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Abstract: This study explores the development and application of gallium based liquid metal silicon composite
materials in battery packs, addressing their mechanical, electrical, and electromagnetic shielding properties. The
rapid development of electric vehicles and renewable energy technologies requires improving the performance
and safety of battery systems. Gallium based liquid metals are renowned for their excellent conductivity and
thermal properties, but they face challenges such as oxidation and flow control. To alleviate these issues, we
studied a composite material of gallium and silicon, which is a polymer known for its insulation and heat
resistance. The preparation process involves mixing gallium with silica gel and carbon black, followed by a
systematic mold creation and curing process. Characterization techniques such as scanning electron microscopy
(SEM), electrical signal analysis, and mechanical testing are used to evaluate the microstructure and properties of
composite materials. The results showed that the integration of gallium significantly improved the tensile strength
and elongation at break, with the best performance observed at the Ga6 mass fraction. In addition, composite
materials exhibit responsive electrical behavior under pressure and strain, indicating their potential for real-time
monitoring applications in battery systems. Electromagnetic shielding assessment reveals strong protection
against electromagnetic interference over a wide frequency range, highlighting the multifunctionality of
composite materials in different operating environments. Overall, gallium based liquid metal silicon composite
materials are expected to improve the safety, reliability, and performance of battery packs, paving the way for

future research on optimizing the material composition of advanced energy storage solutions.
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1. Introduction

In recent years, the rapid development of electric vehicles and renewable energy technologies has
heightened the focus on the performance and safety of battery packs, which serve as crucial components for
energy storage and conversion [1,2]. Liquid metal materials, particularly gallium-based liquid metals, have
emerged as a promising research area due to their excellent conductivity, thermal conductivity, and flexibility
[3-5]. Gallium's low toxicity, favorable fluidity, and adaptability highlight its potential in enhancing thermal
management and electrical connections within battery packs [5,6]. However, the practical application of pure

liquid metals is hindered by issues such as susceptibility to oxidation and challenges in fluidity control [8,9].

To address these limitations, researchers have begun to explore the composite of gallium-based liquid
metals with polymer materials like silicone. Silicone, known for its excellent insulation and high-temperature
resistance, can significantly enhance the stability and mechanical strength of the composite materials.

Additionally, the fluidity of gallium can improve the thermal conductivity of silicone to some extent, thereby
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increasing the cooling efficiency of battery packs.

This study systematically investigates the application of gallium-based liquid metal silicone composite
materials in battery packs, analyzing their advantages and shortcomings in conductivity, electromagnetic
shielding, and mechanical properties. Through experimental and data analysis methods, we aim to delve into
the performance of this composite material under various conditions, providing both theoretical basis and
experimental support for the design and optimization of battery packs. The findings suggest that these
composites can effectively enhance the safety and reliability of battery systems, thereby promoting the broader

application of liquid metal composites in electric vehicles and other energy storage systems.

2. Experimental Part
2.1 Materials

In this study, the silicon rubber was obtained from Highteen Plastic Company Co., Ltd., China, which
consists of two components (A:B = 1:1), where A is silicone oil and B is a curing agent. The curing time is
about 1 hour. Carbon black (CB), with a density of 1.7-1.9 g/cm?, was obtained from Orion Engineered
Carbons Co., Ltd., China. Liquid metal Ga (99.9%) was procured from Guangzhou Dingtai Metal Co., Ltd,
China.

2.2 Preparation of Gallium-Based Liquid Metal Silicone Composite Materials

In this research, the preparation process of gallium-based liquid metal silicone composite materials mainly
includes several key steps: mixing the solution, pouring into the mold, vacuum extracting, and heating curing.
As shown in Figure 1, at room temperature, A type silicone and liquid metal are mixed in a sealed mechanical

stirrer in a certain proportion for at least 30 mins to achieve uniform dispersion.
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Figure 1. Preparation process of gallium based liquid metal silicone composite material.

Meanwhile, prepare a container with 10 g of B type silicone, and add 0.88 g of carbon black (CB) to it,
then mix them in another sealed mechanical stirrer for at least 30 mins until the carbon black is uniformly
dispersed. Next, mix the two components in a third sealed stirrer for 10 mins until they are fully mixed and

uniform.

Finally, pour the mixed solution slowly into the mold to form a long strip, ensuring the surface is smooth.
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Then, place the mold in a vacuum drying oven, and perform vacuum degassing at room temperature to remove
air from the mixture. After multiple vacuum extractions, ensure that no more bubbles are produced, and then

place the mold into an oven at 80 °C to cure for 1 hour. After demolding, the sample is obtained.
2.3 Battery Pack Design

In this study, the design process of battery packs involves multiple key steps, including design modeling,
3D printing, mold making, flip molding, and coating. As shown in Figure 2, the scale type and design
requirements of the battery pack were first established, and professional modeling software was used for 3D

design to generate an 18650-battery pack model that meets the specifications.

Next, PETG material is selected as the printing medium, and the designed 18650 battery pack model is
printed out using a high-precision 3D printer. PETG materials are widely used in such engineering due to their
excellent mechanical properties and thermal stability. After printing is completed, use sandpaper to finely
polish the printed part to remove surface defects and improve the quality of subsequent mold forming.
Subsequently, apply Vaseline evenly on the surface of the printed part as a release agent to ensure the smooth

progress of the subsequent release process.

After preparing the mold frame, place the processed battery pack model inside and pour in the flip mold
silicone. This process requires ensuring that the silicone fully covers every detail of the model to capture its
shape and structural features. After the silicone is fully cured, manual demolding is performed to obtain the
mold for the 18650-battery pack.

Finally, carefully pour the AB resin material into the already made mold. During the resin curing process,
it is necessary to maintain appropriate temperature and humidity to ensure its physical properties and chemical
stability. After the AB resin is completely cured, a high-precision 18650 battery pack flipping model can be
obtained. After obtaining the model, coat the gallium based liquid metal silica gel mixture solution obtained in
the process of Figure 1 onto the model. Through this systematic design process, the structure and performance

of battery packs can be effectively optimized, laying a solid foundation for subsequent applications and testing.
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Figure 2. Integrated design of gallium-based liquid metal silicone composites in electric vehicle battery packs.
2.4 Characterizations

In this study, scanning electron microscopy (SEM) was utilized to examine the cross-sections of samples
using a Carl Zeiss microscope (Germany). The samples were prepared by cutting them with a suitable blade,
as they exhibited elasticity even after being treated with liquid nitrogen. This phenomenon may relate to the
supercooling of liquid metal and the absence of crystalline nuclei [10,11]. Characterization was performed at

an accelerating voltage of 10 kV, with a gold layer sputtered onto the surfaces to improve microstructural
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analysis.

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were conducted with a
temperature increase of 10 K/min, ranging from 23 °C to 800 °C, under a nitrogen atmosphere. The mechanical
properties were evaluated using a tensile testing machine (EUT5105) linked to a Keithley 6487 picoammeter.
Specimens measuring 100 mm in length and 10 mm in width were securely fastened in isolation fixtures, with
a gauge length of 40 mm, and stretched uniaxially at a rate of 60 mm/min until fracture. Data on mechanical
and electrical properties were simultaneously recorded for a comprehensive assessment of the

electromechanical characteristics, with at least five specimens analyzed for each experiment.

Electromagnetic shielding effectiveness was tested in the X-band frequency range (8.2-12.4 GHz) using
an Agilent E5071¢ device with waveguide techniques. Samples were cut to dimensions of 22.5 x 10.0 mm* to

fit the waveguide holders. The obtained s-parameters were calculated using the following formulas [11-13]

SEg = —10log (1 —[S111?) (Eq. 1)
SEx = —10log (IS2112/(1 = 1S111%)) (Eq. 2)

Coaxial methods using an Agilent E5071c¢ device were employed to obtain the electromagnetic parameters
(real dielectric constant €', imaginary dielectric constant €', real permeability ', and imaginary permeability
u'") of the samples in the 2—-18 GHz range, and simultaneous calculations for the attenuation constant «,

impedance match IM, and reflection loss RL were performed using the following equations [15-17]

o = \/icTrf x \/(uusu _ HIS’) + \/(ulsll + HHSI)Z + (H”E” _ HIE’)Z (Eq 4)
770 . (2mfd Tt

IM = |Zin /2| = /W7 Ttanh [ (Z52)| e (Eq. 5)

RL = 20 logl(zin - ZO)/(Zin + Zo)| (Eq. 6)

Here, f denotes frequency, c is the speed of light, d represents the specimen thickness, and Z;, and Z,

are the input and free space impedances, respectively.
3. Results and Discussion
3.1 Morphological Study of Gallium-Based Liquid Metal Silicone Composite Materials

The microstructure of the gallium-based liquid metal silicone composite materials was studied using SEM
(Figure 3), revealing its unique microstructure and morphology. As shown in Figure 3A, there is a smooth and
continuous interface between the gallium-based liquid metal and the silicone matrix, indicating that a good
interfacial bonding can be formed between the two, which is crucial for enhancing the material's electrical and
thermal conductivity. Figure 3B provides an enlarged view of the area where the gallium-based liquid metal
combines with the silicone matrix. The image shows that the gallium droplets are uniformly distributed within
the silicone matrix, indicating successful dispersion of the liquid metal. The droplets are spherical, suggesting
low interfacial tension between gallium and silicone. The size of the droplets ranges from 1 to 5 um, which is
consistent with the particle size required for optimal electrical conductivity. This excellent dispersion not only
contributes to enhancing the mechanical properties of the material but also effectively improves its heat
dissipation ability within the battery pack, reducing the risk of temperature rise and thereby extending the
battery’s lifespan.
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Figure 3. Scanning electron microscopy images of gallium based liquid metal silicone composite materials.

3.2 Mechanical Properties of Gallium-Based Liquid Metal Silicone Composite Materials During Uniaxial

Tension

Figure 4A shows the stress-strain curves of silicone gel composites with different gallium mass fractions.
The stress-strain curve intuitively illustrates the deformation behavior of the material under external forces,
with the results of pure silicone gel represented in purple. In contrast, as the gallium mass fraction increases,
both the tensile strength and the elongation at break of the material improve, with the most notable effect
observed at the Ga6 sample. This indicates that the introduction of gallium not only enhances the plasticity of
the material but also increases its overall strength. This enhanced stress-strain performance enables gallium-

based liquid metal silicone gel composites to have better compressive and impact resistance in battery pack

applications.
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Figure 4. (A) Stress strain curves of silicone composites with different Ga mass fractions; (B) The relationship between

tensile properties (left axis) and Young's modulus (right axis) of silicone composite materials and Ga mass fraction.

Figure 4B displays the tensile properties and Young's modulus of silicone gel composites with different
gallium mass fractions. From Figure 4B, it can be seen that with the increase in gallium mass fraction, both the
tensile properties and Young's modulus of the samples change. However, it is noteworthy that some samples
with higher gallium content showed a decline in tensile performance and Young's modulus. This phenomenon

may be related to the interaction between the gallium content and the internal structure of the material.

Thanks to their superior mechanical properties, gallium-based liquid metal silicone gel composites have
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the potential for successful application in battery packs. The high ductility and adjustable strength
characteristics of these materials make them an ideal choice for battery pack materials, contributing to

improved performance and safety in working environments.

3.3 Electrical Behavior of Gallium-Based Liquid Metal Silicone Composite Materials

Figure 5 shows the electrical signal curve of the material subjected to 20 cycles of cyclic impact under
external force with a strain of 30%. From Figure 5, we can observe that the conductivity undergoes significant
changes (peak values) within each cycle, and the fluctuation pattern is clear and concise. This phenomenon
indicates that the conductivity of gallium based liquid metal silicone composite materials shows an increasing
trend when subjected to external forces, which may be related to structural changes and enhanced fluidity

within the material.

With the change of external force, the rise of signal peak not only reflects the changes in mechanical
properties and conductivity inside the material, but also implies the potential application of the material as a
sensing element in battery packs. A higher peak indicates that the material can effectively sense external
pressure changes, which is crucial for the safety monitoring and performance evaluation of battery packs under

various operating conditions.
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Figure 5. Electrical signal changes of gallium based liquid metal silicone composite material
under external force in 20 cycles.
3.4 Electromagnetic Shielding Performance of Gallium-Based Liquid Metal Silicone Composite Materials

In this study, we assessed the electromagnetic interference (EMI) shielding performance of gallium-based
liquid metal silicone composite materials, presenting the variation trends of total shielding effectiveness (SEr),
reflection shielding effectiveness (SERr), and absorption shielding effectiveness (SE4) at three different gallium

mass fractions in relation to frequency (GHz).

From Figure 6, it can be observed that as the gallium mass fraction increases, the total shielding
effectiveness (SEr) of the material exhibits significant improvement over a wide frequency range. Specifically,
higher gallium content effectively enhances the reflection and absorption capabilities against electromagnetic
waves, indicating superior EMI shielding performance in the high-frequency range. However, we found that
the total shielding effectiveness of the sample with 80 g Ga mass is slightly lower than that of the sample with

50 g Ga mass, which may be attributed to increased viscosity and reduced fluidity of the material, leading to
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performance degradation in certain frequency bands.

At the same time, the trends in SEr and SE4 indicate that at low frequencies, the reflection shielding
effectiveness is relatively high, while at high frequencies, the absorption shielding effectiveness gradually
increases. This dual-optimized shielding mechanism enables gallium-based liquid metal silicone composite
materials to provide flexible EMI protection in various working environments, ensuring the safety and stability
of battery packs under diverse conditions. These test results confirm the feasibility of using gallium-based
liquid metal silicone composite materials in battery packs, suggesting that optimizing the gallium mass fraction
and designing material components rationally will provide strong support for the electromagnetic compatibility

of battery packs.
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Figure 6. Shielding efficiency of gallium based liquid metal silicone composite materials
at different electromagnetic frequencies.
4. Conclusion

In this study, we investigated the application of gallium based liquid metal silicon composite materials in
battery packs, with a focus on their mechanical, electrical, and electromagnetic shielding properties. The results
indicate that the addition of gallium significantly improves the mechanical properties of the composite material,
which can be demonstrated by increasing the tensile strength and elongation at break, especially when the
optimal gallium mass is 6 g. These enhancements contribute to the material's excellent compressive and impact

resistance, making it suitable for harsh conditions within battery packs.

In addition, the electrical behavior of composite materials indicates that their conductivity has a positive
response to external pressure and strain, suggesting that they may be used as sensing elements in real-time
monitoring applications. These findings emphasize the ability of materials to effectively detect changes in

external conditions, which is crucial for ensuring the safety and performance of battery systems.

In addition, the evaluation of EMI shielding performance emphasizes that composite materials provide
strong EMI protection capabilities over a wide frequency range. The dual optimization of reflection and
absorption shielding effects proves their universality in various operating environments, ensuring the stability
and reliability of the battery pack.

Overall, gallium based liquid metal silicon composite materials exhibit promising application
characteristics in battery packs, combining enhanced mechanical properties, responsive electrical behavior, and
effective EMI shielding. These findings pave the way for further research on optimizing material composition

and exploring its potential in improving the safety and performance of advanced battery systems.
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