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A B S T R A C T

This work presents a bottom-up approach to construct an isotropic network of liquid metal in polymer, and such
generated isotropic liquid metal network brings large enhancement on the thermal and electrical conductivity of
the composite for 3D thermal management. The building blocks are composed of polymer particles coated with
liquid metal. The liquid metal starts to 昀氀ow and 昀椀ll the gaps between the polymer particles, and fuses with each
other to assemble into a continuous liquid metal network in the polymer matrix under the mechanical load dur-
ing heating. The continuous 昀椀ller network provides effective paths for thermal and electrical conduction, and
thus enhances the thermal and electrical conductivity of the composites. Using biphasic copper-eutectic gallium
indium as the 昀椀ller, we generated polymer composites with thermal conductivity as high as 32.71 W/m·K
(90 vol%; under compression) and electrical conductivity up to 1.18 × 106 S/m. Moreover, the measurement of
the in-plane and cross-plane thermal diffusivity reveals the isotropic enhancement of thermal conductivity in
such composites, which may help expand the potential application of these composites in 3D thermal manage-
ment, 昀氀exible electronics, energy conversion and soft robotics.

Gallium-based liquid metals (Ga-based LMs) have shown interesting
potential in different applications including thermal management, elec-
tronics and robotics due to the unique combination of rheological and
metallic properties [1–6]. The challenge of potential leakage of LMs
during operation, however, restricts their direct use as soft conductors
in practical uses, especially for applications involving soft thermal con-
ductors. In current research, LMs are usually used as 昀椀llers in a polymer
matrix to minimize the leakage of LMs [7]. Compared to traditional
rigid 昀椀llers, Ga-based LMs with their metallic thermal conductivity and
their 昀氀uidic nature at room temperature possess good thermal conduc-

tivity enhancement of composites (TCE, i.e. TCE= , where kc and

km are the thermal conductivity of the composite and polymer matrix,
respectively) without degrading 昀氀exibility of the composite [8]. In most
studies, LM inclusions in polymer matrix are achieved by mechanically
mixing LM and uncured polymers [5,9]. For example, composites con-
taining 50 vol% eutectic gallium indium (EGaIn) in silicone elastomer

have thermal conductivity approaching ∼ 1.5 W/m·K 2. Nano-sized
GaInSn droplets mixed with silicone oil can reach a volume fraction of
85.7% to produce a thermal conductivity of ∼ 6.73 W/m·K [10]. The
interfacial thermal resistance between LM inclusions and polymer ma-
trix impedes effective heat transfer from one inclusion to another, and
therefore represents an opportunity for greater enhancement [11,12].

Enabling thermal paths between different LM domains for heat con-
duction is an effective approach for further enhancing thermal conduc-
tivity [13,14]. Based on this strategy, two approaches have been ex-
plored. Stretching is one of the effective approaches to enhance the
thermal conductivity of polymer-based composite with LM 昀椀llers. The
thermal conductivity in the stretching direction can be greatly en-
hanced due to the orientation of the internal elongated LM inclusions
and the formation of the thermal path along the stretching direction. A
thermal conductivity up to 9.8 W/m·K along the stretching direction
was reported with a strain of 400% for 50 vol% EGaIn/silicone elas-
tomer composite, but the thermal conductivity would drop to 4.9 W/
m·K along the stretching direction after removing the drawing load [2].
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To overcome such challenge, the authors further annealed the stretched
EGaIn/polymer composite to 昀椀x the elongated LM inclusions [15]. Af-
ter annealing, in-plane thermal conductivity as high as 13 W/m·K could
be obtained in 70 vol% EGaIn/polymer with a strain of 200%. Though
the in-plane thermal conductivity is high, the low cross-plane thermal
conductivity still limits the potential space of such composites. In addi-
tion to stretching, building 3D network provides effective thermal paths
for heat conduction to enhance the overall thermal conductivity [16].
The 昀椀ller network formation in the polymer matrix have been reported
in recent years, such as graphene platelets network, expanded graphite
network and so on, with its effect on the improvement of thermal prop-
erties explored [17–19]. A LM foam based on vacuum-assisted in昀椀ltra-
tion in sacri昀椀cial sugar templates generated a composite by back昀椀lling
silicozzne prepolymer [20]. With a volume fraction of 25%, the thermal
conductivity was ∼ 2.7 W/m·K. Such vacuum-assisted in昀椀ltration ap-
proach, however, is challenging for highly viscous LM-based 昀椀llers,
such as pastes containing EGaIn and solid 昀椀llers (i.e. Cu or Ag). A more
versatile approach that can construct 3D LM thermal paths with a wide
range of LM-based 昀椀llers is thus needed.

Here, we reported a simple, alternative approach to generate poly-
mer-based composites with isotropic TCE in 3D by taking advantage of
the 昀氀uidity of LM-based 昀椀llers through mechanical load under heating.
Procedures involving mechanical load under heating have been used
for the fabrication of polymer composites with enhanced thermal con-
ductivity [16]. However, most of these previous efforts used polymer
microspheres covered with solid 2D 昀椀llers, including graphene and BN
nanosheets, and the composites tended to show the enhancement of
thermal conductivity in the in-plane direction, which may also limit the
range of practical applications [21–24]. In this work, different from tra-
ditional methods of producing metallic network based on foaming and
templating [25–27], we adopted a bottom-up approach for the genera-
tion of LM network in thermoplastic elastomer (TPE) by applying me-
chanical load to TPE particles coated with LM during heating (Fig. 1).
The applied mechanical load during heating helps the LM-based inclu-
sions 昀氀ow and 昀椀ll the gaps between the TPE powders, and assemble
into an isotropic LM network.

To demonstrate the applicability of this strategy for various LM-
based 昀椀llers of different viscosity, we studied two typical LM-based
昀椀llers— pure gallium (Ga, with a low water-like viscosity) and a bipha-
sic paste containing silane molecules modi昀椀ed spherical Cu particles in
EGaIn (CuP-EGaIn, relatively high viscosity). At the same volume frac-
tion, the thermal conductivity of the Ga network/TPE composite (GN/
TPE, e.g. ∼ 50 vol% GN/TPE, 3.29 W/m·K) is more than twice of the
thermal conductivity of the composites fabricated by directly mixing
(50 vol% EGaIn/PDMS, ∼1.5 W/m·K 2). Such enhancement is attrib-
uted to the formation of 3D network of thermally conductive Ga. Re-
markably, we also studied the in昀氀uence of the size of TPE particles on
the thermal conductivity of composites and found that composites pre-
pared by larger TPE particles showed higher thermal conductivities,
which enabled tunable thermal conductivities by changing the size of
TPE particles. For a composite of 90 vol% CuP-EGaIn network/TPE
with polymer particle size of 400 μm (90 vol% CGIN/TPE-400 m), the
thermal conductivity is as high as 32.71 W/m·K in both in-plane and
cross-plane directions, which is among the highest values achieved in
all polymer-based composites using LM-based 昀椀llers. The results of me-
chanical test demonstrated compressible and stretchable characteristics
of the composites, which is important in real uses. Moreover, the net-
work is electrically conductive in 3D. The electrical conductivity of the
50 vol% GN/TPE composites (2.13 × 105 S/m) is one order of magni-
tude higher than that of the 50 vol% GaInSn/PDMS composite
(1.05 × 104 S/m), which was generated through mechanical sintering
of LM droplets in silicone9. The electrical conductivity of the 90 vol%
CGIN/TPE composite is ∼ 1.18 × 106 S/m, which is close to the electri-
cal conductivity of pure EGaIn (3.4 × 106 S/m. At last, we tested the
heat dissipation performances of our composites and the results of both

in-plane and cross-plane heat dissipation were superior to commercial
thermal pads. This work provides a facile and versatile approach for the
fabrication of high performance thermal interface materials (TIMs), and
also offers a new insight in designing tailorable 昀椀ller network based on
the 昀氀uidity of 昀椀llers in enhancing thermal and electrical conductivity in
3D for a wide range of applications, including thermal management,
昀氀exible electronics, energy conversion and soft robotics [29].

2.1. Materials

Gallium-based liquid metals including gallium and EGaIn alloy, pur-
chased from Jiachun Commercial Bank, Fushun, Liaoning, China, are
used as high-κ inclusions. Thermoplastic elastomer (TPE, 500 mesh,
melting point ca. 120℃) powders, provided by Suzhan Plastic, Dong-
guan, Guangdong, China, are used as polymer matrix and dried in air at
60℃ for 3 h before the use. Spherical Cu particles (the size is ∼ 40 μm),
purchased from Tuopu Metal Materials Co., Ltd, Xingtai, Hebei, China,
are used as 昀椀llers in TPE and also added into EGaIn to obtain a paste-
like CuP-EGaIn with higher thermal conductivity.

2.2. Methods

2.2.1. Fabrication of GN/TPE composites

Probe ultrasonication was used to disperse bulk gallium into micro-
droplets in ethanol for 10 min with a power of 120 W [30,31]. The gal-
lium microdroplets solution was then poured into TPE powders and
mixed uniformly until the slurry showed a uniform color. After drying
at room temperature overnight until all the residue solvent was vapor-
ized, uniform mixture of powders of Ga and TPE were obtained. After
grinding the dried mixture, the mixture powders were placed in a
homemade PTFE mold followed by applying a mechanical pressure of
1 MPa at 135 ℃ for 15 min to obtain the GN/TPE composite.

2.2.2. [32]
20 g of spherical Cu particles was sonicated in ethanol and cleaned

for 0.5 h. The cleaned Cu particles were then immersed in toluene solu-
tion with 16.7 mmol 3-Chloropropyltriethoxysilane (CPTES) and
stirred for 24 h by an electric mixer at a rate of 600 rpm. The modi昀椀ed
Cu particles were rinsed with ethanol for three times and then dried in a
60 °C oven. 10g of modi昀椀ed Cu particles were added into 5g of liquid
EGaIn metal. We mixed them uniformly using a mortar and a pestle to
prepare the composite of CuPs and EGaIn (CuP-EGaIn), which was used
as highly viscous liquid metal-based 昀椀llers in this work. The paste-like
liquid metal composite was directly mixed with TPE powders using a
mortar and pestle to get them uniformly mixed. Such mixture was then
placed in the PTFE mold under 1 MPa at 135℃ for 15 min to obtain the
CGIN/TPE composite.

2.2.3. Fabrication of CuP/TPE composites

Spherical Cu particles were mixed with TPE powders using a mortar
and pestle to obtain the uniformly mixed powders. Followed by the
same process with mechanical load under heating, CuP/TPE composites
could be obtained.

2.2.4. Characterization

The morphology and the phase distribution in the composite were
observed by the Scanning Electron Microscope (SEM, */TESCAN MA-
IA3 GMU model 2016/WITec apyron) and the elemental distribution in
the composites was characterized by the Energy Dispersive X-ray Spec-
troscopy Probe in the SEM. X-ray microscope (micro-CT, Xradia 520
Versa) was used to reconstruct the 3D microstructure of the composites.
The electrical conductivity was tested by a customized four-probe
method using Keithley 2450 source measuring unit. TIM Thermal Resis-
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The schematic of the fabricating procedure of low-viscosity liquid gallium/polymer particles (a) and high-viscosity semi-liquid CuP-EGaIn composite/
polymer particles (b). (c) Schematic illustration of preparation of isotropically thermal and electrical conductive LM-based polymer composite via mechanical
load under heating.

tance and Conductivity Measurement Apparatus (LW-9389, Taiwan
Long Win Science and Techonology Co.) was employed to measure the
thermal conductivity of the composites. The thermal diffusivity was
measured by a laser 昀氀ash diffusivity instrument LFA 467 (NETZSCH,
Germany). The impact test was observed with a high-speed camera
(AOS Technologies AG, S-VIT LS). The infrared (IR) images of LED were
visualized by an IR camera (FLIR T620).

3.1. Morphology and structure of the GN/TPE polymer composite

Thermoplastic elastomer (TPE) is appealing because it is elas-
tomeric, yet can 昀氀ows at elevated temperatures. The thermoplastic seg-
ments of the copolymer form physical crosslinks and the rubber seg-

ments contribute to elasticity. In previous efforts for the generation of
polymer composites, polymer powders and solid 昀椀llers, such as BN,
graphene and hybrid 昀椀llers, get mixed prior to the application of me-
chanical load under heating [16,21–24]. In this work, the direct mixing
approach is not applicable due to the high surface tension and low vis-
cosity of Ga [1,33]. As shown in , there were still bulk Ga
droplets that could not be blended with TPE powders even after pro-
longed direct mixing. To overcome this challenge, we 昀椀rst broke the
bulk Ga droplets into Ga microdroplets using ultrasonication. Af-
ter ∼ 10-min probe ultrasonication, bulk Ga was dispersed into ethanol
as spherical microdroplets with the size ranging from 1 to 2 μm (

) [30,31]. TPE powders were then mixed with the ethanol solu-
tion of Ga microdroplets until the mixture slurry showed a uniform
color. After drying, the powder mixtures appeared grey. As shown from
the scanning electron microscopy (SEM) image of the dried powder
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mixture in Fig. 2 and Fig. 2 , Ga microdroplets densely covered
the surface of TPE particles due to the capillary force generated during
the evaporation of ethanol. Ga microdroplets will undergo sintering un-
der the external load ( ) and then cover the surface of TPE par-
ticles. It was reported that the formation of gallium oxide in oxygen-
rich environments could allow highly nonwetting particles to be dis-
persed into LM [33]. During the mixing process of gallium-based LM,
gallium oxide thin 昀椀lms could be easily formed when the fresh LMs
were exposed to air. The generated oxide 昀椀lms could help encapsulate
TPE particles into gallium-based LMs [32]. Such TPE particles with a
coating of Ga microdroplets serve as the basic building blocks for the
bottom-up formation of the network of Ga in the subsequent step of me-
chanical load under heating (Fig. 1).

In the mixture, Ga remains 昀氀uidic, so the Ga microdroplets can read-
ily 昀氀ow and 昀椀ll the gaps between TPE powders to form the 3D network
under both the mechanical load and heating. Meanwhile, TPE particles
melt and then merge into continuous 3D network in the composite.
Phase segregation is clearly seen in Fig. 2 , where grey areas are
TPE and dark areas are Ga. Both the zones of TPE and Ga show irregular
shape owing to the 昀氀uid nature of both Ga and TPE during the mechani-
cal load under heating. In particular, the 昀氀uid nature of Ga plays a criti-
cal role in the formation of the continuous structure of Ga network,
which acts as a thermal highway for heat conduction. In previous ef-
forts that involved the mechanical load under heating, most of them
used solid 昀椀llers [21–24]. To promote the interconnection of such solid
昀椀llers to form a continuous network, it required modifying the surface
chemistry of polymer microspheres or 昀椀llers [21,34]. The 昀氀uid nature,
however, endows Ga the ability to 昀氀ow and 昀椀ll the gaps among TPE
particles without need of surface modi昀椀cation of particles of polymer
matrix.

To further visualize the distribution of Ga and TPE, energy disper-
sive spectroscopy (EDS) mapping characterized the cross section of the
GN/TPE composite. Fig. 2 show the continuous nature of the
network structure of Ga. Such a continuous network of Ga greatly en-
hances the overall thermal conductivity in 3D for providing an effective
path for heat conduction as well as electrical conduction. Fig. 2
shows the reconstructed 3D microstructure of the GN/TPE composite
characterized by micro-computed tomography (Micro-CT). The light-

yellow zones consist of Ga, which forms a network structure in 3D. The
uniform distribution of the network shown in both the vertical and the
horizontal cross-section images indicates a 3D network, which can fa-
cilitate the thermal and electrical transport in both the in-plane and
cross-plane directions of the composites. The GN/TPE composites are
昀氀exible because of the elastomer matrix and 昀氀uid nature of Ga. Fig. 2

shows that the sample is bendable and could be folded in half with-
out any cracks. The 昀氀exibility and deformability will be helpful for its
potential application as TIMs.

3.2. Thermal/electrical performance of GN/TPE polymer composite and

昀椀nite element analysis on the thermal conduction

Fig. 3 shows the schematic diagram of the setup for the measure-
ment of thermal conductivity (LW-9389, TIM Thermal Resistance and
Conductivity Measurement Apparatus, Taiwan Long Win Science and
Technology Co.). We also fabricated Cu particle/TPE (CuP/TPE) com-
posites by directly applying load to the mixture of spherical Cu particles
and TPE particles during heating to provide a control group. The SEM
and optical images of Cu particles are shown in . Fig. 3
compares the thermal conductivity of the GN/TPE composites and CuP/
TPE composites under different volume fractions of 昀椀ller. The thermal
conductivity of the pure TPE is 0.22 W/m·K. As the volume fraction of
metallic 昀椀ller increases, the thermal conductivity of both composites in-
creases. The thermal conductivity of GN/TPE, however, increases much
more than that of CuP/TPE with respect to 昀椀ller loading. When the vol-
ume fraction of Ga reaches 50%, the thermal conductivity of GN/TPE
is ∼ 3.29 W/m·K, with nearly 14-fold TCE over the original TPE. With
the same volume fraction of 昀椀ller, the thermal conductivity of GN/TPE
is more than twice as much as that of CuP/TPE. Considering the ther-
mal conductivity of Cu is 397 W/m·K, much higher than that of Ga
(29 W/m·K), such enhancement is attributed to the different 昀椀ller dis-
tribution as is shown in Fig. 2 and . The continuous Ga
network in the GN/TPE composites can provide effective thermal paths
for heat conduction, while dispersed Cu particles in the CuP/TPE com-
posites cannot.

The thermal performance of GN/TPE and CuP/TPE composites can
be simulated by Agari’s model, which is a classic model for considering

(a) 30 vol% GN/TPE mixture powders after drying; (b) The magni昀椀ed surface morphology of 30 vol% GN/TPE mixture powders after drying; (c-i) The SEM
images of 32.7 vol% GN/TPE composite after mechanical load under heating, and the energy dispersive spectroscopy (EDS) of (c-ii) carbon, (c-iii) gallium and (c-iv)
oxygen in 32.7 vol% GN/TPE composite; (d) 3D microstructure of the GN/TPE composite reconstructed by micro-computed tomography (Micro-CT); (e) The optical
images of 30 vol% GN/TPE composite and the states in bending and after bending.
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(a) Schematic of thermal interface materials (TIM) measurement apparatus; (b) The thermal conductivity of Ga network/thermoplastic elastomer (GN/TPE)
composites and Cu particles/TPE (CuP/TPE) composites with different volume fraction of 昀椀ller; (c) The electrical conductivity of GN/TPE, CuP/TPE and CuP-EGaIn
network/TPE (CGIN/TPE) composites with different volume fractions of 昀椀ller; (d) The in-plane and cross-plane thermal diffusivities of 50 vol% GN/TPE and 50 vol%
CuP/TPE composites; (e) Finite element analysis on the thermal conduction by COMSOL Multiphysics 5.4. The evolution of temperature in CuP/TPE composites and
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GN/TPE composites. The white streamlines and arrows represent heat 昀氀ux and the direction of the heat 昀氀ux, respectively; (f) Schematic mechanism of thermal con-
duction in CuP/TPE composites and GN/TPE composites, respectively.

◀

the effect of 昀椀llers on the thermal conductivity [35–38]. The thermal
conductivity of the composite (kc) can be predicted based on the follow-
ing :

(1)

where kf and kp are the thermal conductivities of 昀椀llers and polymer
matrix, respectively. Vf is the volume fraction of 昀椀llers. C1 represents
the effect of 昀椀llers on the change in crystallinity and crystal size of poly-
mer matrix. C2 indicates the ease of 昀椀llers to form thermal conductive
paths, and its value should be between 0 and 1. As the possibility to
form thermal conductive paths increases for the 昀椀llers, there will be in-
creased contribution to the overall thermal conductivity of the compos-
ite from the 昀椀llers, and C2 approaches to 1 [37]. By using the Agari’s
model to 昀椀t the experimental data of the GN/TPE and CuP/TPE com-
posites in Fig. 3 , the calculated C2 is 1.15 and 0.68, respectively. In
Agari’s model, the highest thermal conductivity is predicted when both
C1 and C2 are set as 1. The prediction is plotted in Fig. 3 . We ob-
served that the ideal Agari’s values for GN/TPE (green dash line) are
higher than those of the CuP/TPE composites as expected but lower
than the experimental results of the GN/TPE composites. We concluded
that the LM network provides more effective thermal transfer paths
than solid 昀椀llers can offer, since the Agari’s model is empirically estab-
lished for dispersed solid 昀椀llers. Such a result re昀氀ects that the formation
of continuous 昀椀ller network is much more effective and ef昀椀cient than
the dispersed 昀椀llers in enhancing thermal conductivity. To visualize the
difference, heat transfer behavior of the two kinds of 昀椀ller system (dis-
persed 昀椀llers and continuous 3D 昀椀ller network) will be simulated via 昀椀-
nite element analysis.

The electrical conductivity also reveals the different spatial distribu-
tion of 昀椀llers in the GN/TPE and CuP/TPE composites. Fig. 3 is the
dependence of electrical conductivity of the composites on the 昀椀ller
content. With the increase of Ga content, Ga inclusions gradually con-
nect with each other to form networks. The electrical conductivity rises
rapidly with the formation of the metallic network. When the volume
fraction of Ga is up to 50%, the electrical conductivity of the composite
is up to 2.13 × 105 S/m. The variance in electrical conductivity is neg-
ligible in the range from 0 to 50 vol% for CuP/TPE composites. In CuP/
TPE composites, there is no electrical conductive path for the current
due to the isolated Cu particles surrounded by the insulated TPE, as
shown in .

Laser 昀氀ash analysis (LFA) was used to characterize the thermal dif-
fusivities of GN/TPE and CuP/TPE composites along both of the in-
plane and cross-plane directions ( ). As the speci昀椀c heat and
density of the same sample are constant, the thermal diffusivity in the
in-plane and cross-plane directions will show whether the thermal con-
ductivity of a sample is isotropic or not. Fig. 3 shows that the in-
plane and cross-plane thermal diffusivities of 50 vol% GN/TPE are
1.609 and 1.569 mm2/s. For the CuP/TPE composites, the in-plane and
cross-plane diffusivities are also similar (Fig. 3 ). These measure-
ments show that this process can achieve high thermal conductivity in
both of the in-plane and cross-plane direction at the same time, which
will enhance the applicability of the LM-based composites.

To further demonstrate the impact from the dispersed 昀椀llers and the
continuous 昀椀ller network on the thermal conductivity of the compos-
ites, 昀椀nite element analysis by COMSOL Multiphysics 5.4 was used to
simulate the thermal conduction behavior. The 2D models of pure TPE,
CuP/TPE and GN/TPE composites were established for the analysis. De-
tails of the models and the parameters (Table S1) of the simulation can
be found in the supporting information. Transient-state studies were
adopted to compare the evolution of temperature within the compos-
ites. The temperature of bottom boundaries was 昀椀xed to 80℃ and the
top boundaries had a convection coef昀椀cient of 10 W/m2K in a 20℃ am-

bient, with two sides set as adiabatic boundaries. and Fig. 3
show the evolution of the temperature distribution and heat 昀氀ux

within the modeled pure TPE, CuP/TPE and GN/TPE composites. Ac-
cording to the temperature distribution in Fig. 3 , it is clear that heat
transfers from bottom sides to top sides much faster in GN/TPE than in
pure TPE and CuP/TPE, which indicates the large difference in thermal
conductivity of the three composites. After 20 s, the temperature of the
top boundaries reaches 22.16 ℃, 30.78 ℃ and 77.65 ℃ for the pure
TPE, CuP/TPE and GN/TPE composites, respectively. White stream-
lines and arrows in the models represent the distribution and direction
of heat 昀氀ux. Heat 昀氀uxes distribute uniformly in pure TPE, while they
tend to converge on the Cu particles in the CuP/TPE composite. The
convergence of heat 昀氀uxes in the GN/TPE composite is much more ob-
vious, and almost all heat streamlines concentrate in the region of Ga
network, which implies heat 昀氀ux preferentially transfers in regions with
high thermal conductivity. Such results reveal the difference of thermal
conduction behavior in the three different composites, and help corrob-
orate the aforementioned mechanism that the formation of 昀椀ller net-
work can greatly enhance the thermal conductivity of the composites.

Steady-state studies were also carried out for predicting the thermal
conductivity of the composites and detailed information is presented in
supporting information. To satisfy the practical condition, we ac-
counted for interfacial thermal resistance in the simulation and sup-
posed that the gap thermal conductance between the 昀椀ller and polymer
matrix is 5 × 107 W/m2K [39]. The prediction of thermal conductivity
is based on the Fourier's law :

(2)

where k is the thermal conductivity; q is the heat 昀氀ux and dT/dx rep-
resents the temperature gradient in the direction of heat 昀氀ux when the
system reaches steady state. The average values of predicted thermal
conductivities of 50 vol% CuP/TPE and 50 vol% GN/TPE are 1.18 and
3.39 W/m·K, respectively. These values are consistent with the trend
showing in the experimental results (1.43 and 3.29 W/m·K for 50 vol%
CuP/TPE and 50 vol% GN/TPE, respectively) ( and Table S2).
It also con昀椀rms that both the increasing volume fraction and the im-
provement of intrinsic thermal conductivity of 昀椀ller network help fur-
ther increase the overall thermal conductivity of the composites.

Fig. 3 depicts the difference of thermal conduction behavior in
the CuP/TPE and GN/TPE composites, respectively. In the CuP/TPE,
Cu particles are dispersed in isolation and encased by polymer matrix.
The electron transportation in Cu particles is blocked by the insulating
polymer matrix, and strong phonon scattering occurs at the interface
between the Cu particles and polymers, both of which result in the rela-
tively low thermal conductivity of the CuP/TPE composites. In con-
trast, the continuous network of GN/TPE provides effective propaga-
tion paths for heat carriers that include both electrons and phonons.
The heat carriers can readily transfer along the channels of the Ga net-
work from the hot side of the composite to the cold side of the compos-
ite.

3.3. Morphology and physical properties of the CGIN/TPE polymer

composites

As for high-viscosity liquid metal, for example, CuP-EGaIn liquid
metal composites [28], can be more easily blended with TPE powder
particles through the direct mixing approach. In the next experiment,
we generated the high-viscosity liquid metal 3D network in TPE poly-
mer matrix with CuP-EGaIn, which is a biphasic and high-viscosity
paste containing Cu particles in EGaIn. The preparation of CuP-EGaIn
network/TPE (CGIN/TPE) composite is straightforward. In our recent
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published work, we have developed a new approach to fabricate Cu
particles and EGaIn liquid metal composite with enhanced thermal con-
ductivity and chemical stability [32]. Spherical Cu micro-particles
chemically modi昀椀ed with 3-chloropropyltriethoxysilane (CPTES) mole-
cules were incorporated into liquid EGaIn with the assistance of air. The
formation of intermetallic compounds CuGa2 can be largely suppressed,
but the overall thermal conductivity of liquid metal composite can be
still enhanced through thermal linker CPTES molecules [32] (see the
detailed fabrication process in Method section) (Fig. 4 ). With the
high viscosity and good adhesion to the TPE powder, paste-like CuP-
EGaIn could be easily mixed with TPE powders to obtain the uniform
mixture of powders ( ). To show the increased viscosity of
CuP-EGaIn over the pure Ga LM, we conducted a simple impact test
( . Dropped from the same height of 0.5 m, the spreading area
of the Ga droplet was much larger than that of CuP-EGaIn, which indi-
cated the liquid-like behavior of Ga and paste-like behavior of CuP-
EGaIn.

Though CuP-EGaIn paste shows high viscosity, it still has the capa-
bility to 昀氀ow and 昀椀ll the gaps during the mechanical load under heating
to form a continuous 3D network embedded in TPE matrix. The contin-
uous distribution of CuP-EGaIn is clearly seen in and
spherical Cu particles are embedded in the EGaIn network as shown in
the image of EDS mapping in Fig. 4 . The dispersed Cu particles in
EGaIn can further enhance the thermal conductivity of the network [28,
32]. Compared to the case in CuP/TPE composites ( ), EGaIn
acts as a ‘glue’ to connect Cu particles instead of being isolated
throughout the bulk composite. For 80 vol% CGIN/TPE, the average
values of in-plane and cross-plane thermal diffusivities shown in

are 7.39 and 7.09 mm2/s, respectively. The similar values between
the in-plane and cross-plane thermal diffusivities re昀氀ect the isotropic
structure of the network in the composites, as the same with that in GN/
TPE composites (Fig. 2 ). Fig. 4 display the soft feature of
the CGIN/TPE composites. The CGIN/TPE composites with 昀椀ller of dif-
ferent volume fractions are bendable and stretchable to some extent,
which indicates the applicability of the composites in thermal manage-
ment applications.

Considering the soft properties of CGIN/TPE composites, we mea-
sured the thermal conductivity under the compression (with the pres-
sure of 100 Psi). As shown in Fig. 4 , with different volume fractions,
the thermal conductivities measured under compression are always
higher. The thermal conductivity is 20.11 W/m·K before compression
and then increases to 24.40 W/m·K during the compression, when we
incorporated 90 vol% CuP-EGaIn into the composite. It was studied
that the elastomer would return to its original state slowly without ex-
ternal pressure [2,40]. The TPE elastomer in the composites may un-
dergo springback slightly after the mechanical load and heating. When
the sample was measured under the compression, the composite was
compressed to be denser and the interconnection of 昀椀ller become more
complete. Therefore, the interface thermal resistance inside the sample
were reduced under the compression, leading to the enhancement of
overall thermal conductivity. The stretching properties are displayed by
the typical stress–strain plots shown in Fig. 4 which indicate charac-
teristics of plasticity and ductileness. From the stress–strain plots, we
calculated the breaking strain and breaking strength, and the results are
shown in Table S3. We did not give the stretching result of the 90 vol%
CGIN/TPE composite since it is fragile and cannot be clamped in the

The SEM images of (a) CPTES modi昀椀ed CuP-EGaIn composite; (b(i)) 80 vol% CGIN/TPE composite and (b(ii)) EDS of carbon, oxygen, copper, gallium
and indium in 80 vol% CGIN/TPE composite; Optical photos of (c) 30 vol%, 50 vol%, 70 vol% and 80 vol% CGIN/TPE composites in bending and (d) 50 vol%
CGIN/TPE composites in stretching; (e) The thermal conductivities of 30 vol%, 50 vol%, 70 vol%, 80 vol% and 90 vol% CGIN/TPE composites before and dur-
ing compression (100 Psi); (f) The stress–strain plots of CGIN/TPE composites with different volume ratio of CuP-EGaIn composite; (g) The compression rate
plots of pure TPE, CGIN/TPE composites with different volume fraction of CuP-EGaIn composites; (h) SEM image of 80 vol% CGIN/TPE-400 μm; (i) The thermal
conductivities of 30 vol%, 50 vol%, 70 vol%, 80 vol% and 90 vol% CGIN/TPE-400 μm composites before and during compression (100 psi); (j) The compres-
sion rate plots of pure TPE, CGIN/TPE-400 μm composites with different volume ratio of CuP-EGaIn composites.
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measurement system. Compared with pure TPE, the addition of CuP-
EGaIn decreases both breaking strain and breaking strength. The re-
duced stretchability for CGIN/TPE composites is derived from the in-
creasing ratio of paste-like CuP-EGaIn, which has no capacity like poly-
mer matrix of sustaining the external stress. In addition to the stretcha-
bility, TIMs are always subjected to certain packaging pressure under
actual usage conditions, the ability to be compressed is more important
since an excellent compressibility indicates the ease to be deformed to
昀椀ll the gaps and effectively transport heat across the contact interface.
We tested the CGIN/TPE composites under a series of loading pressures
and the results are shown in Fig. 4 . All of the CGIN/TPE composites
show enhanced compressibility to some extent compared with pure
TPE, and it is reasonable since that the CuP-EGaIn is paste-like and
prone to deform when subjected to compression. During the compres-
sion, no leakage of liquid metal droplets was observed even we applied
a load up to 1.5 MPa ( ), which is close to the maximum
packaging pressure for TIMs [41]. A stable thermal conductivity is also
important in practical uses. It is worth noting that after cycles of bend-
ing by hands, the thermal conductivities of 80 vol% CGIN/TPE samples
still remain around 17 W/m·K ( ). For CGIN/TPE composites,
the addition of Cu particles also enhances the electrical conductivity of
EGaIn. With the volume fraction of 90%, the CGIN/TPE composite
shows an average electrical conductivity of ∼ 1.18 × 106 S/m, which is
close to the value of pure EGaIn (3.5 × 106 S/m) (Fig. 3 ).

The above results and discussion are based on the composites fabri-
cated by small-sized TPE particles, of which the size is around 100 μm.
We further investigated the in昀氀uence of the TPE particle size on the
thermal conductivities of the CGIN/TPE composites by adopting larger-
sized TPE particles with the size around 400 μm (TPE-400 μm). As
shown in Fig. 4 , the basic distribution of CuP-EGaIn in CGIN/TPE-
400 μm composites is still continuous and presents the continuous dis-
tribution as the same with GN/TPE composites and CGIN/TPE compos-
ites. We prepared a series of CGIN/TPE-400 μm composites with differ-
ent volume fractions of CuP-EGaIn and compared the thermal conduc-
tivities of the above composites prepared by smaller-sized TPE parti-
cles. From Fig. 4 , the thermal conductivities of composites prepared
by larger TPE particles are obviously higher than that of composites
prepared by smaller TPE particles (Fig. 4 ) and such difference can be
attributed to the different structure caused by the discrepant sizes of
TPE particles. During the fabrication of the composites, the mechanical
load piles up TPE particles and larger particles leave gaps with larger
volume, which are then 昀椀lled with 昀氀uid liquid metal. Therefore, thicker
昀椀ller network will be formed in the gaps between larger TPE particles.
Thicker 昀椀ller network possesses smaller area of interface between liq-
uid metal and TPE polymer, hence the total internal interface thermal
resistance is reduced and the thermal conductivity is enhanced [42–44]
At higher pressure, the thermal conductivities of composite fabricated
by larger TPE particles behaves similarly as that of composites fabri-
cated by smaller TPE particles (Fig. 4 ). With the same volume frac-
tion of 90%, the CGIN/TPE-400 μm composite under compression pos-
sesses the average value of thermal conductivity around 31.69 W/m·K
and the highest value ever measured is up to 32.71 W/m·K, a record
high in all the polymer-based composites using liquid metal-based
昀椀llers as far as we know (Table 1). Fig. 4 displays compression curves
of the CGIN/TPE-400 μm composites. As the similar results with CGIN/
TPE composites prepared by smaller-sized TPE particles, the addition of
paste-like CuP-EGaIn increases the ability to be compressed compared
with pure TPE. As is discussed before, the capacity of being compressed
is favored in the packaging of TIMs because it is helpful to 昀椀ll gaps and
decrease contact thermal resistance.

3.4. Thermal management applications

To evaluate the potential application in thermal management, we
applied the LM network-based composites as TIMs in a real LED module

Comparison on the in-plane and cross-plane thermal conductivity of the poly-
mer-based composites using LM-based 昀椀llers.

Sample Fabrication method Filler
loading

Average TC (W/
m·K)

Year[ref]

GaInSn/
methyl silicone
oil

Mechanical mixing 81.8% 5.27 2014
[45]

GaInSn/PDMS Mechanical mixing 66.1% 2.2 2015
[46]

EGaIn/Silicone
elastomer

Mechanical mixing;
Stretching

50% 4.7 (in-plane)
less than 1 (cross-
plane)

2017
[2]

Cu-GaInSn/PDMS Mechanical mixing 50% 10 (frequently 4–8) 2018
[41]

CuP-EGaIn/
PDMS

Mechanical mixing 80% 6.7 2018
[10]

Graphene-EGaIn/
PDMS

Mechanical mixing ∼14 vol% 0.84 2019
[47]

EGaIn/Liquid
crystal
elastomer

Mechanical mixing 50 vol% 1.70 2019
[3]

Ni-EGaIn/
Silicone
elastomer

Mechanical mixing;
Magnetic alignment

50% ∼4 (cross-plane) 2019
[48]

Ga/Silicone
elastomer

Sacrificial
templating

45% 4.8 2020
[20]

EGaIn/
Thermoplastic
polymer

Mechanical mixing;
Stretching&
annealing

70% 11.4 (in-plane) 2020
[15]

Ceramics-
GaInSn/
Epoxy

Mechanical mixing 50% 2.46 2021
[49]

EGaIn/PDMS
foam

Sacrificial
templating

15% 0.51 (isotropic)
4.25(in-plane,
under 60%
compression rate)

2021
[50]

Ag-SiC-GaInSn/
silicosis oil

Mechanical mixing 50% 9.9 2021
[51]

GaInSn/aramid
nano昀椀ber

Vacuum in昀椀ltration 40% 7.14(in-plane)
1.68(cross-plane)

2021
[52]

to test the cross-plane heat dissipation performance, and as a heat
spreader to test the in-plane heat spreading performance. The pure TPE
and the commercial thermal pad (Laird 780) were used for comparison.
The thickness of all the composites in the test was 1 mm. As shown in
Fig. 5 , the composite was placed between a heat sink and a high-
power LED chip (10 W). An IR camera monitored the surface tempera-
ture of the LED chip. The evaluation of the cross-plane heat dissipation
performance was based on the temperature of the LED examined by the
IR camera. The higher the cross-plane thermal conductivity, the faster
the heat could be transferred out, which would lower the temperature
of the LED chips. From Fig. 5 and Table S4, the average value of the
equilibrium temperature of the LED chip was around 92 ℃ when we
used pure TPE as the TIM. After using the commercial thermal pad
(Laird 780) as the TIM, the average equilibrium temperature decreased
to ∼ 52℃. In comparison, the use of the 80 vol% CGIN/TPE composite
resulted in the average equilibrium temperature remaining around
41℃, almost half of that of the pure TPE as the TIM. The difference in
the heat dissipation among the three samples is visualized vividly in
Fig. 5 , which is detected by an infrared camera. On the other hand,
the time for reaching 90% of the equilibrium temperature also re昀氀ects
the ability of heat conduction. It took about 125 s and 55 s to reach
90% of the equilibrium temperature for the pure TPE and Laird 780, re-
spectively, while the CGIN/TPE composite took less than 15 s.

showed the 80 vol% CGIN/TPE composite as TIMs applied in the
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(a) Schematic of the LED test; (b) The change of the temperature of the LED chip with different TIMs; (c) The infrared images of the LED chip; (d) The
setup of the in-plane heat spreading test; (e) The change of the edge temperature of different TIMs. (TPE: thermoplastic elastomer; CGIN/TPE: CuP-
EGaIn/thermoplastic elastomer.)

practical thermal management of CPU, indicating its great potential for
thermal management. These results indicate that the CGIN/TPE com-
posite possesses promising cross-plane heat dissipation performances
for the practical thermal management.

A test on the in-plane heat spreading performance was conducted by
using the 80 vol% CGIN/TPE composite as a heat spreader. A LED bulb
as a heat source was mounted on the circular samples with diameters of
36 mm, and the edge temperature of the circular samples was recorded
by a thermocouple (Fig. 5 ). Heat produced by the LED could only be

spread along the plane of the samples because of the thermal insulation
from the PU foam under the sample. Fig. 5 shows that the edge tem-
perature of the CGIN/TPE composite rises faster than the commercial
thermal pad and pure TPE. After 260 s, the average value of the edge
temperature of the pure TPE, the commercial thermal pad (Laird 780)
and the CGIN/TPE composite rise up to 236.7 ℃, 55.4 ℃ and 67.3 ℃,
respectively (Table S4). Such measurement con昀椀rms the high thermal
conductivity in the in-plane direction of the CGIN/TPE composite, and
also demonstrates the promising in-plane heat dissipation performance
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for the use of the composite as a heat spreader. Additionally, the 昀氀ex-
ural strength, impact strength, and water-absorbing ability of 80 vol%
CGIN/TPE composite used in practical thermal management of this
work were also measured shown in Table S5.

For commercial purposes, the cost must be taken into consideration.
Table S6 lists the main ingredients of CGIN/TPE composites, and the
corresponding unit prices. According to the calculation, the online price
of commercially-available thermal pad (Larid 780) is about 3.201
USD/cm3 while our polymer-based liquid metal composites only costs
1.059 USD/cm3 (80 vol% CGIN/TPE). The cost of our composites is
much lower than the commercial thermal pad (Larid 780). The facile
fabrication, the low cost and the obtained high thermal conductivity
makes our composites competitive in the 昀椀eld of TIMs.

In this work, we established a bottom-up strategy to obtain an
isotropic LM network in thermoplastic elastomer, and enhanced the
thermal and electrical conductivity of the polymer-based composites
for 3D thermal management. The 昀氀uidity of LM helps form a percolated
3D network under both the mechanical load and heating. The LM net-
work serves as an effective thermal path for the conduction of heat. The
LM network largely enhances the thermal conductivity of the compos-
ites in both in-plane and cross-plane directions. The electrical conduc-
tivity is also significantly elevated due to the presence of the continuous
LM network. The thermal conductivity of 90 vol% CGIN/TPE-400 μm
composite can reach as high as 32.71 W/m·K and the electrical conduc-
tivity is around 1.18 × 106 S/m, close to that of the pure EGaIn, but
without the concerns about leakage or smears that occur with pure
EGaIn. Meanwhile, the mechanical tests including stretching and com-
pressing both imply good mechanical properties and applicability for
practical uses. The investigation on the in昀氀uence of polymer size on the
thermal conductivity where larger polymer particle size will lead to a
higher thermal conductivity gives a new insight for tuning the thermal
conductivity. Finally, the TIM and heat spreader tests demonstrate the
promising performances of heat dissipation of the LM network-based
composites in a wide range of practical thermal applications. The ap-
proach established in this work provides a simple alternative way for
designing and fabricating isotropically and highly thermal and electri-
cal conductive materials, which shows great prospects in future thermal
management, 昀氀exible electronics, energy conversion and soft robotics.
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