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Right now, researchers still have a poor understanding of the supercooling behavior of liquid metal
composites; and there have not been any successful attempts to suppress their supercooling effect. The
aims of this work are to investigate factors that affect supercooling of Field's metal particles and compo-

sites and to find methods that can suppress this supercooling effect. We found that the supercooling
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1. Introduction

Liquid metals (LM) are metals and alloys with melting points
close to room temperature,’ e.g., Ga, EGaln, Galinstan, and
Field’s metal (FM). In recent years, LMs have been increasingly
used in multifunctional soft composites consisting of LMs
embedded in a polymer or hydrogel matrix.>® These LM
composites exhibit multiple promising features such as high
thermal/electrical conductivity, low or tunable stiffness, and
self-healing that are ideally suited for applications in wearable
electronics, soft robotics, and thermal management.

LM composites can be used as stiffness-tuning materials or
shape memory composites by utilizing the solid-liquid phase
transition of the embedded LM phases. Researchers have
demonstrated such behaviors in LM lattices, co-continuous
composites, and particulate composites.’™*> The LMs employed
can have melting points either above (e.g. Ga, FM) or below
(e.g- EGaln, Galinstan) room temperature, depending on the
applications. Compared to other stiffness-tuning materials
such as shape memory polymers, phase change LM composites
exhibit a number of advantages such as an ultra-wide range of
transition temperatures (—100 °C-200 °C), designable stiffness,
metallic features, faster response speed, versatile heating
method, etc. Among the phase change LM composites, FM
particle composites are the most popular ones, which have a
transition temperature around 60 °C. For example, Chang et al.
embedded supercooled FM particles in polydimethylsiloxane
(PDMS) and achieved a mechanically triggered stiffness-tuning
composite.'® They demonstrated the shape memory behavior of
these composites as well. Later on, Buckner et al. successfully
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behavior is strongly affected by particle sizes, polymer matrix, alloy compositions, and oxide impuirities.

embedded FM particles into epoxy and achieved a significant
change in stiffness by heating and cooling."” Recently, Nasab
et al. developed a FM-PDMS composite by making it electrically
conductive and thus a fast response can be achieved through
Joule heating."®

A critical issue affecting the stiffness-tuning performance of
LM composites is supercooling (a.k.a. undercooling).”® Super-
cooling is a phenomenon where a material does not solidify
when the temperature cools below its melting point Tj,.>°
Instead, solidification occurs when the temperature is further
cooled down to a freezing point T. (T. < T,) and the gap
AT = Ty, — T, is called the degree of supercooling. Physically,
supercooling is induced by an energy barrier that must be
overcome to complete the liquid-solid phase transition. Early
research done on the supercooling of metals was mainly for
structural alloys, soldering alloys, and Ga.>'”>* Researchers
have identified multiple factors that affect the supercooling
of metal droplets: alloy composition,> impurity,>*° size
effect,?”?® carrier fluid or matrix,> oxide film or surface
coating,”® cooling rate, overheating,*® and pressure.*'

For LM composites, there is still very little research done on
their supercooling behaviors. Most of the existing research is
about FM particles and composites. Thuo published a series of
works on how to increase the supercooling of FM particles and
utilize this feature for novel applications such as heating-free
solders, mechanically triggered composites, etc.'®*>*® A signif-
icant supercooling degree (AT =~ 40 °C) has been found in the
FM-PDMS composites (1-20 um particle size) synthesized by
Chang et al.'® In addition, Kazem synthesized FM-PDMS com-
posites with particles sizes ~15 pm and found a supercooling
degree AT ~ 20-25 °C.>* Other than FM composites, Malakooti
et al. characterized the supercooling behavior of EGaln compo-
sites in different polymer matrices and found that the EGaln
particles can be kept in a supercooled state even at —80 °C.*
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The previous studies mainly aimed at employing or enhancing
the supercooling of LM particles. In contrast, such a super-
cooling behavior is usually unfavorable for reversible stiffness-
tuning materials. For example, extra cooling effort and energy
cost are required to complete the liquid-solid phase transition
and stiffness changing. Such thermal hysteresis will slow down
the response speed and jeopardize the stiffness-tuning perfor-
mance. Therefore, investigating the supercooling suppression
of LM composites is a vital problem to improve their stiffness-
tuning performance.

Nevertheless, suppressing the supercooling of LM compo-
sites is a non-trivial problem. Conventional methods used to
suppress the supercooling of metals include alloying,***® add-
ing impurity,*® encapsulation,” mechanical stimulus,** and
electric current.*® However, there have not been any successful
attempts to suppress the supercooling of LM composites
reported in the literature. It should be emphasized that once
LM particles are embedded into a solid matrix, the super-
cooling behavior of the composite becomes very complicated.
Various physical and chemical mechanisms may be involved
during phase transition, such as the interaction between sur-
face nucleation sites and matrix,** volume expansion
confinement,””*® and the matriXs nucleation catalytic
effect.>” Therefore, the aims of this work are to investigate
factors that affect the supercooling of FM particles and compo-
sites and to discover ways to suppress supercooling.

2. Materials and methods

2.1. Materials

Field’s metal (Bis, s5Ins;Snyes) was ordered from Rotometals
(San Leandro, CA, USA). Zinc granules (—30 + 100 mesh,
99.8+ %, ACS reagent) and zinc oxide (ZnO, <1 pm, 99.90%)
were acquired from Sigma-Aldrich. Ethanol (reagent grade) was
obtained from Fisher Scientific. Polydimethylsiloxane com-
pounds (PDMS, Sylgard 184) were purchased from Dow. Sili-
cone oil (viscosity at 25 °C: 100 cSt) was acquired from Super
Lube (Bohemia, NY, USA).

2.2. Synthesis of BilnSnZn alloys

Zn granules (1 wt%, weight percentage) and FM palettes
(99 wt%) were melted in a glass vial to form the new alloy
Bis, 5INs 5SNny63Zny. This alloy is called BilnSnZn later for
simplicity purposes. The detailed synthesis procedure is as
follows.

(1) The metal mixture is heated on a hot plate at 100 °C and
mixed by a magnetic stirrer at 100 rpm for 30 min. To reduce
oxides, the mixing is performed in an Argon-protected
environment.

(2) After mixing, the metals are maintained at 240 °C for
12 hours in a vacuum furnace (VWR model 1410) and then
naturally cooled to room temperature.

(3) Repeat step 1 above followed by step 2 for 8 hours. Finally
repeat step 1 again to obtain the alloy.
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2.3. Synthesis of LM powder

All LM powders were synthesized by ultrasonic
sonication.”®*"** 1 gram of bulk LM and 10 mL of ethanol
were added to a 40 mL beaker. The beaker was heated to 70 °C
on a hot plate to melt the LM. The LM and ethanol were
sonicated by an ultrasonic probe (Branson Ultrasonics
450 Sonifier) with programmed amplitude and time. During
the sonication process, the LM bubble is broken into micro-
droplets that are stabilized by the native oxide layer (a few nm
thick). The micro-droplet sizes can be controlled by the sonica-
tion amplitude and time. After the sonication process, the
solution cooled down to room temperature naturally, allowing
the LM micro-droplets to solidify. The powder solution was
then filtered by a woven mesh filter to remove oversized
particles. Stainless steel woven wire mesh (mesh size: 38 um,
190 pum) and nylon 6 woven mesh sheets (mesh size: 15 pum,
30 um) are used. Finally, the remaining solution was dried in a
vacuum furnace at 25 °C to obtain the LM powders. The
detailed synthesis parameters of FM powder are shown in
Table 1.

2.4. Synthesis of LM powder with oxide flakes

We discovered that the native oxide flakes of BilnSnZn are
heterogeneous nucleation sites that will suppress supercooling.
A novel synthesis method called sonication and sintering is
proposed for generating and dispersing native oxide flakes into
LM particles. The four steps of the synthesis process are
illustrated in Fig. 1 and explained below.

(1) Bulk LM of BiInSnZn is sonicated to form preliminary LM
powders. The amplitude and time of the sonication can control
the particle size. Powders are then washed with DI water to
remove ethanol and dried at 45 °C. Thin native oxide layers are
formed on the surface of LM powders.

(2) The preliminary LM powders are melted and sintered
together to obtain a bulk LM with native oxide flake dispersion.
In the sintering process, a Teflon beaker with 1 to 2 grams of
LM powder is heated to 160 °C on a hot plate. Melted LM
powders are then sintered and stirred with a Teflon rod to
merge into a large LM bubble.

(3) A second sonication process is performed on the bulk LM
with oxide flakes to generate the final LM powders. The final
LM powders incorporate native oxide flakes.

(4) The final LM powders are filtered, dried, and mixed with
PDMS to form a composite.

Table 1 Synthesis parameters of LM powders with different sizes

Upper
mesh size Lower mesh Final
Sonication (passing) size (retain- particle
Sample parameter (nm) ing) (nm) size (um)
1 20% Amp 190 38 37-60
1 min
2 20% Amp 38 — 8-20
1 min
3 30% Amp 15 — 1-4
12 min

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematics illustrating the synthesis of LM powder with native
oxide flakes.

The essential idea of this synthesis method is that the native
surface oxide layers of the preliminary LM powders are broken
and dispersed into the bulk alloy during sintering and mixing.
These native oxide flakes of BilnSnZn inside the final LM
powders will serve as favorable heterogeneous nucleation sites
that will reduce supercooling. In our method, the amount of
oxide flakes in the sintered bulk material is directly controlled
by the total surface area of preliminary LM powders. Thus, we
can add more oxide flakes by using smaller preliminary LM
powders or repeating the sonication and sintering process
(steps 1 and 2) several times for the same piece of sintered
bulk material. More oxide flakes will provide more nucleation
sites and increase the nucleation probability, leading to super-
cooling suppression.

2.5. Synthesis of FM with ZnO nanoparticles

FM (99 wt%) and ZnO (1 wt%) are mixed by grinding using a
mortar and pestle. The grinding is performed on a hot plate
(120 °C) in an argon-filled glove box (LC Technology).

2.6. Synthesis of LM composites

The LM powders (30%, volume fraction) are mixed with Sylgard
184 (A:B=10:1) in a Teflon mold. The suspension is degassed
in a vacuum furnace for 5 min at room temperature. After
degassing, the suspension is cured at 60 °C for 5 hours.

2.7. Sample characterization

Differential scanning calorimetry (DSC, TA Instruments Q200)
is used to characterize the phase transitions of LM powders and
LM composites. The weight of specimens is 5 £ 0.5 mg for
powders and 10 £ 1 mg for composites. The specimen is
equilibrated at 40 °C, then heated from 40 °C to 100 °C, and
cooled from 100 °C to 0 °C at a rate of 10 °C min_'. From the
DSC curves, the melting onset temperature (Ty,) and freezing
onset temperature (7,.) are calculated according to the ASTM
E794 standard.”” Finally, the supercooling degree AT = Ty, — T,
is obtained. Since the width of the freezing peak of the super-
cooled material can be extremely large, we also identify a
freezing completion temperature (T.) from the DSC curve,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

which is taken as the temperature where the exothermic freez-
ing peak returns to the baseline. Then, the width of the freezing
peak is calculated by T, — Te.

A scanning electron microscope (SEM, Zeiss SUPRA 55
FESEM) was used to characterize the particle size and morphol-
ogy of the LM powders. SEM images were processed and
analyzed using the open-source image analysis software,
Image].*> The acquired grayscale images were denoised by
Gaussian blur and converted to a binary image using an auto
local threshold method.*® Connected particles are then seg-
mented by a watershed algorithm. To analyze the size distribu-
tions of LM powders, the diameter of a circle with an equivalent
area to a particle is computed, and 2-3 images of each sample
are taken to capture the size variation. Elemental mapping is
conducted by energy dispersive X-ray spectroscopy (EDS) using
Zeiss EVO 50.

3. Results and discussion

In order to identify factors that influence the supercooling of
LM materials, we studied the supercooling behaviors of differ-
ent LM powders (FM, BiInSnZn, and BilnSnZn with native oxide
flakes, and FM with ZnO nanoparticles) and their composites
by DSC. The results are introduced and discussed below.

3.1. Field’s metal

FM powders of different sizes (1-4 pm, 9-17 pm, and 37-54 pum)
were prepared using the method described in Section 2.3. The
SEM images and particle size distribution of powders are given
in Fig. 2, which indicate that higher ultrasonic intensity can
pop LM into smaller particles. The shapes of LM particles in
Fig. 2 are close to spheres, even though some large particles in
Fig. 2c have irregular shapes, which are likely induced by the
merging of small particles.

The supercooling of FM powders is strongly dependent on
the particle size. Fig. 3a compares the DSC curves of bulk FM
and powders. More profound supercooling phenomenon is
observed in Fig. 3a as the particle size decreases. The super-
cooling of bulk FM is almost negligible (AT = 2.34 °C). The FM
powders of 37-54 pm have a marginal supercooling effect
(AT = 3.72 °C). However, as the powder size becomes smaller
than 37 pum, the DSC result shows two exothermic freezing
peaks. The second freezing peak starts at 39.5 °C for the
powders of 9-17 pm and starts at 32.5 °C for the powders of
1-4 pm. Significant supercooling is observed for the powders of
1-4 um, with the freezing completion temperature (T.) reaching
12.5 °C.

Experimental data indicate that the size effect is a major
factor influencing the supercooling of FM-PDMS composites
whereas the PDMS matrix has a negligible effect. Fig. 3b depicts
the DSC results for the FM-PDMS composites. A SEM image of
one typical composite sample is shown in Fig. S1 (ESI¥). Fig. 3b
shows that FM-PDMS composites exhibit notable supercooling
when using small particles (1-4 um, 9-17 um). The super-
cooling degree and the width of freezing peak for composites

Mater. Adv., 2021, 2, 7437-7444 | 7439
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Fig. 2 Particle size analysis of FM powders after filtration. (a—c) SEM
images and (d—f) their size distribution: (a and d) 37-54 um, (b and e)
9-17 um, and (c and f) 1-4 um.

with 1-4 um particles are 28.02 °C and 13.3 °C, respectively. As
particles become smaller, the supercooling effect of both
powders and composites becomes more prominent, which is
usually called the size effect of supercooling. Besides, we can
infer from Fig. 2 and 3b that the minimum particle size of FM
powders that do not incur supercooling in composites is
~37 um. Comparing Fig. 3a with b, we found that the PDMS
matrix has almost negligible effects on the supercooling of FM
particles. A direct comparison of the DSC curves of FM powders
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and their composites are shown in Fig. S2 (ESIf). We can
observe that both the powder and the composite of 9-17 um
have two exothermic peaks during cooling. The first exothermic
peak at a higher temperature represents the phase transition of
microstructures with a lower activation barrier, and T, indicates
the completed transition to a stable equilibrium phase. The two
exothermic peaks observed might be related to the size effect of
LM particles, competition of different types of nucleation sites,
and the formation of a metastable phase.

Researchers have reported that thermal cycling may influ-
ence the supercooling behavior of some LMs, e.g. Ga. To
elucidate this effect in FM-PDMS composites, we performed
thermal cycling on the DSC testing (see Fig. S3a, ESIT) and
found that the thermal cycling has no impact on the super-
cooling behavior of FM-PDMS composites.

3.2. BiInSnZn

Researchers have discovered that adding minor elements such
as Ag, Cu, or Zn to LMs may suppress supercooling of the bulk
alloy. For example, Massucco et al. almost eliminated the
supercooling of bulk gallium by adding Ag or Cu in it;>® Wang
and Liu successfully suppressed supercooling of bulk FM by
adding 0.4 wt% of Zn.*” Nevertheless, it is still unclear whether
this approach can suppress supercooling in LM powders and
composites or not, due to the potential size or matrix effects. To
answer this question, we modified FM by alloying it with Zn
and finally obtained a new alloy BiInSnZn. Fig. 4a presents the
DSC results of BilnSnZn powders and their composites. The
powders were sonicated at 20% amplitude for 1 min (particle
size 9-17 pm). The BiInSnZn-PDMS composite shows signifi-
cant supercooling, while the powders have marginal super-
cooling. This implies that adding Zn can suppress
supercooling of FM particles, but it fails to do so when these
particles are embedded in PDMS. To elucidate whether this
phenomenon is caused by the confinement stress or chemical
interaction from PDMS, we dispersed BilnSnZn powders in
silicone oil, which has the same chemical composition as

b 2
— FM + PDMS 37-54 pm
— FM + PDMS 9-17 pm
— FM + PDMS 1-4 ym
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o 1
]
E cooling
3 ———
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e
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Fig. 3 The size effect of supercooling shown by DSC curves of (a) bulk FM, powders and (b) FM-PDMS composites. lllustration of melting onset
temperature (T,,), freezing onset temperature (T.), and freezing completion temperature (T,) is added for FM powders of 1-4 um.
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oxide flakes, and FM with ZnO.

PDMS. As shown in Fig. 4a, the DSC curves of BilnSnZn
powders in PDMS and silicone oil have no difference, which
indicates that the confinement stress does not contribute to the
supercooling. Perepezko and Herlach et al. suggested that
metal oxides formed at the surface of the melt are possible
heterogeneous nucleation sites for liquid metal,””*° e.g.,
indium oxide on the surface of liquid indium. However, specific
surface coating treatments to LM can deactivate these surface
nucleates and thus increase the supercooling, as pointed out by
Perepezko.”*?” Therefore, based on the findings in the litera-
ture, we concluded from Fig. 4 that native surface oxides of
BiInSnZn are possible nucleation sites that help suppress
supercooling of BilnSnZn particles but the surrounding PDMS
or silicone oil matrix can deactivate these surface
nucleation sites.

3.3. BiInSnZn with native oxide flakes

Driven by the discovery that native oxides of BilnSnZn are
possible nucleation sites if they have no contact with the matrix
material, we hypothesize that dispersing native oxide flakes in
BiInSnZn will suppress the supercooling of BilnSnZn particles
and composites. To verify this hypothesis, we proposed a novel
method called the sonication and sintering process to generate
and disperse native oxide flakes into the LM particles. Specifi-
cally, bulk LM is sonicated into preliminary powders first, and
then preliminary powders are mechanically sintered to obtain a
bulk LM with native oxide flakes. See Section 2.4 for the details.

Fig. 4b shows the thermal analysis for BilnSnZn-PDMS
composites with native oxides. The BilnSnZn powders were
prepared by sonicating the bulk alloy at 30% amplitude for
6 min (particle size 1-5 pm) first, sintering into bulk alloy with
oxide flakes, and sonicating at 20% amplitude for 1 min to get
the final powders (particle size 9-17 pm, see Fig. S4, ESIT). As
shown in Fig. 4b, the BilnSnZn-PDMS composite with native
oxide flakes has marginal supercooling (AT = 4.88 °C), which
directly verifies our hypothesis. Dispersing native oxides into
the BiInSnZn particles has successfully avoided the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) DSC curves of BilnSnZn powder and its composite. (b) DSC curves for composite samples of FM with native oxide flakes, BilnSnZn with native

deactivation by the PDMS matrix. According to Fig. S3b (ESIT),
the phase transition behavior of the BilnSnZn-PDMS composite
with native oxides is stable under thermal cycling. Moreover, we
can infer from Fig. S4b (ESIf) that the method we developed
can suppress the supercooling of composites with particles of
5 um or bigger. Fig. S5 (ESIT) presents the elemental mapping
of FM particles and BilnSnZn particles with oxide flakes. They
both exhibit phase segregation on the particle surface, consis-
tent with the finding of Cinar et al.’” In Fig. S5b (ESIT), minor
element Zn is uniformly distributed on the surface of BilnSnZn
particles.

Can we achieve a similar supercooling suppression effect in
FM-PDMS composites by adding its own native oxide flakes or
ZnO nanoparticles? Fig. 4b shows the DSC results for such
composites. The FM powders with native oxides were synthe-
sized using the procedure described in the last paragraph. The
FM with ZnO nanoparticles is prepared according to Section
2.5. As shown in Fig. 4b, the widths of the freezing peak for
FM-PDMS composites with native oxides and ZnO are 30.4 °C
and 27.3 °C, respectively. Besides, their freezing completion
temperatures are both lower than 27 °C, indicating the compo-
sites of FM with oxide flakes or ZnO both have a profound
supercooling effect. Our results suggest that the native oxides of
FM or ZnO nanoparticles cannot serve as nucleation agents that
will help suppress supercooling.

We also found that the amount of native oxide flakes
dispersed in BiInSnZn powders affects the effectiveness of
supercooling suppression. Fig. 5 presents this phenomenon.
Since the total weight of oxide flakes is proportional to the total
surface area of LM powders, we can control the amount of oxide
flakes by tuning the size of LM powders prior to the sintering
step. We prepared three types of preliminary LM powders by
sonicating at 20% amplitude for 1 min, 1.5 min, and 2.5 min,
respectively (see Fig. S6, ESIt for particle size analysis). After
sintering, bulk LM with oxide flakes are sonicated at 20%
amplitude for 1 min to form three types of final powders
(9-17 pm) for the composites. As shown in Fig. 5, the values

Mater. Adv, 2021, 2, 7437-7444 | 7441
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Fig. 5 DSC curves for composites with various amounts of oxide flakes
dispersed in BilnSnZn powders. The amount of oxide flakes in powders is
controlled by changing the sonication time of LM powders prior to the
sintering step.

of freezing onset temperature are similar (~ 55 °C) for the four
composite samples. However, as the number of native oxides
increases, the width of the freezing peak first increases and
then decreases gradually. The smallest width of the freezing
peak (~12 °C) in Fig. 5 is achieved by the BilnSnZn-PDMS
composite with the highest amount of native oxides. The
results in Fig. 5 indicate that the powder with the largest
amount of oxide flakes performs the best to suppress super-
cooling in the composite since more oxide flakes will provide
more nucleation sites and increase nucleation probability.
Fig. S7 (ESIt) illustrates another approach to introduce more
native oxide flakes. The particles with a repeated sonication
and sintering process exhibit improved supercooling suppres-
sion in composites as well.
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4. Conclusions

LM-filled soft composites are emerging multifunctional com-
posites with promising applications as rigidity-tuning materi-
als, shape memory composites, and thermal management
materials. However, supercooling of the LM particles becomes
a critical issue because it causes thermal hysteresis that dete-
riorates the thermo-mechanical performance and functions of
these composites.

In this work, we first studied the supercooling behavior of
FM powders and composites. Summary plots of the major
exothermic events of different specimens are shown in Fig. 6.
We found that the supercooling effect is influenced by multiple
factors such as particle size, matrix effect, and alloy composi-
tion. As the size of FM particles is decreased, the supercooling
of FM powders and composites will be more prominent. We
identified a critical particle size of 37 um, below which the
significant supercooling effect will occur in FM particles and
composites. In order to suppress the supercooling effect, FM
was alloyed with a minor element Zn. With experiments, we
discovered that native surface oxides of BilnSnZn alloy could
serve as surface nucleation sites that will suppress supercooling
of its particles, but such an effect will be deactivated by the
PDMS matrix. To circumvent this matrix effect, we developed a
novel method to disperse native oxide flakes into the LM
particles. Those dispersed oxide flakes of BiInSnZn work as
volume nucleation sites to suppress the supercooling of LM
powders and composites. In addition, we found that increasing
the amount of native oxide flakes dispersed in the BilnSnZn
alloy further enhances the effectiveness of supercooling
suppression.

Although we focus on the supercooling suppression of FM,
the method proposed here may be transferrable to other LMs as
well, e.g., Ga, Galn, and GaInSn. Of course, the detailed

(o3
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o 1 7
40
30
20

Temperature (°C)

10

Fig. 6 Summary plots of temperature ranges for the major exothermic events (extracted from DSC results). (a) Bulk FM, FM powders and FM-PDMS
composites. (b) LM-PDMS composite with different particles: BilnSnZn, BilnSnZn with native oxide, FM with native oxide, and FM with ZnO nanoparticles.
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composition and processing parameters should be investigated
for each metal or alloy in future studies.

Note that the LM composites studied in this paper are limited to
particulate composites. The supercooling behavior may be reduced
in other types of solid-liquid composites,’®* e.g. the ones with co-
continuous or patterned networks. This is because the crystal-
lization at a local point in the network structure can propagate to
the whole composite. In contrast, any local crystallization in a
particulate composite is confined in the particles.
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