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ABSTRACT

Gallium based room-temperature liquid metals (LMs) have special properties such
as metal-like high thermal conductivity while in the liquid state. They are suitable for many
potential applications, including thermal interface materials, soft robotics, stretchable
electronics, and biomedicine. However, their high density, high surface tension, high
reactivity with other metals, and rapid oxidation restrict their applicability. This
dissertation introduces two new types of materials, LM foams, and LM emulsions, that
address many of these issues. The formation mechanisms, thermophysical properties, and
example applications of the LM foams and emulsions are investigated.

LM foams can be prepared by shear mixing the bulk LM in air using an impeller.
The surface oxide layer is sheared and internalized into the bulk LM as crumpled oxide
flakes during this process. After a critical amount of oxide flakes is internalized, they start
to stabilize air bubbles by encapsulating and oxide-bridging. This mechanism enables the
fabrication of a LM foam with improved properties and better spreadability.

LM emulsions can be prepared by mixing the LM foam with a secondary liquid
such as silicone oil (SO). By tuning a few factors such as viscosity of the secondary liquid,
composition, and mixing duration, the thermophysical properties of the emulsion can be
controlled. These emulsions have a lower density, better spreadability, and unlike the
original LM and LM foam, they do not induce corrosion of other metals.

LM emulsions can form by two possible mechanisms, first by the secondary liquid
replacing air features in the existing foam pores (replacement mechanism) and second by
creating additional liquid features within the LM foam (addition mechanism). The latter
mechanism requires significant oxide growth and therefore requires presence of oxygen in



the environment. The dominant mechanism can therefore be distinguished by mixing LM
foam with the SO in air and oxygen-free environments. Additionally, a comprehensive
analysis of foam-to-emulsion density change, multiscale imaging and surface wettability
confirm that addition mechanism dominates the emulsion formation. These results provide
insight into fundamental processes underlying LM foams and emulsions, and they set up a
foundation for preparing LM emulsions with a wide range of fluids and controllable

properties.
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CHAPTER 1
INTRODUCTION

1.1.  Gallium Based Liquid Metals
1.1.1. Motivation

Gallium (Ga) and its eutectic alloys (eGaln and eGalnSn), also collectively known
as Ga-based liquid metals (LMs), have a melting point close to or below room temperature
(29°C, 15.5°C, and 10.6°C respectively).! These special materials are liquid at room
temperature, but at the same time possess metallic characteristics such as good electrical
and thermal conductivities. Although mercury (Hg) has been the only well-known LM for
decades due to its applications in liquid thermometers and barometers, its toxicity and high
vapor pressure restrict its continued application.? Unlike Hg, Ga and its alloys are non-
toxic and have a negligible vapor pressure. They have low viscosity and considerable
thermal and electrical conductivity. They are suitable for many potential applications,
including thermal interface materials (TIMs),>* soft robotics,® stretchable electronics,®’
and biomedicine.®10

However, some issues restrict LMs’ applicability, such as their high density, high
surface tension, high reactivity with other metals, and rapid oxidation.! Despite their many
potential uses due to their unique properties, their real-life application is still limited to a
few areas, such as thermometers or select thermal interface material (TIM) applications.
For example, LM’s high cohesive density and surface tension make it difficult to form
different shapes or apply them to different substrates. Their reactivity with other metals
causes corrosion and embrittlement, which imparts physical damage to the system. Due to

rapid oxidation, LMs form a thin oxide film (1-3 nm thickness) which causes abrupt and
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unpredictable changes in their rheology and adhesion. These phenomena make it
challenging to handle the LMs and complicates industrial manufacturing processes.

This thesis aims to address these challenges by augmenting liquid metal properties
by adding secondary fluids (gas or liquids) to the LMs. This will introduce two new
materials: LM foams and emulsions; these materials exhibit improved properties, higher
processability, and broader scope of applications (Figure 1.1). The following sections will

discuss fundamental challenges and the proposed path of this research.

| Liquid Metal (LM): LM air foam: g Q A LM emulsion: T
e 214 o) e
L PR ko A, T
|+ SR P L}"’" '
air ’, ;\ liquid liquid  eaiig 1} 2
> air ‘f (Rip i‘ > i \@iﬂuid ?S !-“l‘ v
— o capsules v 08
\ Xoxidatien Xhigho&p v better & controlled adhesion vhighly tunable properties Vviowerp
Y Y
high cost & hard to dispense:| |lower cost & easy to dispense: wider commercial use & expandedapplications:
few commercial applications
thermometers & limited use brush, stencil, 2D & 3D direct ™| stretchable & wearable electronics, softrobotics
TiMs nozzle writing, jetting & biomedical

Figure 1.1: Comparison of pure LM properties, processibility, and applications with
proposed materials (LM foams and emulsions)?***2

1.1.2. Liquid Metal Properties and Applications

Liquid metals possess special properties, not commonly found in other materials
(Figure 1.2). Unlike other fluids, which are poor conductors of heat or electricity, Ga and
its alloys exhibit high thermal (25-30 W m™ K™!) and electrical conductivity (0.34 - 0.38 x
10° S cm in their liquid state. This makes them suitable for many applications in thermal

management and soft-stretchable electronic devices.
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Figure 1.2: An overview of important properties of gallium based liquid metals

The LMs have a much higher density (5.9 — 6.4 g/cmq) than other fluids, six times
that of water. This may be useful in some applications, but it can be undesirable in mobile
applications and wearable devices.

The surface tension of gallium and its alloys ranges from 587-724 mN m, up to
10 times that of water (72.7 mN™ m). This high surface tension originates from high
cohesive energy density due to metallic bonds between the LM atoms. This results in the
non-wetting characteristic of LM with other surfaces and substrates. When dispensed on
other substrates, LM tends to bead up in a spherical shape rather than forming useful shapes
such as thin wires or sheets.

Gallium-based LMs are characterized by low viscosity (1.69-2.5 cP), which is close
to that of water (1 cP). This makes LMs ideal for applications in soft, stretchable, and
flexible devices. However, in ambient conditions, the rheology of LMs is dominated by the

rapidly forming oxide skin which is responsible for its viscoelastic behavior.
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The LMs readily oxidize, even at reduced oxygen partial pressure, to form a thin
oxide film (1-3 nm thickness) mainly consisting of g-gallium oxide (Ga20z3). The oxide
skin behaves solid-like, adding yield stress to the fluid core. This makes it possible to
stabilize LMs into different shapes and support patterning and deposition techniques. This
also imparts viscoelastic behavior to the LMs and increases nominal viscosity up to two
orders of magnitude. However, the growth of oxide skin is uncontrolled, resulting in
uncertainty in LM properties at any given time, thereby making its handling and industrial
manufacturing processes difficult.

LLMs are also reactive with most metals, and cause corrosion and embrittiment.*3
Liquid Ga and its alloys form intermetallic compounds and cause corrosion to typical metal
substrates used in chip cooling (such as CuGa, with copper).*** They penetrate into grain
boundaries of aluminum, one of the most common heat sink materials, resulting in
embrittlement and severe material damage.*® With silver, Ga reacts spontaneously to form
Ag.Ga alloy with a nanoscale needle-like morphology.l” These reactions may
unexpectedly change the LM properties and impart physical damage to the system.

For the reliable design of industrial processes, it is essential to limit the reactivity
and gain precise control over the viscoelastic and other properties of LMs. Moreover, it is
important that the LM’s properties are easy to modify and tunable on demand to fit the
needs of different applications. This can be achieved by mixing LMs with other materials

such as solid additives or polymeric fluids.

1.2.  Fabricating LM-materials with Tunable Properties
1.2.1. Mixing Other Materials to Liquid Metals

4



One way to control the viscoelastic properties of LMs is by adding solid fillers.
Usually, highly conductive fillers are used for TIM application, such as copper,*® silver,'®
21 diamond,?? tungsten,” silicon carbide,?® and graphene?®* etc. For example, Kong et al.*?
achieved up to a three-fold increase in thermal conductivity of liquid eGalnSn by
incorporating 40% by volume of tungsten or SiC particles. This method results in the
formation of LM-solid composites, which have a higher viscosity, better wettability, and
higher thermal conductivity. However, this also increases their density and cost, and does
not eliminate the risk of LM embrittlement of other materials.

To circumvent the embrittlement issue, researchers dispersed LM into silicone
grease or a polymeric matrix resulting in the formation of LM-polymer composites or
greases.?® These materials are electrically insulating, making them good for on-chip TIM
applications. However, their thermal conductivity is significantly reduced due to the
insulating matrix material and poor contact between the LM droplets. To reach higher
thermal conductivities, it is necessary to establish thermal percolation pathways between
LM particles. This may require additional processing and complicated fabrication
techniques.?>2

In either of the above two approaches, some properties are improved at the cost of
degrading others. To increase the thermal conductivity (desired), the density must generally
be increased (undesired). Similarly, thermal conductivity is significantly degraded when
trying to eliminate LM-embrittlement. This represents the two opposite ends on the thermal
conductivity-density plot (Figure 1.3), leaving a gap Yyet to be filled by a new type of
material. This gap can be filled by the LM foams and liquid-in-LM emulsions that are

investigated in this research.



LM foam and liquid-in-LM emulsion can be prepared by adding other fluids (gas

or liquid fillers) to the LM. However, to realize these materials, several challenges need to

be addressed.

Thermal Conductivity (W/mK)

60

40

A
A
LM-SiC A
A

A A

[’.\\

Gap for LM N )

) ~—7 Pure LMs
Foams and
emulsions
4 8 12

Density (g em™)

Figure 1.3: Thermal conductivity-density plot of different LM-materials showing

research gap

1.2.2. Challenges in Incorporating Other Fluids into LM

Although fabrication of LM-solid or LM-polymer composites is quite common, %

no work has been dedicated to fabricate LM foams or liquid-in-LM emulsions until

recently.*393% Several potential challenges may be outlined from a review of general

literature (such as oil-water emulsions) *-3" or from observing basic experiments of mixing

LM with other liquids as described below.

Pure LMs are immiscible with other liquids and do not entrain air bubbles. When

mixed with other liquids such as silicone oil, LMs tend to disperse in the form of droplets

due to their high cohesive energy density. Oxide shells stabilize these LM droplets due to
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the presence of dissolved oxygen in the liquids. Thus, LMs have a preferred arrangement
in which they mix; inverting this preferred arrangement may not be easy. To overcome this
challenge, the cohesive energy of the LMs must be reduced.

If another fluid or a gas bubble is injected into the bulk LM, it tries to escape as
soon as introduced (see examples in Figure 1.4). The density difference creates a buoyancy
force that pushes the fluid bubble up, and it escapes to the top surface of the LM. The low
viscosity of the LM supports this escape of the secondary fluid. To overcome this
challenge, it is necessary to overcome the barrier of density difference and increase

viscosity to trap fluid bubbles.

by

|
Escaping
Oil bubble

Liquid
Ga

)
Injected air
bubble £

Figure 1.4 Buoyancy driven escape of injected fluids to the top surface of LM (a) air
bubble, (b) Silicone oil bubble

pom—-

The LM foam and liquid-in-LM emulsions may also suffer from breakdown
processes observed in other emulsions (Figure 1.5), such as coalescence, phase inversion,
Ostwald ripening, flocculation etc.3® For example, the individual air or liquid bubbles
dispersed in the bulk LM may combine to form larger bubbles (coalescence). It is necessary

to stabilize the internal liquid-LM interfaces to inhibit such breakdown processes.
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Figure 1.5: Schematic Representation of various breakdown processes in emulsions

In the next section, | will discuss the way to overcome these challenges and

summarize the remaining chapters of my dissertation.

1.3.  Formation of LM Foams and Liquid-in-LM Emulsions

To stabilize LM foams and emulsions, LM properties must be tuned in a favorable
way (low density and high viscosity). ‘Emulsifying agents’ must be introduced to stabilize
air or liquid bubbles. The native gallium oxide skin on LM surface may provide an easy
way to achieve these targets.

As mentioned earlier, LMs rapidly oxidize in ambient conditions and develop a
native oxide skin of 1-3 nm thickness. This oxide skin alters LM properties in many ways:
augments effective surface tension, increases viscosity by introducing viscoelasticity, adds
wettability, and allows incorporation of other medium such as solid fillers. The oxide skin

behaves elastically with a yield stress value, and it may be ruptured by shearing with
8



sufficient force. This would expose a fresh LM surface, which would rapidly oxidize to
form a new oxide skin. Repeated breakage-and-formation of oxide would generate oxide
flakes that accumulate in the bulk LM. These oxide flakes may favorably alter the LM
properties and act as emulsifying and bridging agents to stabilize air bubbles in LM foam.

Internalized oxide Stable air capsules

Shear-mixing in air ! ar
flakes internalization

air

1

Figure 1.6: Shear-mixing of bulk LM in air for formation of stable LM-air-foam

Room-temperature LM foam can be prepared by shear mixing the bulk LM in air
(as shown in Figure 1.6). In this process, specific quantities of LM are taken in a container
and stirred at a higher speed using an impeller. The rotating impeller continues to shear
and internalize crumpled oxide flakes into the LM, increasing LM’s viscosity and oxide
content. Air bubbles are trapped in the LM due to surface perturbations and stabilized by
the oxide flakes and rapidly forming oxide shells around these bubbles. This foam has a
lower density, higher viscosity, and can be easily spread to different surfaces. Further
details of the fundamental mechanism of LM-foam formation and a detailed investigation
of its processing-structure-property relationship is discussed in Chapter 2.

Liquid-in-LM

ndarv li I .
secondary liguid emulsion

Figure 1.7: Liquid-in-LM emulsion formation by mixing secondary liquid with LM-foam
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LM emulsions can be prepared by mixing the LM foam with a secondary liquid
such as silicone oil (as shown in Figure 1.7). Unlike the pure LM which disperses into
smaller droplets when mixed with a secondary liquid, the LM foam can internalize
secondary liquid resulting in liquid-in-LM emulsion. The oxide and foam features in the
LM-foam stabilize the droplets of secondary liquid. By tuning a few factors such as
viscosity of the secondary liquid, composition, and mixing duration, the thermophysical
properties of the emulsion can be controlled. These emulsions have a lower density, better
spread-ability, and do not induce corrosion of other metals such as is the case with the
original LM and LM foam. Chapter 3 presents a detailed investigation of the stability of
these emulsions through a range of processing times and the viscosity of a secondary fluid
and the impact of these parameters on the materials’ structure and thermal property

relationships.

@ Secondary liquid displacement of b Secondary liquid capsule formation
i air in existing air pocket i at surface by perturbation of oxide

Figure 1.8: Two possible routes of secondary liquid incorporation into the LM-foam

The incorporation of secondary liquid into the LM could occur in two possible ways
(as shown in Figure 1.8). First, the emulsion might form through the secondary liquid
displacement of air within existing features within the foam (i.e., pores, rupturing pockets)
named as the “replacement mechanism”. Second, gallium oxide-enclosed secondary liquid

10



capsules can form during perturbation of the oxide at the two bulk liquid interfaces
throughout the mixing process, named as the “addition mechanism”. Additional oxide
could also form as the capsules are internalized. The oxide would mechanically stabilize
the internal secondary liquid-LM interface, while the oxide flakes prevent the buoyancy-
driven escape of the capsules by mechanically bridging the space in between capsules. The
latter mechanism requires significant oxide growth and therefore requires presence of
oxygen in the environment. The dominant mechanism can therefore be distinguished by
mixing LM foam with the secondary liquid an oxygen-free environment. These
experiments confirm that emulsion formation occurs by the addition mechanism.
Additionally, a comprehensive analysis of foam-to-emulsion density change, multiscale
imaging and surface wettability is presented as a support in Chapter 4.

These results provide an insight into fundamental processes underlying emulsion
formation, and they may set a foundation for preparing LM emulsions with a wide range
of fluids and controllable properties. Chapter 5 presents some proposed future directions

that may be pursued based on this dissertation.
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CHAPTER 2
OXIDE MEDIATED MECHANISM OF FOAM FORMATION BY SHEAR MIXING
IN AIR

This chapter discusses the mechanism of LM-foam formation and its structure-
property-processing relationship. As discussed in the previous section, pure LM has a high
density, high surface tension, high reactivity, and rapid oxidation in air. These
characteristics limit LM’s applicability, make it difficult to spread the LM on to different
substrates, and complicate many industrial manufacturing processes. * Addition of particles
or air bubbles to LM augments its adhesion and rheology which enables deposition and
patterning onto many substrates using tools ranging from paintbrushes and stencils to 3D
printer nozzles.>*** The creation of LM foams through incorporation of air bubbles is
particularly compelling because these materials retain fluid or ‘‘paste-like’’ characteristics
and metallic properties while having a substantially lower metal content (i.e., density and
cost).

The prior literature on foaming of high-temperature molten alloys suggests that pre-
mixing of solid micro-particles is necessary for foam formation.* In contrast, LM foams
can be prepared by shear-mixing of LM in air without addition of any solid particles.
Resolving this discrepancy, systematic processing-structure—property characterization
demonstrates that many crumpled oxide particles are generated prior to air bubble
accumulation. The following sections discuss fabrication of LM-foams, onset of foam

formation, thermophysical properties of LM foams, and the mechanism of foam formation.
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2.1.  Fabrication of LM Foams

The LM foams can be fabricated by simple shear-mixing of the pure LM in air. The
shear-mixing generates surface waves, some of which fold onto themselves to generate air
cavities or air bubbles. The shear-mixing process also generates crumpled gallium oxide
flakes, which incorporate into the LM and stabilize air bubbles.

To prepare gallium foam, gallium metal (99.99% from Rotometals) was melted by
heating above 30 °C. 100 g of liquid gallium was taken in a 50 mL beaker and mixed in air
at 600 rpm using an industrial mixer outfitted with a 3D printed cross-shaped impeller
(Figure 2.1). Figure 2.1a shows that the extended mixing of the LM results in physical
transformation of the homogeneous liquid (lustrous cross-section) into a highly
heterogeneous foam (diffusely reflecting cross-section).

To gain an insight into the liquid metal foaming process, a high-speed camera (a
Photron FastCam mini UX-100) was mounted at a 45 degree angle to image the surface of
the LM during mixing. It was revealed that shearing of the LM in both early and later stages
generates high amplitude waves and large ripples on the surface of the LM. Some of these
waves fold onto themselves, creating cavities that later become air bubbles within the LM
(Figure 2.1b). The presence of the air bubbles is evident in the internal structure of the

solidified gallium foam (Figure 2.1a).

13



Gallium foam

Surface

Wave—s \ r

Figure 2.1: (a) Schematic of gallium foam fabrication by shear-mixing of liquid gallium in
air; (b) surface waves created by high-speed mixing, (c) gallium-oxide islands on the
surface of the stirred LM; (d) focused ion beam image showing oxide-islands generated
through ion ablation on the surface of LM in vacuum.

Crumpled gallium oxide flakes are generatred and incorporated by the surface
waves created by the shearing-mixing process. A closer inspection of the LM surface
during mixing exposes that the surface consists of microscopic ‘‘islands’’ (of gallium-
oxide) surrounded by a lustrous “‘sea’’ (Figure 2.1c). The diffuse light reflection from the
islands reveals that these islands consist of a 1-3 nm thin gallium oxide skin“ that has
wrinkled on nano and micro-scales due to underlying liquid motion.*” The shear stresses
associated with the stirring process fracture the continuous ‘‘old’’ oxide film into floating
oxide-islands (as shown in Figure 2.1c). New oxide skin immediately forms on the LM
surface exposed to air.

The spontaneous formation of new oxide skin is evident from a previous study
where oxide skin from the LM surface was removed in a more controlled fashion by

rastering a focused ion beam in a SEM (Figure 2.1d).*® Even in high vacuum conditions
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(10 Pa), a new, thin oxide begins to form in-between fractured *“old’’ oxide islands within
seconds. In atmospheric conditions this process is much quicker, with new oxide emerging
in 10° to 102 s. “°! However, presumably due to the adsorption, dissociation, and surface
diffusion of oxygen molecules,®® the new oxide grows in a non-uniform fractal-like
manner. Consequently, much of the surface in-between the ‘‘old’” oxide micro-islands
consist of a very thin and unwrinkled oxide that is highly light-reflecting (or transparent)
in nature. Intriguingly, either through macroscopic surface-to-bulk flow near the impeller
or through microscopic buckling of the surface waves, many of these islands are

internalized as oxide-flakes into the bulk of the LM.

2.2.  Onset of Foam Formation

To study the onset of LM foam formation by the shear-mixing process, structural
characterization and density measurements of LM foams were performed at different times
through-out the mixing process. It was observed that the foam does not start forming until
a critical amount of crumpled gallium oxide flakes are internalized. After this point, further
shear-mixing results in an increase in air-features in the LM, resulting in reduction in its

density over time.

2.2.1. Structural Characterization (Composition of LM Foams)

To evaluate the bulk composition of the mixed LM, a scanning electron microscope
(Amray 1910 FESEM employing 20 kV accelerating voltage) was used to image cross-
sections of LM samples that were stirred for 0, 2, 3.5, 5, 7.5, 10, 15, 30, 60, 90, and 120
minutes prior to freezing (the samples were simply cleaved with a razor blade). After 2
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minutes of mixing, the previously smooth internal surface of the unmixed gallium contains
a large concentration of oxide flakes (Figure 2.2). Through internal shearing or prior
wrinkling on the LM surface, many of these flakes have crumpled and resemble three-
dimensional particles*#244 that can be thought of as microscopic analogs of crumpled
paper. The magnified cross-section of one of such particles obtained using cryogenic
focused ion beam cross-sectioning®>°3 shows that the crumpled oxide flakes have many,
often nanoscale, air voids captured within them (Figure 2.3). As a result, the crumpled

flakes are slightly buoyant and are mostly suspended near the top of the sample block.

Figure 2.2: SEM images of gallium foam cross-sections processed at different mixing times
(0-120 minutes)

Stirring of the LM for another five minutes predominantly leads to accumulation of
more of the oxide particles. It is not until 7.5 minutes of mixing that a population of
microscopic (>>10 um) air bubbles can be observed. Since they are surrounded by a thin
oxide layer, these air bubbles may be referred as air capsules. LM mixing times between
10 and 30 minutes results in an increased number of the air capsules, which are buoyant

and rise to the surface of the sample block. If mixing is continued for longer time (up to
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120 minutes), the air capsules and oxide flakes appear to be present in the entire volume of
the LM. Naturally, the accumulation of oxide flakes and air capsules significantly alters

physical properties especially the density of the foams.

Crum ;S'led

oxide flake

Nanoscale
air voids

Figure 2.3: SEM image of a crumpled gallium oxide internalized in the bulk LM

2.2.2. Density of LM Foams

The density of each sample of the stirred LM corresponding to different mixing
times was measured using the Archimedes principle.>* Specifically, circular disks of
gallium with a 2 cm diameter and a 6 mm thickness were casted using a polymer mold.
Then, the buoyant force was measured by suspending the disk in a container of water on
an analytical balance.

Despite the evident incorporation of many oxide flakes, the density value for the
first 7.5 minutes of stirring remains near the 5.9 g ml density of pure gallium (red dotted
bar in Figure 2.4). This discrepancy can be resolved by pointing out that the density of the
predominant gallium oxide skin phase,®® -Ga.0s is also 5.88 g mI™.* Most likely the
density value measured is slightly smaller than that of Ga or $-Ga.Os because of the

presence of nanoscale air pockets in the crumpled oxide flakes. If stirring is continued for
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more than 7.5 minutes, the density of the material begins to decrease substantially,
eventually reaching 4.8 gml? after 2 hours of mixing. Based on the structural
characterization, this mixing time threshold (i.e. 7.5 minutes) for density decrease stems

from the initiation of air capsule accumulation in the LM.
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Figure 2.4: Plot of gallium foam density as a function of mixing time

2.3.  Thermal and Rheological Properties of LM Foams

To explore the effect of foam formation on important LM properties, measurements
were performed for thermal conductivity, viscosity as well as loss and storage moduli of
the stirred liquid metal for each of mixing times.

In contrast to the initially unchanged value of density, the plot in Figure 2.5 shows
that the thermal conductivity of the LM begins to decrease shortly after the onset of the
shear-mixing process. This property was measured using a thermal reference bar method
following the modified ASTM D5470 standard.®>"® Please note that the thermal rather than
electrical conductivity was measured because the latter has been previously shown to be

only mildly impacted by LM stirring.*! In contrast, thermal conductivity decreases, even
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after just 2 to 5 minutes stirring, from 29 Wm*K-! (pure gallium) and reaches 18 WmK*
after 2 hours of mixing. The exact mixing time at which the thermal conductivity starts
changing is difficult to establish because the initial change is comparable to the
experimental uncertainty. In light of the structural characterization, these measurements
demonstrate that both the oxide flakes and air capsules significantly disrupt thermal energy
carrier transport. Owning to the continuous metal matrix, however, the LM foam thermal
conductivity is still much higher than that of elastomer composites with liquid metal
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Figure 2.5: Plot of gallium foam thermal conductivity as a function of mixing time

As with the thermal conductivity, the rheological properties of the LM are also
significantly impacted through shear mixing. These properties were measured using a TA
AR-G2 rotational rheometer equipped with a 40 mm parallel plate geometry and using a
gap height of 800 um. Since the dispersal of oxide flakes throughout the bulk LM phase is
analogous to loading of solid particle fillers to the system, it yields an immediate increase
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in both viscosity and storage modulus (G'), as seen in the plot in Figure 2.6. A similar trend
is observed with the loss modulus (G"'), but it was consistently 20-30 times smaller than
the storage modulus. The loss modulus is not depicted here as the elastic behavior
associated with the storage modulus is of more direct interest. The storage modulus and
viscosity reach an initial peak at 7.5 minutes of stirring (1.5 MPa and 1600 Pa s,
respectively). The peak at 7.5 minutes corresponds with the point just before many air
pockets start being incorporated into the foam. Further mixing results in a rapid drop in the
viscosity and modulus, presumably in response to the inclusion air as a ““soft’” filler. With
continued mixing, the modulus and viscosity increase, reaching eventual values of 2.04 x
107 and 2193 Pa s, respectively, at a mixing time of 120 minutes. Increased mixing time
results in more oxide flakes and air pockets being encapsulated, which has been shown in

prior literature to result in an increase in material modulus and viscosity.5
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Figure 2.6: Plot of viscosity and storage modulus of gallium foam as a function of mixing
time
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2.4, Mechanism of Foam Formation

The structural characterization and the plots of thermophysical properties reveal
that initially crumpled oxide particles are internalized into the LM. After a critical amount
of these particles is reached, they start to stabilize air bubbles within the continuous LM
phase. This phenomenon is in one way similar to the foaming of high melting point metals,
which require a specific quantity of pre-mixed solid particles for foam stabilization. 5364
Although a general explanation for the foam stabilizing role of particles has not been
agreed on, the structural characterization supports notions of bubble interface stabilization
as well as physical bridging of bubbles.®* Specifically, the representative SEM images in
Figure 2.7 show that individual air voids are encapsulated by oxide enclosures. These
oxide-enclosures may consist of crumpled oxide particles as well as spontaneously forming
oxide shell. Besides, some oxide flakes can extend in-between two such voids bridging the
space in between them. The crumpled gallium oxide flakes thus stabilize the LM foam by
encapsulating the air voids and by oxide-bridging.

It is important to note that the structure of the LM foams is highly dynamic and
most of the geometrical features will change during the mixing. For example, air capsules
can coalesce, split or even collapse. This leads to cavities with irregular shapes and a wide
range of air capsule sizes. From an application perspective, this random and unpredictable
structure may be undesirable because it likely restricts the range of possible properties for

the foams.
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Figure 2.7: Schematic of liquid gallium foaming mechanisms: a) oxide flake
accumulation during shear mixing and b) oxide-mediated air capsule stabilization and
accumulation.

2.5.  Conclusion

The structural and property characterization of shear-mixed liquid gallium shows
that like high-melting point metals, near room-temperature LMs require a small volume
fraction of solid particles in order to foam. In the case of the LMs, however, the solid
particles are not added prior to stirring but are generated during the process by fracturing
and internalizing the thin native oxide film at the liquid-air interface. In this setup about
7.5 minutes of mixing is required to accumulate a critical volume fraction of oxide flakes,
which crumple into three-dimensional particles that can contain nanoscale air voids, prior
to air bubble formation and stabilization. With a different mixing arrangement, this time
period might be different. The density, thermal, and rheological properties of gallium foam
are highly impacted by the inclusion of oxide flakes and air bubbles. While in general the

density and the thermal conductivity decrease, the viscosity and storage modulus first peak
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and then continue to increase with the stirring time. These alterations to density and
rheology are advantageous for processing, dispensing, and application of the foams.
However, the foaming of LMs does not stop its corrosion and embrittlement of other
metals, which may cause physical damage to metallic substrates upon contact. Next section
addresses this challenge by investigating incorporation of a secondary liquid that impede’s

LM’s reactivity.
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CHAPTER 3
GALLIUM-OXIDE STABILIZED OIL-IN-LIQUID METAL EMULSIONS

This chapter discusses the incorporation of a secondary liquid (silicone oil) into the
LM-foam resulting in “oil-in-LM” emulsion formation. This emulsion, in addition to
having better process-ability and considerable thermal conductivity, prevents corrosion and
embrittlement of other metals. This makes them particularly suitable for applications in
thermal interface materials (TIMSs).

While dispersing LM into another fluid medium is relatively simple, the opposite
is more challenging owing to LM’s high density and surface tension as well as
immiscibility with other liquids.®® When one immiscible liquid more favorably emulsifies
into another liquid, such as LM into silicone oil, inverting this emulsion orientation
typically requires the introduction of emulsifying agents or surfactants.®®” This section
demonstrates that stable “‘oil-in-LM”’ emulsions can be created through the incorporation
of silicone oil (SO) into LM-based foam.

The following sub-sections discuss the method of fabrication of LM-emulsions,
impact of secondary liquid’s viscosity on the emulsion structure and its phase inversion
characteristics. Additionally, the impact of volumetric content of the secondary liquid (SO)
on the structure and properties of the oil-in-LM emulsion are discussed.

3.1.  Fabrication of LM Emulsions

LM Emulsions can be fabricated by simple shear mixing of LM with a secondary
liquid in air without any specialized processing techniques. These emulsions can be divided
into two broad categories, LM-in-liquid and liquid-in-LM emulsions, depending of which
fluid takes the disperse or the continuous phase. When silicone oil (SO) is used as a
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secondary liquid, mixing it with the ‘pure LM’ results in fabrication of LM-in-oil emulsion.
Whereas the oil-in-LM emulsions can be created through the incorporation of silicone oil
(SO) into LM-based foam (as shown in Figure 3.1a). Figure 3.1b shows that previously

air-pockets in LM-foam are replaced by SO-droplets in the Oil-in-LM emulsion.
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Figure 3.1: (a) Overview of shear-mixing based fabrication of LM-in-oil emulsions and
oil-in-LM emulsions and (b) cross-sectional SEM images of LM-based foam before and
after mixing with silicone oil (SO) which results in the formation of oil-in-LM emulsion.

For fabrication of these emulsions, Gallium (99.99%) was purchased from
Rotometals while the silicone oils with viscosity ranging from 10 to 10 000 cSt were
obtained from Sigma Aldrich. The LM-in-oil emulsions were prepared by manually mixing
the pure and melted gallium with the silicone oil in specific volume ratios for various
periods of time in a small plastic container using a wooden stir rod. In all cases, this

procedure resulted in formation of LM droplets within the oil phase. The oil-in-LM

25



emulsions were prepared in a two-step process: first the stirring of LM in air to create LM
foam, followed by mixing of LM foam with oil. In the first step, LM foam was fabricated
by shear-mixing the liquid gallium in air (as described in Chapter 2). In the second step,
LM foam and silicone oil in specific volume ratios were mixed manually in a small plastic
container using a 2.1 mm thick wooden stirring rod. To keep the liquid metal in molten

state during all mixing processes, the container was kept on top of a hot plate set at 60 °C.

3.2.  Effect of Viscosity and Mixing Time on Emulsion Formation

The visocity of silicone oil and the mixing duration significantly affect the structure
and properties of both types of LM based emulsions. In the case of LM-in-Oil emulsions,
the mixing of melted gallium with SO leads to formation of the LM droplets whose size
depends on the viscosity of the oil as well as the mixing rate and time. Figure 3.2a shows
images of LM-in-oil emulsions formed by 30 minutes of manually mixing 10, 100, 1000,
and 10 000 cSt SOs into LM at a 20:80 volume ratio. In the 10 ¢St SO, the LM separates
into a widely distributed mix of large droplet sizes (greater than 1 mm) and smaller sizes.
Since the shear stress that leads to droplet breakup scales with the viscosity, the average
LM droplet size distribution becomes smaller for higher viscosity 0ils.®3% For example,
within 30 minutes of mixing in the 10 000 cSt SO, the droplet size is reduced to tens of
microns or smaller. While the oil viscosity does not impact the effective thermal
conductivity of the LM-in-oil emulsions under mild compression (~2 mm thick samples
under 0.1 MPa pressure have values under 2 W m™* K that match the prior results for
silicone pads with LM droplets®®7), it does have a strong influence on the dynamics of

formation of emulsions with inverted phases.
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The generation and incorporation of oxide flakes and oxide-covered air bubbles
into LM is necessary to form oil-in-LM emulsions. Prior to addition of the SO, the LM
foam was generated through 2 hours of rapid shear mixing of melted gallium at 600 rpm
in an air environment.” This material contains a mixture of wrinkled gallium oxide flakes,
oxide-covered air bubbles, and occasional air pores with sizes ranging from a tenth to
hundreds of micrometers (as shown in Figure 3.1b). With these internal features, SO
readily mixes into the foam (at 20:80 SO:LM-foam volume ratio) within several minutes
of manual shear mixing of the two liquids at about 120 rpm. The cross-sectional electron
micrographs in Figure 3.1b and optical images in Figure 3.2b clearly show that much of
the SO disperses into distinct droplets surrounded by the continuous LM phase with the
foam features (as shown through the glossy reflections on the cross sectioned surfaces).
Since the SO contains dissolved air, the oil droplets are likely covered by a gallium oxide
shell. Using this approach, oil-in-LM emulsions can be created with silicones with

viscosity ranging from 10 to 10 000 cSt.

LM-in-Oil
Emulsion

Oil-in-LM
Emulsion

Figure 3.2: (a) optical images of LM-in-oil emulsions made with 10 to 10,000 cSt viscosity
SOs (20:80 SO:LM volume ratio and 30 minutes of mixing), (b) optical images of oil-in-
LM emulsion cross sections made with 10 to 10,000 cSt viscosity SOs (20:80 SO:LM foam
volume ratio and 30 minutes of mixing)
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3.3.  Phase Inversion of Qil-in-LM Emulsion upon Extensive Mixing

Extended stirring of the oil-in-LM emulsions produces vastly different outcomes
that depend on the used oil viscosity. Specifically, the schematic and images in Figure 3.3a
show that continued mixing of the oil-in-LM emulsion containing the 10 000 cSt SO results
in gradual break-up of the emulsion into smaller regions separated by oil and eventual
phase inversion into an LM-in-oil emulsion. The illustrative processing map in Figure 3.3b
shows that for the specific case of 20:80 SO:LM foam volume ratio, the decrease in oil
viscosity delays or significantly inhibits the onset of this inversion. For example, no
inversion of the phases was observed when using the 10 cSt even after 120 minutes of
stirring. It is important to note that this illustrative processing map is meant to reflect the
different phase stability regions and can change based on changes in processing conditions.
In addition, the transitions between the phases are gradual, so the boundaries on the
processing map are blurred. Next section investigates how the volumetric content of the
SO in these inversion-resistant (‘‘stable’’) oil-in-LM emulsions impacts their internal

structure.
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Figure 3.3: (a) illustrative images and schematics showing phase inversion of oil-in-LM
back into LM-in-oil emulsions upon excessive mixing, and (b) illustrative processing map
showing the oil-in-LM formation window and phase inversion regions (20:80 SO:LM foam
volumetric ratio, 120 rpm manual shear mixing).

3.4.  Effect of Volumetric Content of SO on Oil-in-LM Emulsion

The volumetric content of SO significantly affect the structure and properties of the
oil-in-LM emulisons. Figure 3.4a shows electron micrographs of oil-in-LM emulsions
created by 30 minutes of mixing of LM foam with different volume fractions of 10 ¢St SO.
The duration for full internalization of the oil into the foam increased from under 5 minutes
to about 30 minutes with increase of the SO:LM foam volumetric ratio from 10:90 to 40:60
(higher ratios are not used in the studies because excess oil outside the emulsion was
observed even for longer mixing times). Within the studied range, the increase in the SO
mixing content results in a corresponding increase in SO pockets observed in the sample
cross sections (as shown in Figure 3.4a). In addition to formation of these closed-cell
features, the SO also appears to fill many of the open-cell pores that are produced during
the chaotic LM foam fabrication. This dynamic multiscale structure of the starting LM
foams also makes it infeasible to provide a more quantitative description of the impact of

the oil content and viscosity on the oil-in-LM emulsion structure. However, the large
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differences in the thermal conductivity of the various emulsions (describe next) implies

that such differences in the internal structure could be substantial.
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Figure 3.4: (a) SEM micrographs of oil-in-LM emulsions cross-sections made with 10 cSt
viscosity SO with SO:LM foam volumetric ratio ranging from 10:90 to 40:60, (b) plot of
the effective thermal conductivity against the SO volume percentage for oil-in-LM
emulsions.

The effective thermal conductivity (ketr) of oil-in-LM emulsions decreases with
both the increase in the oil content and its viscosity (as shown in Fig. 19b). Due to its
relevance to thermal interface materials (TIMs) application, these measurements were
conducted by a steady-state stepped bar apparatus following the modified ASTM D5470
standard. This measurement methodology reflects the impact of both the intrinsic material
property and sample-measurement bar contact resistances (i.e., provides the effective
thermal conductivity of the sample).>”:"? For LM-based samples, the effect of the thermal
contact resistance is small, so the effective values reported here are close to the intrinsic
material value.” For example, the pure melted gallium measured 28.7 + 1.1 Wm K that
agrees with prior literature value.” Incorporation of the oxide flakes, air bubbles, and pores

during 120 minutes of stirring the melted gallium at 600 rpm decreases the ket of the
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gallium foam to 17.8 + 0.7 Wm™K? (this value is not impacted by an additional 30 minutes
of low speed manual mixing at 120 rpm).

When the SO is incorporated into the foam within 30 minutes of mixing, the ks
of the oil-in-LM emulsions experiences a decrease proportional to the increasing oil
volume content (by about 10 W m™ K in the worst case of 40:60 100 ¢St SO:LM foam).
This result is counterintuitive as the replacement of the low thermal conductivity air (k =
0.024 W m K1) content with the more conductive SO (k = 0.2 to 0.3Wm™K™?) should
increase the emulsion’s thermal conductivity. Since the k.fr of the LM-foam is not
impacted by the additional 30 minutes of mixing without the oil (and the generated oxide
and air features), the SO likely does not replace most of the air features (e.g., fill closed air
bubbles) but creates additional oil-filled structures. Compared to pure LM or even LM
foam, the oil-in-LM emulsions show reductions in effective thermal conductivity. Thus,
the addition of these oil-filled structures in combination with air bubble and gallium oxide
content appears to disrupt the thermal energy carrier transport through the composite. The
increasing oil viscosity likely alters the quantity and size of such features, thereby resulting
in a greater decrease of the emulsion’s k.. Despite this decrease, the 9.5 + 1.1 WmiK?
ke sy of the SO:LM 40 : 60 with 10 ¢St SO is still multiple times higher than that of typical
silicone grease TIMs measured in the same way (1 to 4 Wm™K?). Next section
demonstrates that the presence of the oil provides additional anti-corrosive characteristics
to the emulsions that make them uniquely suitable for TIMs.

3.5.  Preventing Corrosion of Aluminum Substrates
Generally, the LM embrittlement of aluminum is rapid and takes place within hours

of direct contact with the gallium. With sufficient content of the SO, the oil-in-LM
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emulsions do not embrittle aluminum. This characteristic of the LM foams and emulsions
was tested by placing the samples in between two aluminum sheets and applying 0.1 MPa
of pressure. The experimental setup was heated to 60°C to ensure the sample was in the
liquid state. The representative images and bar plot in Figure 3.5a and b show that after 24
hours the LM foams corroded the aluminum foil in all the 20 experimental repetitions. The
chance of preventing aluminum embrittlement is dramatically improved with addition of
even a small amount of the SO (e.g., by 50% for the 10:90 SO:LM foam composition) and
increases nearly linearly with further oil addition. Furthermore, the emulsions with the
40:60 SO:LM foam composition did not corrode aluminum foil in any of the 20

experimental repetitions lasting 24 hours (each exposing the samples to aluminum foil on
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Figure 3.5: Corrosion protection characteristics of oil-in-LM emulsions (a) representative
images of aluminum foil before and after 24-hour contact under 0.1 MPa pressure with
LM foam and oil-in-LM emulsion (40:60 SO:LM foam), (b) bar plot showing corrosion
protection ability of 10 cSt oil-in-LM emulsions made with varying oil content (total 20
tests were performed for each composition), (c) schematic illustrating the mechanism of
aluminum corrosion protection under compression: wetting of the exterior of the emulsions
by a thin film of SO, and (d) images of 1 microliter water droplets placed on LM foam and
on the 40:60 oil-in-LM emulsion.
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The corrosion inhibiting characteristic of the LM-in-oil emulsions likely stems
from the presence of a thin SO film on the exterior of the material that provides a barrier
between the gallium and aluminum (as shown in Figure 3.5¢). The presence of this exterior
SO film was confirmed by placing small water droplets on the LM foam and on the
emulsion with 40:60 SO:LM foam composition. The images in Figure 3.5d show that the
water droplet contact angle increases from about 10° on the LM foam to about 90° on the
oil-in-LM emulsion. Since the latter value is in the range of water contact angles typically
measured for SO impregnated textured or porous surfaces,” " the exterior surface is likely
entirely covered by an oil film. Furthermore, the presence of the oil meniscus around the
perimeter of the water droplet sitting on the oil-in-LM emulsion provides additional
evidence of the surface oil film.”® The oil likely wets the exterior oxide created during the
mixing process as well as any new oxide that might be created while applying the emulsion
onto the aluminum foil. With about 40% of the emulsion volume occupied by oil, there is
an ample supply of it to cover the entire surface prior to contact with a substrate or even
during potential volume disruption when making contact (i.e., oil can wick out of pores or
leak from ruptured ‘‘bubbles’” under compression). This characteristic of corrosion
prevention together with a good thermal conductivity, make this emulsion a promising

candidate for TIM application.

3.6.  Conclusion
This section demonstrated that foam features in LM (oxide flakes, air bubbles, and
pores) enable internalization of a secondary liquid, resulting in formation of stable “oil-in-

LM emulsions. Although these emulsions can be created using oils with viscosity ranging
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from 10 to 10,000 cSt, it was revealed that beyond a proper viscosity and mixing time
“processing window,” the created materials can invert into the more common LM-in-oil
emulsions. In particular, the oil-in-LM emulsions made with lower viscosity (10 cSt)
silicones proved to be resistant to phase inversion up to the tested 120-minute mixing time.
The use of lower viscosity oils is also beneficial from thermal perspective as it leads to the
lowest decrease in the effective thermal conductivity of the emulsions. The corrosion
prevention of these emulsions increases with the volumetric content of 10 cSt silicone oil
(SO). Eventually, the 40:60 SO:LM foam emulsions have sufficient 10 cSt SO to entirely
prevent the possibility of gallium-induced corrosion of the metal substrate. At this
composition, this stable oil-in-LM emulsion has an effective thermal conductivity of
9.54+1.1 Wm K that is several times higher than currently available TIM greases or pads.
Besides TIM application, the insights gathered from these processing-structure-property
relationships of oil-in-LM emulsions may benefit further exploration and the use of these
new liquid phase composites in other soft applications.

Prior to this study, it was expected that replacing the non-conductive air pockets in
LM-foam with relatively conductive SO would improve the thermal transport. Contrarily,
the addition of SO disrupts the thermal transport, likely due to oil creating microscale
features in addition to the existing foam features (i.e., the oil does not appear to completely
displace air in the existing features). This discrepancy arises due to little understanding of
the mechanism of emulsion formation. Particularly, whether the secondary liquid
internalizes by displacing air from existing foam features or by creating additional
microscale features. Addressing this question is important for further research on
improving material properties and controlled fabrication of these emulsions. The following
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chapter aims to address this question by a systematic investigation of the mechanism of

emulsion formation, leading to completion of this dissertation research.
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CHAPTER 4
EMULSION FORMATION MECHANISM

In the previous chapters, it was discussed that shear mixing the bulk LM in air
results in LM-air-foam formation. This LM-foam is stabilized by oxide flakes, oxide
enclosures, and oxide feature-bridging in-between capsules. The LM-foam in turn enables
internalization of secondary liquid resulting in liquid-in-LM emulsion formation. Like LM
foam, the emulsion must be stabilized by oxide flakes and oxide enclosures. However,
unlike LM foam, the liquid-in-LM emulsion is stable only within a limited property-
processing window, beyond which it inverts to the more common LM-in-liquid emulsion.
This section systematically investigates the fundamental processes underlying the
formation of these liquid-in-LM emulsion.

The incorporation of a secondary liquid into the LM foam can occur by two possible
microscale mechanisms (i.e. replacement and addition mechanism). The first mechanism
consists of the secondary liquid filling the existing air pockets in the LM foam (thereby
replacing air), whereas the second mechanism consists of secondary liquid creating
additional features within the LM foam. The following sections discuss these two
mechanisms and methods for identifying the underlying mechanism for liquid-in-LM
emulsion formation. Specifically, it has been elucidated that the two mechanisms cause
opposing changes in density for conversion of LM foam to emulsion. Furthermore, change
of environment from air to nitrogen can affect the emulsion formation and provide key
information about the formation mechanism. This is followed by comprehensive analysis

of density, surface wettability and multiscale imaging. Finally, the thermal properties and
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prevention of aluminum embrittlement of these materials are discussed from the

perspective of thermal management applications.

4.1.  Two Mechanisms of Liquid-in-LM Emulsions Formation
4.1.1. Description

In principle, liquid-in-LM emulsions can be formed through the incorporation of
the secondary liquid into the LM foam via the two routes illustrated in Figure 4.1. First,
the secondary liquid could replace the air inside existing features within the foam (as shown
in Figure 4.1a). In this “replacement mechanism”, the secondary liquid fills open-cell
features such as pores (as shown in Figure 4.1b), but also could replace air within capsules
ruptured at the foam-secondary liquid interface during mixing (as shown in Figure 4.1c).
Second, additional gallium oxide-enclosed secondary liquid closed-cell features
(“capsules™) can form during the perturbation of the oxide at the two bulk fluid interfaces
throughout the mixing process (as shown in Figure 4.1d-e). This “addition mechanism” of
secondary liquid requires the continual formation of oxide at the two bulk fluids interface.
Some oxide regrowth could also be needed to seal ruptured capsules in which secondary
liquid replaced the air. As for foams, the mechanical stabilization of the emulsions requires
the presence of oxide fragments or potentially other solid particles within the LM that
prevent the buoyancy-driven escape of secondary liquid by bridging the space between
capsules.

Next section presents theoretical derivations for the expected density of the

emulsions and show that the predominant mechanism by which secondary liquid

37



incorporates into the LM foam can be distinguished from the foam-to-emulsion density

change.

(b) secondary liquid replaces air in open-cell feature at the surface (e.g., pore)
air

S

(a) secondary liquid
REPLACES airin ?
existing features air-filled surface pore wetting flooding full air replacement
L] (c) secondary liquid replaces air in rupturing closed-cell features (e.g., capsules)

) air
(d) secondary liquid air capsule at surface oxide rupture wetting and flooding  sealing & internalization
*forms ADDI'PI/OI(\JJAL (e) secondary liquid forms additional closed-cell features at the surface during mixing
features
air
surface wave & cavity internalization in LM oxide sealing new liquid capsule in LM

Figure 4.1: Schematics of possible emulsion formation mechanisms: (a) air replacement
by the secondary liquid (S), exemplified as (b) air-replacement in open-cell and (c) closed-
cell geometrical features; (d) secondary liquid forming additional closed-cell geometrical
features in LM foam, exemplified as (e) formation of liquid-filled cavities by surface wave
cresting.

4.1.2. Theoretical LM Foam-to-Emulsion Density Difference

The density of the LM foam, pf, can be expressed with volumes and densities of

its components as:

VapatVimpLm+VYoxPox (1)
Va+tVim+Vox

Pr =
where V is the volume and p the density of the air (subscript a), liquid metal (subscript

LM), and oxide (subscript ox) components. For the specific case in this work, the density

38



of the LM oxide and the LM are nearly identical (p.y = pox = 6 g cm?),"* Eq.1 can
rewritten as:

_ VaPat+(Vim+Vox)PLM (2)
VatVim+Vox

Pr

In addition, the oxide is only present in ~1 to 3 nm thick films, 26 so the volume it

occupies is much smaller than that of the LM or air (i.e., V,, < Vi and V,, K V).

Accordingly, the analysis can be simplified by assuming that the oxide volume is
negligible:

. VaPatVimMPLM 3)
f Va+Vim

If the secondary liquid with density pg is incorporated into the LM foam purely
through the air replacement mechanism (Figure 4.1a-c), there should be either no change
or a very minor change in the total volume during the process. In other words, it can be
assumed that the secondary liquid volume (V;) replaces some fraction of the air volume
present in the foam (1/;), which leads to a reduced air volume (V;) within the emulsion
(Vs =V, —V,). As such, the density of the emulsion formed with the air replacement

mechanisms is (p._,):

_ VapatVimpLM+Vsps _ (Va=Vs)pa+tVimpLm+Vsps _ VapPa+tVimpLm+Vs(Ps—pPa) (4)
Va*+VLM+V5 Va—Vs+Vipm+Vs Va+Vim

Pe—r

Combining Eq. 3 and Eq.4, we obtain:

_ VapatVimpLm Vs(ps=Pa) _ Vs(ps=Pa)
VatVim Va+tVim f VatVim

Pe—r =pr+ ¢s (ps — Pa) (5)

where ¢p; =V /(V, + Viy) = Vo/ (VS + Vi + V5) is the volume fraction of the secondary

liquid in the emulsion formed through the replacement mechanism.
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On the other hand, if the secondary liquid (assumed to be incompressible) is
incorporated into the LM foam purely through the addition mechanism, the total volume
of the resulting emulsion will be higher than that of the input foam by a factor of 4 =
(Vo + Vi + V) /(V, + V). This factor can be expressed in terms of the volume fraction
of secondary liquid in the addition mechanism (¢,) as A7 = (V, + Vi) /(Vy + Vi +
V)=1-V,/(V, + Viy + Vi) = 1 — ¢p5. As such, the density of the emulsion formed with

the secondary liquid addition mechanisms (p._,) is:

_ VapatVimpLm+Vsps _ VapatVimprLm+Vsps _ A_l VapatVimMpPLM*VsPs (6)

Va+Vim+Vs AWa+Vim) Vat+Vim

pe—a

Combining Eg. 3 and Eq.6, we obtain:

_ q=1 |YapatVimMpPLM Vsps ]_ —1[ {V5+Va+VLM—(Va+VLM)}]
Pe-a = /1 [ Va+Vim Va+Vim - /1 pf T Ps Va+Vim (7)

Through algebraic manipulation and substitution of the definition of A, Eq.7 can be
simplified as:
Pe—a =AM pp + (A= Dpg] = (1 = ¢p)ps + sps = pr — ds(oy —ps)  (8)
The derived Eq.5 and Eq.8 demonstrate that the two secondary liquid incorporation
mechanisms have an opposing impact on the foam-to-emulsion density change.
Specifically, since any secondary liquid is denser than air (p; > p,), emulsions formed
under the air replacement mechanism will always be denser than the original foam (i.e.,
Pe—r > Py for ¢ > 0). In contrast, when the LM foam is denser than the secondary liquid
(ps < py as for silicone oil and our foams), emulsions formed through the addition
mechanism will be lighter than the original foam (i.e., ps > p,_q for ¢ > 0). Furthermore,
both the positive and negative density difference (p._, — ps Or p._q—ps) should be

proportional to the volume fraction of incorporated secondary liquid in the emulsion. Next
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section experimentally explores the two fluid mixing processes and compares the results

against the analytical predictions.

4.2.  ldentifying Underlying Mechanism for Formation of Liquid-in-LM Emulsion
4.2.1. Analysis of Density of Silicone Oil and LM Foam Mixed in Air and Nitrogen

Environments

To investigate emulsion formation mechanism, silicone oil (10 cSt) and eGaln foam
were manually mixed for 30 minutes in either air®® or nitrogen environments (as shown in
Fig. 4.2a-b). As expected, mixing within an air environment leads to the incorporation of
all the oil into the LM foam and formation of a stable silicone oil-in-LM emulsion (as
shown in Figure 4.2a).%° In contrast, no silicone oil mixing into the LM foam is observed
visually in a nitrogen environment (as shown in Figure 4.2b). In more quantitative terms,
the measurements in Figure 4.2c show that the density of the LM foam after mixing with
any volume fraction of silicone oil in a nitrogen environment is only 0.1 to 0.3 g cm™ (2 to
6%) higher than that of the original foam. Similarly, the density of the LM emulsion (i.e.,
silicone oil and LM foam mixed in an air environment) with only a 10% oil input volume
fraction is about the same as that of the original foam. However, with more silicone oil
added, the density of the emulsion decreases linearly with the secondary liquid’s input
fraction. For the 40:60 input volume ratio between the silicone oil and LM foam, the
emulsion density is ~1 g cm™ (20%) lower than the original foam.

The linear decrease of the emulsion density with increasing input oil volume
fraction past the 10% threshold agrees with Eq.8 predictions. This observation provides
support for the occurrence of the secondary liquid addition emulsion formation mechanism
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(Figure 4.1d-e). In the case of the fluid mixing in nitrogen, the lack of oxygen in the
environment likely prevents the continual growth of an oxide shell that is critical to the
stability of the new silicone oil capsules.

(a) LM foam and SO mixed in air environment

air environment
eGaln foam

oil-in-LM
emulsion

(c) [
5.5
= Bl p~& "=
5 LM-foam
=
@ 45!
3 mixed in air %{ @
407 #

0 10 20 30 40

Mixing ratio (Vol. % of Silicone Qil)

Figure 4.2: Schematics and example images of LM foam and silicone oil (SO) mixing in
(a) an air (i.e., the emulsion) and (b) nitrogen environment; (c) the density of the LM

materials resulting from the two mixing processes with varying input volumetric ratios of
SO and LM foam.
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To provide further evidence that the lack of oxide growth prevents stable silicone
oil capsule formation, an “oxide forming” liquid (hydrogen peroxide)’® was mixed with the
LM foams in both environments. In other words, this decouples the oxide-shell formation
from the mixing environment oxygen content. Confirming that oxide growth is necessary
for the silicone oil capsule stability, the hydrogen peroxide was incorporated into the LM
foam in both environments (as shown in Figure 4.3).

Oxide growth prevention could also inhibit the silicone oil from replacing air in
rupturing capsules because they could not be re-sealed (as shown in Figure 4.1d). However,
the data trend agreement between the density measurements and Eq. 8 indicates that the air
replacement mechanism does not occur for geometrical features within the bulk of the
foam. This observation allows to propose an explanation for the minor density increase
when mixing oil and the LM foam in nitrogen and when mixing small (i.e., 10%) silicone
oil volume fractions with the LM foam in air. Specifically, in both cases, the silicone oil
likely replaces air within “open-cell” features on the foam surface. Since these open-cell
features are only present on the surface, they are limited in number, and their filling leads
to a much smaller density change than the addition of the much more abundant oil capsules.
In the following sections, further evidence is provided for this explanation of the density

measurements using surface wettability measurements and multiscale imaging.
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Figure 4.3: Mixing of LM foam with hydrogen peroxide in (a) air and in a (b) nitrogen
environment

4.2.2. Surface Wettability and Multiscale Imaging of the Silicone Oil Mixed with the LM

Foam in Air and Nitrogen Environments

The presence of silicone oil on the surface of the LM foam or emulsion strongly
impacts the surface water contact angle. In particular, the plot in Figure 4.4 shows that
while the LM foams are hydrophilic with contact angles varying from about 10° to 40°, the
emulsions are nearly or slightly hydrophobic with contact angles of about 80° to 95°. The
substantial increase of the water contact angle with the silicone oil addition implies that the
oil forms a continuous surface. The resulting hybrid solid-liquid surface is analogous to
oil-impregnated surfaces.®®! In contrast, the water droplets placed on the surface of the
LM foam mixed with silicone oil in the nitrogen environment have contact angles varying
greatly between 35° to 90°. This observation implies that mixing the foam and silicone oil
in the nitrogen environments leads to only partial coverage of the LM foam surface by the
silicone oil. Next, the surface and cross-sectional morphology of these materials is explored
using multiscale imaging.
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Figure 4.4: Water contact angles measured on the surfaces of the LM foam and its mixtures
with silicone oil made in an air (i.e., emulsion) or nitrogen environment as a function of
the silicone oil and the LM foam volumetric mixing ratio.

Figure 4.5 presents optical and cryo-FIB-SEM surface and cross-sectional images
of the bare LM foam (a) as well as LM foam mixed with silicone oil in nitrogen (b) and
air (c) environments.

The LM foam contains 100 nm to 200 um air capsules and has various surface
features, including multiscale wrinkles,®2%% and 5 um to 100 pm “open-cell” pores. While
the cross-sectional optical image of the LM foam mixed with silicone oil in nitrogen is
indistinguishable from that of the original LM foam (Figure 4.5a and b), the presence of
oil capsules is clearly visible in the emulsion cross-section (Figure 4.5c). As previously
discussed in chapter 3, the amount of internal silicone oil features visible in the cross-
sections within these emulsions increases with the mixing ratio of the two fluids (as
previously shown in Figure 3.4 for the emulsions made from gallium and in the Appendix-

3 for the current emulsions made from eGaln as a LM).
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The electrically insulating nature of the silicone oil facilitates its identification in
surface electron micrographs of the cryogenically frozen samples. Upon exposure to the
electron beam, the oil surface charges and deflects incoming electrons creating dull-gray
to bright-white colors and streaky image sections.8-® With this “lens”, it can be easily
interpreted from the electron micrographs that the surface of the emulsions is covered by a
continuous oil film that is only pierced by occasional “islands” of locally elevated LM
foam topology. In contrast, the surface of the materials mixed in the nitrogen environment
is covered by “puddles” of silicone oil and occasional oil-filled pores. The corresponding
sample’s near-surface cross-sections exposed using ion beam milling confirm observations
from exterior surface imaging. Furthermore, the cross-sectional images show that the
silicone oil puddles are very shallow, with a thickness of about 100 nm. In comparison, the

continuous liquid film is several times thicker (about 300 to 500 nm).
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Figure 4.5: Multiscale optical and cryo-FIB-SEM surface and cross-sectional images of
(a) the bare LM foam and (b & c) the LM foam mixed with silicone oil (SO) in (b) nitrogen
and (c) air environments.

The measured linear decrease in density with mixing volume fraction of silicone
oil that was predicted by Eq.8 and the presence of silicone oil in the cross-sectional images
provide strong evidence that the emulsions form through incorporation of additional,
oxide-covered, liquid capsules. New oxide growth is limited without oxygen in the mixing
environment, preventing stable silicone oil capsules and emulsion from forming in

nitrogen. Thus, when mixed with the LM foam in nitrogen, the silicone oil only forms
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puddles and fills exposed pores on the exterior surface. The minor 5 to 10% density
increase is independent of the silicone oil to LM foam mixing ratio in the nitrogen
environment because even a small volume of the oil saturates the limited surface features
of the foam. It is suspected that in a nitrogen environment, the silicone oil only fills pores
and forms puddles on the surface because the lack of oxygen prevents the formation of
oxide wrinkles on the LM surface (i.e., oil interacts with a smooth LM surface). In contrast,
during mixing in air, the surface waves on the LM surface are preserved in multiscale

wrinkles that promote continuous silicone oil film formation.

4.3.  Suitability of the Silicone Qil and LM Foam Mixtures for Thermal Interface
Materials

Due to their high thermal conductivity and conformability, LMs are increasingly
being used as thermal interface materials (TIMs) within the microelectronics industry.®
However, gallium-based LMs induce corrosion or embrittlement to most metals,®># which
requires costly deposition of protective barrier films for LM TIM implementation.®” This

issue can be potentially resolved by the mixed-in-air silicone oil-in-LM foam emulsions.

4.3.1. Prevention of LM-induced Embrittlement of Aluminum Foil

As demonstrated in the previous chapter, the silicone oil-in-gallium foam emulsion
(10 cSt with 40% silicone oil) does not embrittle aluminum while at the same time exhibits
a moderately high thermal conductivity of about 10 W m™ K1.3° The current emulsions
with the same 10 cSt silicone oil fraction (made with eGaln, not pure gallium foam) also
do not corrode the foils (as shown in Fig. 4.6a). The cryo-FIB-SEM images confirm the
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prior hypothesis that the surface of the emulsions is covered by a continuous layer of
silicone oil, which prevents direct LM-aluminum contact. In contrast, such contact and
ensuing embrittlement of aluminum are not prevented by the silicone oil puddles on the

surface of the materials mixed in a nitrogen environment (Figure 4.6Db).

(a) pristine Al foils before foils undamaged by
exposure “made-in-air” emulsion

(b) pristine Al foils before foils damaged by LM-
exposure foam mixed in N, with SO

Figure 4.6: Photographs of pristine aluminum foils and those after 24-hour exposure to
(a) mixed-in-air silicone oil-in-LM emulsion and the (b) LM-foam mixed with the silicone
oil in nitrogen environment

4.3.2. Thermal Conductivity

From a thermal perspective, the conductivity of the current emulsions is similar to
the prior results of silicone oil-in-gallium foam emulsion as discussed in chapter 3.3* In
particular, the emulsion effective thermal conductivity steadily decreases with increased
silicone oil volume fraction (as shown in Figure 4.7). The effective thermal conductivity
of the materials accounts for the intrinsic (i.e., bulk) thermal conductivity of the material
as well as for the thermal contact resistances of the two sample-measurement bar

interfaces.® Consequently, the observed decrease in the effective thermal conductivity can
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be attributed to the low thermal conductivity micro-capsules (~0.2 to 0.3 W m™* K1),*®
whose number increases as the silicone oil volume fraction increases. In contrast, the
effective thermal conductivity of the LM foam mixed with silicone oil in nitrogen
environments is comparable to or even slightly higher than that of the bare LM foam
(around 18 Wm™K1). This minor effective thermal conductivity increase might stem from
the thermal contact resistance reduction by the exterior silicone oil puddles. The continuous
silicone oil film on the surface of the emulsions likely also induces a similar or even more
significant thermal contact resistance reduction. However, this benefit is negated by
decreased intrinsic thermal conductivity associated with silicone oil capsule addition.
Consequently, for thermal management applications, the LM foams mixed with silicone
oil in a nitrogen environment do not provide any major benefits over bare LM foams. In
contrast, the use of the emulsions could remove the need for protective barrier layers, albeit

at the cost of reduced thermal conductivity.
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Figure 4.7: The effective thermal conductivity the bare LM foam and the LM foam mixed
with silicone oil in nitrogen and air (i.e., the emulsions) environments.
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4.4. Conclusion

In summary, this section described two possible mechanisms for the formation of
silicone oil-in-LM emulsions and theoretically demonstrated that the dominant mechanism
can be distinguished through foam-to-emulsion density change. Specifically, those two
mechanisms are: the “replacement mechanism” that consists of silicone oil replacing air
features in the LM foam and the “addition mechanism” that consists of silicone oil creating
additional features within the LM foam. It was theoretically demonstrated that the former
mechanism should be associated with a linear increase in the emulsion density with
increasing silicone oil mixing volume fraction, while the latter mechanism should have the
opposite effect.

The measurements show that past the 10% oil volume fraction threshold, the
density of the emulsions decreases linearly with increasing the silicone oil content. Using
multiscale imaging and wettability measurements, it was confirmed that mixing the
silicone oil and LM foam in air leads to the incorporation of silicone oil capsules and the
formation of emulsions. Consequently, the silicone oil-in-LM emulsions predominantly
form by the addition of new silicone oil capsules, as opposed to the replacement of air by
the oil in existing foam features.

It was also demonstrated that when silicone oil and LM foam are mixed in a
nitrogen environment, there is a small increase in the resulting material density that is
independent of the oil volume fraction. By removing oxygen from the mixing environment,
the growth of oxide shell on the oil capsules was prevented, which is critical for silicone
oil incorporation into the bulk material. Without the oxide growth, cryo-FIB-SEM images
revealed that the silicone oil only replaces air within open-cell surface features (e.g., micro-
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pores) and forms ~100 nm deep puddles on the LM foam surface. The process leads to a
small density increase that is independent of the added volume of silicone oil because there
is a limited number of open-cell surface features that are easily saturated by the oil.
Interestingly, the surface of the emulsion is covered by a thicker (~300 to 500 nm) and
continuous silicone oil film. Its presence explains the lack of density decrease that was
observed for the 10% silicone oil volume fraction (i.e., density increases because of the
replacement of air in surface features, but its increase is counterbalanced by the addition
of silicone capsules into the bulk of the material). It is suspected that mixing of the two
fluids in air allows a continuous exterior silicone oil film to form because it promotes
continual formation and preservation of multiscale oxide wrinkles. These surface textures
do not form on the LM surface during mixing in a nitrogen environment, leading to local
dewetting of the silicone oil film. Lastly, it was showed that the continuous silicone oil
film on the emulsion surface is necessary to prevent LM-induced embrittlement of
contacting aluminum. This unique feature of the silicone oil-in-LM emulsions makes them

potential candidates for thermal management applications.
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CHAPTER 5
FUTURE WORK
5.1. Summary of Dissertation

Aimed at addressing challenges in industrial processing and application of gallium-
based liquid metals (LM), this work introduced two new materials, LM foams and LM
emulsions with much improved properties and applicability than the pure LM. | have
introduced simple but robust methods for fabrication of these materials that are scalable
for industrial processing. Throughout this research, emphasis was placed on uncovering
the microscale mechanisms and processes underlying formation of these materials. Their
structure-property relationships and example applications were discussed.

The LM foams were investigated to address the challenges of LM’s poor adhesion,
low viscosity and rapid oxidation that hinder its repeated application to different surfaces
and complicate many industrial manufacturing processes. Foaming of liquid gallium was
performed by simple shear-mixing the bulk gallium in air, resulting in surface to bulk
incorporation of oxides, which in turn stabilize microscale air cavities. This led to a paste-
like LM morphology that is easier to spread and apply to industrially relevant surfaces.

The LM foam in turn enabled internalization of a secondary liquid such as silicone
oil into the LM structure resulting in a liquid-in-LM (or oil-in-LM) emulsion. It was
illustrated that the thermophysical properties of the emulsion can be controlled by tuning a
few factors such as viscosity of the secondary liquid, composition, and mixing duration.
These emulsions have a lower density, better spread-ability, and do not induce corrosion

of other metals as original LM and LM foam.
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At a fundamental level, my research investigated the mechanism of foam and
emulsion formation. A systematic approach was used to determine the onset of foam
formation by studying structure and properties of stirred gallium at regular intervals. This
revealed that shear-mixing in air causes surface-to-bulk incorporation of gallium oxide
fragments, and, after a critical amount of oxide-fragments is internalized, they start to
stabilize air bubbles by encapsulating and oxide-bridging. The oxide features in the LM
foam in turn stabilize the secondary liquid capsules resulting in liquid-in-LM emulsion.

In the final section, it was illustrated that the secondary liquid internalization could
occur by two possible mechanisms i.e., replacement and addition mechanisms. In the first
mechanism, the secondary liquid replaces air in the existing foam features, whereas in the
latter mechanism the secondary liquid creates additional features within the LM foam. It
was demonstrated that the dominant mechanism can be distinguished by changing the
environment of processing from air to nitrogen as well as from foam-to-emulsion density
changes. A comprehensive analysis of density, multiscale imaging, and surface wettability
were presented. Furthermore, thermal conductivity and prevention of aluminum corrosion
was discussion for these materials for TIM application.

In short, this dissertation introduced two new materials, LM foams and LM
emulsions, and demonstrated their processing methods, processing-structure-property
relations and microscale mechanisms underlying their formation. These results added to
the fundamental scientific knowledge about these materials, which sets up a foundation for
preparing LM foams, emulsions, and multiphase LM materials with a wide range of fluids

and controllable properties.
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5.2.  On-going Research

As stated previously, the fundamental knowledge of LM foam and emulsion
formation sets up a foundation for further development of a wide range of materials with
controllable properties. Building upon the knowledge from this work, there are two
approaches currently under investigation. Each of these approaches intends to mitigate
some of the challenges met by the introduced materials (LM foams and LM emulsions).

The first approach aims at improving the LM foam processing and properties.
Previously, LM foams were prepared by a simple shear-mixing method that introduces a
lot of heterogenous air-cavities of varying size and shapes. This provides only very little
control of the foam structure and properties (i.e., only by controlling the extent of shear-
mixing). On the other hand, precisely controlling the quantity and size of air bubbles in the
LM would provide a homogeneous foam material with controllable properties. A potential
pathway to achieve this is by foaming the LM with a decomposition agent. This approach
has previously been utilized for foaming of high temperature metal foams* as well as
room-temperature gallium alloys®!. A decomposition agent such as sodium bicarbonate
(NaHCO3) would decompose upon heating to release gases (CO2 and H20) within the LM,
resulting in LM foam formation. To control the foam structure and properties, several
control knobs would be available. The particle size and quantity of the decomposition agent
may be controlled prior to mixing with the LM, whereas controlling the rate and extent of
heating (i.e., temperature) during the foaming process would provide additional controls

for the foaming mechanism. The resulting foam is expected to provide a better fit for many
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industrial applications such as wearable electronics, stretchable devices, and biomedical
applications etc.

Gas bubbles
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Figure 5.1: Foaming of LM using decomposition agents

The second approach aims at improving the LM emulsions’ thermal conductivity
for TIM application. Previously, the emulsions were prepared by mixing the LM foam with
a secondary liquid such as silicone oil. The silicone oil provides lubrication and a barrier
layer against LM-induced corrosion of other metal surfaces such aluminum under elevated
temperature and mild pressure typical of TIM applications. However, the resulting
emulsion consists of around 50% by volume of insulating air cavities and silicone oil
features, hindering thermal transport and thereby lowering the LM’s thermal conductivity
by two thirds. This loss in thermal transport may be mitigated by two ways, first by
reducing the overall disruption to the thermal percolation by reducing the overall content
of insulating materials (i.e., air-cavities and oil), and second by introducing conductive
solid particles.

The previous section on emulsion formation mechanism demonstrated that
secondary liquid incorporates into the LM by the ‘addition” mechanism. This suggests that
prior foaming of the LM is not necessary as long the LM possesses sufficient oxide
features, and it is viscous enough to stabilize secondary liquid capsules (i.e., prevent

coalescence and buoyancy-driven escape). This inference can potentially be realized by
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mixing the secondary liquid with a LM-paste with no or little foam content, but consisting
of a conductive solid material and viscous enough to stabilize the secondary liquid
capsules. Such a LM-paste can be made by shear-mixing the LM with an inert conductive
powder such as silica or silicon carbide using a mortar and pestle. However, it may be
challenging to find the desired LM-paste with just the right structure and composition to
enable emulsion formation. Nevertheless, this direction of research may lead to truly
multiphase LM pastes having significantly higher thermal conductivity and wider property

tunability than the current LM foam and emulsions.

5.3.  Future Directions

This work can lead to several future directions. One direction can be exploring
various fluid options or the use of multiple fluids for preparing liquid-in-LM emulsions to
expand their characteristics and to enable many industry-specific needs. The research in
this dissertation was limited to LM-emulsion using just one fluid type (i.e., silicone oil),
besides requiring a pre-foamed LM material to start with. Preparing a silicone oil-in-LM
emulsion benefits from plenty of dissolved oxygen in the silicone oil, which other fluids
may lack. Whereas the limitation of using a pre-foamed LM arises from high surface
tension of pure LM which causes the LM to take the dispersed phase in other liquids to
minimize its surface free energy. To prepare liquid-in-LM emulsions using desired fluids,
these challenges must be overcome using innovative ways. An idea would be to explore
emulsifying agents for LM systems like those used for other immiscible systems such as

the oil and water system.
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Emulsifying agents reduce the interfacial tension between the dispersed and
continuous phases in an emulsion thereby imparting Kinetic stability to the emulsion. They
can adsorb to the interface of the disperse phase droplets, forming an oriented monolayer.
A recent study used sodium dodecyl sulphate (SDS), an anionic surfactant for forming
liquid metal vacuoles that are bubble-like two-dimensional liquid metals structures.® Other
than SDS, several other surfactants can be explored such as oleic acid, capric acid or gemini
surfactants. Besides emulsifying agents, colloidal solid particles like those used in
Pickering emulsions® can be explored for stabilizing the LM emulsion.

Another direction can be exploring the possibility of direct injection of the
secondary fluids (liquids and gases) into the LM pastes to prepare LM foams and emulsions
with controlled structure and properties. Direction injection of gases is also used for
production of metal foams such as using aluminum alloys. However, our initial efforts to
utilize this methodology did not work due to challenges in controlling droplet size,
buoyancy-driven flow, and coalescence of disperse phase droplets. Nevertheless, once

suitable emulsifying agents for LM systems are established, this approach may be revisited.

5.4.  Preliminary Experiments of Using Oleic Acid as Surfactant
Preparing LM-emulsion without excessive air pockets and oxide content is desired to
improve its properties. Therefore, preliminary experiments were performed to find if
adding a surfactant to secondary liquid (silicone oil, SO) can improve its emulsification
with the LM or LM foam. Oleic acid (OA, technical grade 90% by Sigma Aldrich) was
selected as a surfactant since it’s non-toxic and readily available in nature. To observe
if OA improves the emulsion formation of SO with the LM, several experiments were
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performed to mix LM or LM foam with one of the three different liquids (pure 10cSt
SO, a mixture of 3% OA in SO, or pure OA).

First, LM (eGaln)-foam was mixed with each of the above three liquids in the air for
15 minutes (Fig. 5.2 a-c). In each case, the liquid completely internalized into the LM-
foam in 10-12 minutes forming a liquid-in-LM emulsion. No significant difference was
observed visually among the three liquids for emulsion formation.

Next, the same experiments of mixing LM-foam with each of the three liquids were
repeated in an oxygen-deprived environment (nitrogen-filled glove bag) (Fig. 5.2 d-f).
In this case, no emulsion formation occurred and plenty of liquid was unmixed after
15-minutes of mixing. This is due to lack of oxygen necessary for emulsion formation
as discussed in chapter 4. Again, no difference was observed among SO, OA or a
mixture of SO and OA for emulsion formation in nitrogen.

Finally, pure LM (Ga) was mixed with each of the same three liquids for 5 minutes in
air (Fig. 5.2 g-i). Pure LM divides into smaller droplets when mixed with other liquids
in air due to its high cohesive energy density. However, in this case OA acted slightly
differently than the SO. In case of SO (as well as mixture of OA in SO), the LM divides
into many droplets of varying sizes (from mm to pum scale). These droplets are
prevented from coalescence by oxide shells, that rapidly form around exposed gallium
surface due to dissolved oxygen in the SO. In contrast, when mixing LM with pure OA,
only the tiniest LM droplets are seen, whereas the larger (e.g., 1 mm sized) droplets do
not form. Lack of oxide shell formation is also visible when two or more LM drops
form while shearing, but then soon coalesce back into a single LM blob. This is likely
due to two reasons: (i) a lack of dissolved oxygen in the OA and (ii) the likely presence
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of a surface-bound monolayer oleic acid that slows and/or inhibits dissolved oxygen

from getting to the LM surface.

Volume ratios of OA: SO : LM

0:20:80 0.6:19.4:80 20:0:80
a. b. c
LM foam LM foam LM foam
oil-in-LM oil-in-LM OA-in-LM
emulsion emulsion / emulsion
d. e.
LM foam LM foam
g. h. i.
Pure LM Pure LM Pure LM
LM-in-oil LM-in-oil LM-in-OA
emulsion emulsion , emulsion
W
% 2
Left over Pure LM Z%
Shearing of
pure LM while
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pieces

LM pieces
rejoin due to
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Figure 5.2: Using Oleic acid as surfactant: mixing LM-foam with SO and OA in
air (a-c), and nitrogen (d-f) environments, (g-i) mixing pure LM with SO and OA in air
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From these ‘limited observations’, it is found that adding OA to the SO does not
improve its emulsion formation with the LM foam. Though the OA can bond to the metal
surface by its carboxylic group, this bonding mechanism is not sufficient for emulsion
formation in oxygen-free environment. It is noted that the pure LM always forms dispersed
LM droplets even when high volume ratio of LM is used. Unlike oil-and-water systems,
which can be easily emulsified using surfactants, LMs may be difficult to emulsify due to
their unique characteristics (metallic bonding, high surface tension, high density difference
and rapid surface oxidation etc.). Besides, it may be noted that the relative miscibility of
surfactant in oil or water systems (such as Winsor | and 1l type) affects which liquid takes
the continuous phase®%8:8°, Therefore, a surfactant that is soluble in LM (unlike OA which
is soluble in the oil) may have a better chance of forming an emulsion with LM as a
continuous phase. Since most liquids are non-soluble with the LM, trying solid particles
(such as SiOy) as surfactant to form a Pickering emulsion seems a good approach for future

experiments.
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S1. Preparation of Gallium Foam

Gallium metal (99.99% purchased from Rotometals) was heated on a hot plate
between 35 and 40°C to liquify the material. 100 g of liquid gallium was transferred into a
plastic 50 mL beaker using a syringe and stirred at 600 rpm using an industrial mixer with
a 3D-printed cross-shaped impeller as shown in Fig. Sla. Mixing times for each 100 g
batch of liquid metal varies as follows (in minutes): 0, 2, 3.5, 5, 7.5, 10, 15, 30, 60, 90, and
120. While mixing, the liquid metal was kept warm to maintain its liquid state by blowing
air from a heat gun. The impeller for mixing the liquid metal was custom designed to fit
with the beaker. The fabrication of the impeller was accomplished by a MakerBot
Replicator 3D printer using 1.75 mm PLA filament. An isometric view and the dimensions
of impeller are shown in Fig. S1b. A high-speed camera (Photron FastCam mini UX-100,
Type: 800K-M-16GB with Sigma 18-250 mm F3.5-6.3 DC MACRO OS HSM lens) was
used to image the surface of the LM during the mixing at a 45-degree angle (see example
consecutive images of surface waves in Fig. S2). The imaging was performed at 4000
frames per second. To provide enough light for high speed imaging, several lamps were

mounted around the apparatus.
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Fig. S1. Setup for preparation of gallium metal foam: (a) mixing arrangement of liquid metal, (b) isometric
view of the impeller used for mixing gallium (all the dimensions are in cm). Note that all edges on the cross-

shaped impeller have fillets of 0.10 cm radius.
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Fig. S2. Consecutive high-speed images of LM surface as the waves and ripples fracture the surface oxides

floating on top.
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S2. Materials Characterization
Thermal Characterization

The thermal conductivity of gallium foams was characterized using a thermal reference
bar testing method following a modified ASTM D5470 standard.®® The schematic of the
testing apparatus is shown in Fig. S4a. The LM-foam was applied onto the copper reference
bar and compressed to a 1.5 mm thickness and ~0.1 MPa for each measurement. A Teflon
gasket was used to keep the LM-foam in place while testing. Please note that the low-
density foam in the prepared samples mixed at shorter times tend to rise from the bulk LM,
causing stratification. Effort was made to minimize the effect of stratification by rapidly
stirring the sample to homogenize the sample before applying onto the reference bar.

During the measurement, the samples were at about 70 to 75 °C.

Density Characterization

The density of each gallium foam sample was determined following the Archimedes
principle.>* A circular disk of gallium samples (2 cm diameter and 6 mm thick) is cast using
a polymer mold and the buoyant force is measured by suspending the disk in a 50 mL

beaker of water on a microbalance as shown in Fig. S4b.

Rheological Characterization
All rheological experiments conducted for this report were performed with a TA AR-

G2 rotational rheometer. A parallel plate of 40 mm diameter and a gap height of 800 um
were used as the geometry for the rheological experiments. The upper plate was attached

with sandpaper and the liquid metal was placed on a petri dish attached on the bottom plate
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to avoid metal-metal contact with the liquid metal samples. All tests were performed at 40
°C, which is above the melting temperature of gallium, to avoid the liquid metal from
solidification. Two tests were performed to measure the storage modulus and viscosity of
the samples including oscillatory frequency sweep test and flow sweep test. Oscillatory
frequency sweep test was performed at 2% strain with a frequency sweep from 0.1 to 100
rad/s. Flow sweep test was performed by varying the shear rate from 0.1 to 100 s™. The
error bars shown represent the standard deviation between multiple samples and across a

range of angular frequencies (0.1 to 100 rad.s™).

Tt re ]

Modulus (Pa)

10? | E
i . ]

10! —
10° 10t 10?

Time (minutes)

Fig. S3. Comparison of the storage and loss modulus of the liquid metal at increasing mixing times.
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Fig. S4. Characterization of gallium foams (a) schematic of thermal conductivity testing apparatus; (b)

schematic of density measurement using Archimedes’ method.

S3. Cross-Sectioning of Oxide Flakes

Microscopic images were collected with an Amray 1910 FESEM with 20 kV
accelerating voltage. Cross sections of imaged frozen sample blocks (at room temperature)
were prepared by cleaving the surface with a razor blade edge. A focused ion beam (FEI
NOVA 200 FIB-SEM) with a gallium ion column is used to cross section small sections of
gallium stirred in air and show the crumpled oxide flakes within (Fig. S5). Cross sections
of larger samples were cleaved manually with a razor blade. Higher magnification SEM

images of solidified gallium cross sections mixed at various times is shown in Fig. S6.
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Fig. S5. Cryogenic Focused lon Beam-Scanning Electron Microscope cross-sectional image of a crumpled
oxide flake (colored in light green) in a gallium foam that was stirred for ~5 minutes. The milling and imaging

processes were performed using our typical procedure, that is described in detail elsewhere. 53!

Fig. S6. SEM images of solidified gallium foam cross sections at high magnification.

77



S4. Expanded Results

Fig. S7 shows the density data which is used to calculate the mean density as in Fig. 2b
of the main text. It can be noted that for density measurement, three LM-foam pucks were
made corresponding to each stirring time. Fig. S8 shows the total data points collected for
thermal conductivity. For each LM-foam sample, at least five thermal tests were
performed. The error bars in Fig. 2c represent the standard deviation from the averaged
standard deviations of each individual data point shown here. The storage modulus of the
different LM-foam samples is plotted against the porosity (Fig. S9) which is calculated
from the ratio of the average density of each sample to the density of the pure gallium

sample.
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Fig. S7. All collected LM foam density data.
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Fig. S8. All collected LM foam thermal conductivity data.
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Fig. S9. Storage modulus vs calculated gallium foam porosity.
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S1. LM-in-oil droplet size distribution for various mixing times
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Figure S3. Size distribution of LM particles in LM-in-oil emulsion at 20:80 SO:LM
volume ratio against the viscosity of used silicone oil (SO) after manual mixing 120
minutes for (a) 10 minutes, (b) 30 minutes and (c) 60 minutes. In the box plots, red bar
correspond to median, blue box represents inter-quartile range (Q1-Q3) and the black

extending lines (whiskers) represent the range of particle size.
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S2. 7-day corrosion test results

Before exposure to oil-in-LM After 7-days exposure, under
emulsion (40:60 SO:LM) 0.1 MPa compression at 60 °C
Pristine | with oil-in-LM | Emulsions || Undamaged

Aluminum foils|| emulsions after 7-days ||Aluminum foils

Figure S4. Corrosion resistance characteristic of the oil-in-LM emulsion (40:60 SO:LM)
illustrated by exposing aluminum foil to the emulsion samples for 7-days under 0.1 MPa
applied pressure and at 60 °C.
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S1. Scalable Fabrication of Silicone Oil in Liquid Metal Emulsions by high rate
stirring

Silicone oil-in-Liquid Metal (SO-in-LM) emulsions may also be prepared using an
industrial mixer (see our prior work for further details®®!). Figure S1(a) demonstrates the
mixing of SO and a priori made LM foam using a stainless-steel stirrer (removed from

Orment Led Lighting Epoxy Resin Electric Mixer) at 2000 rpm for 2 minutes.

55
(@) ' (b)
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Figure S2. (a) Setup for preparation of SO-in-LM emulsions by high rate stirring, (b) the
density of the resulting SO-in-LM emulsions as a function of volume percentage of SO.
The data values and trends in this data set are similar to the data in Figure 4.2 of chapter 2,

albeit with minor differences due to a difference in mixing method.

S2. Estimated Internalized Volume in the SO-in-LM emulsions
After the silicone oil and LM foam mixing processes, some excess oil can remain on
in the mixing vessel or the mixing rod. While difficult to measure exactly, Figure S2

presents estimates of actual volume of silicone oil incorporated into LM foam for each of
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the discussed experiments that was obtained using additional mass measurements of the

rod and the mixing vessel before and after the emulsion fabrication process.
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Figure S3. Plot of density as a function of estimated volume of silicone internalized into

the LM foam during mixing in air or nitrogen environments.

S3. Effect of Viscosity of Silicone Oil and LM foam Mixed in a Nitrogen Environment
LM foam was mixed with the different viscosities (10, 100 and 1000 cSt) of SO in a

nitrogen environment. In all cases, the majority of the SO does not internalize into the LM

foam as shown in Figure S3. In the case of a higher viscosity of 1000 cSt, the LM-foam

disperses into smaller droplets in the SO over the course of mixing.

- LM
Unmixed dispersion
Silicone Oil

Figure S4. The results of mixing LM foam with different viscosities of silicone oil in a

nitrogen environment.

85



S4. Mixing of peroxide with the LM foam

In contrast to the SO (which does not mix with the LM foam in a nitrogen
environment), an oxidizing fluid such as 10% w/w hydrogen peroxide (H202) readily
internalizes in the LM foam resulting in a H202-in-LM emulsion. The internalization of
H20> into LM foam in air and nitrogen occur in approximately the same amount of mixing
time. It is also noted that oxidation of Ga using H20. may release hydrogen gas, this may
be observed by some swelling of the LM Foam during the mixing process. Furthermore,

caution must be taken in this process to prevent hydrogen from spontaneous reaction in air.
(a)

mix in air

H,05-in-LM
emulsion

Figure S5. Mixing of LM foam with hydrogen peroxide in (a) air and in a (b) nitrogen

environment
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S5. Cross-sectional images of SO-in-LM emulsions
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Figure S6. Optical microscope image of cross-sections of SO-in-LM emulsions resulting

from mixing in air for SO to LM foam volume ratios ranging from 10:90 to 40:60.

S6. Testing of LM induced aluminum embrittlement of the SO-in-LM emulsions and
SO mixed with LM foam in nitrogen

Gallium-induced embrittlement of aluminum by the emulsions and mixtures made in
nitrogen environments was tested using the procedure in my prior work? that consists of
compressing the LM-material in-between two aluminum foils for 24 hours (see schematic

and images in Figure S6a-b).
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(c) Pristine Aluminum foils Foils undamaged by
before exposure “mixed in air” emulsion

Applieéd-Pregsure
(weight)
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(d) Pristine Aluminum foils Foils damaged by
before exposure “mixed in nitrogen” emulsion

LM-emulsion sample e
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Figure S6. Testing of LM induced corrosion of SO-in-LM Emulsion and SO mixed with
LM foam in a nitrogen environment: (a) actual test setup consisting the LM samples
sandwiched between a set of glass-slides covered by Aluminum foils, while external
pressure is applied, (b) expanded schematical view of the test setup, (c,d) images showing
pristine aluminum foils before and after exposure to the (c) SO-in-LM emulsion (made in

air) and that (d) SO mixed with LM foam in a nitrogen environment.
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