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Foaming of gallium-based liquid metals improves their processability and—seemingly in contrast 

to processing of other metal foams—can be achieved through shear-mixing in air without addition 

of solid microparticles. Resolving this discrepancy, systematic processing-structure-property 

characterization demonstrates that many crumpled oxide particles are generated prior to air bubble 

accumulation.
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Non-toxic, room-temperature liquid metals based on gallium (LMs) have many exciting 

prospective applications in the realms of soft, stretchable, and wearable technology.1 However, 

their potential is unlikely to be realized until their high cost, weight, and manufacturing issues are 

addressed. These processing issues stem from gallium’s intrinsic high density, high surface 

tension, and rapid oxidation in air. For example, without complex processing tricks, metal extruded 

from a nozzle forms droplets instead of useful shapes such as wires.2 Recent reports show that the 

addition of particles or air bubbles to LM augments its adhesion and rheology which enables 

deposition and patterning onto many substrates using tools ranging from paintbrushes and stencils 

to 3D printer nozzles.3–8 The creation of LM foams through incorporation of air bubbles is 

particularly compelling because these materials retain fluid or “paste-like” characteristics and 

metallic properties while having a substantially lower metal content (i.e., density and cost). In 

addition, the foam can be formed simply through stirring of the LM in air9 (please note that if 

another liquid would be present, the LM would break-up into micro-droplets10–13). From a 

fundamental perspective, this observation is intriguing as many decades of research has shown that 

the addition of solid micro-particles prior to mixing is required for foaming of high melting 

temperature metals.14 While the bubble-stabilizing micro-particles are typically spheroidal and 

ceramic (e.g. silicon carbide), aluminum foams formed through compacting and melting aluminum 

powder can also be stabilized by the oxide film present on the powder prior to processing.15 In this 

work, we systematically show that the structure-property-processing relationships for shear mixing 

of liquid gallium in air stem from the generation and incorporation of crumpled gallium-oxide 

flakes within the LM during processing. 

We fabricated the LM foams by melting 100 g of gallium (99.99% from Rotometals) at 35 to 

40°C in a 50 mL beaker and mixing it in air at 600 rpm using an industrial mixer5 outfitted with a 
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3D printed cross-shaped impeller (see Fig. S1 in ESI for experimental details). From a qualitative 

point of view, the images in Fig.1a show that extended mixing of the LM results in physical 

transformation of the homogeneous liquid (lustrous cross-section) into a highly heterogenous foam 

(diffusely reflecting cross-section). To gain an insight into the metal foaming process, we used a 

high-speed camera (a Photron FastCam mini UX-100) mounted at a 45-degree angle to image the 

surface of the LM during mixing. As during mixing of aqueous foams,16 shearing in both early 

(Movie 1) and later (Movie 2) stages of the process generates high-amplitude waves and large 

ripples on the surface of the LM. Some of these waves fold onto themselves, creating cavities that 

later become air bubbles within the LM (see Fig.1b and Fig.S2 in ESI). The presence of the air 

bubbles is evident in the internal structure of the solidified gallium foam (see Fig.1a).  A closer 

inspection of the LM surface during mixing exposes a feature that is absent in aqueous foams: the 

surface consists of microscopic “islands” surrounded by a lustrous “sea”. The diffuse light 

reflection from the islands reveals their material composition. Specifically, such reflection is 

characteristic of the 1-3 nm thin gallium oxide skin17 that has wrinkled on nano- and micro-scales 

due to underlying liquid motion.18 The shear stresses associated with the stirring process fractures 

the continuous “old” oxide film into floating oxide-islands (see Fig.1c). We have previously 

induced and imaged analogous behavior in a more-controlled fashion by rastering a focused ion 

beam over the LM surface (see Fig.1d).19 Even in high vacuum conditions (10-4 Pa), a new, thin 

oxide begins to form in-between fractured “old” oxide islands within seconds. In atmospheric 

conditions this process is much quicker, with new oxide emerging in 10-5 to 10-3 s.20–22 However, 

presumably due to the adsorption, dissociation, and surface diffusion of oxygen molecules,21 at 

least in vacuum the new oxide grows in a non-uniform fractal-like manner. Consequently, much 

of the surface in-between the “old” oxide micro-islands consist of a very thin and unwrinkled oxide 
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that is highly light-reflecting (or transparent) in nature. Intriguingly, either through macroscopic 

surface-to-bulk flow near the impeller or through microscopic buckling of the surface waves, many 

of these islands are internalized as oxide-flakes into the bulk of the LM. 

Fig. 1. (a) Schematic of gallium foam fabrication showing light and electron microscopy images of pure gallium and 

gallium foam made through shear-mixing of liquid gallium in air; (b-c) high-speed camera images showing (b) surface 

waves and (c) gallium-oxide islands on the surface of the stirred LM; (d) focused ion beam image showing oxide-

islands generated through ion ablation on the surface of LM in vacuum. 

To evaluate the bulk composition of the mixed LM, we used a scanning electron microscope 

(Amray 1910 FESEM employing 20 kV accelerating voltage) to image cross-sections of LM 

samples that were stirred for 0, 2, 3.5, 5, 7.5, 10, 15, 30, 60, 90, and 120 minutes prior to freezing 

(the samples were simply cleaved with a razor blade). After 2 minutes of mixing, the previously 

smooth internal surface of the unmixed gallium contains a large concentration of oxide flakes (see 

Fig.2a and Fig.S6 in ESI). Through internal shearing or prior wrinkling on the LM surface, many 

of these flakes have crumpled and resemble three-dimensional particles5,6,8 that can be thought of 

as microscopic analogs of crumpled paper. The magnified cross-section of one of such particles 
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obtained using cryogenic focused ion beam cross-sectioning23,24 shows that the crumpled oxide 

flakes have many, often nanoscale, air voids captured within them (see Fig. S5). As a result, the 

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

Stirring of the LM for another five minutes predominantly leads to accumulation of more of the 

oxide particles. It is not until 7.5 minutes of mixing that a population of microscopic ( 10 µm) ≫

air bubbles can be observed. Since they are surrounded by a thin oxide layer, we will refer to these 

bubbles as air capsules. LM mixing times between 10- and 30-minutes results in an increased 

number of the air capsules, which are buoyant and rise to the surface of the sample block. If mixing 

is continued for longer time (up to 120 minutes), the air capsules and oxide flakes appear to be 

present in the entire volume of the LM. Naturally, the accumulation of oxide flakes and air capsules 

significantly alters physical properties of the foams, and we quantify these properties next. 
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Fig. 2. (a) Cross-sectional SEM images of gallium mixed at different times with the top row times corresponding to 

the oxide accumulation period and the bottom row showing proper foaming process with bubble stabilization and 

accumulation (top of the image corresponds to physical top of the sample);  (b-d) plots showing the (b) density, (c) 

thermal conductivity, and (d) storage modulus and viscosity of gallium as a function of the shear-mixing time. 

For each of the mixing times, we measured density, thermal conductivity, viscosity as well as 

loss and storage moduli of the stirred liquid metal. To measure the density of each sample, we 

employed the Archimedes principle.25 Specifically, we cast circular disks of gallium with a 2 cm 

diameter and a 6 mm thickness using a polymer mold. We then measured the buoyant force by 

suspending the disk in a container of water on an analytical balance (see section S2 in ESI for more 

details). Despite the evident incorporation of many oxide flakes, the density value for the first 7.5 

minutes of stirring remains near the 5.9 g ml-1 density of pure gallium (red dotted bar in Fig.2b). 

This discrepancy can be resolved by pointing out that the density of the predominant gallium oxide 

skin phase,26 -Ga2O3 is also 5.88 g ml-1.27 Most likely the density value we measured is slightly 𝛽

smaller than that of Ga or -Ga2O3 because of the presence of nanoscale air pockets in the 𝛽

crumpled oxide flakes. If stirring is continued for more than 7.5 minutes, the density of the material 

begins to decrease substantially, eventually reaching 4.8 g ml-1 after 2 hours of mixing. Based on 

our structural characterization, this mixing time threshold for density decrease stems from the 

initiation of air capsule accumulation in the LM. 

In contrast to the initially unchanged value of density, the plot in Fig.2c shows that the thermal 

conductivity of the LM begins to decrease shortly after the onset of the shear-mixing process. We 

measured this property using a thermal reference bar method following the modified ASTM D5470 

standard (see sections S2 and S4 in ESI for more details).28,29 Please note that we measured the 

thermal rather than electrical conductivity because the latter has been previously shown to be only 
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mildly impacted by LM stirring.5 In contrast, thermal conductivity decreases, even after just 2 to 

5 minutes stirring, from 29 Wm-1K-1 (pure gallium) and reaches 18 Wm-1K-1 after 2 hours of 

mixing (could decrease to 2 Wm-1K-1 after 36 hours of mixing30). We note that the exact mixing 

time at which the thermal conductivity starts changing is difficult to establish because the initial 

change is comparable to the experimental uncertainty. In light of our structural characterization, 

these measurements demonstrate that both the oxide flakes and air capsules significantly disrupt 

thermal energy carrier transport. Owning to the continuous metal matrix, however, the LM foam 

thermal conductivity is still higher than that of elastomer composites with liquid metal 

inclusions.12,29,31,32 

As with thermal conductivity, the rheological properties of the LM are also significantly 

impacted through shear mixing. We measured these properties using a rheometer equipped with a 

40 mm parallel plate geometry (see section S2 in ESI for more details). Since the dispersal of oxide 

flakes throughout the bulk LM phase is analogous to loading of solid particle fillers to the system, 

it yields an immediate increase in both viscosity and storage modulus (G’), as seen in the plot in 

Fig.2d. A similar trend is observed with the loss modulus (G’’). The loss modulus is not depicted 

here as the elastic behavior associated with the storage modulus is of more direct interest, however 

both are plotted together in Fig. S3 in ESI. The loss modulus was consistently 20-30 times smaller 

than the storage modulus. The storage modulus and viscosity reach an initial peak at 7.5 minutes 

of stirring (1.5 MPa and 1600 Pa.s, respectively). The peak at 7.5 minutes corresponds with the 

point just before many air pockets start being incorporated into the foam. Further mixing results 

in a rapid drop in the viscosity and modulus, presumably in response to the inclusion air as a “soft” 

filler. With continued mixing, the modulus and viscosity increase, reaching eventual values of 

2.04x10-3 and 2193 Pa.s, respectively, at a mixing time of 120 minutes. Increased mixing time 
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results in more oxide flakes and air pockets being encapsulated, which has been shown in prior 

literature to result in an increase in material modulus and viscosity.33

In summary, our structural and property characterization of shear-mixed liquid gallium shows 

that like high-melting point metals,14,15 near room-temperature LMs require a small volume 

fraction of solid particles in order to foam. In the case of the LMs, however, the solid particles are 

not added prior to stirring but are generated during the process by fracturing and internalizing the 

thin native oxide film on liquid-air interface. In our setup about 7.5 minutes of mixing is required 

to accumulate a critical volume fraction of oxide flakes, which crumple into three-dimensional 

particles that can contain nanoscale air voids, prior to air bubble formation and stabilization. With 

a different mixing arrangement, this time period might be different. The density, thermal, and 

rheological properties of gallium foam are highly impacted by the inclusion of oxide flakes and 

air bubbles. While in general the density and the thermal conductivity decrease, the viscosity and 

storage modulus first peak and then continue to increase with the stirring time. These alterations 

to density and rheology are advantageous for processing, dispensing, and application of the foams.

Although a general explanation for the foam stabilizing role of particles has not been agreed 

on, our structural characterization supports notions of bubble interface stabilization as well as 

physical bridging of bubbles.14 Specifically, the representative SEM images in Fig.3 show that 

besides oxide encapsulating air pockets, some oxide flakes can extend in-between two such voids. 

It is important to note that the structure of the LM foams is highly dynamic and most of the 

geometrical feature will change during the mixing and application process. For example, air 

capsules can coalesce, split or even collapse. This leads to cavities with irregular shapes and a 

wide range of air capsule sizes. From an application perspective, this random and unpredictable 

structure is undesirable because it likely restricts the range of possible properties for the foams. 
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Although not an issue when utilizing pure gallium, the formation of many oxide structures reduces 

gallium content and in the case of LM alloys could lead to shift from eutectic compositions. Based 

on the insight from our work, these problems could likely be alleviated by adding a small fraction 

of particles to LMs prior to shear mixing or even direct bubble injection. Such novel processing 

methods could improve the LM foam structure and properties yielding a truly multifunctional soft 

material.    

Fig. 3. Schematic of liquid gallium foaming mechanisms: (a) oxide flake accumulation stage where surface oxides 

fractured during mixing are incorporated into the bulk LM and crumple into pseudo-three-dimensional particles; (b) 

oxide-mediated entrapment of air during shear mixing with subsequent bubble stabilization and accumulation.
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The fracturing and incorporation of liquid gallium surface oxides during shear mixing in air 
enables the stabilization of air bubbles within gallium which leads to the formation of a room-
temperature liquid metal foam.
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