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Abstract: Gallium-based liquid metals (LMs) are suitable for many potential applications due to 
their unique combination of metallic and liquid properties. However, due to their high surface 
tension and low viscosity, LMs are challenging to apply to substrates in useful shapes such as dots, 
wires, and films. These issues are mitigated by mixing the LMs in air with other materials, such 
as mixing with solid particles to form LM-solid pastes or mixing with gases to form LM foams. 
Underlying these deceivingly simple mixing processes are complex and highly intertwined 
microscale mechanisms. Air micro-bubbles are inevitably incorporated while making LM pastes, 
making them partly foams. On the other hand, for foaming of LM to occur, a critical volume 
content of solid particles must be internalized first. Consequently, both LM pastes and foams are 
multiphase composites containing solid and fluid micro-components. Here we systematically 
study the impact of the mixing procedure, the solid particle size and volume fraction (SiO2) on the 
air content of the multiphase LM composites. We demonstrate that decreasing the particle size and 
increasing their volume fraction substantially decreases the composite density (i.e., increases air 
entrapment). The foaming process can also be enhanced with the use of high-speed mechanical 
mixing, albeit leading to the formation of a more disordered internal structure. In contrast, manual 
mixing with larger micro-particles can promote the formation of more paste-like composites with 
minimal air content. We explain the microscopic mechanisms underlying these trends by 
correlating macroscopic measurements with cross-sectional electron microscopy of the internal 
structure.  
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1. Introduction 

 Gallium-based room-temperature liquid metals (LMs) uniquely combine metallic properties, 

such as high electrical and thermal conductivity, with those of a liquid. Unlike mercury, LMs are 

nontoxic and have negligible vapor pressure, and thus safer to use. There are many literature 

reports demonstrating the application of LMs in integrated circuit thermal management, 

stretchable electronic devices, medicine, and energy generation thanks to these useful attributes.1–

6 However, LMs have several features that make repeatable deployment challenging.  

 LMs have a low viscosity and high surface tension, making applying-to and patterning-on 

various substrates challenging.7–9 For example, when dispensed via a syringe on a substrate, LMs 

tend to bead up into spherical droplets or form unpredictable films rather than making device-

relevant shapes such as thin wires or sheets.9 Additionally, the nearly instantaneous formation of 

an ≈3 nm thick surface oxide causes the metal to flow along the path of least resistance depending 

on where the oxide ruptures in response to stress.8,10 Blending LMs with other materials, including 

solid and fluid fillers,1–3 mitigates many of these issues to various extents and can also enhance 

many properties (e.g., adding 40% volume fraction of tungsten particles increases the thermal 

conductivity three-fold11).  

 In principle, the high cohesive energy of liquid metal should make incorporating other 

materials into them difficult. Interestingly, this is not a problem since the native oxide can fully or 

partially ‘envelope’ foreign materials during mixing. 11 As such, many solid fillers have been added 

to LMs, including copper,12–15 iron,14,16,17 nickel,18–22 silver,21,23,24 magnesium,25 gadolinium,26 

tungsten,11 boron nitride,25 silicon carbide,27 silicon dioxide (SiO2),28,29 copper-iron alloy,30 steel,17 

diamond,31 graphene,32 and carbon nanotubes.33,34 Several secondary fluids, including air and 

silicone oil, have also been incorporated into LMs to create foams35–40 or emulsions.41,42 In almost 
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all cases, the solid particles are simply mixed into the LM in an air environment. Similarly, foams 

containing LM and air form naturally when LM is stirred within an air environment.35–39 

 Underlying these deceivingly simple mixing processes are complex and intertwined microscale 

mechanisms. We previously showed that when mixing LM with solids, oxide patches form and 

adhere to individual particles, enabling the internalization of even highly “LM-phobic” particles 

into the liquid.11 We speculated that air bubbles are inevitably incorporated during the mixing 

process of the LM-solid pastes, making them part foam.11 In turn, we also showed that a critical 

fraction of solid oxide flakes has to be incorporated from the air-liquid interface before the onset 

of air bubble internalization into the liquid metal and foam formation.36  In other words, there are 

no “pure” LM-particle pastes or LM foams, but multiphase LM composites always contain solid 

and gas components. By definition, foams should have air pockets. Yet, the presence of air pockets 

when adding functional solid particles to LM can be undesirable. For example, the electrical or 

thermal conductivity of the LM composites generally decreases with increasing air content.36 

However, despite the numerous studies on particle addition to LMs,12-34 the associated foaming 

has not been addressed.  

 To this end, we study the impact of the mixing procedure, the solid particle size and volume 

fraction on air entrapment in the multiphase LM composites. Through density measurements and 

cross-sectional imaging, we demonstrate several consistent influences of these parameters on the 

volume fraction and structure of incorporated air pockets. We use our results to infer microscopic 

mechanisms underlying the observed trends and to provide general guidelines for adjusting the 

fabrication procedure to create multiphase composites with predominantly paste-like or foam-like 

characteristics.  
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2. Results and Discussion  

2.1 Illustration of fabrication method impact on the multiphase LM composite structure 

 To illustrate the impact of the fabrication method on the LM composites, we mixed liquid 

gallium heated to over 50°C on a hot plate with a 10% volume fraction of 5 µm SiO2 particles 

(LM-SiO2) in four ways that are representative of possible variations in prior literature11-34 (see 

Experimental Section for details). In particular, we mixed the particles with the LM for 20 minutes 

(no unmixed particles were detected visually after that time in any of the cases) manually 

11,15,17,22,26–29 using two different size mortar and pestles (10 cm3 and 65 cm3 mixing volumes), as 

well as a mechanical stirrer.16,23,25,28,39  We also varied the input gallium quantity in the smaller 

mortar and pestle within the range used in our own and prior studies.17,27 We note that in most 

cases the details of the mixing process (e.g., input volume of LM, size of the mixing vessel, and 

mixing rate) are underreported, which can make replication of the material fabrication challenging. 

We decided to add SiO2 particles because of several prior reports on their addition to LM,28,29 their 

common use to stabilize Pickering emulsions43 and even aqueous foams,43–45 and their low-cost 

availability with near spherical shapes in several sizes spanning the ~0.8 to 10 µm preferred range 

for stabilizing aluminum foams.46 The exterior surfaces of the LM composites was relatively 

smooth without major features such as pores observed in “oxide-assisted” LM foams42 (see 

representative micrographs in Figure S4 of the Supporting Information), implying that current 

samples predominantly have closed-cell internal features. The cross-sectional electron micrograph 

in Figure 1a shows that mixing the filler particles in the liquid gallium results in the formation of 

many features with “moon-crater” appearance that corresponds to cross-sectioned near-spherical 

air bubbles with diameters ranging from ~5 µm to ~300 µm. We note that any internal features in 
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the LM containing air are “capsules” surrounded by the rapidly forming 1 to 3 nm thick oxide 

layer.  

 The entrapment of these microscopic air capsules within the metal reduces the density of the 

LM composite. The bar plot in Figure 1b shows that the model, shape, and size of the mortar and 

pestle (see images in Figure 1d) has a relatively minor influence on the density (variation below 

~0.25 g cm-1 or ~5% variation) of the LM-SiO2 composites. However, when we prepared the 

material using a mechanical stirrer, the density was substantially lower than samples prepared by 

hand-mixing (decrease of ~0.5 g cm-1 or ~10%). Furthermore, the cross-sectional electron 

micrograph in Figure 1c shows that the internal structure of the mechanically-mixed composite is 

considerably more disordered than that of the manually-mixed equivalent. Rather than primarily 

spherical capsules, the mechanically-mixed sample contains many irregularly-shaped voids and 

features with a “dark” appearance in the micrographs that indicates that they are elongated voids 

(“deep channels”) from which the image-forming secondary electrons cannot escape.47 To gain 

more insight into these observations, we systematically investigate manually-mixed (small mortar 

and pestle with 5 g Ga input) and mechanically-mixed composites with a varied volume fraction 

of SiO2 particles with three different size distributions.  
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Figure 1. Impact of fabrication method on density and internal structure of LM mixed for 20 

minutes with 10% volume fraction of 5 µm SiO2 particles: (a) cross-sectional electron micrograph 

of manually-mixed liquid metal composite (small mortar and pestle (“m&p”) with 5 g of gallium), 

(b) the density of the composites made using the indicated four approaches (referenced in (d)), (c) 

cross-sectional electron micrograph of mechanically-mixed liquid metal composite, and (d) 

images of the small mortar and pestle with 5 g of gallium (2.5 g was alternatively used for some 

experiments), the larger mortar and pestle with 10 g of gallium, and of mechanical stirrer with 10 

g of gallium. Detailed description of each method is included in the Experimental Section. 

 

2.2 Manually-mixed LM composites with SiO2 particles 

 We used the small mortar and pestle to fabricate gallium composites containing 1%, 2.5%, 5%, 

10%, and 20% volume fractions of the SiO2 particles with average diameters of 0.8, 5, and 10 µm 

(see micrographs and particle size distributions in the Supporting Information). The first noticeable 

observation we made during mixing was that smaller particles take much longer to integrate 
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entirely within the LM compared to larger particles. For example, the plot in Figure 2a shows that 

completely mixing in 20% volume fraction of the 0.8 µm SiO2 particles took, on average, about 

19 minutes. In contrast, the same concentration of the 10 µm particles took around 3.5 minutes to 

mix. Ren et al.16 also observed that it is much more difficult to mix in smaller particles (100 nm 

vs. 70 µm iron) into LM as the mixture with the former becomes substantially more viscous and 

suggested that the increased surface area (for the same volume fraction) of the smaller particles 

could play a role in the process. These internalization times are impacted by the mortar and pestle 

characteristics, and to some extent, by sample-to-sample variation. For consistency, we 

subsequently compare the impact of particle size and volume fraction on the density of the samples 

mixed for 20 minutes. We note that the density of the samples is not impacted much by varying 

the mixing time between 10 and 30 minutes (see example results in Figure S3 of the Supporting 

Information).  

 The increase in the filler particle content decreases the composite density because SiO2 is 

substantially lighter than gallium (~2.2 g cm-3 versus ~6 g cm-3). Furthermore, the plot in Figure 

2b shows that the density of all the LM composites is lower than one calculated for any given 

volume fraction of the fillers with the assumption of no air entrapment (“no-air density”). 

Naturally, this observation demonstrates the internalization of microscale air capsules within the 

LM. As the volume fraction of the filler particles increases, so does the gap between the calculated 

“no-air” and measured densities. In other words, within the 1 to 20% volume fraction, the higher 

the filler particle concentration, the more air entrapment (“foaming”) of the composite occurs (see 

Figure S2 in Supporting Information for estimated volume fraction of entrapped air). 

 Our results also demonstrate that mixing particles with lower diameters decreases the 

composite density, introducing more air capsules into the liquid. The density difference related to 
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the filler particle size can be substantial. For example, the densities of the composites with the 20% 

volume fraction of SiO2 (all mixed for 20 minutes) with average diameters of 0.8, 5, and 10 µm 

are 3.9, 4.2, and 4.5 g cm-1, respectively. Thus, our density measurements demonstrate that air 

internalization into manually-mixed LM composites increases with increasing content and 

decreasing size of filler particles (i.e., the lowest density occurs for the 20% volume fraction of 

0.8 µm SiO2).  
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Figure 2. Manually-mixed LM-SiO2 composites: (a) time required to entirely mix filler particles 

into the LM using the small mortar and pestle, (b) the density of the composites with varying 
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volume fraction and size of the fillers mixed for 20 minutes, and cross-sectional micrographs of 

the LM-SiO2 composites with (c) 5 µm, (d) 0.8 µm, and (e) 10 µm average diameters. 

  

 The cross-sectional electron micrographs in Figure 2c-e visually corroborate the increase in 

microscale air capsule quantity with increasing SiO2 particle volume content and decreasing 

average diameter. A foam of the capsules forms during manual mixing even without any SiO2 

particle addition (see “0%” volume fraction images) due to internalization of the oxide micro-

flakes from the external interface between LM and air.36 The oxide flakes are crumpled into three-

dimensional “particles” that, as indicated by the buoyancy of the particle layer (see Figure 2c 

“0%”), often entrap mostly irregularly shaped air pockets of various sizes (the buoyant layer also 

forms with addition of low volume fraction of particles, while at higher volume fractions the foam 

fills up the entire sample height). Within 20 minutes of mixing pure gallium, enough oxide flakes 

are incorporated to entrap larger, irregularly shaped, and elongated air capsules. In contrast, the 

addition of even only 1% volume fraction of the 5 µm SiO2 particles leads to the formation of 

many near-spherical air capsules. The micrographs also show that increasing particle volume 

fraction and decreasing their average diameter increases the number of the near-spherical air 

capsules (thereby reducing density) and the accumulation of particles at the walls of the capsules. 

Next, we evaluate how these characteristics are altered by switching to the mechanical stirring of 

the composites.   
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2.3 Mechanically-mixed LM composites with SiO2 particles 

 We used the mechanical stirrer to fabricate gallium composites containing the same volume 

fractions of the SiO2 particles (1, 2.5, 5, 10, and 20%), but only those with an average diameter of 

5 µm. The SiO2 particles and gallium were pre-mixed in a mortar and pestle for 2 minutes to 

prevent aerosolizing, followed by mechanically stirring at 600 rpm for 20 minutes. Our attempts 

at mixing in the 0.8 µm particles with the LM using this approach did not yield a macroscopically 

homogenous composite. Furthermore, the 10 µm particles produce similar results to the 5 µm 

particles, so we focused on the detailed investigation of composites with the latter. Despite the 

difference in mixing rates (~120 rpm for manual and 600 rpm for mechanical stirring), the time to 

fully integrate the 5 µm particles into LM using mechanical mixing for the higher volume fractions 

was on the order of 5 to 7 minutes (i.e., not shorter than manual mixing). Consequently, 

comparison by the total number of mixing rotations was not possible, and we selected to compare 

the impact of volume fraction on the density of the samples mixed for 20 minutes. 

 As in the case of the manually-mixed composites, the increase in the particle volume fraction 

decreased the composite density and did so far below the calculated “no-air” density (see Figure 

3a). In addition, the density of the mechanically-mixed composites was 0.3 to 0.5 g cm-3 lower 

than those with equivalent input composition made manually. This systematic offset in the density 

correlates with the presence of elongated air capsules, an example of which is clearly shown in the 

cross-sectional micrograph in Figure 3b. In this example, the cross-sectioning occurred across the 

longer dimension of the void, highlighting its elongated nature. In most cases, these elongated 

features are cut along the smaller dimension, giving them the “deep void” dark appearance in the 

micrographs. Such features likely form when surface waves on the external air-liquid interface 

crest and internalizing air bubbles are “stretched” by rapidly moving liquid. Similarly, internalized 
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larger spherical air capsules might be deformed by liquid shear forces caused by rapid stirring. 

Many such features form with crumpled oxide flakes during mechanical stirring for 20 minutes 

without any particle addition (see “0%” images in Figure 3c). Continuing the fast stirring of the 

pure gallium for even another 100 minutes will lead to the internalization of more oxide and air 

but will decrease the density from 5.6 g cm-3 (after 20 minutes of stirring) to 4.8 g cm-3.36 

Impressively, the addition of 20% volume fraction of the 5 µm SiO2 particles enhances foaming 

so that in just 20 minutes of mixing the density decreases to 4.2 g cm-3 (manual mixing) and 3.7 g 

cm-3 (mechanical mixing). In both cases, cross-sectional micrographs reveal that the particles 

accumulate on the walls of the capsules. In the case of the mechanically-mixed composites, the 

particles also appear to aggregate into large, oxide-bridged clusters within the voids (see, for 

example, the close-up image for “10% SiO2” in Figure 3c or Figure 3b). Next, we discuss 

potential microscopic mechanisms underlying these trends.    
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Figure 3. Mechanically-mixed LM-SiO2 composites: (a) the density of the composites with 

varying volume fractions of the 5 µm SiO2 particles, and cross-sectional micrographs of the LM-

SiO2 composites with (b) 20% volume fraction and (c) with varying volume fractions of the 

particles. The large micrograph in (b) reveals the cross-section of an elongated (“deep”) void along 

the void’s longer dimension.  
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2.4 Discussion of possible microscale mechanisms contributing to particle-driven LM foaming 

enhancement 

 Besides stabilizing liquid metal foams,36,46,48 solid particles can cause foaming in rivers,  

distillation towers, oil-well drilling, pulping, and even radioactive waste.49,50 However, as opposed 

to aqueous foams,50–54 there is still debate in the literature on how particles help to stabilize high-

melting point metal foams.46 The process is likely to be further complicated in the case of gallium-

based LMs by the rapidly forming oxide. There are two commonly used explanations for particles 

promoting foam stability. First is the creation of a barrier against coalescence by particles 

accumulated on the internal liquid-gas interfaces, which in case of LMs provide additional 

mechanical strength over capsule walls consisting only of the thin oxide (see Figure 4a and b). 

Second is the forced bubble separation and retardation of liquid drainage by particle networks 

between the bubbles (see Figure 4c).46,49,50 Next, we discuss these two processes in the context of 

our experimental observations.    

 If particles are only partially wetted by a liquid, it is thermodynamically favorable for them to 

accumulate on air-liquid interfaces.43 To form a barrier against bubble coalescence in aqueous 

foams, particles must have a specific range of wetting properties that allows them to be placed at 

the internal gas-liquid interfaces.49,50 These wetting property arguments, however, are not readily 

translated from aqueous liquids to gallium-based liquid metals due to the solid layer of gallium 

oxide that forms on the LM. In particular, aqueous foams are optimally stabilized by mildly 

hydrophilic particles (contact angles of ~70-86º)50 and are destabilized (collapsed) by hydrophobic 

particles (contact angles greater than 90º).49 In contrast, bare gallium-based liquid metals do not 

easily wet most materials (i.e., oxide-free LM has contact angles greater than 120º for materials 

ranging from glass to Teflon),55–57 although the oxide can adhere to nearly any flat surface.58 Our 



 

14 
 

observation of SiO2 particles enhanced LM foaming can be reconciled with these high contact 

angles by pointing out the alternative LM “wetting” and encapsulation mechanism. Specifically, 

nearly any particles can be “wetted” (i.e., partially or fully encapsuled) by the liquid metal during 

mixing through the adherence of multiple patches of LM oxide on their surface. As illustrated in 

Figure 4d, the oxide-patches locally make the area more easily wettable by the LM.11 This 

mechanism can explain the variety of encapsulation degrees of the SiO2 particles located at the 

interface between the LM and the air capsules in micrographs in Figure 4d. We note that the oxide 

also forms at the internal air-liquid metal interfaces and can alone stabilize the capsules of a variety 

of sizes as evidenced by the occasional mostly “particle-less capsules” shown in micrographs in 

Figure 4a and Figure 2e. The oxide can be easily identified by its surface that contains nanoscale 

and microscale wrinkles7,59. However, the self-passivating oxide film is only ≈3 nm thick, so can 

readily be ruptured by, for example, shearing forces during mixing. Thus, the particles should 

promote LM foam stability by enhancing the strength of the capsule walls that consist mostly of 

the relatively weak oxide film.  

 Prior literature suggests that foaming occurs preferentially for a specific window of added 

particle sizes for both the high-melting-point metal foams (sub-micrometer to tens of 

micrometers)46,60–62 and aqueous foams (tens of nanometers to micrometers).50 The preferred 

particle volume fraction is ~1 to 20%, above which the mixture becomes too viscous to process.46 

Similarly, particles with size below ~0.8 µm are noted as too difficult (i.e., making the solution 

too viscous) to mix into high-melting-point liquid metals.46 For gallium-based liquid metals, oxide-

patches might not readily adhere on the high curvature nanoparticles, making them challenging to 

internalize. For example, prior studies show that gallium-based liquid metals (with the native 

oxide) do not stick to surfaces sparsely coated with silica nanoparticles.58 For the particle sizes that 
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do mix in, our results indicate that the smallest particles promote the highest foaming degree of 

the LM. As evident from the cross-sectional micrographs in Figures 2, the 0.8 µm particles form 

more complete films on the capsule walls, thus making a stiffer wall that provides a better barrier 

to deformation or coalescence than one with isolated larger particles. We also highlight that the 

capsules in our LM foams have diameters mostly below 100 µm, which is a similar size to bubbles 

in particle-stabilized aqueous foams.43–45,63 This capsule size range makes the formation of barriers 

consisting of smaller particles easier. The reduced chance of capsule coalescences associated with 

the 0.8 µm stiffened walls likely decreases the probability of formation of large air voids that can 

easily separate from the LM sample. Thus, while the amount of air forced to mix with the LM is 

likely similar for a given mixing approach, the smaller particles are more effective at stabilizing 

and retaining the gas within the liquid. Besides providing a better barrier to coalescence during 

direct capsule-capsule contact than the oxide alone, the particles within the liquid can also prevent 

the capsules from coming in contact.  

 In the LM foams, particles in-between capsules can form networks with crumbled oxide flakes 

that help stabilize the foam in three ways. First, such particle-oxide flake chains (highlighted in 

Figure 4c) can push against capsules and prevent them from coming into direct contact. Second, 

such networks can also slow drainage of the LM from in-between the capsules. Third, we speculate 

that such networks of particles, along with the capsules, accumulate in the buoyant layer near the 

top surface of the LM foam. We hypothesize that this layer in turn provides additional foam 

stability by preventing the buoyancy-driven escape of newly trapped air bubbles.  
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Figure 4. Mechanisms for oxide- and particle-enhanced LM foam stabilization: (a) schematic and 

micrograph of a capsules with variety of sizes and with a wall consisting mostly of gallium oxide, 

(b) schematic and micrographs of a capsule with a wall consisting of oxide and particles, which 

forms a barrier to direct capsule contact and coalescence, (c) schematic and micrograph of particle 
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and oxide networks in-between capsules that can prevent them from coming into contact, and (d) 

schematic and micrographs of oxide-patched mediated “wetting” and encapsulation of particles by 

the LM which leads to a variety of encapsulation states illustrated in the micrographs.  

 

2.5 Thermal conductivity of the multiphase LM composites  

 The plot in Figure 5a shows the effective thermal conductivity (that includes the thermal 

contact resistances to the samples) of the multiphase LM composites with varied particles size and 

volume fraction made either through manual or mechanical mixing. Since the particles are 

thermally insulating (~1 W m-1 K-1) and their addition is associated with increased air entrapment, 

the thermal conductivity decreases with increasing particle volume fraction. As the composite 

density, the thermal conductivity is also lower for composites containing the smaller particles and 

those made through mechanical stirring. In fact, the plot in Figure 5b shows that the thermal 

conductivity decreases linearly with decreasing density of the composites. In other words, the 

higher is the air content of the composites, the lower is their thermal conductivity and density. A 

very similar trend between density and thermal conductivity is also displayed by the “oxide-only” 

LM foams we originally fabricated through stirring pure LM at 600 rpm in air for 120 minutes.36 

However, the extended period (20 vs. 120 minutes) of rapid mixing creates a substantial content 

of the crumpled oxide flakes, which leads to ~2 to 5 W m-1 K-1 lower thermal conductivity as 

compared to the LM-SiO2 composites with matching density. We also highlight that the thermal 

conductivity and density of the “oxide-only” LM foams saturates with mixing time at ~18 W m-1 

K-1 and 4.8 g cm-3. In contrast, the properties of the LM-SiO2 composites can be further tuned and 

provide some improvement over the “oxide-only” foams. For example, the LM composites with 

20% of 5 µm SiO2 particles has same thermal conductivity as the “saturated” oxide-only foams 
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(i.e. 18 W m-1 K-1) but substantially lower density of 4.2 g cm-3. In other words, in a 

microelectronics package, using the particle-enabled composite would provide same thermal 

performance while making the package lighter. We also note that if higher thermal conductivities 

are desired, the SiO2 should be replaced with more thermally conductive particles such as tungsten 

or silicon carbide.11,27  

 

Figure 5. The effective thermal conductivity of the multiphase LM composites plotted against (a) 

volume fraction of SiO2 particles and (b) their density; the latter includes data on “oxide-only” 

LM foams fabricated through stirring LM in air at 600 rpm for 120 minutes made by Kong et al.36 

(no particles).  
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3. Conclusions 

 We studied the basics of the fabrication of multiphase LM composite with solid and fluid 

fillers. Our experiments demonstrated that the blending of particles results in the unintentional 

incorporation of air bubbles into the composite and that the quantity of the entrapped air depends 

on the mixing method (up to 30% volume fraction, see Supporting Information). In particular, 

manually mixing the LM with particles in a mortar and pestle incorporates a smaller air volume 

than mechanical stirring. Manual mixing also yields many more near-spherical air capsules than 

mechanical-mixing, which creates numerous elongated voids. We also demonstrated that 

decreasing the particle size and increasing their volume fraction decreases the composite density 

and thermal conductivity (i.e., increases air entrapment). Electron micrographs indicate that the 

smaller SiO2 particles (0.8 µm) can assemble more complete barriers than larger ones (5 µm and 

10 µm) on the microscopic air capsules (diameters mostly below 100 µm). Such particle-enhanced-

capsule walls likely provide a stiffer and better barrier than oxide-only walls against direct bubble 

coalescence through which foams can collapse, thus leading to lower density composites. The 

particles, along with crumpled oxide flakes, within the liquid metal also likely help to separate air 

capsules, preventing their direct contact.  

 Our results can be employed to guide adjustment of the composition and fabrication method 

of LM composite to promote the formation of more paste-like or foam-like materials. To make 

pastes with minimized air content that, for example, have enhanced thermal (as showed in our 

experiments) or electrical conductivity, larger conductive particles should be mixed into the LM 

manually. In contrast, the LM should be mixed with smaller particles to make foams with 

maximized air content. The mixing method can be used to adjust the internal structure of the foam 
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with manual mixing yielding more near-spherical capsules and mechanical mixing more elongated 

features. Adding particles creates foams faster (20 minutes vs. 120 minutes) and makes 

substantially lighter foams (e.g., 3.7 g cm-3 vs. 4.8 g cm-3) than previously employed stirring pure 

LM in air. Looking outward, we anticipate that studies on non-spherical particles and/or particles 

with surface texture could provide additional insights on the creation of paste-like versus foam-

like LM composites.  

 

4. Experimental Section 

 We fabricated the various liquid metal composites by melting the solid gallium (99.99% from 

Rotometals) on a hot plate set to 60°C (which results in a LM temperature of ~50 to 55°C) and 

mixing with SiO2 (US Research Nanomaterials, Inc). The SiO2 particles were mostly spherical 

with average diameters of 0.8 µm, 5 µm, and 10 µm (see particle size distributions in the 

Supporting Information) and are utilized as received from the manufacturer. We note that the 

surface functionalization of the particles does not have major impact on the LM wetting and mixing 

in process,7,11 which occurs through the previously described oxide patch adhesion and wetting 

mechanism.11 We fabricated samples containing 1%, 2.5%, 5%, 10%, 20% volume fraction of 

filler particles in gallium. We mixed the filler particles with LM in four ways, including 10 cm3 

(“small”) mortar and pestle (VWR Mortars and Pestle, mortar Top O.D. x I.D.: 51x38 mm and 

height 29 mm, pestle O.D. 13.5 mm, material: agate; VWR catalog number 89037-484) with either 

2.5 or 5 g of gallium,  65 cm3 (“larger”) porcelain mortar and pestle (Coorstek Mortar, mortar: 

O.D. x I.D.: 80 x 53 mm, pestle O.D. 38 mm, Mfr. No. 60313,  Coorstek Pestle, 130 mm, Mfr. No. 

60314) with 10 g of gallium, and a mechanical stirrer (removed from Orment Led Lighting Epoxy 

Resin Electric Mixer made of stainless steel) rotating at 600 rpm with 10 g of gallium in a 5 mL 
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borosilicate glass beaker (Lipovolt Chemistry Laboratory Borosilicate Beaker). The filler particles 

were weighed, added into the mortar, and mixed manually at approximately 120 rpm. To prevent 

loss of particles by aerosolization and potential associated inhalation hazard, we manually pre-

mixed the particles into the LM for 2 minutes before rapid mechanical stirring at 600 rpm. We 

prepared three individual samples (each made by a different team member) for each composition 

and mixing procedure and report the results with a ~80% confidence interval specified by the t-

distribution (2 standard deviations for a set of 3 samples). 

 We measured the density of the multiphase LM composites using the Archimedes principle. 

The LM samples were solidified and weighed in air followed by weighing while suspended in 

water (using a 40 mL beaker of deionized water).42 All electron micrographs were collected using 

FEI Nova 200 FIB-SEM with a 5 kV accelerating voltage and 0.4 nA current after the manual 

cutting of frozen samples using a razor blade. Based on the smooth appearance of the local cross-

sectional area, we infer that the razor blade melts the top ~0.1 mm region at the line of contact, but 

does not impact the cross section below. Upon impact of a rapid force onto the razor blade top, 

most samples fracture along the razor blade. We measured the effective thermal conductivity of 

the about 2.8 mm thick samples using stepped bar apparatus based on ASTM D5470 standard.64,65 

The devices and measurement protocols are described in depth in our prior work.15,66,67 We note 

that when unperturbed the samples do not undergo spontaneous geometrical change over time so 

can be stored for extended periods of time.  
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