Mechanism of oil-in-liquid metal emulsion formation
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ABSTRACT

Gallium-based liquid metals (LMs) combine metallic properties with the deformability of a liquid,
which makes them promising candidates for a variety of applications. To broaden the range of
physical and chemical properties, a variety of solid additives have been incorporated into the LMs
within the literature. In contrast, only a handful of secondary fluids have been incorporated into
LMs to create foams (gas-in-LM) or emulsions (liquid-in-LM). LM foams readily form through
mixing of LM in air, facilitated by the formation of a native oxide on the LM. In contrast, LM
breaks up into microdroplets when mixed with a secondary liquid such as silicone oil. Stable
silicone oil-in-LM emulsions only form during mixing of the oil with LM foam. In this work, we
investigate the fundamental mechanism underlying this process. We describe two possible
microscale mechanisms for emulsion formation: (1) oil replacing air in the foam or (2) oil creating
additional features in the foam. The associated foam-to-emulsion density difference demonstrates
that emulsions predominantly form through the addition of oxide-covered silicone oil capsules into
the LM foam. We demonstrate this through density and surface wettability measurements, and
multiscale imaging of LM foam mixed with varied silicone oil content in air or nitrogen
environments. We also demonstrate the presence of a continuous silicone oil film on the emulsion
surface and that this oil film prevents the embrittlement of contacting aluminum.



INTRODUCTION

Non-toxic liquid metals (LMs) based on gallium are interesting because they have metallic
properties yet are deformable like a liquid. Therefore, LMs are useful for making stretchable and
soft analogs to rigid metals and have a variety of exciting prospective uses, including stretchable
electronics, thermal management, biomedical, sensor, catalysis, and energy storage applications.!~
6To broaden the range of physical and chemical properties, a variety of solid additives have been
incorporated into the LMs, including Cu,’-!° Fe,'9-12 Ni,13-17 Ag 1"-19 Mg,20 Gd,?!, BN, W,??

26 and carbon nanotubes.?’?® In contrast, only a

SiC,%* Cu-Fe,?* steel,!? diamond,” graphene,
handful of secondary fluids have been incorporated into LMs to create foams**—3 or emulsions.>*
These materials have been shown to have desirable characteristics, including much lower density
(e.g., some foams can float on water),?°33 higher adhesion,?® higher viscosity,** and, in the case of
the oil-in-LM emulsions,** to inhibit the corrosiveness of gallium. The latter characteristic of the
emulsions addresses one of the primary disadvantages of using LMs in micro-electronics, which
currently necessitates expensive packaging-level methods such as introduction of corrosion barrier
films.3>~*8 In addition to this unique characteristic, the emulsion have a moderately high thermal
conductivity of ~10 Wm™'K-! that makes them uniquely suitable for high performance thermal
interface materials in microelectronics applications. However, our understanding of the formation
mechanisms of these fluid-in-LM materials and potential optimization routes for specific
applications is only beginning to emerge.

Empirical observations have shown that the rapid formation of a thin nanoscale gallium surface
oxide® enables incorporation and stabilization of gas bubbles into the LM.3® These small

‘capsules’ permit the addition of secondary liquids such as silicone oils.** During shear mixing,

the oxide that forms at the air-LM interface breaks up into microscale thin-film islands that are



continually pulled into the bulk liquid.’® When the viscosity of the mixture increases sufficiently
through the addition of the solids, microscale air capsules enclose in an oxide shell (created during
the folding of surface waves*®) begin to be trapped within the LM. This mechanism of LM foam
formation is analogous to the formation of traditional metal foams (e.g., aluminum). In making
these conventional materials, non-oxide particles are often added to increase the viscosity of the
melted metal and mechanically stabilize internal metal-gas interfaces and bubble-bubble gaps.*!#?

Without the oxide formation, LM’s enormous surface tension (~8 times that of water), high
density (~6 times that of water), and low viscosity (~2 times that of water) make the addition of
secondary fluids challenging. For example, LM readily breaks up into micro-droplets when mixed

4748 silicone

with a similar volume of another liquid (e.g., silicone 0il).**#¢ Smaller volumes of air,
oil, water, peroxide, hydrochloric acid, and sodium hydroxide*®*® can be directly injected into a
larger pool of LM, but rapidly escape due to large buoyancy forces. Interestingly, the environment
above the LM pool can be adjusted to promote or inhibit oxide or surfactant “shell” formation, and
trap either very small (~5 to 10 pm)*° or very large (~1 cm) droplets of several fluids right under
the external LM surface.*®*° However, these neat fluidic structures are restricted to the surface
region or are temporary, and so they are of limited use in practical applications. In contrast, silicone
oil with a viscosity below ~1000 ¢St can be manually dispersed into microscale droplets (~5 to
500 um) within LM foams to create lasting emulsions.’* In this work, we investigate the
fundamental processes underlying the formation of these oil-in-LM emulsions.

We first describe two possible microscale mechanisms of silicone oil-in-LM emulsion
formation and derive expressions for the associated density changes for the foam-to-emulsion

transition that occurs as oil gets incorporated into the material. The first mechanism we discuss

consists of silicone oil filling existing air pockets in the LM foam. The second mechanism we



discuss consists of silicone oil creating additional features within the LM foam. Next, we show
that we can induce or inhibit oil incorporation into the LM foam by controlling the oxygen content
in the environment during the LM foam and silicone oil mixing. Using density measurements,
surface wettability measurements, and multiscale imaging, we elucidate how the mixing
environment oxygen content alters the microscale mechanisms of the mixing process to either
inhibit or enable stable emulsion formation. Lastly, we measure the thermal conductivity and
aluminum corrosion inhibition characteristics to assess the potential applicability of the materials

fabricated in air and nitrogen environments for microelectronics cooling applications.

EXPERIMENTAL SECTION
Materials

We purchased Gallium (Ga, 99.99% purity) and Indium (In, 99.99% purity) metals from
Rotometals. We prepared the eutectic gallium indium (eGaln) by mixing Ga and In (mass ratio of
75.5:24.5) in a glass container and heating the metals above 150 °C (melting point of Indium) for
24 hours. We allowed the prepared LM eutectic to cool to room temperature. We purchased
silicone oils of different viscosities (10, 100, and 1000 cSt) and hydrogen peroxide (10 wt%) from

Sigma Aldrich.

Preparation of Silicone Oil in Liquid Metal Emulsions

We fabricated the emulsions in a two-step process consisting of foam fabrication and then oil
mixing.3* We prepared the LM foam by shear-mixing the pure LM (eGaln) at 600 rpm in a plastic
container using an impeller.3? Next, we placed 4 g of the LM foam with a controlled amount of 10

cSt silicone oil in a small plastic container and stirred the two materials manually at ~120 rpm for



30 minutes using a wooden stir rod of 1.2 mm thickness. We note that the emulsions can also be
made with a faster automatic stirrer to produce materials with similar properties (see Supporting
Information). We mixed the materials in either an ambient air environment or a nitrogen
environment (an enclosed glove chamber that was purged and kept under positive nitrogen
pressure throughout the mixing process). We note that after the mixing processes, some excess oil
can remain as a shallow pool in the mixing vessel or on the mixing rod. While difficult to measure
exactly, we present the estimates of actual volume of silicone oil incorporated into LM foam for
each of the discussed experiments that we obtained using additional mass measurements in the
Supporting Information (i.e., for consistency, all silicone volume fractions presented in the main
text refer to the input quantity prior to mixing). Besides the 10 cSt silicone oil, we also performed
some experiments with the higher viscosity oils, which can lead to different outcomes (see

Supporting Information).

Sample characterization

We used optical microscopy and cryogenic focused ion beam-scanning electron microscopy
(cryo-FIB-SEM) to image the internal structure of the LM-oil samples. For optical microscopy,
we cleaved the samples that were solidified in a freezer with a razor blade. We imaged the resulting
large cross-sections using a Zeiss Axio Zoom.V 16 microscope with Apo Z 1.5x/0 37 FWD 30 mm
objective. For the microscale imaging, we used a Thermo Scientific Helios 5 UX dual beam FIB-
SEM with a cryogenic transfer stage. We placed ~2 mm diameter droplets of the samples on the
brass holder, which we subsequently moved into the vented and cooled transfer chamber (see step-
by-step illustration of the cryogenic FIB-SEM processing and imaging procedure in the Supporting

Information). Within this chamber, the sample was rapidly cooled to -150°C which freezes all its



components. Subsequently, the sample was transferred to the main microscope chamber and
continually cooled throughout the rest of the characterization process. We followed our prior ion
cutting and electron imaging procedure,'? including conformal “freeze-on” deposition of an
organometallic platinum protective layer onto the sample surface placing the built-in gas injection
system nozzle within ~0.5 mm of the surface and then opening the nozzle for ~5 to 10 s. To make
the protective coating electrically conductive, we cured this coating through exposure to high
current ion beam scanning. The crude cross-sectional cuts were made with an ion beam at 30 kV
and 10 to 20 nA. Subsequently, we milled smoother cross-sections in the “polishing section” mode
with a lower current of 1.2 nA. We imaged the samples with 2 kV and 1.4 nA electron beam.

We measured the surface wetting properties of the foams and emulsions using a Ramé-Hart
goniometer 290. We applied the LM foam or emulsion on a glass slide, flattened their upper surface
using a spatula, placed the samples on the goniometer’s stage, and dispensed 4 pL droplet of
deionized water onto their surface (resistance of > 14 M{)2cm) using a micropipette.

We measured the thermal conductivity of eGaln foam and silicone oil-in-LM emulsions using
a thermal reference bar testing method following a modified ASTM D5470 standard.>*-° For each
measurement, we placed a foam or emulsion sample between two copper reference bars, sealed
them using a Teflon gasket, and compressed them to about 0.01 MPa and a 2 mm thickness. Further
specifics of this measurement are described in depth in our prior work.>

We measured the density of each eGaln foam or emulsion sample using the Archimedes
principle.3%3* Specifically, we molded and solidified each sample into a small block (~1 cm x ~1

cm X ~0.5 cm) and suspended it in a small beaker filled with water placed over a micro-balance.

RESULTS AND DISCUSSION



Two mechanisms of liquid-in-LM emulsions formation

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 1. First, the secondary liquid could
replace the air inside existing features within the foam (see Figure 1a). In this “replacement
mechanism”, the secondary liquid fills open-cell features such as pores (see Figure 1b), but also
could replace air within capsules ruptured at the foam-secondary liquid interface during mixing
(see Figure 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 (see Figure 1d and 1e). 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, we derive expressions
for the expected density of the emulsions and show that the predominant mechanism by which
secondary liquid incorporates into the LM foam can be distinguished from the foam-to-emulsion

density change.
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Figure 1. Schematics of possible emulsion formation mechanism consisting of (a) air replacement
by the secondary liquid (S) in (b) open-cell LM foam geometrical features such as pores at the
surfaces or (c¢) closed-cell features such as air capsules that temporarily rupture at the surfaces
during mixing and alternatively (d) secondary liquid forming additional closed-cell geometrical
features in LM foam such as (e) capsules formed by surface wave cresting to form secondary

liquid-filled cavities that seal into new features with regrown oxide.

Theoretical LM foam-to-emulsion density difference for the two emulsion formation mechanisms

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

components as:

VaPatVimPLm+VoxPox (1)
Va+tVim+Vox

Py =



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 of the LM oxide

and the LM are nearly identical (p;y = poy = 6 g cm™),3° we can rewrite Eq.1 as:

— Vapat+Vim+Vox)PLM (2)
Va+tVim+Vox

Pr
In addition, the oxide is only present in ~1 to 3 nm thick films,*%>7 so the volume it occupies is
much smaller than that of the LM or air (i.e., V,, < Vyp and V,,, K V). Accordingly, we simplify

the analysis by assuming that we can neglect the oxide volume:

VaPatVimMPLM 3)
Va+VLM

pr =

If the secondary liquid with density pg is incorporated into the LM foam purely through the air
replacement mechanism (Figure 1a-c), there should be either no change or a very minor change
in the total volume during the process. In other words, we can assume 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 (V; = V, — 1%). As such, the density of the emulsion

formed with the air replacement mechanisms is (p,_,):

— VapPatVimpLM+Vsps Va=Vs)Pa+tVimMPLM*VsPs — VaPatVimpLm+Vs(Ps—pa) (4)

V;+VLM+V5 Va—Vs+Vipm+Vs VatVim

pe—r

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

_ VapatVimpim | Vs(Ps—Pa) _ Vs(Ps—Pa) _ * _
= T VotVim vy = Pr T v, = Prt®s(os = pa) )

Va+Vim

Pe-r
where ¢5 = V. /(V, + Vi) = Vo/ (V) + Vi + V) is the volume fraction of the secondary liquid
in the emulsion formed through the replacement mechanism.

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 1 = (V, + V. + V5)/(V, + Vp). This



factor can be expressed in terms of the volume fraction of secondary liquid in the addition
mechanism (¢) as A1 = (Vo + Vi) / (Vg + Vi + Vo) = 1 = Vo/(Va + Vi + Vo) = 1 — ¢bs. As
such, the density of the emulsion formed with the secondary liquid addition mechanisms (p,_,)
is:

_ VapatVimprLm+Vsps _ VaPat+VimpLm+Vsps _ 11 VapPatVimPLM*VsPs (6)

Va+Vim+Vs AWVa+Vim) Vat+Vim

pe—a

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

_ 9-1|YaPatViMPLM VsPs ] _ —1[ {V5+Va+VLM—(Va+VLM)}]
pe_a - A [ VatVim + Vat+tVim - /1 pf + pS Va+tVim (7)

Through algebraic manipulation and substitution of the definition of A, we can simplify Eq.7 to:
Pe—a = A pr + A= Dps] = (1 = dps + dsps = pr — ds(pr — ps) (8)
The derived Eq.S 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., po_ > ps for ¢ > 0). In contrast,
when the LM foam is denser than the secondary liquid (p; < py as for silicone oil and our foams),
emulsions formed through the addition mechanism will be lighter than the original foam (i.e., pf >
Pe—q for ¢ > 0). Furthermore, both the positive and negative density difference (p._, — py or
Pe—a—Py) should be proportional to the volume fraction of incorporated secondary liquid in the

emulsion. Next, we experimentally explore the two fluid mixing processes and compare the results

against our analytical predictions.

The density of silicone oil and LM foam mixed in air and nitrogen environments
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We manually mixed 10 ¢St silicone oil and eGaln foam for 30 minutes in either air3* or nitrogen
environments (see Figure 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
(see Figure 2a).3* Oxide shell formation at silicone oil and LM interface in air environment has
been previously observed,* and is likely promoted by continual replenishment of oxygen near the
interface during mixing. In contrast, we visually did not observe any silicone oil mixing into the
LM foam in a nitrogen environment (see Figure 2b). In more quantitative terms, the measurements
in Figure 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 (Figure 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. To provide
further evidence that the lack of oxide growth prevents stable silicone oil capsule formation, we
mixed an “oxide forming” liquid (hydrogen peroxide)*® with the LM foams in both environments.
In other words, we decoupled the oxide-shell formation from the mixing environment oxygen

content. Confirming that oxide growth is necessary for the silicone oil capsule stability, the
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hydrogen peroxide was incorporated into the LM foam in both environments (see Supporting
Information for example experiment).

Oxide growth prevention could also inhibit the silicone oil from replacing air in rupturing
capsules because they could not be re-sealed (see Figure 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 us 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. Next, we provide further evidence for our explanation of the density

measurements using surface wettability measurements and multiscale imaging.
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Figure 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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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 3 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, we explore the surface and cross-sectional morphology of these

materials using multiscale imaging.
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Figure 3. 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.
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Figure 4 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 (¢) environments.
The LM foam contains 100 nm to 200 um air capsules and has various surface features, including
multiscale wrinkles3®*® and 5 pm to 100 um “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 4a and 4b), the presence of oil capsules is clearly visible in the emulsion
cross-section (Figure 4c¢). The amount of internal silicone oil features visible in the cross-sections
within these emulsions increases with the mixing ratio of the two fluids (see Supporting
Information).

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.’>>° With this “lens”, we can easily interpret 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).

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
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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 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. We suspect 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 exterior surface). Such nanoscale and
microscale wrinkles readily form on LM surface even the samples are lightly disturbed in lab
environment.3%*® The motion (or mixing) induced tension on the exterior LM surface likely creates
temporary oxide shell micro-fractures that quickly turn into additional oxide film. Since the new
oxide surface area is larger than the original but the volume of the liquid remain effectively
unchanged, the oxide surface buckles and wrinkles on multiple length scales. The lack or only
trace oxygen content in the nitrogen atmosphere is not sufficient to promote ample formation of
such surface texture. In contrast, during mixing with oil in air, the surface waves on the LM surface
are preserved in multiscale wrinkles. Since oxide shell forms on the post-mixing surface of the LM
foam mixed in nitrogen environment either from trace oxygen content or once the sample is placed
in air, it is most likely the highly textured surface of the emulsion mixed in air that supports the

continuous silicone oil film formation (vs. partial dewetting into puddles).
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Figure 4. 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.

17



Suitability of the silicone oil and LM foam mixtures mixed in the air and nitrogen environment for
thermal interface materials: thermal conductivity and aluminum corrosion inhibition

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.?®> Potentially resolving this issue, we
previously demonstrated that 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™! K-'.3* The current emulsions with the same 10 ¢St silicone oil
fraction (made with eGaln, not pure gallium foam) also do not corrode the foils (see photographs
of aluminum foils before and after 24 hour compression against the LM-based materials in
Supporting Information). The cryo-FIB-SEM images confirm our 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.

From a thermal perspective, the conductivity of the emulsions are similar to our prior results.*
In particular, the emulsion effective thermal conductivity steadily decreases with increased
silicone oil volume fraction (see Figure 5). 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, we attribute
the observed decrease in the effective thermal conductivity to the low thermal conductivity micro-

capsules (~0.2 to 0.3 W m! K-1),*3 whose number increases as the silicone oil volume fraction
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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'K™"). 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 5. The effective thermal conductivity the bare LM foam and the LM foam mixed with
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CONCLUSION

In summary, we 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, we described 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. We
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.

Our measurements showed 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, we 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.

We 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, we prevented the growth
of oxide shell on the oil capsules, 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-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

20



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 we 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). We suspect 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,
we 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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