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Scalable Fabrication of Field’s Metal Microparticles via High-shear 
Thixotropic Emulsion Process
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ABSTRACT: Field’s Metal (FM) microparticles possess unique properties such as a low melting point, high moldability,
and non-toxicity, making them highly applicable in various industries, including fiber-reinforced polymers, soft
robotics, and mold manufacturing. However, size reduction of FM microparticles remains challenging, primarily due
to the high viscosity of thixotropic mediums, which limits process efficiency and scalability. In this study, we present a
high-shear thixotropic emulsion process approach to optimize the mass production of FM microparticles. We analyze
the relationship between shear velocity and particle size, the influence of medium viscosity on particle formation, and
the practical yield of FM microparticles. The results show that increasing shear velocity significantly reduces particle
size, however beyond a certain shear threshold, the rate of size reduction diminishes due to shear stress saturation and
the Hall-Petch effect. Additionally, the medium viscosity is optimized within the 6–8 wt.% range, and we demonstrate
that adjusting the input mass enables high-yield and efficient large-scale production. These findings establish a scalable
and cost-effective strategy for FM microparticle fabrication, balancing high yield with uniform particle morphology.
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1. INTRODUCTION

Metallic microparticles [1] have gained significant attention
in various engineering fields due to their ability to enhance
mechanical, electrical, and thermal properties in composite
materials [2,3]. These micro-sized particles are widely utilized
in polymer composites, electronic materials, catalysts, and
additive manufacturing, where they improve performance
through increased surface area, controlled dispersion, and
enhanced interfacial bonding. As the application of metal
microparticles expands, achieving precise control over particle
size and morphology is becoming increasingly critical. The
ability to tailor microparticle size influences key material prop-
erties such as dispersion uniformity, mechanical reinforce-
ment, and electrical conductivity, making it essential to
develop efficient and scalable fabrication methods. Conven-
tional manufacturing techniques, such as mechanical milling
[4,5], vapor deposition [6,7], and emulsion process [8–10] are
explored for metal microparticle synthesis. However, these
methods often suffer from polydispersity, limited scalability,
and inconsistencies in particle morphology, leading to vari-

ations in material performance and limiting their reliability in
industrial applications.

To address these challenges, recent advancements in thixo-
tropic emulsion process [11,12] emerge as a promising alter-
native. Unlike conventional emulsion process, which often
produce polydisperse or anisotropic [13,14] particles, thixo-
tropic emulsions utilize shear-thinning fluids that decrease in
viscosity under shear stress and rapidly solidify upon cessation
of shear. This property allows for more controlled particle for-
mation, leading to enhanced monodisperse [15,16] and eco-
friendly large-scale production with minimal capital invest-
ment.

Field's Metal (FM) [17], an alloy composed of bismuth
(32.5%), indium (51%), and tin (16.5%), is considered a prom-
ising material in various technical fields such as soft robotics
[18] and mold manufacturing [19] due to its unique low melt-
ing point (about 62°C), high moldability, and non-toxicity.
Also, its low melting temperature allows it to be easily pro-
cessed into microparticles through the thixotropic emulsion
process. Further size reduction of these microparticles is cru-
cial. Small particles offer improved dispersion, stronger inter-
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facial bonding with polymer matrices, and enhanced
mechanical performance in composite applications. In par-
ticular, finer FM microparticles contribute to better load trans-
fer efficiency and increased fracture resistance, making them
highly beneficial for fiber-reinforced polymer (FRP) compos-
ites [20,21] and other advanced material systems. 

However, size reduction of FM microparticles remains chal-
lenging. One of the primary limitations arises from the high
viscosity of thixotropic mediums compared to those used in
other microparticle fabrication methods. Increased viscosity
may result in higher energy consumption during processing
and complicate the control of shear conditions necessary for
uniform particle formation. Moreover, mass production of
finely sized FM microparticles is not yet fully explored. While
small-scale studies demonstrate the feasibility of thixotropic
emulsification for FM processing, scaling up this method pres-
ents challenges in maintaining process efficiency, ensuring
particle uniformity, and minimizing material loss.

To overcome the limitations of size reduction and scalability
in thixotropic emulsification, high-shear mixing techniques
provide a promising solution. One of the key factors influ-
encing microparticle size is shear rate [22], as higher shear
rates contribute to more effective droplet breakup and reduced
particle size. High-shear mixing ensures that even in high-vis-
cosity fluids, shear stress is applied uniformly at high intensity,
preventing localized variations in shear forces that can lead to
uneven particle formation. Furthermore, high-shear mixing is
well-suited for large-scale processing. Conventional emulsifi-
cation setups often face challenges in scaling up without losing
process efficiency, but high-shear mixers provide high output
at relatively low cost, making them a viable alternative for mass
production of finely sized FM microparticles.

In this study, we explore a scalable approach for mass-pro-
ducing finely sized FM microparticles while maintaining high
process yields. By integrating high-shear mixing with thixo-
tropic emulsification, we aim to address the challenges of size
control and large-scale production efficiency. To achieve this,
we systematically vary shear velocity and viscosity to deter-
mine optimal processing conditions for FM microparticle fab-
rication. The study analyzes the impact of shear intensity on
droplet formation, particle uniformity, and size reduction.
Additionally, we examine material loss at different FM-to-
medium volume ratios to evaluate the efficiency of the high-
shear mixing process.

2. MATERIALS AND EXPERIMENTAL 
METHODS

2.1 Materials
Corn starch, α-amylase, and Field's Metal ingots are used as

raw materials. The corn starch are purchased from Sigma-
Aldrich (USA), consisting of pure amylopectin without amy-
lose. The Field’s Metal ingots are purchased from Eutectica

(Rep. Korea). A high-speed blender HSMF-2000 from Hanil
Electric (Rep. Korea) is used to break molten Field’s Metal into
droplets, and a soymilk manufacturer SC1300 from SOCHEN
(Rep. Korea) is used to produce the thixotropic medium by
gelatinizing the corn starch in water.

2.2 Manufacturing processes
Fig. 1 is overview of fabrication process using a commercial

blender. The thixotropic medium is prepared by mixing corn
starch in water, followed by heating the water over the gela-
tinized temperature of the starch using the soymilk maker.
After heating the starch/water mixture for 30 min at 90°C, the
corn starch absorb water and gelatinize [23,24]. 

Field’s Metal ingot is directly incorporated into the gelati-
nized starch medium of which temperature is already over the
melting temperature of the Field’s Metal. Once the ingot is
fully molten, the entire medium is stirred in the blender for
3 min, rested for 1 min, and re-stirred for 3 min. The resulting
mixture is then cooled down to room temperature to allow for
the molten Field's Metal droplets to solidify into particles. 

The prepared Field’s Metal particles are washed by removing
the gelatinized starch with the aid of α-amylase at 35°C [25],
the active temperature for the α-amylase to decompose starch.
Such reaction lasts for 2 hours and the Field’s Metal particles
are collected after rinsing them with water 3 times.

To examine viability of the process, FM particles where iron
(Fe) particles are embedded are prepared. The Fe-FM alloy is
firstly fabricated by melting Field’s Metal (FM) and dispersing
Fe particles into the molten alloy using an ultrasonic processor
(SD-D250H, Seongdong Ultrasonic Co., Ltd., Republic of
Korea). The thixotropic medium is prepared by mixing 50 g of
cornstarch powder with 500 mL of deionized (DI) water and
gelatinizing the mixture at 95°C for 1 hour. After fully melting
50 g of the Fe-FM alloy in the medium, the molten metal is
fragmented using an overhead stirrer (Model: COS-100-10,
CAS, Republic of Korea) at a shear rate of 1800 rpm for
10 minutes. The entire mixture is then cooled to room tem-
perature to solidify the dispersed metal particles. The solid-
ified Fe-FM particles are retrieved from the starch-based

Fig. 1. Overview of particle fabrication process using a commercial
blender. A Field’s Metal ingot is molten in a thixotropic
medium and stirred into microdroplets. The shear-thinning
behavior of the thixotropic medium allows for the static-
state solidification of the microdroplets 
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medium by enzymatic hydrolysis of starch using amylase,
which follows thorough washing with DI water. 

2.3 Method for optimizing FM microparticle fabrication 
Three sets of experiments are conducted to evaluate the

effects of shear velocity, viscosity, and yield efficiency on the
production of finely sized Field’s Metal microparticles. To
assess the impact of shear rate on particle size, an experiment
is conducted using a corn starch medium with a fixed volume
of 1 L and a constant concentration of 8 wt.%. The shear rate is
varied incrementally from 4000 rpm to 16000 rpm. And the
Reynold’s number is defined as,

(1)  

where ρ is the density of the medium, N is impeller rotational
speed, D is impeller diameter, K is fluid consistency, ks is
Metzner–Otto constant, and n is flow index [26,27].

To further investigate how medium viscosity influences par-
ticle formation, an experiment is conducted by varying the
concentration of the corn starch medium while maintaining a
constant volume of 1 L and a fixed shear velocity of 7000 rpm.
The concentration is adjusted incrementally from 4 wt.% to
12 wt.%.

To evaluate the yield of practically usable FM microparticles,
an experiment is conducted by varying the mass of FM chunks
introduced into the system. The total volume of the corn
starch medium is fixed at 1 L, with a constant concentration of
8 wt.% and a shear velocity of 7000 rpm. The FM mass is
tested at 125 g, 250 g, and 500 g across three trials. In this anal-
ysis, the yield is determined by considering both the raw mass
recovery of FM chunks and the sphericity of the obtained
microparticles. Only particles with a circularity of 0.8 or
higher are regarded as practically usable, ensuring that the
final yield reflected the proportion of high-quality spherical
particles suitable for application.

2.4 Particle characterization
The diameter and circularity of the particles are quantified

by directly measuring a minimum of 3,000 particles from opti-
cal micrographs. The software ImageJ is used for the mea-
surements. The yield of each process is measured by
comparing the mass of finalized microparticles with respect to
the total mass of the input ingots.

3. RESULT AND DISCUSSION

3.1 Relation between shear velocity and particle size
Fig. 2 presents the optical microscopic images of Field’s

Metal microparticles, confirming their spherical shape and the
absence of residual corn starch after washing. Fig. 2a shows
microparticles are formed at 4000 rpm, while Fig. 2b rep-
resents microparticles are formed at 16000 rpm. These images

clearly illustrate that as the shear velocity increases, the particle
diameter decreases. The precise quantitative data regarding
particle size can be found in Fig. 3.

While the results confirm that particle size decreases with
increasing shear velocity, it is also observed that the rate of size
reduction gradually diminishes. This phenomenon is likely
due to shear stress saturation [22] and the increased strength
of particles as their size decreases. When the shear velocity
exceeds a certain critical value, shear stress saturation occurs,
reducing the efficiency of shear stress transfer, making addi-
tional energy input less effective in further decreasing particle
size.

Additionally, as the particle size decreases, the Hall–Petch
effect comes into play, leading to an increase in the force
required for further particle fragmentation. The Hall–Petch
effect [28] states that as grain size decreases, material strength
increases, making it more resistant to further deformation. As
a result, beyond a certain point, the energy required to break
the particles surpasses the available shear energy, limiting fur-
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Fig. 2. Optical micrographs of Fields Metal particles fabricated
with different conditions. (a) Particles fabricated at 4000
rpm with the average particle diameter of 36.4 μm. (b)
Particles fabricated at 16000 rpm with the average particle
diameter of 7.2 μm 

Fig. 3. Effects of shear velocity on the diameter of Field’s Metal
particles. As the RPM of shear velocity is increased in the
cornstarch medium, the particle size decreases 
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ther reduction in particle size.

3.2 Effect of Cornstarch Concentration on particle size
Fig. 4 presents particle diameter as a function of starch con-

centration. The particle size decreases from 4 wt.% to 6 wt.%,
increases between 6 wt.% and 10 wt.%, and then decreases
gain beyond 10 wt.%. This suggests that a transition zone
exists between 6 wt.% and 8 wt.%, where the medium prop-
erties shift from viscous-dominated to elastic-dominated
behavior. This transition is supported by the non-monotonic
trend in particle size and the known viscoelastic characteristics
of starch solutions, where increasing concentration leads to
higher elasticity, affecting shear force transmission [29,30].

The shear field refers to the deformation of FM particles
under applied shear stress. In a viscous state, deformation is
continuous under external force, allowing the material to flow
like a fluid. In contrast, in an elastic state, deformation is tem-
porary, and once stress is removed, the material returns to its
original shape. In cornstarch solutions, starch particles are dis-
persed in water [31]. At low concentrations, the solution flows
easily, while at higher concentrations, denser particle packing
and increased friction lead to an elastic-dominant response
[32,33].

The experiment confirms that 6 wt.%–8 wt.% marks the
transition range for optimal particle miniaturization. While
further size reduction may be possible at higher concentra-
tions, increasing concentration beyond this range poses chal-
lenges for process stability, efficiency, and shear force
transmission. Considering these factors, 6 wt.%–8 wt.% is
identified as the optimal concentration range for balancing

particle size reduction and process feasibility.

3.3 Yield analysis for exploring mass production feasibility
For FM chunk masses of 125 g, 250 g, and 500 g, the raw

yields are 95.2%, 95.6%, and 96.2%, respectively. Losses are
attributed to particles adhering to the blender walls, making
them difficult to collect, and particles not fully recovered
during the washing process. The mass loss per unit mass
remains nearly constant across different FM chunk masses.

Regarding particle circularity, the experiments demonstrate
that the proportion of particles exceeding the circularity of 0.8
is highest when using an FM chunk mass of 125 g, with 96.6%
of the particles meeting this criterion. In contrast, for 250 g
and 500 g FM chunk masses, 91.0% and 91.5% of the particles,
respectively, have a circularity above 0.8. The reduction in the
proportion of highly spherical particles at higher FM chunk
masses is likely due to more frequent particle collisions during
processing, leading to deformation. These results suggest the
existence of a critical mass range between 125 g and 250 g,
beyond which particle uniformity decreases.

The practical yield is determined by multiplying the raw
yield by the proportion of particles with a circularity above 0.8,
as shown in Fig. 5. The final yields are 92.0% for 125 g, 87.0%
for 250 g, and 88.0% for 500 g, indicating that while raw yields
are high across all masses, the highest quality particles in terms
of sphericity are obtained at the 125 g mass.

In summary, for mass production of FM microparticles with
optimal sphericity, an FM chunk mass of 125 g per liter of
medium is recommended. This FM chunk mass optimally bal-
ances high yield and particle uniformity, while also minimiz-
ing material loss and ensuring the production of high-quality
spherical particles.

Fig. 4. Effects of the viscosity of the medium, represented as the
weight loading of corn starch, on the diameter of Field’s
Metal particles. The particle size does not consistently
decrease with increasing concentration and a minimum
is obtained at 6 wt.% 

Fig. 5. The process yields depending on the input loading of
bulk Field’s Metal. The yields are higher than 87% with
the highest value obtained at 125 g 
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3.4 Fe embedded FM particles
Microscopic examination confirms the successful formation

of well-defined, generally spherical particles across all tested Fe
concentrations (Fig. 6). A key observation from the morpho-
logical analysis is the consistency in particle dimensions. As
shown in Fig. 7, quantitative measurements of particle radius
exhibit no statistically significant variation as a function of Fe
content. This dimensional uniformity is critical as it demon-
strates the robustness of the fabrication process and ensures
that variations in ferromagnetic properties can be systemat-
ically studied without introducing confounding effects such as
changes in particle packing density or resin flow behavior
during subsequent composite manufacturing.

4. CONCLUSIONS

In this study, we investigate the emulsion process in a thixo-
tropic medium using a commercially available blender, con-
ducting stepwise experiments to evaluate the effects of various
parameters on FM particle size and yield. First, the shear

velocity of the blender is divided into five levels, and the par-
ticle size of the resulting products is measured. The results
indicate a decreasing particle size trend with increasing shear
velocity, eventually converging towards a stable value. Second,
we vary the concentration of corn starch across five levels
while maintaining the shear velocity at 7000 rpm, the con-
dition is identified as optimal from the first experiment. The
smallest particles are obtained at a concentration of 6 wt.%,
which we attribute to a transition in the medium’s rheological
properties from viscous to elastic, leading to the suppression of
shear strain. Finally, we assess the yield of spherical particles by
varying the mass of FM chunks. The results reveal that intro-
ducing excessive FM chunks lead to increased collisions
between particles, which negatively impacts their circularity.
The optimal yield is achieved when 125 g of FM chunks are
added to 1 L of the medium. Through these experiments, we
identify the influence of key parameters on FM particle for-
mation and establish conditions for the stable production of
micro-sized spherical particles.
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