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A B S T R A C T

We develop a graphene oxide (GO)@In-Bi alloy composite that exhibits flexibility, leak-proof properties, and
efficient interfacial heat transfer. This composite was fabricated using a layer-by-layer strategy for applications in
thermal interface materials (TIMs). The incorporation of liquid metal with high thermal conductivity enhances the
cross-plane thermal conductivity of the GO film to 1.35 W/(m ⋅ K) while reducing the thermal contact resistance
to 0.47 �C cm2/W. Upon exposure to high-temperature conditions, the In-Bi phase transition occurs, filling the
gaps between rough interfaces and facilitating interface wetting, thereby improving heat transfer efficiency.
Additionally, due to surface tension effects, the liquid alloy evenly coats the GO surface, providing the composite
film with robust mechanical properties and ensuring excellent leak resistance. Overall, this study presents a novel
approach for fabricating flexible liquid alloy-based composites with high thermal conductivity and low thermal
contact resistance, providing fresh perspectives on the synthesis of TIMs.
1. Introduction

Thermal interface materials (TIMs) play a crucial role in enhancing
heat dissipation and thermal management in various electronic and op-
toelectronic devices [1]. With the continuous miniaturization and
increasing power density of these devices, efficient heat transfer across
interfaces become paramount to ensure optimal performance, reliability,
and longevity [2]. TIMs serve as bridges between heat-generating com-
ponents and heat sinks, facilitating the efficient transfer of heat away
from critical areas [3].

From materials perspectives, traditional TIMs are commonly classi-
fied into three categories: solid, paste, and liquid forms [4]. Solid TIMs
typically exhibit high mechanical strength and stability, maintaining
their shape even under high pressure or extrusion [5]. They resist flow
and volatilization, offering reliable heat dissipation for applications with
elevated temperatures and high-power densities. Nonetheless, solid TIMs
often entail a large thermal resistance between themselves and the con-
tact surface, resulting in suboptimal heat transfer efficiency. Moreover,
they demand stringent requirements for contact pressure and surface
flatness during assembly. Solid TIMs mainly include metal sheets (such as
copper or aluminum), ceramic sheets, and thermally conductive silicon
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pads. Paste TIMs can effectively fill small gaps and irregularities,
enhancing the contact area of the thermal interface surface and conse-
quently improving heat transfer efficiency [6]. They are typically easy to
apply and assemble. However, the liquid component may evaporate over
time, compromising their thermal performance. Carbon-based and
metal-based thermal conductivity pastes are commonly employed in this
category. Liquid TIMs have the advantage of filling minute gaps on the
contact surface, leading to a significant increase in thermal contact area
and heat transfer efficiency [7]. However, they may exhibit volatility
over prolonged use, resulting in diminished effectiveness. Examples of
liquid TIMs include thermal silicone oil, thermal grease, and thermal
liquid metal (such as gallium and indium). Each type of TIM has its
unique advantages and suitability for various application scenarios. The
selection of the appropriate TIM depends on the specific thermal man-
agement requirements, budget constraints, and available space in a given
application [8].

In recent years, phase-change thermal interface materials (PCTIMs),
which integrate phase change and heat conduction, have emerged as a
focal point of research in electronic device heat dissipation. At ambient
temperatures, their solid state ensures robust mechanical strength and
stability. However, during elevated temperatures, phase transition en-
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sures sufficient interface contact, thereby markedly enhancing heat
transfer efficiency [9]. Currently, there have been theoretical and
experimental investigations on PCTIMs for managing the interfacial heat
dissipation of electronic devices. Zhou et al. synthesized composite ma-
terials using polydimethylsiloxane (PDMS) incorporating paraffin@SiO2
nanocapsules and developed a physical model inspired by prevalent
computer CPU cooling systems [10]. They demonstrated the influence of
capsule melting point and enthalpy on the chip heating rates. Zhao et al.
incorporated vertically aligned short carbon fibers into the blend of sil-
icone rubber and paraffin wax to fabricate a phase change thermal pad
with a stable form. This composite exhibits a thermal conductivity of
7.00 W/(m ⋅ K) and reduces thermal impedance by 54.4 % during the
phase change process [11]. They also attempted to fabricate a thermal
pad by blending a low-melting-point alloy (62.5Ga21.5In16Sn) with
expanded graphite. This composite exhibits a thermal conductivity of
26.94 W/(m ⋅ K) and achieves a remarkably low thermal impedance of
0.42 K cm2/W. Moreover, the cooling efficiency under forced air con-
vection surpasses that of commercial thermal pads by 36.78 % [12].
These mentioned cases represent mainstream PCTIM categories: micro-
encapsulated PCM, nanocomposite films, and liquid metal-based PCM.
Microencapsulated PCM typically demonstrates stable phase transition
and excellent leak resistance. However, its material composition is
intricate, posing challenges in preparation and performance control.
Nano-composite membranes exhibit favorable contact characteristics
and flexibility but often have low thermal conductivity. Liquid
metal-based PCM offers high thermal conductivity but is susceptible to
leakage issues. Consequently, the design of material components and
interface engineering remains a focal point and challenge in developing
PCTIMs with optimal thermal conductivity, flexibility, and leak
resistance.

In this study, a uniform coating of liquid In-Bi alloy is applied onto the
graphene oxide (GO) film surface with a thermally conductive composite
film obtained via the layer-by-layer strategy. The surface tension drives
the liquid alloy to form a stable thin layer on the GO surface. At ambient
temperature, the film exhibits solidity, with the In-Bi alloy coating
serving as an adhesive, thereby enhancing the mechanical flexibility and
durability. When employed as a TIM between the heat source and the
heat sink, the In-Bi alloy liquefies, accompanied by the gaps filled be-
tween rough interfaces, consequently reducing thermal contact resis-
tance and facilitating interfacial heat transfer. The developed composite
film demonstrates favorable flexibility, high thermal conductivity, and
leak prevention, with a straightforward preparation process. Practical
thermal management testing proves its favorable exceptional heat
dissipation performance functioning as a TIM, underlining its consider-
able potential for further commercial promotion.

2. Experimental

2.1. Materials

Sulfuric acid (H2SO4, 19 mol/L) and sodium nitrate (NaNO3, >98.5
%, AR) were purchased from Aladdin Reagent Shanghai Co., Ltd.
Gallium-indium alloy (Ga-In, Ga75-In25) was purchased from Sichuan
High Purity Materials Technology Co., Ltd. Indium-bismuth alloy (In-Bi,
In66.3-Bi33.7) was purchased from Changsha Kunyong New Materials
Co., Ltd. Flake graphite (2–3 μm, �99 %), potassium permanganate
(KMnO4, �99 %, AR), hydrogen peroxide (H2O2, >10 %), hydrochloric
acid (HCl, 5 %, AR), anhydrous ethanol (AE, >99.8 %, GR) were pur-
chased from Titan Technology Co., Ltd. All chemical reagents were used
without further purification.

2.2. Preparation of GO and GO/In-Bi composite film

In the experiment, 3.2 g NaNO3 was dissolved in 46 mL concentrated
H2SO4 under mechanical stirring. Subsequently, the beaker containing
the solution was immersed in an ice bath, stirring continuously for 30
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min to ensure thorough mixing. Then, 2 g graphite flakes were incor-
porated into themixture, continuing to stir for an additional 45min; 0.3 g
KMnO4 was sequentially added every 3 min until reaching a total of 6 g,
closely monitoring to maintain the temperature below 5 �C. Throughout
the reaction, the mixture gradually became a purplish-red oily substance.
After a total of 60 min of stirring in the ice bath, the reaction vessel was
transferred to an oil bath preheated to 40 �C, maintaining stirring for
another 90 min. DI water of 92 mL was gently introduced before relo-
cating the reactor to a 100 �C oil bath for 15 min. The reactor was
removed and cooled to about 60 �C, followed by gradually adding 180
mL DI water for a continuous cooling process. A 30mL H2O2 solution was
carefully incorporated until no further bubbles emerged. The color of the
solution gradually switched from brown to golden. After the solution was
settled down for 12 h, it was centrifuged at 4500 RPM to obtain the GO
filter cake. The cake was cleaned with a 5 % hydrochloric acid solution
followed by five washes in DI water until the pH of the solution was
stable at 7.

GO was homogeneously mixed with DI water in an appropriate ratio,
achieving dispersion following 12 h of ultrasonic treatment. A uniform
film was then formed by spreading a specified volume of this dispersion
onto a plate with a coater and subsequently drying it in an oven at 60 �C
for 3 h. This film was placed on a heating table maintained at 80 �C, and
subjected to hot pressing for 5 min before In-Bi alloy particles were
distributed on the film surface. Once the alloy melted, a plastic brush was
employed to uniformly coat both sides of the film, ensuring even
coverage. Upon cooling, a GO@In-Bi composite film was fabricated. For
comparison, another composite film was also fabricated by the alloy onto
the GO film without the hot-pressing step. Additionally, GO@Ga-In
composite films were similarly prepared to explore the impacts of vary-
ing alloy compositions on interfacial heat conduction. The fabrication
process for both the GO film and the GO@In-Bi composite film is illus-
trated in Fig. 1a. The heat-treated and non-heat-treated GO films are
denoted as GOw and GOw/o, respectively. It is noteworthy that conven-
tional In-Bi films lack the capability of restoration post-heating,
rendering them unsuitable for direct applications as TIMs, as shown in
Fig. 1b. Conversely, the GOw@In-Bi composite film retains its restorative
properties after heating. This phenomenon primarily stems from the
amalgamation of liquid metal with the graphene film, wherein the liquid
metal establishes a stable thin layer on the graphene film's surface.
Consequently, owing to surface tension, the liquid metal uniformly dis-
perses across the surface of GO, engendering a cohesive coating that
effectively mitigates leakage.

2.3. Characterizations

The micromorphology was characterized using a scanning electron
microscope (SEM, Hitachi S-4800, Japan) with the acceleration voltage
of 20 kV. The microstructure was studied by X-ray diffraction (XRD,
Brugge D8-Advance, Germany) under 40 mA and 40 kV with a scanning
rate of 5�(2θ)/min. The optical properties and bonding situations were
analyzed using a UV–visible spectrophotometer (PerkinElmer, USA). The
energy distribution of emitted photoelectrons and surface Auger elec-
trons was tested using an X-ray photoelectron spectrometer (XPS,
ESCALAB 250Xi). The thermal conductivity was measured using a ther-
mal conductivity meter (C-THERM TCi, Canada). Mechanical properties
were tested using a universal electronic testing machine (MTS,
CMT6103, China). The specimens used for the test were rectangular in
shape with dimensions of 5.08 cm � 1.27 cm. The thermal stability was
studied by thermal gravimetric analysis (TGA, NETZSCH, Germany, STA
449F5) from room temperature to 800 �C at a rate of 10 �C/min under a
nitrogen atmosphere. The nitrogen flow rate was 20 mL/min. Infrared
thermal images were captured using the FLIR (USA, T640). The thermal
resistance was tested through a contact thermal resistance testing ma-
chine (LW-9389, Longwei Technology Co., Ltd., Taiwan, complying with
ASTM-D5470 standard). The tested thermal resistance consists of the
thermal resistance of the TIMs and the thermal contact resistance (TCR).



Fig. 1. (a) Schematic diagram of the preparation of GO film and GO@In-Bi film; (b) surface morphological change of GO film and GOw@In-Bi film before and after
heating (the original size of GO film and GOw@In-Bi is around 2.5 � 2.5 cm and 3.5 � 3.5 cm, respectively).

Fig. 2. Surface SEM images of (a) GOw/o and (b) GOw film; crossection SEM images of (c) GOw/o and (d) GOw film; surface SEM images of the (e) GOw/o@In-Bi film
and (f) GOw@In-Bi film.
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3. Results and discussions

3.1. Micromorphology and structure characterizations

The influence of the hot-pressing treatment on the micromorphology
change of the film is first studied. Fig. 2a and b compare the surface SEM
images of GO films before and after hot pressing. Obvious wrinkles are
observed in GOw/o film, which are usually considered thermal barrier
areas [13]. Post-treatment, the films show a higher density of folds with
reduced peak heights, facilitating more effective surface contact [14].
Additionally, the cross-sectional SEM images confirm tighter adhesion
and reduced layer spacing between the GO film layers after hot pressing,
enhancing the directionality of heat transfer efficiency, as shown in
Fig. 2c and d. In addition, the surface morphology of GOw@In-Bi com-
posite films is studied, and the results are shown in Fig. 2e and f. They
exhibit significantly lower surface roughness compared to GO films, in
the absence of noticeable wrinkles. This smoother surface achieved
through hot pressing ensures lower interface TCR, making the composite
films particularly effective as TIMs.

The structural characteristics of the films are analyzed by XRD, as
shown in Fig. 3a. The analysis identifies the distinct characteristic peak of
GO at 11.68�, associated with the (002) diffraction plane [15]. For the
GOw@In-Bi composite, characteristic peaks of the In-Bi alloy are
observed at 27.32�, 47.36�, and 56.09�, aligning with the (100), (110),
and (200) diffraction planes, respectively [16]. The clarity of these peaks
suggests that the layer-by-layer process preserves the internal structure of
the composite. XPS is employed to analyze the molecular structure and
valence states of the surface of the GOw film and the GOw@In-Bi com-
posite film with the results shown in Fig. 3b–f. The peaks observed at
285.1 eV, 532.1 eV, 161.1 eV, and 444.1 eV correspond to C 1s, O 1s, Bi
4f, and In 3d, respectively [17]. Further chemical state analysis of C and
O in GO is provided in Fig. 3c and d. Within the primary peak of O 1s, the
deconvoluted peaks at 531.8 eV and 530 eV signify C-O and C¼O bonds,
respectively. Similarly, within the primary peak of C 1s, the four
deconvoluted peaks at 282.9 eV, 283.9 eV, 286.1 eV, and 288.1 eV
correspond to C¼C, C-C, C-O, and C¼O bonds, respectively [18]. For
Fig. 3. (a) XRD spectra of GOw and GOw@In-Bi films; (b) wide-scan XPS curves of GO
and Bi 4f XPS spectra of GOw@In-Bi film.
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GOw@In-Bi, the peaks at 443.3 eV and 450.9 eV correspond to In 3d5/2
(metal) and In 3d3/2 (metal), Fig. 3e. Additionally, deconvoluted peaks In
3d5/2 (O) and In 3d3/2 (O) are observed at 444.3 eV and 452 eV, indi-
cating the oxidation of In in the alloy. Likewise, the peaks observed at
155.4 eV and 160.7 eV correspond to two characteristic peaks of Bi
element: Bi 4f7/2 (metal) and Bi 4f5/2 (metal), Fig. 3f. The observed
deconvoluted peaks of Bi 4f7/2 (O) and Bi 4f5/2 (O) suggest oxidation of
Bi. This oxidation may occur due to the formation of molten metal during
the composite process with GO, thus demonstrating good compatibility
between the two materials [19].
3.2. Optical, mechanical, and hydrophilic properties characterizations

The optical characteristics of the GOw film and the GOw@In-Bi
composite film are evaluated, with findings presented in Fig. 4a. It is
observed that the GOw@In-Bi composite film exhibits significantly
reduced absorption within the wavelength range 400–800 nm. The
decreased absorption is attributed to the incorporation of the In-Bi alloy,
which imparts a distinct silver hue to the composite film, as shown in the
inserted digital image. Conversely, the surface of the GOw film displays a
dark brown coloration, and it exhibits a high absorption rate across the
200–800 nm wavelength spectrum, achieving values exceeding 0.9.

The load-bearing capacity of the film is evaluated, as presented in
Fig. 4b. The GOw film without In-Bi alloy coated could support a
maximum weight of 200 g before succumbing to failure. In contrast, the
composite film fabricated using a layer-by-layer approach demonstrates
the ability to sustain a load of 400 g. Tensile testing further corroborated
the superior mechanical properties of the GOw@In-Bi composite film,
indicating fracture stress of 1170.9 kPa, which is approximately 120.8 %
higher than that of the GOw film (530.3 kPa), Fig. 4c. Moreover, the
incorporation of a highly malleable liquid metal endows the composite
film with enhanced flexibility, enabling it to be bent into various con-
figurations and to regain its original shape over time, Fig. 4d. This
remarkable ability to adapt its shape significantly augments the contact
adequacy when employed as a TIM, thereby facilitating improved heat
transfer performance at the interface.
w and GOw@In-Bi films; (c–d) O 1s and C 1s XPS spectra of GOw film; (e–f) In 3d



Fig. 4. (a) The absorption spectra of the GOw and GOw@In-Bi composite film in the 200–800 nm wavelength range; (b) load-bearing capacity test of GOw and
GOw@In-Bi composite films; (c) stress-strain curves of GOw and GOw@In-Bi composite films; (d) flexibility test of GOw@In-Bi composite films; (e) hydrophobic angle
test of GOw and GOw@In-Bi composite films; (f) waterproof resistance test of GOw and GOw@In-Bi composite films.

Y. Li et al. Transactions of Materials Research 1 (2025) 100010
The contact angle of the film is measured with the results shown in
Fig. 4e. There are abundant hydrophilic oxygen-containing functional
groups on the surface of GOw film, and water droplets are quickly
adsorbed when in contact with water. A contact angle of 69� is observed,
indicating its good hydrophilicity. This characteristic predisposes the
TIMs to create a humid environment upon water absorption, potentially
accelerating corrosion on the contact metal surfaces. Moreover, the hy-
drophilic nature may prompt physical or chemical alterations (e.g.,
expansion, softening, or decomposition), adversely impacting its heat
transfer efficacy and mechanical integrity. Conversely, the GOw@In-Bi
composite film exhibits a contact angle of 136�, reflective of notable
hydrophobic properties. This hydrophobicity may stem from the lowered
surface energy of the composite system, a result of the synergistic effect
between the liquid metal and GO, enhancing the long-term stability of
the TIM. Water contact experiments performed on both films are pre-
sented in Fig. 4f. Initially, the GOw film remains afloat on water but
eventually sinks and slightly expands. In contrast, the GOw@In-Bi film
neither swells nor sinks when submerged in water for the same duration
owing to its hydrophobic qualities.

3.3. Thermal characterizations

The thermal stability of the GOw and GOw@In-Bi composite films is
evaluated with the TGA curve presented in Fig. 5a. The mass loss of the
GO film reaches 50 % upon heating to 800 �C, whereas the GOw@In-Bi
film exhibits only a 7.2 % loss. The plenty of oxygen-containing func-
tional in GO decomposes between 150 and 200 �C, producing significant
amounts of gas and heat, leading to pressure increases [20]. The rapid
expansion of GO occurs when the pressure surpasses the van der Waals
forces, resulting in the splattering of samples and the formation of ash
[21]. Conversely, liquid metals typically possess a high specific heat
capacity, thereby slowing the rate of temperature increase of the com-
posite film under thermal load [22]. Additionally, the high thermal
conductivity of the liquid metal enhances the overall heat transfer, and
the robust interface between GO and In-Bi (reflected by previous me-
chanical characterization) reduces the inside thermal resistance and
prevents heat accumulation, both of which significantly contribute to the
enhanced thermal stability of the film. Furthermore, the inserted DTG
5

curve in Fig. 5a indicates that both GO and GOw@In-Bi exhibit peak
weight loss rates at approximately 200 �C, attributed to the decarbox-
ylation of the -COOH groups [23]. The weight loss rate for GOw@In-Bi
film is �0.5 %/min, markedly lower than the �5.07/min observed for
GO film. This comparison substantiates that the incorporation of liquid
metal markedly boosts the thermal stability of the film.

The thermal conductivity of the film is initially tested to determine
the impact of In-Bi alloy on heat transfer, with results presented in Fig. 5b
(cross-plane direction) and Fig. 5c (in-plane direction). The hot-pressing
treatment enhances the packing density between layers, reducing cross-
layer thermal resistance and consequently increasing thermal conduc-
tivity [24]. GOw@In-Bi exhibits a higher cross-plane thermal conduc-
tivity of 1.35 W/(m⋅K), more than twice that of GOw (0.44 W/(m⋅K)).
This substantial increase can be attributed to the introduced In-Bi alloy
significantly enhancing the density of the GO film with an almost un-
changed thermal diffusion coefficient. Since the structural alignment
within the plane remains largely unchanged, the in-plane thermal con-
ductivity of GOw@In-Bi is almost equal to that of GOw.

Thermal resistance is a critical factor for evaluating the heat transfer
performance of TIMs [25]. The testing principles of TCR are shown in the
Supporting Information. The TCR values of the film under various tem-
perature and pressure conditions are tested, with the results shown in
Fig. 5d and e. Fig. 5d illustrates the TCR change of the film under
different temperature gradients at the pressure of 30 psi. The TCR of the
GOw/o is the highest, reaching 6.59 �C cm2/W at 40 �C. In comparison,
the TCR of GOw/o@In-Bi and GOw/o@Ga-In films are 2.45 �C cm2/W and
3.99 �C cm2/W at 40 �C, respectively. Notably, the TCR of GOw/o@In-Bi
film shows a significant decrease during the transition from 70 �C to 80
�C. This sharp reduction is attributed to the phase transition from solid to
fluid as the point of the In-Bi alloy is approximately 72 �C, which fills the
interfacial gaps and improves the interfacial contact. The TCR of the
GOw/o film and GOw/o@Ga-In composite film decreases with the
increased pressure, Fig. 5e. The increased pressure improves the contact
situation and thus reduces the contact resistance. It should be noticed
that the decrease in TCR for the GOw/o@In-Bi composite film is minimal,
indicating that the alloy has already filled most of the gaps at 30 psi, and
further pressure has little impact on enhancing interface transfer. Fig. 5f
illustrates the TCR change for the GO film and GO@In-Bi composite film



Fig. 5. (a) TGA and DTG curves of GOw and GOw@In-Bi; the thermal conductivity of GOw/o, GOw, GOw@In-Bi, and GOw/o@In-Bi at (b) cross-plane direction and (c)
in-plane direction; (d, e) TCR comparison of GOw/o, GOw/o@In-Bi, and GOw/o@Ga-In under various temperature and pressure; (f) TCR comparison of GO and GO@In-
Bi before and after hot-pressing under different temperature; (g) high and low-temperature TCR cycling test curves of GOw and GOw@In-Bi; (h–i) the temperature
differential between the hot and cold ends under varying temperature gradients of GOw and GOw@In-Bi.
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before and after hot pressing. The hot-pressing treatment reduces the
TCR of the GO film from 6.59 �C cm2/W to 5.27 �C cm2/W. This
reduction is attributed to the denser lamellar structure of the latter,
which results in smaller interlayer gaps and significantly decreased
interface thermal resistance. GO@In-Bi composite film generally exhibits
a similar trend, although the magnitude of change is smaller. This is
because the composite film has better interface contact than the pure GO
film, leading to a smaller reduction in TCR after hot-pressing. The TCR
stability of the film after undergoing high and low-temperature cycling is
evaluated and the results are shown in Fig. 5g. Both the GOw and
GOw@In-Bi composite films exhibit robust thermal resistance stability
across high and low temperatures. Notably, the TCR of the GOw@In-Bi
composite films decreases significantly, reducing to approximately 0.47
�C cm2/W at 80 �C. Considering that the TCRs of commercially available
thermal greases and thermal pads are approximately 1 �C cm2/W and 2
�C cm2/W, respectively, the GOw@In-Bi composite films developed in
this study demonstrate significant potential for practical applications.
The instability TCR of GOw@In-Bi is attributed to the uneven distribu-
tion of the liquid metal along the vertical direction under heating.
Furthermore, the temperature differential between the hot and cold ends
under varying temperature gradients is recorded, with results presented
in Fig. 5h and i. The circled area indicates the temperature difference
between the cold and hot ends. The temperature difference in the
GOw@In-Bi composite film is considerably lower than that in the GOw
6

film, which is also attributed to reduced thermal resistance.

3.4. Practical thermal management validation

The thermal management performance of the films is evaluated. GOw
and GOw@In-Bi films are placed on an iron heating plate set at 100 �C. An
aluminum heat dissipation fin is employed as the heat sink and the film
thickness is around 0.2 mm. The temperature changes are captured using
an infrared thermal imager, as illustrated in Fig. 6a. Initially, the tem-
perature of both GOw and GOw@In-Bi is approximately 45 �C. After 10 s,
the surface temperature of GO reached 76.2 �C, whereas that of GO@In-
Bi is slightly lower at 74.6 �C. However, the surface temperature of GOw
has increased to 88.2 �C by 15 s, while the temperature of GOw@In-Bi
escalates to 95 �C, significantly higher than that of GOw. This increase is
attributed to the In-Bi alloy becoming liquid at 80 �C and filling the gaps
between the material and the heating plate, thereby enhancing interfa-
cial heat transfer and resulting in a more pronounced temperature rise.
Fig. 6b shows the corresponding temperature rise curve, which also
clearly illustrates this phenomenon. The films are placed between the
heating plate and the heat sink to replicate the actual operating condi-
tions of the TIMs and their actual heat dissipation performance is eval-
uated. The initial temperature of the heating plate is set to 125 �C. The
thermal image captured by the infrared camera is presented in Fig. 6c.
The left image illustrates the application of GOw@In-Bi and GO film as



Fig. 6. (a) The surface infrared thermal images of GOw and GOw@In-Bi by placing them on a heating stage, (b) the corresponding temperature evolution versus time,
(c) initial infrared thermal image of the TIMs applicated system and the maximum temperature achieved for various incorporated TIMs, (d) the detailed temperature
evolution of the heat sinks incorporated with various TIMs, (e) digital images from the flame retardancy test of GOw and GOw@In-Bi films.
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TIMs, while the right image illustrates the schematic diagram of their
practical implementation and the temperature of the heat sink after 20
min, recorded by the thermocouple. The heat sink temperature with
GOw@In-Bi inserted reaches 124.7 �C, whereas with GO, it is only 100.9
�C. Fig. 6d illustrates the detailed temperature evolution of the heat sinks
incorporated with various TIMs. Notably, the heat sink incorporated with
GOw@In-Bi exhibits a significant temperature increase after 140 s, when
the temperature of the heating platform is approximately 79 �C. This
substantial temperature rise can be attributed to the phase transition of
the In-Bi alloy, filling the interfacial gap and thereby improving heat
transfer efficiency.
7

The films are subjected to a flame test at 2000 �C to evaluate their
flame retardancy, with results presented in Fig. 6e. After a continuous
exposure of 6 s, the GO film displays significant decomposition, due to
the presence of oxygen-containing functional groups on its surface. In
contrast, the GO@In-Bi composite film maintains its original shape,
primarily due to the inherent non-combustibility of the liquid metal and
its high thermal conductivity, which enables rapid absorption and
dispersion of heat from surrounding materials, thus aiding in the
reduction of local temperatures and mitigating the propagation of fire.
The above analysis proves the excellent thermal performance of the film
in practical thermal management applications.
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4. Conclusions

In summary, a straightforward and efficient layer-by-layer approach
is presented for fabricating GOw@In-Bi composite films tailored for
thermal interfacial applications. The main conclusions are.

(1) the GOw@In-Bi film achieves a cross-plane thermal conductivity
of 1.35 W/(m⋅K) and a low thermal contact resistance of 0.47 �C
cm2/W at 80 �C, benefiting from the phase change of the In-Bi
alloy which fills interfacial gaps and enhances contact.

(2) The incorporation of liquid metal and GO provides the film with
high flexibility, robust mechanical strength (fracture stress up to
1170.9 kPa), and strong resistance to leakage and deformation.

(3) The composite film demonstrates high thermal stability, low
weight loss at elevated temperatures, and survives flame exposure
without structural damage.

(4) Infrared thermal imaging and heat dissipation tests confirm the
film's superior performance as a TIM, with effective interfacial
heat transfer and rapid thermal response.

This study not only presents the fabrication of flexible, leak-proof,
and highly thermally conductive GOw@In-Bi composite films but also
systematically analyzes and discusses the properties of thermal interface
materials, offering valuable insights for the development and evaluation
of liquid metal-based thermal interface materials. Future development
directions for In-Bi alloy-based TIMs include enhancing high-
temperature stability, improving oxidation resistance, increasing flexi-
bility, reducing costs, and achieving multifunctionality.
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