
ABSTRACT

HILLAIRE, KEITH DANIEL. Instabilities in Oxidizing Liquid Eutectic Gallium-Indium.
(Under the direction of Karen Daniels.)

The goal of this dissertation is to better understand the behavior of oxidizing eutectic

gallium-indium, how the interfacial tension changes depending on the history of the applied

electric potential, and the instabilities that form as the interfacial tension approaches zero

inside a bath of sodium hydroxide. Eutectic gallium-indium (EGaIn), a room-temperature

liquid metal alloy, has the largest surface tension of any liquid at room temperature. Because

gallium readily oxidizes, highly acidic or highly caustic electrolyte solutions are required

to strip the oxide off of the EGaIn to observe the high surface tension. However, when a

positive voltage is applied to EGaIn in an electrolyte solution, oxidizing the liquid metal, the

surface tension drops by orders of magnitude. Understanding the dynamics of oxidizing

liquid metals in the presence of electric fields is not only a fundamental problem of interest

to those in the fields of fluid dynamics and electrochemistry, but is also of importance

for those wishing to develop liquid metal devices. Room temperature liquid metals are a

promising conductor for soft, flexible, tunable electronics since they are highly conductive

and re-configurable, and are also an ideal candidate for modeling the behavior of high

temperature liquid metals in a safer environment. In my dissertation, I quantify the behavior

of oxidizing EGaIn in a series of related experiments in different geometries.

Interfacial tension plays a dominant role in the dynamics of EGaIn, so being able to

accurately, reproducibly and reversibly tune the interfacial tension is highly desirable,

and essential for creating liquid metal devices. In Chapter 1, I summarize the history of

experiments involving EGaIn, and the theory of interfacial tension and how it lowered.

In Chapter 2, I introduce the methods used for the various experiments covered in this

dissertation. In Chapter 3, I report measurements of the surface tension of EGaIn in a 1 M

NaOH bath changes when an applied voltage is swept forward from open circuit to a more



positive voltage, and how the surface tension changes when the voltage is swept in reverse

from a positive voltage towards open circuit. I observe that in the forward sweep the surface

tension transitions between three behaviors: (1) surface tension is independent of voltage;

(2) surface tension is proportional to the voltage squared; (3) the surface tension is linearly

proportional to voltage. I observe that in the reverse sweep the surface tension exhibits

two behaviors: (1) the surface tension increases linearly with the decreasing voltage; (2) the

surface tension is independent of voltage. In Chapter 4 I develop a free energy model of the

chemical and electrical behaviors to distinguish which mechanisms are directly responsible

for the change in surface tension.

EGaIn on a flat surface undergoes a fingering instability when the interfacial tension

decreases to near zero, controlled via electrochemical oxidation in a NaOH bath. In Chapter

5, I wet EGaIn to copper plates to set the initial finger width, and observe two transitions

in the fingering instability: (1) a minimum current density at which all fingers become

unstable to narrower fingers; (2) a minimum finger width for which the fingers can undergo

a single tip split before reaching a steady state. I present evidence that the instability is due

the Marangoni effect. In Chapter 6, I characterize the fingering instability’s dependence on

the concentration of NaOH, and present a phase diagram as a function current and NaOH

concentration.

To examine how interfacial tension forces compete with gravitational forces, I investigate

the behavior of EGaIn flowing down an incline in Chapter 7. At a fixed angle, three transitions

are observed as a function of voltage: (1) from Newtonian to viscoelastic behavior; (2) from

marginally stable droplets to pinching off due to the Plateau-Rayleigh instability; (3) from

smooth teardrops to teardrops with a wrinkling instability.

Finally, I present three exploratory experiments in Chapter 8 that will expand knowledge

on the fundamental fluid dynamics of oxidizing liquid metals: I examine the motion of liquid

gallium alloys in an electric field, I explore a method for spatially mapping the oxide growth

on the surface of liquid metals using a large integrating sphere made from papier mache,



and I present the X-Ray Photoelectron Spectroscopy spectra for gallium oxide produced

in two baths of different concentrations of NaOH. These preliminary experiments explore

possible future experiments for electrochemically oxidizing liquid metals.
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CHAPTER

1

INTRODUCTION

1.1 What is EGaIn: Eutectic Gallium-Indium

Room temperature liquid metals are a promising conductor for soft, �exible, tunable elec-

tronics since they are highly conductive and re-con�gurable [1], and are also an ideal

candidate for modeling the behavior of high temperature liquid metals in a safer environ-

ment. There only �ve elemental metals that are liquid near room temperature: gallium (Ga)

melts at 29.8° C, rubidium (Rb) melts at 39.3 ° C, cesium (Cs) melts at 28.5° C, mercury (Hg)

melts at -38.8° C, and francium (Fr) melts at 27.0 ° C [2]. Fr and Cs are radioactive, Rb reacts

explosively with air, and Hg is toxic, which makes Ga the safest candidate for research and

consumer applications. By alloying Ga with indium (In), the melting point is lowered even

further, and for this work I use the eutectic alloy of Ga% and In%, 75.5 Ga and 24.5 In by

1
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