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ABSTRACT: Thermal interface materials (TIMs), as typical thermal functional materials, are highly required to possess both high
thermal conductivity and low Young’s modulus. However, the naturally synchronized change in the thermal and mechanical
properties seriously hinders the development of high-performance TIMs. To tackle such a dilemma, a strategy of codoping solid
fillers and liquid metal fillers into polymer substrates is proposed in this study. This strategy includes a large amount of liquid metals
that play the role of thermal paths and a small amount of uniformly dispersed solid fillers that further enhance heat conduction.
Through the synergistic effect of the liquid metal and solid fillers, the thermal conductivity can be improved, and Young’s modulus
can be kept small simultaneously. A typical TIM with a volume of 55% gallium-based liquid metal and 15% copper particles as fillers
has a thermal conductivity of 3.94 W/(m·K) and a Young’s modulus of 699 kPa, which had the maximum thermomechanical
performance coefficient compared with liquid metal TIMs and solid filler-doped TIMs. In addition, the thermal conductivity of the
solid−liquid metal codoped TIM increased sharply with an increase of liquid metal content, and Young’s modulus increased rapidly
with an increase of the volume ratio of copper and polymer. The high−low-temperature cycling test and large-size light-emitting
diode (LED) application demonstrated that this TIM had stable physical performance. The synergistic effect of the solid fillers and
liquid metal fillers provides a broad space to solve the classic tradeoff issue of the mechanical and thermal properties of composites.
KEYWORDS: thermal interface material, thermal conductivity, Young’s modulus, solid−liquid metal codoping,
thermomechanical performance coefficient

1. INTRODUCTION
Thermal interface materials (TIMs) are indispensable func-
tional materials for the thermal management of high heat flux
devices,1,2 such as electronic chips, high-energy lasers, and
radars, that act by filling the contact surfaces between electronic
devices and radiators. An ideal TIM should have high thermal
conductivity and low Young’s modulus.3 However, high thermal
conductivity and low Young’s modulus of materials are naturally
a pair of contradictions.4 It can be verified from the fact that
diamond,5 carbon nanotubes,6 and graphene7 have high thermal
conductivities and high hardness simultaneously, while poly-
mers have low thermal conductivities and low hardness
simultaneously. The synchronized change in the two physical
properties seriously hinders the development of high-perform-
ance TIMs.

Thermal interface materials are typically made up of polymers
and highly thermally conductive fillers, such as metal powders,8,9

metallic oxides,10 BN,11 AlN,12 and carbon materials.13,14

According to the classical M−G model,15 the thermal
conductivity of a TIM exponentially increases with an increase
of doping volume. In addition, according to Eshelby’s theory,16

Young’s modulus will also sharply increase with an increase of
solid filler content. The synchronized increase of the two
physical properties will result in the dilemma of low thermal
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conductivity at a small doping volume and high hardness at a
large doping volume. Akhtar17 predicted that the thermal
conductivity of the Al2O3−epoxy composite would increase
from 0.18 to 2.37 W/(m·K), and the tensile modulus would
increase from 1.3 to 5.3 GPa with an increase in doping volume
fraction of Al2O3 from 0 to 60%. Constructing a thermal path
inside the composite is an effective method to improve the
thermal conductivity under a small doping percentage, and this
can be achieved using the freeze-drying method,18 the template
method,19 the in situ growth method,20 and other techniques.21

Although the doping volume fraction was small by the above
methods, the continuous mechanical structure sharply increased
the Young’s modulus of the composite, and it even reached
GPa.22 In addition, increasing the bonding force between solid
fillers and polymers can also improve the thermal conductivity of
a composite by enhancing the interfacial transport of
phonons.23,24 However, a firm interface structure significantly
reduces the flexibility of composites.
Liquid metal is a novel type of thermal conductive filler25−28

that possesses a series of excellent properties beyond solid fillers,
including low Young’s modulus (far less than that of a polymer),
good dispersion (the droplet diameter of the ultrasonic crushing
is less than 20 nm), and high allowable doping percentage.
Young’s modulus of composites doped with 10 μm copper
particles and 10 and 100 μm liquidmetal were compared (Figure
1), and the detailed calculation process29,30 can be found in

Figure S1 and Tables S1−S3. It can be seen that Young’s
modulus of the liquid metal−polymer gradually decreased or
slightly increased with an increase of liquid metal filler content,
while that of the copper−polymer sharply increased with an
increase of copper filler content. In most past research studies,
the size of liquid metal was usually lower than 10 μm and even
tens of nanometers. However, we first numerically disclosed that
Young’s modulus of composites is inversely proportional to the
size of liquid metal droplets. This indicated that a composite
with a low Young’s modulus can be prepared by a liquid metal
filler. However, it should be noted that the thermal conductivity
of the liquid metal (20−40 W/(m·K))31,32 is far lower than that
of copper (398 W/(m·K)). In the work of Mei et al.,33 the
thermal conductivity of the liquid metal composite was only 1.0
W/(m·K) when the doping amount was 40%. Therefore, for
solid filler doping, high thermal conductivity can be obtained,

but the composite would be too hard. For liquid metal doping, a
low Young’s modulus can be obtained, but the thermal
conductivity would be low. Hence, the thermal−mechanical
tradeoff relationship remains a challenge for TIMs when
embedding matrices with solid fillers and liquid metals,
respectively.
To tackle this dilemma, a strategy of codoping solid fillers and

liquid metal fillers into matrices, in which a large amount of
liquid metal plays the role of a thermal path and a small amount
of uniformly dispersed solid filler can further enhance heat
conduction, is proposed in this study. Because the doping
volume of the solid filler is small, Young’s modulus will only
slightly increase. Due to the synergistic effect of the liquid metal
and the solid filler, the thermal conductivity can be improved,
and Young’s modulus can be kept small. In this study, a gallium−
indium alloy is used as the liquid metal filler, copper as the solid
filler, and Ecoflex as the polymer. The TIM with 55% gallium-
based liquid metal and 15% copper as fillers had a thermal
conductivity of 3.94W/(m·K) and Young’s modulus of 699 kPa.

2. RESULTS AND DISCUSSION
2.1. Fabrication and Characterization. Some recent

studies have reported several materials by introducing liquid
metal and rigid fillers into a polymer.34−36 However, the
preparation method included first mixing liquid metal with
metal powder. Liquidmetal gallium can corrode withmost of the
metals, like copper, aluminum, and iron. To avoid corrosion, in
this paper, the liquid metal was first mixed with a polymer, and
copper was then mixed. Therefore, there is no direct contact
between the liquid metal and copper. Figure 2a shows the
preparation procedure of solid−liquid codoped TIM. According
to a specific volume fraction, liquid metal GaIn24.5 and Ecoflex
were preweighed and poured into a glass beaker. The mixing
process was then conducted using an electric mixer in air for 30
min. During the stirring process, a small amount of the liquid
metal was oxidized, resulting in a decrease of surface tension of
the liquid metal, which was conducive to mixing the liquid metal
with Ecoflex. Then, copper fillers with average diameters of 2 μm
(Figure 2b) were poured into the mixture and stirred for 30 min.
Finally, the three-phase slurry was heated to cure for 2 h at 70 °C.
The real copper−liquid metal codoped TIM was red, consistent
with the color of the copper particles.
Figure 2c,d shows the schematic diagram and the optical

morphology of the copper−liquid metal codoped TIM. In fact,
under the action of long-time stirring, the liquid metal will
convert from a spherical shape to an irregular shape. This is
because the solid gallium oxide coating on the surface of gallium
prevents the transition of liquid gallium to the spherical shape. It
can be seen that the liquid metal filler constructed a thermal
network in Ecoflex, and the sizes of the liquid metal droplets
were on the order of 100 μm, which was conducive to obtaining
a small Young modulus than that of 10 μm, according to Figure
1. Figure 2e,f shows the scanning electron microscopy (SEM)
image and atom distribution. It can be seen that the copper
powder was uniformly dispersed in Ecoflex but not in the liquid
metal. Because the Young’s modulus of the liquid metal was
much smaller than that of the polymer, the liquid metal thermal
path did not increase the Young’s modulus of the TIM. In
addition, a small amount of copper filler will only slightly
increase the Young’s modulus. The microstructure of TIM
under different magnifications can be seen in Video S1.
The solid−liquid codoped TIM exhibited good flexibility

(Figure 3a), compressibility (Figure 3b), and stretchability

Figure 1. Young′s modulus, E, of the composite varying with the
volume percentage of the fillers, in which Ecoflex was embedded with
10 μm spherical copper particles and 10 and 100 μm liquid metal
droplets, and Young’s modulus, Em, of the polymer.
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(Figure 3c). Figure 3d,e shows the comparison of the Young’s
modulus and thermal conductivities of the four types of TIMs:
Ecoflex itself, the liquid metal (50%) TIM, the liquid metal
(30%)−Cu (20%) TIM, and the copper (50%) TIM. It can be
seen that the liquidmetal (30%)−Cu (20%)TIMhad the largest
thermal conductivity, which was ∼8 times greater than that of

Ecoflex itself, and the Young modulus of the liquid metal
(30%)−Cu (20%) TIM (196 kPa) was similar to that of Ecoflex
(65 kPa), which was much less than that of the Cu (50%) TIM
(4000 kPa). It is worth mentioning that although the thermal
conductivity of copper was larger than that of the liquid metal, it
was difficult to disperse a high volume fraction of solid copper

Figure 2. (a) Preparation procedure of the solid−liquid codoped thermal interface material, (b) sizes of the copper particles, (c) schematic diagram,
(d) optical morphology, (e) SEM image, and (f) atom distribution.

Figure 3. (a) Flexibility, (b) compressibility, (c) stretchability, and (d) Young′s moduli, and (e) thermal conductivities of the TIMs with different
fillers with a filling volume of 50%.
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powder into Ecoflex, resulting in low thermal conductivity of the
copper (50%) TIM (0.85 W/(m·K)). The comparison verified
that the solid−liquid codoped TIM had better thermal and
mechanical properties than the liquid metal TIM and copper
TIM.

2.2. Thermal and Mechanical Performance. During the
continuous stirring process, gallium chemically oxidizes and
gallium oxide can form a hydrogen bond with Ecoflex.37,38 Such
an interaction force between the liquidmetal and Ecoflex led to a

stable structure to prevent the agglomeration of the liquid metal
(Figure 4a). The oxidation and fluidity of the liquid metal
enabled good dispersion of the liquid metal in Ecoflex. However,
the addition of copper powder squeezed the doping space of the
liquid metal and thus significantly reduced the doping amount of
the liquid metal. It can be seen from Figure 4b that as the volume
fraction of the copper powder increased, the codoping slurry
became stickier and harder.When the volume ratio of the copper
and Ecoflex was 1:1.5, the liquid metal was extruded from the

Figure 4. (a) Dispersion mechanism of the liquid metal in Ecoflex, (b) codoping the slurry with different volume ratios of copper powder and Ecoflex,
(c) variation of thermal conductivities with the volume percentages of copper powder, (d) variation of heat capacities with volume percentages of
copper powder, and (e) variation of thermal conductivities with temperature.

Figure 5. (a) Density and porosity, (b) thermal diffusivity, (c) heat capacity, (d) thermal conductivity, (e) variation of thermal conductivity with
temperature, and (f) variation of heat capacity with temperature.
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slurry. Therefore, the maximum volume ratio of the copper and
the Ecoflex was determined to be 1:1.7.
Figure 4c shows the thermal conductivities of the TIMs with

different volume percentages of copper when maintaining the
volume of the Ecoflex at 30%. In addition, the copper volumes of
5%, 10%, 15%, and 20% correspond to #1, #2, #3, and #4 TIMs
in Figure 4b, respectively. This demonstrated that with an
increase of copper volume percentage, the thermal conductivity
of the solid−liquid codoped TIM first increased and then
decreased. When the doping percentage of the copper powder
was 15%, the thermal conductivity reached the maximum value
of 3.94 W/(m·K). Figure 4d shows the heat capacity of five such
TIMs. This figure demonstrates that the heat capacity almost
remained constant when the volume of Ecoflex was 30%. This
was because the heat capacity of the liquid metal (∼400 J/(g·
K))39,40 was very close to that of copper (390 J/(g·K)). Even if
the volume ratio of the two was changed, the total heat capacity
changed little. Figure 4e shows the variation of thermal
conductivity with temperature. It can be seen that the thermal
conductivity changed little in the range of 30−80 °C.
While maintaining the volume percentage of copper at 20%,

the solid−liquid codoped TIMs with different volume
percentages of the liquid metal were prepared and tested.
Figure 5a shows the densities and porosities of the TIMs. The
densities of the TIMs nearly linearly increased with an increase
of liquid metal percentage, and the porosity increased with a
decrease in the volume percentage of Ecoflex. This was due to
the high viscosity of the codoping slurry; hence, it was difficult to
completely exhaust the air. The porosity was calculated using the
density difference of the experimental density and the
theoretical density, as shown in eq S2. Figure 5b,c shows the
experimental data of the thermal diffusivity, α, and the heat
capacity, cp. It can be seen that the thermal diffusivity increased
sharply with an increase of the liquid metal doping volume, and
the heat capacity decreased with an increase of doping volume.
The thermal conductivity was then calculated using the product
of the density, heat capacity, and thermal diffusivity, as shown in
Figure 5d. When the doping volume percentage of the solid−
liquid filler was 70% (copper filler 20% + liquid metal filler 50%),
the thermal conductivity reached 3.6 W/(m·K). The normal

operating temperature range of electronic devices (30−80 °C)
and the changes of the thermal conductivity and heat capacity of
the TIMs were within 10% (Figure 5e,f). This result indicated
that the thermal performances of the TIMs remained nearly
stable over a wide temperature range.
The solid−liquid codoped TIM could be easily cut into

customized shapes using scissors to meet the needs of various
scenes, such as circles, heart-shaped, squares, and triangles
(Figure 6a). Young’s modulus of the TIM was measured when
maintaining the volume percentage of the copper constant at
20% and the volume percentage of copper at 30%. It can be seen
from Figure 6b that with an increase of liquid metal volume
percentage, Young’s modulus gradually increased. This was
because the volume fraction of Ecoflex gradually decreased and
the volume ratio of copper and Ecoflex increased. Hence, the
hardness of the composite increased. It can be seen from Figure
6c that with an increase of copper volume fraction, Young’s
modulus increased. This demonstrated that Young’s modulus of
the solid−liquid codoped TIM was primarily determined by the
volume ratio of copper and the polymer. According to the
predicated results in Figure 1, Young’s modulus of composites
will sharply increase with an increase of volume percentage of
copper while slightly increase or decrease with an increase of
volume percentage of liquid metal. Therefore, the dominated
factor affecting Young’s modulus of the composite should be the
volume percentage of copper but not liquidmetal. The larger the
volume ratio, the greater the Young modulus. When the doping
percentage of the copper particles was 20%, the Young modulus
of the TIM was as high as 1480 kPa.
Figure 7 shows the comparison of the thermal and mechanical

properties of the solid−liquid codoped TIM and other TIMs.
We selected the TIMs with Young’s modulus of less than 25
MPa for comparison.41−46 In this range, the doping volume
percentage of the solid fillers was generally less than 5%. It can be
seen that the TIMs doped with solid fillers generally had large
Young’s modulus, and the thermal conductivities were lower
than 1.5W/(m·K). The Au nanowire TIM44 was an exception; it
had a maximum thermal conductivity of 5.1 W/(m·K), and its
Young’s modulus (6 MPa) was far larger than that of the solid−
liquid codoped TIM. The liquid metal TIM46 had the minimum

Figure 6. (a) Thermal interface materials of different shapes cut with scissors, (b) Young’s modulus of the TIMs with the doping percentage of copper
kept constant at 20%, and (c) Young’s modulus of the TIMs with the volume percentage of Ecoflex kept constant at 30%.
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Young’s modulus, while its thermal conductivity was less than
1.5 W/(m·K). The solid−liquid codoped TIM in this study had
the best thermomechanical performance; it also had the
maximum thermal conductivity of 3.94 W/(m·K) with a
Young’s modulus of 699 kPa.
The approximate relationship between the thermal con-

ductivity and Young’s modulus for nonmetallic and electrically
insulating solids was already derived before, and it is shown in eq
1.47 In eq 1, k is the thermal conductivity of the material, E is the
Young’s modulus of the material, cv is the heat capacity of the
material, l is the mean free path of a phonon in the material, and
ρ is the density of the material. This implies that the thermal
conductivity will increase with the square root of the Young’s
modulus. Therefore, we defined a thermomechanical perform-
ance coefficient, η, to evaluate the comprehensive performance
of different TIMs, as shown in eq 2. The greater the influence
factor, η, the better the comprehensive thermal and mechanical
performance of the TIM. Figure 8 shows the η’s of different

TIMs. It can be seen that solid−liquid metal codoped TIMs had
the maximum η, followed by the liquid metal TIMs. In addition,
the solid filler-doped TIMs had very small factors due to the
large Young’s modulus.

i
k
jjjj

y
{
zzzz·k

C l E
3
v

1/2

(1)

= k
E1/2 (2)

2.3. Long-Term Reliability. The thermal powers of
electronic devices change dramatically due to the frequent
switching on and off or working frequency adjustments.
Therefore, the TIMs sandwiched between the heat source and
the heat sink always withstand continuous high−low-temper-
ature cycles, and this requires long-term reliability. Figure 9a
shows a high−low-temperature testing platform with a working
range from−10 to 200 °C. The heat source is the heating plate at
the bottom, the heat sink is the air-cooled heat pipe radiator at
the upper portion, and the TIM is sandwiched in the middle.
The heat sink works continuously, and the heat source works
intermittently with a cycle time of 12 min (4 min of operation
and 8 min of shutdown). For real-time monitoring of
temperature, a thermocouple was pasted below the TIM, and
the temperature was varied from 55 to 35 °C (Figure 9b,c). A
total of 200 cycles were conducted, and after every 50 cycles, the
thermal conductivity and Young’s modulus were measured. The
tested TIM was made up of 5% Cu, 65% liquid metal, and 30%
Ecoflex. It can be seen that the thermal conductivity and Young’s
modulus after 200 cycles did not notably change (Figure 9d,e).
The high−low-temperature cycles indicated the excellent long-
term reliability of the solid−liquid codoped TIM. In fact, the
solid−liquid codoped TIM was already cured, and the internal
filler distribution will not change with time. Hence, the thermal
and mechanical properties will not change with time.

2.4. Applications. Due to the machining tolerance or
uneven installation torque, large-sized devices will slightly warp
when installed on a radiator, thus resulting in a large gap. In this
situation, the thermal grease fails, and a thermal pad is typically
used. The solid−liquid codoped TIM was compared with the
thermal grease from Shintsu Corporation and a thermal pad
from Liard Corporation. Figure 10a shows the experimental
platform, in which a 50 W LED was selected as the heat source,
and the radiator was the air-cooled straight-fin radiator. It can be
seen that when the LED was directly mounted on the radiator,
warping occurred at the boundary. Figure 10b shows the
temperature cloud diagram of the LED when using no TIM,
thermal grease, Liard thermal pad, and solid−liquid codoped
TIM. With an increase in working time, the maximum
temperature of the LED lamp gradually increased and finally
reached stability. When the TIM was not used, the LED surface
temperature reached 72 °C in 37 s, and the temperatures of the
thermal grease, the Liard thermal pad, and the solid−liquid
codoped TIM were 58.6, 50.8, and 51.3 °C, respectively. Figure
10c shows the temperature curves of the heating and cooling
processes when using different TIMs. It can be seen that the
solid−liquid codoped TIM showed a thermal performance
equivalent to that of the Liard thermal pad, and both were better
than that of the thermal grease. According to the thermal
analysis presented in Table S4, compared with no TIM, the total
thermal resistance when using the solid−liquid codoped TIM
was reduced from 1.28 to 0.82 (°C·cm2)/W. Moreover, the
extrusion will irreversibly deform the thermal pad and thermal
grease, which can only be used once. However, the solid−liquid
codoped TIM can return to its original shape after the pressure is
removed, which makes it reusable.

3. CONCLUSIONS
In this study, we demonstrated a solid−liquid metal codoped
TIM with favorable thermal and mechanical properties that
overcame the tradeoff relationship between high thermal
conductivity and low Young’s modulus. By utilizing a solid−
liquid metal codoping strategy, the typical TIM achieved a

Figure 7. Comparison of the thermal conductivity and Young’s
modulus of the solid−liquid codoped TIM with those of the other
TIMs.

Figure 8. Thermomechanical influence factors, η, of different TIMs.
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thermal conductivity of 3.94 W/(m·K) and a Young modulus of
699 kPa, with 55% gallium-based liquidmetal and 15% copper as
fillers. The thermal conductivity of the TIM increased sharply
with the doping volume percentage of the liquid metal, and the
Young’s modulus increased rapidly with the volume ratio of the
copper and Ecoflex. The comprehensive performance was better
than that of the liquid metal TIM and the solid filler-doped TIM.
This TIM had the maximum thermomechanical performance

coefficient compared with liquid metal TIMs and solid filler-
doped TIMs. In addition, the TIM maintained a stable physical
performance under 200 cycles of high−low-temperature tests.
The large-sized LED application test showed that this TIM was
suitable for filling gaps. In summary, the synergistic effect of the
solid filler and liquid metal provided a broad space to solve the
classic tradeoff of mechanical and thermal properties.

Figure 9. (a) Experimental platform, (b) temperature variation in one cycle, (c) temperature variation in 200 cycles, (d) variation of thermal
conductivity with cycle times, (e) variation of Young’s modulus with cycle times.

Figure 10. (a) Morphology of the LED and radiator, (b) temperature cloud diagram of the LED, and (c) maximum temperature curves of the LED.
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4. EXPERIMENTAL SECTION
4.1. Materials. GaIn24.5 was prepared as follows. Gallium and

indium were weighed with mass percentages of 75.5 and 24.5%,
respectively, and then, the mixture was heated using an induction
furnace until it melted completely. The liquid metal was then cooled to
80 °C and stirred until uniformly mixed. Finally, the furnace was cooled
to 25 °C, and GaIn24.5 was obtained. Gallium and indium were
purchased from Hunan Sinen Materials Co., Ltd., China. Copper was
purchased from Qinghe Huiguang Metal Materials Co., Ltd., China.
Ecoflex was purchased from Smooth-On, and its brand was Ecoflex-
0030.

4.2. Thermal and Mechanical Property Tests. The density was
obtained by dividing the mass by the volume of a cylindrical sheet TIM.
The mass of the TIM was tested using an electronic balance (accuracy
of 0.0001 g), and the volume of the TIMwas obtained bymeasuring the
diameter and height of the cylindrical sheet TIM, which was measured
using a vernier caliper (accuracy of 0.02 mm). The thermal diffusivity
was tested using the laser flashmethod (NETZSCH, LFA 467), and the
heat capacity was tested using differential scanning calorimetry
(NETZSCH, DSC3500). Young’s modulus was tested using a universal
testing machine (Dongguan Bolaide Equipment Co., Ltd., BLD-
1028A). Infrared thermal imager Fotric 220s was from Fotric Inc.,
China.

4.3. High−Low-Temperature Cycle Test. A T-type thermocou-
ple was used to monitor the temperature variation, and the signals were
collected by an Agilent 34970 A with a sampling frequency of 4 times/
min. The thermocouple was pasted on the contact surface of the heat
sink and the TIM. The switch of the heat source was controlled by a
time switch. After every 50 cycles, a knife was used to cut a small piece of
the TIM for testing.

4.4. LED Applications.The warping between the LED and radiator
was created deliberately. The two bolts on the left side of the LED were
tightened, and the two bolts on the right side of the LED were slightly
tightened. There was a gap of 80 μmon the right side of the LED due to
different forces on both sides. An infrared imager was used to test the
surface temperature of the LED; it was set to a timed automatic photo
mode to monitor the temperature change during the continuous
heating period.
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