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Abstract

Gallium-based liquid metals (LM) have surface tension an order of magnitude higher than water
and break up into micro-droplets when mixed with other liquids. In contrast, silicone oil readily
mixes into LM foams to create oil-in-LM emulsions with oil inclusions. Previously, the LM was
foamed through rapid mixing in air for an extended duration (over 2 hours). This process first
results in the internalization of oxide flakes that form at the air-liquid interface. Once a critical
fraction of these randomly shaped solid flakes is reached, air bubbles internalize into the LM to
create foams that can internalize secondary liquids. Here, we introduce an alternative oil-in-LM
emulsion fabrication method that relies on the prior addition of SiO2 micro-particles into the LM
before mixing it with the silicone oil. This particle-assisted emulsion formation process provides
a higher control over the composition of the LM-particle mixture before oil addition, which we
employ to systematically study the impact of particle characteristics and content on the emulsions'
composition and properties. We demonstrate that the solid particle size (0.8 pm to 5 pm) and
volume fraction (1% to 10%) have a negligible impact on the internalization of the oil inclusions.
The inclusions are mostly spherical with diameters of 20 to 100 pm diameter and are internalized
by forming new, rather than filling old, geometrical features. We also study the impact of the
particle characteristics on the two key properties related to the functional application of the LM
emulsions in the thermal management of microelectronics. In particular, we measure the impact
of particles and silicone oil on the emulsion's thermal conductivity and its ability to prevent
deleterious gallium-induced corrosion and embrittlement of contacting metal substrates.
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1. Introduction

Gallium and its alloys have metallic properties while being liquid near room temperature and
are used to make stretchable and soft components and devices for electronics, biomedical, sensors,
catalysis, energy storage, and thermal management applications [1-7]. Adding solid particles to
these liquid metals (LM) can positively augment their transport, rheological, and adhesive
properties [2,3,8,9]. Accordingly, LM has been mixed with many solids particles including Cu
[10-13], Fe [13—15], Ni [16-20], Ag [20-22], Mg [23], Gd [24], BN [23], W [25], SiC [26], SiO2
[27,28], Cu-Fe [29], steel [15], diamond [30], graphene [31], and carbon nanotubes [32,33]. As
alternatives to solid particles, air bubbles can also be internalized in LM to make foams.

Pure LMs can be foamed by the rapid mixing of the liquid in air for an extended duration (e.g.,
600 rpm for 120 minutes [34,35]). Before foaming occurs (i.e., incorporation of air bubbles into
the LM), a critical volume fraction of microscopic oxide flakes that form at the air-liquid interface
must be internalized into the bulk of the LM [34,35]. We recently demonstrated that LM also foams
when the liquid is manually mixed for a short period with even a small volume fraction of SiO2
micro-particles [36]. One of the most interesting characteristics of the LM foams is that they enable
the internalization of insoluble liquid inclusions into the LM [37—40].

LM breaks up into droplets when mixed with other insoluble liquids such as silicone oil [41].
In contrast, LM foams made through stirring and oxide-flake incorporation readily internalize up
to 40% volume fraction of oil inclusion to make silicone oil-in-LM emulsions (we refer to this
process as "oxide-assisted" oil-in-LM emulsion formation) [37,38]. Similar emulsions have also
been created, albeit with smaller control over the content of the secondary liquid, by increasing the
volume fraction of GalnSn within polydimethylsiloxane until phase inversion occurred [42]. Oxide

flakes are also likely generated during the processes, but their characteristics and content are



difficult to quantify. Likewise, it is difficult to quantify the volume fraction and size distribution
of the oxide flakes that spontaneously form and mix into LM during mechanical stirring.
Therefore, the role that solid particles play in enabling the addition of the secondary liquid
inclusions into LM is unclear.

Here, we introduce an alternative method to incorporate secondary liquid inclusions into LM
that provides higher control over the mixture's composition. Specifically, we demonstrate that
silicone oil inclusions are also readily incorporated into LM briefly manually mixed (20 minutes
at 120 rpm) with SiO2 micro-particles (see fabrication schematic in Figure 1 (a) and example cross
section of the emulsion illustrating various features including air bubbles and silicone oil
inclusions in Figure 1 (b)). This process reduces oxide flake formation and incorporation into LM
associated with foaming via extended mechanical stirring (120 minutes at 600 rpm). We employ
this new particle-assisted silicone oil-in-LM emulsion fabrication method to more systematically
explore the relation between added solid particle size and fraction and the incorporation of the oil
inclusions. We also study the impact of the particle characteristics on the two key properties related
to the functional application of the LM emulsions in the thermal management of microelectronics.
In particular, we measure the impact of particles and silicone oil on the emulsion's thermal
conductivity and its ability to prevent deleterious gallium-induced corrosion and embrittlement of

contacting metal substrates [37,38].
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Figure 1. (a) Schematic showing the fabrication of LM-SiO2 mixture and subsequent silicone oil-
in-LM emulsions (i.e., after silicone oil addition) and (b) representative cross-sectional electron
micrograph for such an emulsion made using a LM-Si02 mixture with 5% volume fraction of 5

um SiO2 particles (defined prior to oil addition) and 20% mixing volume fraction of silicone oil.

2. Methods

We purchased gallium (Ga, 99.99% purity) metal from Rotometals, the SiO2 particles from US
Research Nanomaterials (mostly spherical in shape with diameters of 0.8 um and 5 pm; particle
size distribution is available in Kanetkar et al.[36]), and silicone oil with 10 ¢St viscosity from
Sigma-Aldrich. We combined these materials into the emulsions in a two-step process. First, we
manually mixed 20 g of liquid gallium with the SiOz particles with 1%, 2.5%, 5%, and 10% particle
volume fraction in gallium. The particle volume fractions are defined and reported with respect to
the original mass of LM (i.e., prior to silicone oil addition). Subsequently, we manually mixed 5 g
of the LM-S102 mixtures with the desired amount of 10 cSt silicone oil. We mixed the samples in
a plastic weigh boat for 30 minutes at ~120 rpm using a wooden rod of diameter 1.2 mm. We note
that at the end of mixing a minute quantity of oil will be left over on the weigh boat and the surface

of the wooden rod. We weighed the wooden rod and weigh boats before and after mixing to



measure the incorporated silicone oil volume. We refer to the mixing volume fraction of the oil
because a small portion of it inevitably remains on, for example, the walls of the mixing vessel, so
the actual internalized volume fraction is slightly smaller (see Figure S2 in the Supplemental
Material—SM). We conducted the density and thermal conductivity measurements as well as
cryogenic imaging using the same procedures as in our prior work [37,38,43,44] and refer the

reader to those works for further details.

3. Results
3.1. Impact of particle size and volume fraction on silicone oil inclusion internalization

Since we recently found that particle size and volume fraction impact air internalization into
LM [36], we explored the impact of these parameters on the silicone oil-in-LM emulsion formation
process. To do so, we mixed varied volume fractions of silicone oil with LM-SiO2 mixtures
containing 1 to 10% volume fraction of particles with average diameters of 0.8 um or 5 pm. We
selected to make LM-Si102 mixtures with these two particle sizes because adding particles smaller
than 0.8 pm makes the LM and particle mixture highly viscous and challenging to mix [36,45],
while mixing in the 5 pm particles leads to LM mixtures with nearly the same properties as those
with larger particles [36]. Irrelevant of particle size, we were able to mix a 20%, 30%, and 40%
volume fraction of the silicone oil into the LM-SiO2> mixtures with 1%, 2.5%, and 5% volume
fraction of the particles. Increasing the particle content from 5% to 10% did not increase the
silicone oil capacity (i.e., as in the emulsions made using the oxide-assisted method [37,38], 40%
volume fraction of silicone oil is the saturation limit). As a control experiment, we checked that
LM mixed for 20 minutes without the particles breaks up into droplets when mixed even with just

a 20% volume fraction of silicone oil.



The plot in Figure 2 (a) shows the density of LM-SiO2 with varied particle sizes and volume
fractions before and after the addition of 20% volume fraction of silicone oil that all LM paste
compositions can absorb. The LM-SiO:z pastes made with the 0.8 um particles internalize more air
than those with 5 pm particles [36], and therefore, emulsions made with the 0.8 um particles are
less dense. Similarly, the LM foam density decreases with the particle volume fraction, leading to
decrease of the emulsion density with particle content. We note that the LM-SiO2 mixtures and the
resulting emulsions containing 1 and 2.5% volume fraction of the particles had a buoyant layer
underneath the top surface containing particles, gallium oxide, air bubbles, and oil droplets. While
also present in the LM-SiO2 mixtures with 5% volume fraction of the particles, the buoyant layer
occupyies most of the sample. In turn, the LM-SiO2 mixtures with 10% volume fraction of the
particles did not have any unmixed liquid metal, but was highly viscous and difficult to manually
mix with the silicone oil. Accordingly, to gain insight into the mechanism of silicone oil
internalization, we measured the density variation of emulsions made with 5% particle volume
fraction as function of the silicone oil content.

Silicone oil can be incorporated into the LM pastes or foams by replacing air in existing
geometrical features (e.g., surface pores) or adding new micro-droplets into the bulk of the liquid,
which we refer to as the “replacement” mechanism and “addition” mechanism, respectively [38].
We note that such oil inclusions grow an oxide shell nearly instantaneously, becoming silicone oil
capsules [38]. We previously demonstrated that the replacement and addition mechanisms of oil
incorporation during oxide-assisted emulsion formation can be distinguished from one another via
the relationship between the incorporated oil volume fraction and the resulting emulsion density
[38]. In particular, the density of emulsion formed through the addition mechanism decreases as a

function of the silicone oil [38]. The plot in Figure 2 (b) shows that the density decreases linearly



at the same rate with the silicone oil mixing-in volume fraction for both of the particles sizes,
indicating that the internalization occurs through formation of new silicone oil droplets and is
independent of the particle size (see further details in the SM). Next, we use electron microscopy
to investigate whether the particle characteristics impact the microscale features of the silicone oil

inclusions in the emulsions.
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Figure 2. Plot of the density of LM-SiO2 mixture and corresponding emulsions (i.e., after silicone
oil addition) with (a) 20% mixing volume fraction of silicone oil as a function of the SiOz particle
volume fraction (defined prior to oil addition) and (b) with 5% volume fraction of SiO2 particle as
a function of the mixing in volume fraction of the silicone oil. Reference data for oxide-assisted

SO-in-LM foam emulsions are also shown [38].

We froze, cross-sectioned, and imaged the samples using cryogenic scanning electron
microscopy (cryo-SEM) to reveal the internal structure of the emulsions made with varied oil
content. The electron micrographs in Figures 3(a) and 3(b) show that all samples contain nearly
spherical silicone oil inclusions with diameters ranging from 20 to 100 um. The particles aggregate

on air bubble and LM interfaces in the LM-SiO2 mixtures prior to silicone oil addition [36], but



do not preferentially accumulate on the walls of the silicone oil inclusions. We also did not observe
preferential aggregation of the particles into the silicone oil. However, as the oil volume fraction
increased, we occasionally observed irregularly shaped oil inclusions with large particle clusters.
Unfortunately, cross-sectioning of the emulsions with 30% and 40% mixing volume fraction of
the silicone oil led to bleeding-out of the oil over parts of the exposed cross-section surface and
associated difficulty in imaging the sample structures (see charging in the zoomed-out
micrographs). Next, we measure the impact of the particle characteristics on the thermal

conductivity of the emulsions.
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Figure 3. Cross-sectional cryogenic electron micrographs of (a) LM-SiO2 mixture containing 5%
of 0.8 um particles with 10% of silicone mixing volume fraction of silicone oil and of (b) LM-
Si02 mixture containing 5% of 5 um Si0: particles with 10% to 40% volume fraction of silicone

oil added.



3.2. Impact of particle characteristics on the thermal conductivity of the silicone oil-in-LM
emulsions

Figure 4 (a) shows the thermal conductivity values measured for emulsions made using the
particle-assisted method and our prior measurements for those made using the oxide-assisted
method [37,38]. Adding 5% of 0.8 pm or 5 pm SiOz particles to the LM results in a much smaller
thermal conductivity decrease (from about 35.4 W-m™'K-! for pure gallium to about 28 W-m 'K"!
for 5 um particles and to about 25 W-m™'K-! for 0.8 pm particles) than foaming the liquid in air
through stirring for 2 hours (about 19 W-m'K-"). However, once silicone oil is added to the LM-
Si02 mixture or LM foams, all emulsions' thermal conductivity, regardless of fabrication method
or particle size, is comparable for a given silicone oil volume fraction. Figure 4 (b) shows that the
thermal conductivity is insensitive to the SiOz particle volume fraction within the 1 to 10% volume
fraction range (since particle size did not impact the thermal conductivity, we only tested the
impact of volume fraction of 0.8 pum particles). Increasing the volume fraction of silicone oil
decreases the thermal conductivity, reducing it to the 13 to 17 W-m'K-! range for 10% silicone
oil mixing volume fraction and the 7 to 10 W-m™'K-! range for 40% silicone oil mixing volume
fraction. We note that minor scatter in the thermal conductivity of emulsions made using various
approaches (most prominent at 30% mixing silicone oil fraction) likely stems from a shift
introduced by presenting the plot in terms of mixing volume fraction of the silicone oil. In
particular, the scatter in the thermal conductivity is reduced when it is presented in terms of actual
volume fraction of incorporated silicone oil (which varies in ways that are dependent on the
fabrication method) or in terms of the emulsion density (see the SM). Thus, the fabrication method,

particle size, and volume fraction have very minor impacts on the thermal conductivity of the



emulsions. Next, we explore if these parameters impact the corrosive characteristics of the

emulsions.
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Figure 4. (a) The effective thermal conductivity of the silicone oil (SO)-in-LM emulsions made
using oxide-assisted method with Ga foam from Shah et al. 2021 [37] and with Galn foam from
Shah et al. 2022 [38] and particle-assisted (5% SiO2 particles) method as a function of mixing
volume fraction of silicone oil and (b) thermal conductivity of an emulsion made by mixing 20%

SO with LM- Si02 made with varied volume fractions of 0.8 um SiO2 particles.

3.3 Prevention of gallium-induced corrosion on contacting aluminum surface
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Gallium and its alloys can corrode or embrittle most other metals they come in contact with
[46], so their implementation in microelectronics packaging requires additional components such
as barrier films or gaskets. Our previous work revealed that the exterior silicone oil film on the
emulsions with a 40% volume fraction of silicone oil made using the oxide-assisted method
prevented gallium-induced embrittlement of contacting aluminum substrates [37,38]. To confirm
that emulsions made using the particle-assisted method also have an exterior silicone oil film, we
measured their wetting properties. Figure 5 (a) shows that the contact angles of water droplets on
the surface of the particle-assisted emulsions with 5 um particles are 75° to 85° (i.e., the surface is
slightly hydrophilic) while those with 0.8 um particles are 90° to 100° (i.e., the surface is
hydrophobic). In addition, as on typical of lubricant-impregnated surfaces [44], an oil meniscus is
clearly visible on the edge of all the droplets. Emulsions made using the oxide-assisted method
displayed similar contact angles [37], while those of LM-SiO2 and LM foams without oil are highly
hydrophilic. Next, we describe how the external oil film contributes to the corrosion barrier
characteristics of the emulsions.

Using our prior approach of compressing a film of the emulsion between two aluminum foil
sheets for 24 hours (see Figure 5 (b)), we quantified the percentage of samples visibly corroded
by the emulsions made using the particle-assisted method. As expected, the control LM foam and
LM-SiO2 mixtures without oil corroded all contacting aluminum (i.e., 0% corrosion protection).
We achieved poor results with emulsions made from LM-SiO2 mixtures with the 30% volume
fraction of silicone oil (e.g., 0% protection for 5% of the 5 pm SiO: particles in preliminary
testing). The bar plot in Figure 5 (c¢) shows that the corrosion prevention of the emulsions made
using the particle-assisted method highly depends on the particles' size. In particular, the emulsions

made with the 5% volume fraction of the 5 um particles and the 40% volume fraction of silicone

11



oil only protected about 25% of samples against corrosion. In contrast, for the same volume percent
of silicone oil, we found that the emulsions made with the 0.8 um particles demonstrated the best
prevention against corrosion with ~97% protection level (i.e., 31 out of 32 contacting aluminum
foil samples did not corrode). We note that the exterior silicone oil layer provides a thin electrically
insulating skin on the emulsions. However, electrical probes easily pierce this skin, and casual

measurements demonstrate that the emulsion interior is electrically conductive.
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Figure 5. (a) The water contact angles of LM mixtures containing 5% of SiO2 particles and
corresponding emulsions; inset shows a representative image of a water droplet on a silicone oil-
in-LM emulsion fabricated using particle-assisted method; (b) schematic of the corrosion testing
experimental setup and example results of Al foil prior to and after exposure to LM emulsion (i.e.,
uncorroded or corroded), and (c¢) bar plot of the percentage of aluminum samples that did not

corrode upon contact with the specified LM foam/paste or silicone oil (SO)-in-LM emulsions.
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4. Discussion

We demonstrated that mixing silicone oil with a priori made LM and SiO2 micro-particle
mixtures can make silicone oil-in-LM emulsions. The silicone oil inclusions are mostly spherical
and have diameters in the 20 to 100 um range. Their spherical shape implies that they were
incorporated into LM by creating new geometrical features (i.e., the oil droplets) rather than filling
in existing air bubbles or pores that tend to be irregularly shaped. This inclusion internalization
mechanism is also confirmed by the linear decrease of the emulsion density with the silicone oil
volume fraction [38]. Our results also show that particle size between 0.8 um and 5 um and volume
fraction between 1% to 10% have negligible impact on silicone oil internalization or the thermal
conductivity of the emulsions. The density and thermal conductivity of the emulsions made using
the particle-assisted method are also about the same as those made using the oxide-assisted
method, implying that the fabrication method has a minor impact on the resulting material. A side-
by-side comparison of emulsions made using the two methods with the same silicone oil content
in the SM demonstrates only some internal structure differences. The particle size only greatly
impacted the emulsion's ability to prevent gallium-induced embrittlement of contacting aluminum
foils. To understand the underlying mechanism, we next inspect the silicone oil layers on the
exterior surfaces of the emulsions.

The cryogenic electron micrographs in Figure 6 (a)-(c) show that the exterior surface of the
LM-SiO; mixtures is smoother than that of the LM foams. Once the oil is added, the smoother
surfaces support a "patchier" layer of silicone oil compared to the rougher and porous surface of
the LM foam that supports a continuous silicone oil film. To provide a more quantitative insight,

we used a focused ion beam (FIB) to reveal the near-surface cross-section of the emulsion. As
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shown in Figure 6 (d), the process of FIB cross-sectioning requires the deposition of a protective
organometallic layer (mainly platinum in an amorphous carbon matrix). Confirming our surface
observations, the micrographs of the FIB-cut cross-sections show that the silicone oil thickness
varies from up to approximately 0.5 um, which we also observed for the emulsions made with the
oxide-assisted method [38], to nearly unobservable values (the slight vibration associated with the
cooling nitrogen gas flow in the cryogenic SEM stage worsen the typical sub-10 nm resolution).
Consequently, the rare failure (1 in 32 samples) to prevent gallium corrosion of the contacting
aluminum surface likely comes from breaching of such locally extremely thin silicone layers on
the emulsions with 0.8 um particles. In contrast, the more porous surface of the LM foams shown
in Figure 6 (c) supports a thick and continuous silicone oil film that, at least in our measurements,
is not breached by compression with an aluminum surface. Although hard to quantify due to the
mentioned limitations of the cryogenic surface and cross-sectional imaging, the emulsions with
the 5 um particles likely have a patchier silicone film that is easier to breach (or have partially
exposed LM surface), therefore inducing more corrosion of contacting aluminum foil. The 10 to
20° lower water droplet contact angles on these emulsions also support the notion of partially
exposed hydrophilic LM surface (covered by hydrophilic oxide). Having this understanding might
open avenues for simple modification of the surface of the emulsions made with the particle-
assisted method to induce complete corrosion prevention (e.g., roughening the surface through
shaking of the sample for an extended period that leads to excessive oxide formation and

wrinkling).
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Figure 6. Cryogenic electron micrographs of (a)-(¢) the exterior surface of (a) the LM-SiO2
mixture containing 5% of 5 pm SiOz particles and corresponding 40% silicone oil (SO) emulsion,
(b) the LM-Si02 mixture containing 5% of 0.8 um SiO2 particles and corresponding 40% SO
emulsion, and (¢) LM foam (oxide-assisted fabrication without particles) and corresponding 40%
SO emulsion, and (d) cross-sectional images of cryogenic FIB cuts at the surface of the emulsion

shown in (b).

5. Conclusions

We demonstrated that silicone oil-in-LM emulsions can be fabricated by mixing the oil with
LM-SiO2 mixtures containing 1 to 10 % of SiO2 micro-particles. As those made using the oxide-
assisted method, the emulsions made using the particle-assisted method with 0.8 pm and 5 pm
Si0: particles can internalize up to about 40% volume fraction of silicone oil. The 20 to 100 um
diameter silicone oil inclusions within the LM are primarily spherical and are internalized by

forming new, rather than filling old, geometrical features. The SiO2 particle size and volumetric
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content have a negligible impact on the silicone oil internalization and thermal conductivity of the
emulsions. These properties are comparable to those of the emulsions made using the prior oxide-
assisted method. However, using water contact angle measurements and cryogenic near-surface
imaging, we revealed that there also is a highly non-uniform silicone oil surface layer on the
emulsions made using the particle-assisted method. Lower water droplet contact angles imply that
the exterior oil non-uniformity is greater on the emulsions made with 5 pm SiO2 particles, which
translated into drastically different corrosion prevention characteristics. In particular, emulsions
with 40% silicone oil fraction made with LM pastes with 5 pm SiO2 particles corrode most of the
contacting aluminum samples. In contrast, those made with 0.8 pm SiO:2 particles prevent such
failure in nearly all cases (31/32 tests). In contrast to the original oxide-assisted fabrication method,
the introduced particle-assisted oil-in-LM emulsion fabrication method opens up extensive
opportunities for the compositional engineering of LM composites containing both liquid

inclusions and solid additives.
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