crystallization initiates at room temperature was observed in Figure 3.2b after the seeding
crystal contacted the droplet. The crystallization isst dbrder transition where heat is dissipated
into the environment as a result of an exothermic process, then the temperature of the droplet
continued to rise. To make sure our method is repeatable, 5 cycle of seeding crystallization was
repeated conseduely (Figure 3.2c). Moreover, the degree of overheating to induce supercooling
in Ga was investigated in Figure 3.2d. By only heating Ga to 31 °C (~ 1 °C above its melting point),
the solidification of Ga was unavoidable during cooling to room temperatloeever, the
supercooled state was very stable at room temperature when ovetheatstimore than 5 °C

above the melting point of Ga.
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Figure 3.2: Supercooling and seeding crystallizatiofa) Experimental saip to measure
temperature of the Ga during crystallization and melting. Melting of solid Ga crystal was realized
through resistive heating by the resistor and the crystallization by contact with a solid Ga seed.
The temperature was measured using thermocoupieedgb) Temperature curve monitored
during crystallization of the droplet. Heating with the resistor allows melting of Ga and overheat
it to benefit from the supercooled state when heating stops. (c) Repeatability of the process cycle
with the same Ga dp, but different seeds to induce the crystallization as the seed melts and
merges with the Ga drop in the melting phase. (d) Effect of overheating on supercooling state. For
an overheating below 2 °C, the crystallization initiates spontaneously, whesalsdccurs after

a contact with the seed crystal for higher overheating.

3.2.2Analysis of Crystal Fraction During Crystallization Process

The crystallization process was monitored via an inverted optical microscope where videos were
acquired through a transparent substrates. The recorded video frames of crystallized fraction were

analyzed using Python's scHimhagelibrary [190]. In order to follow the crystal growth in the
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melt, the frame of the drop on the substrate right before crystallization is subtracted from each
following frame sequence.

To precisely extract the crystal from the remaining image, a robust process of image
segmentation method (watershed segmentgfi®i] basedon mathematical morphology was
used. The image was binarized and only the largest interconnected area, corresponding to the
crystal, was selected. This allowed the accurate measurement of the crystal surface growth as a
function oftime.” To model the fraction of crystal growth, the obtained crystallized data sets were
fitted using the welknown JMAK mode[192].

As the droplet got larger, the rate at which heat dissipated by the substrate through the
interface was limited by the material properties, such as thermal conductivity. This nonequilibrium
dynamics caused the experimental datdewiate from the model because the crystallization is a
selflimiting processThe fractional amount of the Ga crystallized depended on how fast the heat
was driven away from the contact interface. To test the hypothesis of heat transfer at the interface,
the crystallization time of droplets with different radii deposited onto polystyrene was measured.

Let Sbe the surface area of the drdfthe volumeM the mass, andthe radius, then:

0% o¥ i (3.1)
Wixp | (32)
I Ty -1 10 (3.3)

If the phasechange energy dissipates through the surface TgRigion~ S~M .

When plotting in logarithm of the crystallization time dsiaction of the mass, we found the slope
of 2/3 within the confidence interval of the regression, validating this hypothesis (Figure 3.3).
Therefore, therystallization depends on the surfdoevolume ratio of the Ga and the substrate

capacity to act as a heat sink.

" https://github.com/Alienor134/crystallizati¢p23]
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Figure 3.3: Relationship between the crystallization time and the droplet mass. The crysta
time depends on the power 2/3 of the masgporting the hypothesis that the energy of
transition dissipating through the interface limits the crystallization speed.

3.3 Results and Discussion
3.3.1Crystallization Kinetics

Prior to crystallization experiment, supercooled liquid Ga droplet embedded in cavity was attached
to a loadceldevice as depicted in Figure 3.4. Tdevice was lowered gently on to the substrate
surface at a constant speedcoftfi O , attaining a comession load op 1 .. The
supercooled Ga droplet conformed to the substrate forming circular and radial wrinkles at the
interface [123]. The wrinkling instability emerged at the interface to relieve the applied
compressive stress. The crystallization of the liquid droplet was realized through a contact with a
seeding crystal of solid G&80]. We visualized the spatiotemporal evolution of the crystallization
dynamics on transparent glass, indium tin oxide cogltess (ITOglass), and zinc selenide (ZnSe)

substrates.
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Figure 34: Device schematic for the crystallization kinetics stu@w dropletin contact witl
different substrates alifferent thermal conditions. A 3Printed plastic holder encased -
supercooled Ga droplet attached to a loadcell. The thermocouple monitored the temperatt
between the Ga droplet and different substrates during crystallizAtresistor insid¢he holde
was used to heat tltegopleton demand.

Figure 3.5ac showthe snapshots of the crystallization front and the corresponding time lapse of
the crystallized fraction of Ga on the substrates. When compared to the glass substrate with low
thermal conductivity f@ot7 |+ ), the crystal growth rate was fast on the ITass
substrate owing to the high thermal conductivity of the ITO coaping (7 | + . Similarly,

a fast crystal growth rate was obtained on the ZnSe subgirgfe { +

74



(b)

Glass interface ITO-glass interface

Figure 35: Contact interface and crystallization front visualization and characterization. (a), (b),
and (9 Inverted optical microscope video snapshots of the interface through optically transparent
substrates showed seeded crystallization kinetics at the interface. Depicted images are phase
contrast optical microscope images of the crystallization. The frampiagated from right side

(point of contact) to the left side of the images. The snapshots of crystallization kinetics were taken
from individual droplets using a 1.75 mm post diameter at the interface of glass (@lassdb),

and ZnSe (c) substratéghe yellow dashed line represents the outline of the seeding crystal seen
in the right side of the contact interface of Fitass (bi). Similar seeding method was used for
glass and ZnSe. Time lapses of the crystallization kinetics appeared on eagioodingsimage.

Scale bars are 400 pm.
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We used an imagerocessing algorithm (python) to track the crystal frontp®au | diameter
droplet through the transparemntact interfaces (Figure 3.@)90]. The JohnsoAMehl-Avrami-
Kolmogorov (JMAK) equation was used to calculate the volume fraction crystallizedhich

increases with timéaccordingtad p A @D Qo0 . We assumed a 3D growth, whére

0[192].
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Figure 3.6: Fraction of the crystallized Ga on glass, Fgass, and ZnSe substrates.

The model agreed well with the experimental data, which showed the relation between the
heat dissipation of the crystallized fractiohGa as dominated by the thermal conduction by the
interface material as seen in the case of small droplets in Figurféustber, as the droplet mass
increased, slower growth rate was observed due to the dependence of the substrate capacity to

dissipate heat during the crystallization process (Figure 3.7).
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Figure 3.7: Crystallization of a lege droplet and effect of the heat trapped at the interface. (
growth fraction on different transparent substrates. The data are collected for a large

encapsulated in samphmolder with a diameter of 2.5 mm. The crystallization time is dq
because of the surfate-volume effect of heat dissipation. The heat of fusion deposited
substrates therefore increased the surface temperature of the substrates depending ¢
dissipation capacity of the materidlimited heatdissipation through the substrates coul
associated to the discrepancy in glass anddliads measurement due to low thermal conduct
Thus, instantaneous annealing of the crystallized fraction was realized in the confined s
resulted in higly ordered structure.

3.3.2Interfacial Heat Dissipation Mechanism

To understand the physical mechanism of heat dissipation at the sutsipés interface, we
used the heat conduction model reported by de Retit@ [193]. The model predicts the droplet

interfacial temperaturéy; upon crystallization as

“Yi “Y; Yi Y (3.9
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whereQ 0" ® is the effusivity Q i for substrate an@® 'Qfor droplet), Tioand Tsoare
the initial droplet and surface temperature, respectivelg, the thermal conductivity, is the
density, and is the heat capacity. The effusivity ratio determines how much heat is driven away

from the interface. For a large effusivity ratié?rQ | p, heat can be transported away easily

transported from the interface and therefofg g “Y;. For asmall effusivity ratio,Q QL

phheat will be trapped at the interfadel @G E A O AYET ;O AY; , given that'y; Y

¢ @vud. In Figure 3.8a,we show how the thermal conductivity of substrate affects the
crystallization process. The experiments were performed on different transparent and non
transparent substrates with higher thermal conductivity including sapphire, silicon, and copper to

verify the heat dissipation mechanism based on the thermal conduction model. Note that, in the

case of Ga, we assumed that the initial droplet temperature was the same as the fusion temperature

due to the induced supercooling effect. On the dielectric glatscsuthe heat released during
fusion was trapped at the interface, and therefore the interface temperature was elevated close to
the melting temperaturéY) of Ga. However, heat is rapidly dissipated at the interface when the
thermal conductivity of tb substrate is high (e.g., ZnSe, sapphire, silicon, and copper substrates).
The heat releasdaly the Ga droplet is dissipated via the substrate through thermal diffusion. The
thermalconductivity of the substrate limits how much heat can be dissipdtethickness of the
substrates was chosen to satisfy the requirement for airsmite surface (see Tables B.1 and
B.2, Appendix B).
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Figure 3.9: Wetting contact angle and the surface area of the crystallized Ga droplet on a 1.75
mm-diameter post. The droplets in the measurements are conformed to the surface with a preload
of 5 mN and thereafter crystallized on the individual substrates to béaleasure the contact

angle using a Contact Angle Goniometer (a). Apparent contact area when Ga in contact with all
only transparent target substrates (b). N = 5.
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The characteristic length scale of diffusion is definedby 0 | , whered is the
thickness and is the thermaldiffusivity. The crystallization time decreased with increasing
thermal conductivity of the respective substrates (Figure 3.8b). Different wetting behavior of Ga
on the substrates resulted in a slight variation antact angle measurements (Figure 3.9a).
Therefore, the apparent contact area measurement showed a negligible variation within the

transparent substrates (Figure 3.9b).

3.3.3Solidification and Interfacial Adhesion of Supercooled Ga Droplet

To investigate thenterfacial adhesion of the supercooled Ga on different substrate materials, we
performed force measurements of the crystallized Ga droplets whiersda temperature
measurement enabled precise characterization of both the crystallization and adhesion as shown
in Figure 3.10. The temperature profile was crucial in determining the starting and ending of
crystallization, especially when the substrate wagjopaWe harnessed the heat dissipated by the
resistor attached to the device to melt the Ga droplet. The melting process was a stuadefirst
transition at a fixed temperature under constant pressure. Supercooling af abottas induced

after superbating the droplet by& 3 . A Peltier device was used in Figure 3c to cool down the
liquid Ga droplet tat3 . without undergoing solidification. The crystallization was only achieved

by seeded growtilhe driving force of crystallization (the Gibbs freeergy difference between

the crystalline phase and the supercooled lig¥i@) is related to the latent heat of melting
YO and the melting temperatur&’ by the equationy"Oe YO Y Awhere Y'Yis the

supercooling temperaturdY z Y andY'O vu b T 1 for Ga[185].
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Figure 3.10: In-situ temperature measurement is superimposed on the adhesion curve of the
supercooled Ga droplet (2.5 mm post diameter) on the dielectric glass substrate. The melting
region is where the melting of the solid Ga takes plébe.temperature of Ga isgtted in blue

color, while the force curve is plotted in red. Once the melting is over, the temperature increased
rapidly toox® 3 at a heating rate @f3 i .Overheating theroplet during melting induces the
supercooling. Dropping the temperaturat® shows the supercooling degree where Ga remains

in its liquid state without undergoing crystallization, unless contacted by the seeding Ga crystal
(blue line). The solidification region is where the crystal growth progressed. Thaffpialtce is

the neasure of adhesion upon separating the Ga droplet from the substrate

The seeding material made of Ga crystal had surface irregularities and sharp wedges of the
lamella morphology as revealed by the SEM images. It is important to note that the irggulari
and crevice on the seeding crystal could acts, as nucleation center for the crystallization as such is
ubiquitous in nature (Figure 3.11). Solidification process usually occurred at the wall of a container
through heterogeneous nucleation. Howewersupercooled liquids, metastability of the liquid
state prevents the formation of stable nucleus in the liquid. For a stable nucleation to occur, the

critical nucl eus of solid clusters in a mel¢t
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Figure 3.11: Scanning electron microscopy (SEM) images of the Ga seed topdlog\surface

of the seeding Ga crystal appears to have a nanoscale sharp edges and wedges that are layered in
lamellalike structure. Image (b) shows the gnéied yellowdotted square in (a), and) (s the

magnified yellowdotted square in (b). The seeding crystal was formed from the supercooled Ga
melt under isothermal condition.

When the crystallization is completed, the loadcell was retracted at a constant speed of
¢ i O in order to measure the adhesion between the solid droplet and the substrate (Figure
3.11). The robustness and repeatability of the seeding method wasgyateesin Figure 3.2. The
adhesion characterization of Ga in both liquid and solid states measured on different substrates is

shown in Figure 3.12.
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Figure 3.122 Adhesion measurement results of the liquid and soliddfaalet on different
substrates with increasing thermal conductivity. The standard deviation is based on 4 to 6 repeated
experiments.

The adhesion reduced drastically on the thermally conducting substrates such as silicon and copper
due to fast crystallization kinetics and peeling of the crystallized droplet. Thermal stress is
dominant over adhesion stress at ititerface of silicon andopper. Moreoverby keeping the

surface temperature high, close to Ga melting point, the peeling effect during crystallization was
reduced and the adhesion increased even on copper suljSigatee 3.13). To grasp better
understanding of the adhesiorsuéts, surface roughness effect was evaluateanbgsuring

adhesion on a rough frosted glass.
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Figure 3.13: Effect of initial surface temperature of substrates on adheBimadhesion shows
temperature dependence, which corresponds to the homogeneous crystal formation at an elevated
temperature of o3 above the room temperature. Experimental data points n = 4 to 6. The
black dots are points outside the bounds of the whiskers or outliers. The adhesion increases as the
substrate temperature increased on both (a) 5 mm ZnSe and (b) 6.4 mm copper substrate.
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Figure 3.14: Adhesion variation due to the surface roughness eftécta frosted glass, the
adhesion decreased sharply due to high roughness leveh{eamisquare roughness of around
1.41 pm) compared to smooth glass $tais (53 nm). N = 5.

The adhesion reduced by an order of magnitude on the rough glass compared to the smooth
one due to higlamplitude roughness (reateansquare roughness of around 1.41 um) (Figure
3.14),which reduced the real contact area oflitpeid Ga on the surface. Despite low adhesion of
Ga on rough surfaces, it is much better than dry elastomeric adhesives on rough surfaces due to
better conformityj194]. EnergydispersiveX-ray (EDX) spectroscopy of both the seeding crystal
and the crystallized droplet were used to evaluate the composition of Ga (Figure B.1, Appendix
B).
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3.3.4SingleCrystal Formation and X-ray and Thermal Analysis

Interestingly, when quenched at a high temperature, the crystallized @aSenand sapphire
conformed to the substrates with an extended smooth crystal structure due to a slow growth rate.
On the contrary, the crystal growth was miéditeted (dendritic) when quenched at a low surface
temperature, which resulted in a fast growth rate.

Two key factors that gave rise to the smooth and dendritic crystal formation in the
supercooled liquid Ga are worth elaborating. First, surface layering of the adjacent atoms or
molecules in the supercooled liquid provided the pathway for the formation of thde&ngle
crystal. Since surface layering is not however, restricted only to the hard wall of the substrate, it
could occur at the interface of the nanomitézk oxide skin of the liquid metal, which can serve
as a precursor for the singteystalline brmation at the interfadé79,195] Secondslow growth
rate as a result of limited heat dissipation contributed to the formatitine smooth single
crystalline texture through instantaneous annealing effect of the low melting point Ga at the
interface This typicalcrystallization scenario is prevalent on the dielectric glass substrate, where
heat released during fusion was tragpcontinuously at the contact interface. As mentioned
previously, the implication of instantaneous annealing on ZnSe and sapphire was verified. On these
surfaces, conventionallyhe fast cooling ratés due to their capacity to dissipate thermal heat
beause of their high thermal conductivity.

By keeping the surface temperature, g 1@5Y | ZEAthroughout the crystallization
process, the crystal growth was similar to the smooth sorgktalline Ga seen on the dielectric
glass substrate, with crystallization front propagating across the liquid in one direction forming a
uniform crystal layeringn the substratesn addition, we verified the crystalline structure of an
extended solidified Ga on large area substrates. The supercooled liquid was confined between the
substrate and a glasapping layer (Figure 3.15). Thoeystal was grown via the eded growth
method from the liquid.
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Figure 3.15. Large area singlerystal formation. (a) Optical microscope image of a large area
singlecrystal obtained by confinement of the supercooled liquid Ga between two glass substrates.
The inset schematic represents the preparation method. Seeded growtbrgétdl was initiated

by contacting the liquid with a seed crystal. Large area strgktal up to of® ¢ & was
fabricated on different substrates at room temperature. (b) Polarized optical micrograph of the
singlecrystal in (a).

X-ray diffraction (XRD) measurements revealed a highly ordered, extended-single
crystalline structure of}Ga when crystallized between glass/glass or sapphirefgipgsng
(Figure 3.16a). The—scan usingt O +radiation showed strong peaks of (020%), and (060)
preferred orientation from the (010) familjhe room temperature crystallized bi#Ga had an
orthorhombic crystal structure with space gropd W@ T® pBh® X& v RAA
T® ¢ B and contained eight atoms in the conventional unit cell. The calcualaeacings were

6C o®B,cjT pdoB,andcj @ p® B, which agree with the reported literature val[i5]

The preference of the singiedexed crystal planes of (010) family on the substrate could be
attributed to the surface energy minimization. The formation energies with respegatof (010)
orientation (0.36 eV per atom) whsver than that of (100) orientation (0.64 eV per at¢sj)

This indicates better stability of (010) at room temperature U 1@ he atoms between two Ga

layers along (010) are bonded covalently and show directionality with a mixture of covalent and
metalic properties.In a previous study, it was reported that a perfect siagistal structure of

solid Ga could form on sapphire substrate in a nanodroplet of supercooj@87Eadn addition,

the XRD measurements revealed a repeating ordered structure with a peak at 38.2° and 44.4° when
crystallized on ITO glass, ZnSe, silicon, and copper.
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Figure 3.16b shows the eny@d (010) peak (cyan rectangle) from the sapphire substrate,
and Figure 3.16c demonstrate the large area single crystalline film of Ga obtained at room
temperature from the supercooled liquid. To understand the thermal behavior of the crystallized
Ga, we prformed differential scanning calorimetry (DSC) analysis for the crystallized Ga on

different substrates. The analysis from DSC analysis results show the existence of a glassy

structure with a glass transitiofiy§ at around 15 (Figure 3.17). Moreover, the solidification

process on the substrates induces different modification of microstructures in the crystallized Ga
droplet. The cooling curve of the DSC measurement of droplets obtained on different substrates
shows different xothermic behavior, whereas the melting point is the same for all the droplets
irrespective of the substrate mate(kigure B.2, Appendix B). Detailed study on the influence of

the oxide formation during crystallization is a future work. Scanning eteatioroscope (SEM)

image of a fasjuenched droplet on silicon substrate shows a localized nanoscale spatial ordering

in the freezdractured crossection of the glassy structure (Figure B.3, Appendix B).
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Figure 3.16: Structural characterization @ie highly ordered Ga crystal. (a)-bay diffraction
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square area.
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Figure 3.17: Differential scanning calorimetry (DSC) analysis of the crystallized Ga droplets on
different substrates. TH& curves are indicated with the small arrows.

3.4Summary

The PC property of Ga could be a potential tool in designing a caloric capacitor that can store
unused thermal energy to perform a useful work in dynamic electromechanical devices. The
interface characteristics revealed will encourage better evaluatemengy efficient PC materials

with a minimum phonon scattering and less power dissipation, and paves the way for surface
induced singlecrystal formation from supercooled liquids. This finding could validate the
temperature dependence of surface layenrgupercooled liquids.
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4.1 Introduction

Elemental Ga is a strange metal with mixed covalent and metallic bond property at ambient
pressure andemperaturg89]. Unlike any other simple liquid, supercooled liquid Ga is very
complex liquid that exhibits both covalent and metallic chargé®jr The outstanding ability of
elemenal Ga to form allotrop§83,85,199]and its lowmelting temperature (298) make it a

good candidate as a hontoxic metallic material with high thermal and electrical cond{Chijity

In 1952, Frank hypothesized that an icosahedral shoge order should be energetically

favorable in suprcooled liquids consisting of atoms of roughly spherical symnjigd;200]

For decades, the anomalous structural ordering in supercooled liquid Ga has garnered great
attention in the scientific community. In previous attempts to describe the unusual property of
liquid Ga, Tsay and Wand201] reported on the tetrahedron of Ga consisting of two dimers
interlockedi having four indices with-4toms. One of the nearest neighbor atoms magldond
length compared to the rest of the neighbors, and therefore the tetrahedron is asymmetrical. In the
case of the shotived covalent Ga dimers, a bond length of near 2.44 A was attributed to the
structural shoulder observed from the moleculamadyic simulatiorj42]. However, a Gasa pair
separation of greater than 2.5 A in a cluster structure is more likely to exist in the[@iLid
Thus, a mediuatange order of more than 20 Ga atoms are involved in the structural order in
liquid Ga[202]. To unravel the origin of the structural order in liquid Ga, classical molecular
dynamic simulation have been investigafd@,97,201203]. Neutron and Xray scattering
experiments revealed a scattering shoulder of structural order in the [HQd@i45]. Several
interpretatios were proposed for the structural order in liquid Ga such as (i}lsreattdimeric
bonding characteri st i-@aplase thatlpersistedin thediquiol stateharr h o m
(ii) structures beyond sherange ordef polyhedron clusters of 4 drb atom unit$44,201,202]
Recenst udi es highlighted that t-Gagphadeidoes motpersisb o n d i
in the liquid state, whereas increasing fraction of-fld symmetry and crystalline motifs exist
in the liquid stat¢4,97,203] In addition, Xray analysis of liquid Ga droplet on diamond revealed
the layering effect of Ga dimer (@anolecules on hard substrdi83]. Recently, transmission
electron microscope (TEM) analyséhowed the thermally stable coexistence of liegotid
phases in Ga and eutectic Gallium Indium (EGaln) nanodrdpl&is Both liquid Ga and EGaln
exhibit liquid-liquid phase transition behavif85,103,104,204]

92



Hitherto, the longstanding debate on the origin of structural order in liquid Ga is still
unsettledIn this study, we aim to shed light on the possible@arge order in supercooled liquid
Ga sandwiched between various polyroeated glass substrates by the use of reflegtlarized
optical microscopy (RPOM) utilized in liquid crystal (LC) research, differential scanning
calorimetry (DSC) and SEM.

4.2 Experimental Section
4.2.1Microscope andLight SpectroscopyTechnique

A scanning electron microscope (Zeiss Ultra 500 Gemini SENLarl Zeiss Inc., Oberkochen,
Germany) was used to characterize microstructure and morphology of Ga films. Prior to SEM
examination, the films were quenched in liquid nitrogen. The fr&ertured films were
examined under SEM af 0 t o pr evdanage. 3B tagemuscanning enicroscope

(Keyence VKkX200) was used for characterizing surface topology.

Polarized light microscope (ZEISS Axio Imager.Z2, Carl Zeiss Inc., Oberkochen, Germany)
equipped with polarizers and rotating stage was usemptaral observations and phase sequence

determination of the liquid crystal phase.

Linkam (THMS600) temperature controlled stagemounted of ZEISS Axio Imager.Z2 enabled
in situthermal control of the sample and subsequent imaging during experiments. Boatiisg

of sample was achieved via liquid nitrogen cooling through LNP96 cooling option.

Spectroscopy techniquewas performed using compact CCD spectrometer (Thorlabs) for
wavelengths ranging from 200 to 1000nm. The device was integrated with dibeedundles.

Collimated broadband light was used to illuminate the sample in reflection mode.
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4.2.2Liquid Crystal (LC) Cell Preparation and Electrical Characterization

To realize electramptics in LC cell, coating polyimide (PI) within the inner glass sgfaf the

cell was desired for surface anchoring.-Blemaned glass slides were sgpmated with 10 wt %
solution of PI2555 (HD Microsystems) in-Methyl-2-pyrrolidon, anhydrous, 99.5% (Sigma
Aldrich) for 5s at 800 rpm. Then followed by 45s at 5000 rpomlaralk e d a't 180
Different cell thickness between 10 and 50
(Cospheric LLC). The supercooled liquid Ga (wsthelf life of more than 6 months) was then
assembled by shearing between the two RiedglassesKigure 4.). Toinduceplanar alignment
with PMMA plates (2 mnthick), the surfaces were rubbed with velvet cloth. Eleoptics
actuation with DC voltage (DC power supfEYSIGTH U80001A) of 18 V was applied across
10 pmtthick film. For AC actuation, function generator (Tektronix AFG3102C) combined with a
high frequency power amplifier (TREK MODEL 2100HF) to deliver 18 V using square or sine
wave function. A mixed channel osciltpe (Tektronix) device monitored the frequency
response of the actuation signdksistance characterization was performed using KEYSIGTH
ENA Network Analyzer (5HZ 3GHz).

Top plate

Liquid metal

Bottom plate

Iy
»

X

Figure 4.1: Illustration ofthe LC cell assemblyor optical study of liquid Ga.
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4.3 Results and Discussion
4.3.1Thermal Analysis andHidden Optical Activity in Supercooled Ga

Differential scanning calorimetry (DSC) of Ga shows the first order transitions upon heating and

cooling. On heating from8 0 to 150 at 2 /[ mi nisotropih e pur ¢

l iquid phase((Figwedgd Daumcg3@ool ing, th@&atthi qui d

because of the supercooling effect of Ga.

t hat corresponds -Gaophasehvens detectett o rDIS®. bheztastable

pol ymor phs of -G@aGao,r y&H,dwHiah aea neonoblinic, orthorhombic and

tetragonal, respective[$3,85] Interestingly, these polymorphs can be detected in the DSC curve

of the EGaln alloy, which is a low melting point eutectic liquid (Table 4.1 and Figure C.1,

Appendix C)[205,206] Moreover, DSC experiments performed at much higher temperature (400
) di d nraoytphasedransiteon peak.
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Figure 4.2: Differential scanning calorimetry analysis of Ga upon heating and cooling. The
pseudei sotropic |l iquid appear s -&adooysta dutingleeatinge! t i ng
The liquid recrystallized ab 1 i ndicating t he tatd. Bhbinsktintage of t
represent®-POM texture of the LC phase in supercooled Ga similar to the Schlieren textures of
nematic or smectid (SmA) liquid crystals with homeotropic alignme8icale bar is 200 um.

In a thin layer of the supercooled liquid Ga prepared on a glass substrate at room
temperature (RT) with opesir boundary, a grayish texture is obserusthg circularly polarized
lightin R-POM (Figure 4.2 insgt Thefact that the reflected light is not extinguished between the
crossed polarizers means anisotropic reflection at thesuBstrate interfaceThe texture
resembles to Schlieren textures of various liquid crystal phases subjected to homeotropic boundary
condition (boundary layer tends to align the LC director normal to the sub4&@i@) There are

only two brush defects seen, which means the presence of only 1/2 strength defects. In Liquid
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crystals such textures may be due to pretilt of the elongated building blocks, or may indicate
biaxial nematic or smectic pha$208,209] Note that the opeair surface of the liquid maybe
covered with an oxide layer of abounf. This highly transparent oxide layer occurs naturally
when exposed the liquid to open ambiamn[123,210] This may cause some pretilt at the-&a
interface, but otherwise the optical property of the thin liquid Ga is unaffected due to the optical
transparency of the oxiff#&10,211]

Table 4.1: Phase transition enthalpies taken from
rate.

Material Phase transition T [°C] T [°C]
(AH [Jg™']) (AH g™
Heating cycle Cooling cycle
Ga Cr—LC +31.71(79.78) -51.21 (136.91)
EGaln Cr—Cr, -23.07 (12.22) -32.17 (12.72)
Cr,—Cry -11.87 (37.47) -27.16 (25.76)
Cr;—LC +19.61 (3.11) +17.67 (1.70)

Cr; crystal phasé, 2, and 3 represent different polymorphs of Ga.

4.3.2Polarization Optical Microscopy (POM) Investigation

R-POM observations in the supercooled liquid Ga was also carried out in cells where the material
was sandwiched between two glass plates coated with polymer layers that provide either planar or
homeotropic alignment for | iquid crystals at
the director is parallel to the substrates, was achieved itfyjnoay the liquid in between two

rubbed poly(methyl methacrylate) (PMMA) plates separated by a gap ranging from 5 to 50 um at
22
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In Figure 4.3the planar condition of the supercooled liquid Ga in the PMMA cell with
40-um separation is illustrated. AnROM image of the liquid Ga film without analyzer with the
rubbing and the shear flow direction initially pointed at 45° with respect to the polayrittes red
doubleheadarrow (Figure 4.3 The crossegbolarized optical image of the cell appeared bright
since the molecular optical axis is at 45° with respect to the two polarizers in agreement with the
shear flow directionKigure 4.3b).The dark aga inFigure 4.3bis PMMA plate. However, the
crossegpolarized optical image of the cell appeared dark when rotated the sample to 45° with
reference to either one of the polarizers, and the optical long axis aligned with one of the polarizers,
the samplés extinguishedFigure 4.3§. ThePMMA surface shows a strong planar anchoring of
the liquid Ga molecule.

POM textures were also studied in sandwich cells, where in one of the substrates in
microchannel (15 pm width, 55 um period, and 17 pm depth) wade of polydimethylsiloxane
(PDMS) prepared at room temperature (Figure C.2, Appendix C). The channels infiltrated with
EGaln |iquid at 22 i mmedi ately show planar
conics (PFC) type domaif@12] with long axis of elongated parabolas pointing perpendicular to
the channel walls (Figure C.3, Appendix C). Note that the images in Figure C.2 and C.3 were
obtained in transmission POM. Such kind of parabolic focal conic (PFC) defects akmove
in liquid crystals with either smectic layers of smectic LCs or pstaydgwed structures of chiral
nematic or the twisbend nematic phases. PFC appears when either the layer spacing decreases,
for example, on cooling or when the films are dild&IB]. PFC defects have also been observed
in the helical nanofilament phase of beote LC molecules near the glass interface when
guenched to RT214,215] These observations indicate the presence of some kind of true or
pseudedayer structure of the supercooled liquid Ga. The direction of the PFC domains also
indicates that the layers are parallel to the channel wall. This is due to the shear alignment that

allows flow only along the channel wall and the smectic lajz&i8].

In a 17 um thick cell where the substrates were treated by a polyimide that usually
promotes homeotropic alignment (director perpendicular to the substrate) for thermotropic liquid
crystals, Ga filleccell appears dark in-ROM with crossed polarizers even when the sample was
rotated 45° with respect to tipelarizers(Figure 4.3e)f Pseudasotropic textures are usually

observed for nematic and smeeidSmA) LC phases betwedromeotropianchoring surfaces.
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Figure 4.3. Reflection polarized optical microscope -BROM) images of liquid Ga cell
confinementt R OM I mages of a planar and homeotropic
(a) and (d)with crossed polarized (b) and (e), and sample rotated 45° with respect to the polarizers
(c) and (). Note that thee red arrows represent the flow directions. The sample stage was initially
placed at 45° so that the shear flow direction is at 45° wipkece$o the polarizers. The thickness

of planar and homeotropic cells are 40 pm and 17 pum, respectively. Scal@par$) 200 pm.

For untreated glass cell, the formation of focal conic defect (FCD) was observed in the
sandwiched film of liquid Ga dhe clean glass boundaryigure 4.4. The formation foal conic
domains is a characteristics of orthogonal SmA liquid crystal and hasobserved in helical
nanofilaments phase due to unwinding of the helical structure near the glass surface a®the twis

conformation of the HNF cannot completely fill the space on the flat glass s[&ialje
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Figure 44: Focal conic defects in untreated glass with10 pum cell thickne$¥0R images
without analyzer (a), crossqmblarized (b), and ample rotated 45° with respect to the polarizers
(c). The RPOM observatonwasonduct ed at 22 . Scale bars

Figure 45: SEM micrographs of liquid Ga droplet. The surface of droplets was cleaned in 0.5 M
HCI solution to remove any oxide before SEM imaging. The SEM of the liquid Ga drop¥es sh
structures similar to focal conic of smectic droplets. Scale: i§aysl00 um, and (b) 40 pm.
Droplet size is around 600 pm.

In addition, focal conic texture that is very similar to smectic droplet appeared on the liquid
Ga droplet characterized usirsganning electron microscope (SEMjigures 4.5).Detailed
experiments on the surface stabilized smdite phase revealed a nadolic focal conidike
texture resembling that of a dilat8thA (Figure 4.6 [213].
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Figure 46: Parabolic focal conic defetike texture of dilated SmAr nematictexture inan
unknown cell thickness. Scale bar is 100 pm.

4.3.3Thermotropic Behavior, Order Parameter, and Microstructure

In order to investigate the thermotropic property of thestl@cture phase in liquid Ga, a planar
cellwitha560m t hi ckness was subjected (FigwedTaThey heat i
optical texture was monitored withiROM and the high temperature phases were studied. Several
observations were notedhile heating the cell starting from RT. The long molecular axis of the

sample and the flow direction were oriented at 45° with respect to the polarizers. In such position,

the intensity of the cell gradually decreased with increasing temper@igere 47b). At
temperature range between 120 dakfFureldZy , the
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Figure 4.7: Thermotropic LC structure behavior of supercooled liquid Ga. (a), (b), and (c)
Temperature dependence of anisotropic LC structure in planar orientation reveal®Di.R

The bright state disappeared at high temperature because of realignment of thkamobdical

long axis with the polarizers. (d) Reflectance intensity measurement of the planar geometry with

respect to temperature change. At 120 , the i
obtained from high tcalebars(a)ia(t) @00 pm, EbloOwm. 12 0 . S

Byf urther heati ng, i sotropic domains start
reflection intensity of |liquid Ga upon temper .

planar cell with 1@um film thickness Figure 4.7 Interestingy, crystalline strands were
observed around birefringence bubHWRigared7gr i ng i
The strands elongate near the bubble, which shows Ridezldomains that nucleates at a défec

area. The POM image irFigure4.ewas t aken at 22 after sl owly
The stripetexture looks like that of TGB or SmA phase subjected to homeotrapozindary
condition[207].
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It is important to know that the spatially confinedpercooled liquid Ga is very stable at
RT and beyond (Figure C.4, Appendix Qhe liquid can withstand extreme temperature value
down to -8 4 before crystallizing. The sandwi che
crystallize at all at RT, except at itsystallization temperature. The upper working temperature
l'imit i s above 130 prior to the formation o
the Ga obtained from the ROM observation differs from the phase transitions analysis conducted
with the DSC measurement. We proposed a molecular arrangement of the predicted orthogonal
smectic phase with the phase sequence of the LC mesophases in supercooled liquid Ga based on
R-POM observations ifrigure 4.8. Note thatthe molecular structure of Ga mesophase could
possibly composed of clustawith variable shapes such as oblate or prolate sphbrj218]

Therefore, the model below is purplystor visualization and may not be accurate.

kn

i i

34 °C 120 °C
Cr > SmX
-84 °C 120 °C

Y

Iso

Figure 4.8: An illustration of the possiblmolecular or cluster arrangement that give rise to the
orthogonal liquid crystal properties in the structure of supercooled Ga.
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SEM image®f slowly quenched planar aligned sample shetwipestructuregrom the

confined liquid Ga cellThe width (w) of the stripes is 40 nm according to the SEM observation
(Figure4.9).

Figure 49: SEM images of stripeis homeotropic anchoringonditionat a glass boundary. The
width of the structures is ca. 40n measured from the SEM images. Scale :i20® nm and 40
nm (inset).
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SEM images of the needli&ke structurearound birefringent bubbleslearly show spatial
arrangemenbdf nanostructuresvith size that ranges from hundreds of nanometers to 2.5 um

(Figure 4.1@,b. To prepare the glassy Ga samples, the samples were plunged into liquid nitrogen

prior to the SEM observation. The images were taker2 & to prevent any
reorganization and damage by the electron beam during SEM charaicteritais worth to

mention that glass transition of Ga metal was reported previously in a slowly quenched Ga film,

which reassured the molecular behavior of the liquid ppEge
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Figure 4.10: Scanning electron microscoperaedlelike texture ofof nanocrystals arourajuid
Ga. The texture was stabilized at RT prior to SEM imaging. Scale(bpfgspum, and (b) 300 nm.

During retraction of the contact lingf liquid Ga sandwiched between clean glass and
PDMS, Bouligand arcike formation withbimodal (twapitch) arced patterns were visualized
with R-POM at RT (Figures 4.14,b [219]. Bouligand arcs are inherent property of chiral
bi ol ogi cal LC materi al such as c¢hr om@zlio me, c
222]. The arcs show a series of bawaped fibers (arced or parabolic patterns) of regular
stratification corresponding to the halkélical pitchh8The arcs indicate the characteristics of

chiral LC obtainedvia an oblique sectioning.
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Figure 4.11: Bouligand arcdike formation in supercooled liquid Ga on glass surface. Bouligand
arcs were observed in liquid Ga on glass surface by the retraction of contact line of the liquid,
which made an oblique angle with the glass surface. (a) Stretched attm¥dspshowing the
bimodal pitch behavior of the liquid in the regions labelled 1, 2, and 3. The red line represents the
retracting fluid front. (b) A large stretched arc with a clear {stvape pattern. The beshape of
Bouligand arcs seem to have origedtfrom a liquid with pitch variation. The glass used here is
untreated. | mages were taken at 22 . Scale
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