
Vol.:(0123456789)1 3

Advanced Composites and Hybrid Materials 
https://doi.org/10.1007/s42114-021-00255-8

ORIGINAL RESEARCH

Ultrasonic‑assisted soldering for graphite films as heat sinks 
with durably superior heat dissipating efficiency

Huaqiang Fu1 · Yong Xiao1 · Peng Li2 · Wei Qian2 · Dan Li1 · Xin Zhao2 · Daping He2,3 

Received: 28 February 2021 / Revised: 29 March 2021 / Accepted: 8 April 2021 
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract
Graphite film (GF) is considered as an unrivaled candidate of heat sink in thermal management applications. The inappropri-
ate thermal interface material (TIM), however, could severely restrain the application of GF as heat sink. In this study, GF 
heat sink was assembled with SAC305 (Sn-3.0Ag-0.5Cu, wt. %) solder through ultrasonic-assisted soldering approach. Due 
to ultrasonic effects, the soldered interface for heat transfer exhibited compact structure. The forming of Ag3Sn and Cu6Sn5 
nanoparticles at interface could improve the interfacial coefficient gradient of thermal expansion. Comparing to traditional 
thermally conducted packaging method, soldering-assembled GF heat sinks exhibited excellent cooling efficiency, which 
could be maintained after more than 50 thermal cycles from 0 to 100 °C, and after thermal aging treatments for over 48 h 
under 150 °C in air. In the mechanical performance tests, the ultrasonic-assisted soldered GF joints showed high structural 
stability. These findings reinforce the significant potential of ultrasonic-assisted soldered GFs in thermal management.

Keywords  Graphite films · Ultrasonic-assisted soldering · Thermally conducted interface · Thermal interface materials · 
Thermal management

1  Introduction

Due to the miniaturized and integrated design of electronic 
devices, the power levels escalate constantly, which in turn gener-
ate more heat flux [1, 2]. Thus, thermal management has become 
the main challenge towards the development in electronic indus-
try. Employing heat sinks with prominent thermal conductivity 
and ensuring effective heat transfer from heat elements to heat 
sinks are two crucial tasks that need to be solved [3–5]. Unique 
properties of graphite film (GF), including ultrahigh thermal con-
ductivity, light weight, and excellent corrosive resistivity, have 
made GF an unrivaled candidate as heat sink in next-generation 

thermal management applications [6–8]. However, the utilization 
of inappropriate thermal interface materials (TIMs) can severely 
restrict the integrated performance of GF heat sinks [9].

TIM is defined as the material applied at the interface between 
two components such as heating element and heat sink, to guar-
antee effective heat transfer [4]. In practical applications, the 
asperities of two solid surfaces can greatly reduce thermal cou-
pling due to poor thermal conductivity of the air inside interfa-
cial gaps [10]. Consequently, TIMs with relatively high thermal 
conductivity compared with air are employed as an effective heat 
conduction path at interfaces [11]. Generally, TIMs can be classi-
fied into three categories including polymer-based TIMs, carbon-
based TIMs, and low melting solders [4]. Polymer-based TIMs 
are the most widely used TIMs, containing thermal greases, ther-
mally conductive adhesives, thermally plastic materials, and so 
on. These materials, however, exhibit low thermal conductivity 
[1] (< 10 W m−1 K−1 in general), poor resistance to oxidation, 
and aging [12, 13]. Carbon-based TIMs including diamond films 
[14], vertical-aligned carbon nanotube (CNT) films [15], and 
vertical graphene arrays [16] exhibit good thermal conductivity. 
However, the non-deformability of carbon-based TIMs under 
pressure (mechanical joining) makes them difficult to fill the 
micro-gaps, which may create higher interfacial thermal resist-
ance. Notably, low-melting solders with excellent deformability 
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can serve as efficient TIMs with high thermal conductivity and 
low thermal interface resistance down to 50 mm2 K W−1 [17]. 
Furthermore, soldering of components can achieve metallurgical 
connection at atomic scale, which displays high structural stabil-
ity [18]. Hence, low-melting solders are regarded as promising 
TIMs for the application of GF as heat sinks.

Unfortunately, wetting issue of low-melting solders [19] 
on rough GF surface [20] can create high interfacial thermal 
resistance and structural instability. To address this chal-
lenge, many approaches have been proposed to modify GF 
surface for improved wettability, including vacuum evapora-
tion plating [21], magnetron sputtering [22], chemical vapor 
infiltration [23], chemical plating [24], sintering [25], etc. 
Nevertheless, the modified layer containing active elements 
presents strong inclination of oxidation in air, which may cre-
ate pore interface. Besides, interfacial wreck induced by ther-
mal shock during heat dissipating resulted from mismatch 
of coefficient of thermal expansion (CTE) between GF [26] 
and solders [27] may lead to plunge of cooling efficiency and 
structural failure of the thermally conducted joints. There-
fore, it is still challenging to employ low-melting solders as 
TIMs during assembling of efficient GF heat sinks.

In our previous research [28], we have reported ultrasonic-
assisted soldering technique for micro joining of graphene-
assembled films, which exhibited excellent electrical proper-
ties. But the application of this technique in GF heat sinks 
still requires further verification. Simultaneously, the CTE 
mismatch between amorphous carbon (a-C) layer and pure 
Sn solder remained large, considering the frequent thermal 
shocks and thermal cycles during thermal dissipating process; 
it is urgent to improve CTE gradient of interfacial structure.

Herein, by adopting ultrasonic-assisted soldering technique, 
we successfully employed SAC305 (Sn-3.0Ag-0.5Cu, wt. %) 
solders as TIM to realize assembling of GF heat sinks. Due to 
degasification and cavitation effects of ultrasonic waves, the sol-
dered interface inside thermally conducted joints of GF exhib-
its no interfacial defects such as nanogaps or cracks. Besides, 
Ag3Sn and Cu6Sn5 nanoparticles formed at SAC305/amor-
phous carbon (a-C) interface are supposed to help improve the 
interfacial CTE gradient. In consequence, GF heat sink employ-
ing SAC305 as TIMs can maintain superior cooling efficiency 
after numerous thermal cycles and thermal aging treatments. In 
addition, the ultrasonically soldered GF joints are demonstrated 
to have high structural stability which is of great importance in 
practical applications of thermal management.

2 � Materials and methods

2.1 � Materials

Polyimide films were purchased from Nanjing Fante Plas-
tic Industry Co., Ltd. SAC305 solder was purchased from 

Shenzhen Jushi Electronics Co., Ltd. Aluminum (Al) block 
was purchased from Shanghai Jiashi Metal Products Co., 
Ltd. The silver paste (SP, DOUBLEBOND CHEMICAL 
DB2013), copper (Cu) foil, and aluminum (Al) foil were all 
purchased from Wuxi Chengyi Education Technology Co., 
Ltd. The ceramic heaters were purchased from Shenzhen 
Xinghe Electronic Co., Ltd.

2.2 � Preparation of GF

Firstly, the polyimide precursor was heated to 1300 °C at 
a heating rate of 2 °C/min and held for 5 h in a vacuum 
furnace (CX-GFL-R20/30) to carbonize. Secondly, the 
obtained film was graphitized in the furnace by sintering 
at 2850 °C for 2 h; the heating rate from 1300 to 2850 
°C was 5 °C /min. Thirdly, the furnace with GF inside 
was cooled down to room temperature naturally. Sig-
nificantly, the above three procedures were all operated 
under argon (Ar) atmosphere. In the end, the GF with a 
thickness of 25 μm was obtained by rolling process and 
cut into a size of 100 mm × 10 mm by laser cutting in a 
laser cutting machine (LPKF ProtoLaser S).

2.3 � Ultrasonic‑assisted soldering process of GF

At first, GF was dipped into molten SAC305 solder at 
250 °C, with ultrasonic vibration for 20 s. Next, GF was 
turned over and ultrasonically dipped for 20 s again. 
Then, GF with SAC305 coatings was obtained, and 
the ultrasonic-assisted soldering of GF was realized by 
remelting the SAC305 coatings on GF between two Al 
blocks.

2.4 � Thermal cycles and thermal aging treatments 
of GF heat sinks

One thermal cycle of GF heat sinks referred to that device 
was held at 100 °C for 5 min, and then placed at 0 °C 
(mixtures containing ice and water) for 5 min. And ther-
mal aging treatment was performed at 150 °C in air.

2.5 � Characterizations and measurements

The morphology and interfacial structure of GFs, SAC305 
coatings, and GF soldered joints were investigated by SEM 
(JSM-7610F Plus), XRD (Rigaku Smartlab, Cu Kα, λ = 
1.5406 Å), Raman spectrum (Spectra-Physics Model 2025 
argon ion laser, λ = 457.9 nm), 3D microscope with ultra-
depth field (KEYENCE VH-Z500R), and TEM (Titan G2 
60-300). TEM samples were prepared by the focus ion beam 
system (Nova NanoSEM 450). In addition, the tensile test 
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was carried out in the electromechanical universal testing 
machine (MTS E44.104, 0.1 mm/min), and the shear test 
was conducted in a micro-mechanical tester (Instron5848, 
1 mm/min).

3 � Results and discussion

Figure 1a displays the photograph of commercial GF, which 
was manufactured by high-temperature annealing and roll-
ing of polyimide precursor. As displayed in Fig. 1b, com-
pared with traditional thermally conducted materials such 
as Cu and Al, GF can keep structural stability after repeated 
bending. Besides, GF exhibits excellent thermal conductiv-
ity (1273.8 W m−1 K−1, Table S1 in Supplementary materi-
als) and light weight (Fig. 1c). Therefore, GF is regarded 
as a promising candidate as light heat sink in efficient ther-
mal management system. As depicted in Fig. 1d, a sharp 
and strong peak of C (002) at around 2θ = 26.55° can be 
observed in the X-ray diffraction (XRD) pattern of GF, indi-
cating that the interlayer spacing of GF is about 0.335 nm 
according to Bragg equation. Meanwhile, the sharp peak 
of C (004) revealed the high graphitization degree of GF. 
Besides, the inset in Fig. 1d is the Raman spectrum of GF. 

The dropping intensity ratio of D band and G band (ID/IG) 
is 0.075, manifesting that the GF exhibits less defects and 
high graphitization degree, because D band (1350 cm−1) is 
caused by defect-induced breathing mode, and G band (1581 
cm−1) is the symbol of high crystalline graphite [29, 30]. 
Generally, defect plays a major role in affecting the thermal 
conductivity of GF [6]. Figure 1e shows the cross-sectional 
scanning electron microscopy (SEM) images of GF, indi-
cating that the GF is composed of highly oriented stacking 
structure of graphene multilayers with a thickness of 25 μm. 
Figure 1f is the surface picture of GF taken by a 3D micro-
scope with ultra-depth field. A mass of wrinkles and pits 
can be observed on GF surface. Such rough surface may 
trap airs and lead to forming of structural defects such as 
nanocavities and microcracks at GF/TIM interface, which 
can generate high thermal resistance at interface and reduce 
heat dissipating efficiency [1, 4].

SAC305 is one of the most widely used commercial low-
melting solders, which is considered as a promising TIM 
candidate in thermal management applications due to its 
excellent thermal conductivity and high deformability [9, 
31]. However, the wetting issue of SAC305 on GF surface 
hinders its application as TIM. In our philosophy, ultra-
sonic-assisted soldering technique was utilized to promote 

Fig. 1   a Photograph of com-
mercial GF product. b Flexibil-
ity comparison among GF, Cu, 
and Al. c A histogram showing 
thermal conductivity and den-
sity of GF, Cu, and Al, respec-
tively. d XRD pattern of GF, 
the inset is the Raman spectrum 
of GF. e Cross-sectional SEM 
images of GF. f Surface picture 
of GF taken by a 3D micro-
scope with ultra-depth field. g 
Schematic diagram illustrating 
the prepared process of SAC305 
coatings on GF, and soldering 
process of multiple GFs
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the wettability of SAC305 solder. Figure 1g schematically 
illustrates the preparation process of SAC305 coatings on 
GF surface with ultrasonic assistance and the soldering pro-
cess of multilayer GFs. After ultrasonically dipping process, 
neat SAC305 coatings can be quickly prepared within 40 s 
on GF surface (Fig. 2a). Subsequently, GF with SAC305 
coatings can be easily soldered with other components by 
remelting the coatings.

Interfacial combination plays the vital part in connection 
performance, especially in heat-conducted performance [4]. 
However, the wrinkle structure on GF surface may trap air 
and then introduce structural defects into bonding interface, 
which can be exacerbated especially when SAC305 performs 
poor wettability on GF surface. Figure 2b shows the cross-
sectional SEM image of GF with SAC305 coatings. Results 
show that the ultrasonically prepared SAC305 coatings 
exhibit a uniform thickness of 50 μm on GF surface. Sig-
nificantly, no structural defects (such as micro-cavities, inter-
facial cracks, etc.) were observed inside the coatings and at 
the bonding interface of GF/SAC305 (Fig. 2c). Figure 2d is 
the cross-sectional image of 5-layer GF-soldered joints. The 
thickness of the soldered joints was adjusted to 200 μm by 
applying pressure during remelting process. As shown in 
Fig. 2e, the GF/SAC305 interface after remelting process 
exhibits no structural defects inside the SAC305 region or at 
the interface, indicating that the compact-soldered interface 
between GF and SAC305 coatings can sustain the remelting 
process of SAC305 coatings.

Figure 2f presents the intensity distribution of differ-
ent elements along two white lines at interface measured 
by energy dispersive spectrometer (EDS). The intensity of 
oxygen peak barely fluctuates at the interface, demonstrating 
that air trapped inside pits on GF surface were eliminated 
completely, which is beneficial to high-efficient heat conduc-
tion [4]. Air removal can be ascribed to the introduction of 
ultrasonic waves. Under ultrasonic vibrating, the induced 
cavitation bubbles can “gather” gas which was dissolved into 
liquid solder during growing [32], and the dissolved gas can 
be supplied by air which was trapped in rough interface of 
GF/liquid SAC305 [33]. Consequently, the air at interface 
is gradually sucked by acoustic bubbles. As cavitation bub-
ble explodes, part of gas may dissolve into liquid solder to 
an equilibrium state, the residual gas may emerge from liq-
uid solder and escape to ambient air [34, 35]. Furthermore, 
micro-jets and shock waves induced by explosion of bubbles 
may hit against GF surface [33], which may squeeze out the 
trapped air, and contribute to the wetting and the spreading 
of liquid SAC305 solders [36, 37].

Interestingly, segregation of Ag and Cu was observed at 
interface in Fig. 2f, which may be caused by prior nuclea-
tion growth of Ag3Sn and Cu6Sn5 under high supercooling 
at interface [38, 39]. The interfacial supercooling may be 
resulted from high-temperature liquid SAC305 solder and 

solid GF with ultrahigh thermal conductivity [40]. Simul-
taneously, the bonding interface was analyzed by transmis-
sion electronic microscope (TEM). Figure 2g is the image 
of TEM sample prepared by focused ion beam thinning pro-
cess. Figure 2h shows the scanning transmission electronic 
microscope (STEM) image and elemental distribution of the 
corresponding marked pink rectangle region measured by 
energy dispersive X-ray spectroscopy (EDX). Results show 
that nano-size Ag-rich and Cu-rich phases are distributed 
along interface and inside solder. It is notable that the dis-
tribution of O element is not segregated near GF/SAC305 
interface, which is consistent with the result of EDS line 
scanning in Fig. 2f.

Figure 2i is the HRTEM image of GF/SAC305 inter-
face. Obviously, no nano-defects were observed, which 
manifested that compact combination is formed at interface 
between GF and SAC305. The region with the lattice spac-
ing of 0.34 nm is GF, while the region with the lattice spac-
ing of 0.21 nm is probably Ag3Sn phase according to EDX 
elemental mapping in Fig. 2h and XRD pattern of SAC305 
solder (Fig. S1, Supplementary materials). Significantly, an 
amorphous layer with a thickness of 2 nm was observed at 
the bonding interface. Such a connection format of amor-
phous transition layer between metals and carbon-based 
materials has been reported frequently in previous studies. 
For instance, Liang et al. [41] reported an amorphous layer 
at Al/diamond interface, and Huang et al. [42] found that 
there was an amorphous layer at Al/graphite interface. Own-
ing to ultralow thickness of amorphous layer, it is arduous 
to determine the accurate composition of the amorphous 
layer. Based on the ultrasonic-assisted soldering technology, 
the amorphous layer is considered as an amorphous carbon 
(a-C) layer, formed by the ultrasonic bombardment on GF 
surface, and the detailed formative process under the action 
of ultrasound was analyzed in our previous work [28].

According to Fig. 2h, i, the GF with a continuous a-C 
layer on surface may contact with SAC305 matrix by mixed 
Sn/a-C, Ag3Sn/a-C, and Cu6Sn5/a-C interfaces. The CTE 
of Sn, Ag3Sn, Cu6Sn5 are 22.0 × 10−6 m K−1, 4.7 × 10−6 m 
K−1, and 6.3 × 10−6 m K−1, respectively [43], while the CTE 
of a-C layer is in the range of 1 to 8 × 10−6 m K−1 [26, 44]. 
Thus, compared with a-C/Sn interface reported previously, 
the formed Ag3Sn and Cu6Sn5 at interface can enhance the 
matching degree of interfacial CTE. In other words, the 
interfacial structure between GF and SAC305 performs a 
smoother CTE gradient, which may be helpful to improve 
the resistance to thermal shocks and thermal cycles. Even 
though the thermal conductivity of a-C is as low as 1.6 W 
m−1 K−1 [26], the thermal dissipating ability of the entire 
system can maintain excellent due to ultrathin thickness of 
the a-C layer [42]. In addition, the soldered interface bonded 
by a-C has been verified to be mechanically stable [45]. 
Therefore, the thermal conduction joints of GFs prepared 
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with ultrasonic assistance may present durably satisfactory 
thermal dissipating performance and mechanical property.

Figure 3a displays the traditional thermal management 
system containing a heating element, a layer of TIM, and 
a heat sink. Traditionally, heat sink is composed of rigid 
Al or Cu block with fin structure, and TIM is usually ther-
mal conducted silicon grease. In this study, we employed 
GF as heat sink and utilized SAC305 solder as TIM with 
ultrasonic-assisted soldering method, to realize advanced 
thermal management. To evaluate the potential of GF heat 
sinks assembled by different TIMs, a system was designed to 
investigate heat transfer in electronic components (Fig. 3b, 
Fig. S2 in Supplementary materials). GF and Cu foil (heat 
sinks, 100 mm × 10 mm × 25 μm) were mounted to a 
ceramic heater (heating element, 10 mm × 10 mm × 1 mm) 
with a heating power of 1 W by employing different TIMs. 
Besides, surface temperatures of ceramic heaters were moni-
tored and recorded by commercial K-thermocouple wires. 

Figure 3c is the plot of temperature versus time, showing 
the heat transfer efficiency of different combinations of heat 
sink and TIM. Under room temperature which was kept to be 
20 °C, surface temperatures of ceramic heaters correspond-
ing to various heat sinks and TIMs stabilized after 500 s. 
Hence, the heat dissipating ability can be investigated by 
comparing the equilibrium temperature after heating for 500 
s. As shown in Fig. 3c, the equilibrium temperature of the 
ceramic heater connected with a piece of Cu foil by press fit 
reached 90.2 °C. By only replacing the Cu foil with GF, the 
equilibrium temperature dropped to 77.3 °C, demonstrating 
the superiority of GF as heat sink. Moreover, the equilibrium 
temperature of the ceramic heater bonded with a piece of 
GF by SP was 3.1 °C lower than that of ceramic heater con-
nected by press fit. When heat was transferred from heating 
elements to heat sinks without employing TIMs, interfacial 
gaps with air trapped inside would generate high thermal 
resistance due to extremely low thermal conductivity of air 
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(as low as 0.024 W m K−1 at room temperature [46]). Hence, 
the lower equilibrium temperature of heater bonded by SP 
can be attributed to the filling of interfacial gaps by TIMs 
as shown in the inset of Fig. 3c. Notably, the equilibrium 
temperature of the ceramic heater soldered ultrasonically 
with a piece of GF can further drop to 71.7 °C, showing 
better thermal dissipating efficiency than that of the heater 
bonded by SP. Furthermore, the ultrasonic-assisted solder-
ing of 5 pieces of GF exhibited excellent thermal transfer 
ability, which can keep the temperature of ceramic heater 
below 52.5 °C. It is worthwhile to notice that the weight of 
5 pieces of GF is equal to a piece of Cu foil with the same 
thickness. The excellent thermal dissipating efficiency of 
GF heat sinks assembled by ultrasonic-assisted soldering 
should be attributed to the excellent thermal conductivity 

of GF and SAC305 solder, coupled with the low interfacial 
thermal resistance of compact interface [9, 17].

As shown in Fig. 3d, e, the equilibrium temperature of 
ceramic heater ultrasonically soldered with 5 pieces of GF 
can remain stable after multiple severe thermal cycles and 
thermal aging treatments (detailed experimental parameters 
are included in Experimental Section), indicating that com-
pared with traditional polymer-based TIMs [9, 47], ther-
mally conducted joints of GFs assembled with SAC305 sol-
der by ultrasonic-assisted soldering can provide long-term 
and durably superior service in thermal management system.

Apart from high thermal dissipating efficiency, the 
assembly of heat sinks should meet the requirement of high 
structural stability. Figure 4a shows a typical GF soldered 
joint prepared by remelting the SAC305 coatings on GFs 

Fig. 3   Thermal dissipating 
performance of GF heat sinks 
assembled by different TIMs. a 
Schematic of traditional thermal 
management system contain-
ing a chip (heating element), a 
layer of TIM and a heat sink. 
b Schematic diagram show-
ing the test system of thermal 
dissipating ability of GF heat 
sink using different TIMs. The 
heat element is a ceramic heater 
with a heating power of 1 W (5 
V, 0.2 A). c Plot of temperature 
versus time showing the heat 
transfer efficiency of heat sinks 
using different TIMs (more 
details can be seen in Supple-
mentary materials). The inset in 
c shows the different interface 
with TIM (press fit) and without 
TIM (connected by SP or sol-
der). d Equilibrium tempera-
ture evolution of the ceramic 
heater employing the heat sink 
assembled by ultrasonic-assisted 
soldering of 5-layer GFs after 
multiple thermal cycles and e 
thermal aging treatment at 150 
°C
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surface, in which each piece of GF was cut into the size of 
10 mm × 30 mm, and the overlapping area is 10 mm × 10 
mm. Figure 4b displays the failed GF-soldered joints under 
tensile load. Notably, only the outer GF to the left of the 
GF-soldered joint was fractured, suggesting that the tensile 
resistance of GF-soldered joints was higher than that of GF. 
Figure 4c shows that the average tensile load of GFs and GF 
soldered joints when breaking. The average tensile breaking 
force of GF was 12.52 N, while that of GF-soldered joints 
was 12.51 N. As illustrated in Fig. 4d, e, the inner GF and 
bonding interface remain undamaged and intact, which dem-
onstrate that the GF-soldered joints are of high structural 
stability to allow the tensile loading.

Taking account of the lapped structure of GF heat sinks 
on heating elements, and the poor bonding force between GF 
interlayers [48], shear resistance of GF heat sinks should be 
analyzed. Hence, we fabricated the Al-SAC305-GF-soldered 
joints with the overlapping area of 10 mm × 10 mm as shown 
in Fig. 4f (fabrication procedure of Al-SAC305-GF-soldered 
joints is shown in Fig. S3, Supplementary materials). Shear test 
of the Al-SAC305-GF-soldered joints was carried out accord-
ing to Fig. S4 in Supplementary materials, to simulate GF heat 

sinks under shear load. Figure 4g shows the failed Al-SAC305-
GF joint after shear test. The fracture position under shear load 
was located in GF interlayer. Moreover, the average shear load 
of Al-SAC305-GF joint when breaking was 130.14 N, which is 
much higher than the tensile breaking force of GF in this size. 
Thus, it can be concluded that the ultrasonic-assisted solder-
ing of GF exhibits high structural stability, which can meet the 
requirement for the application in thermal management.

4 � Conclusion

In conclusion, we developed an ultrasonic-assisted soldering 
approach to employ SAC305 solders as TIM for the assem-
bling of GF heat sinks. Inside GF-soldered joints, the com-
pact thermally conducted interface is obtained due to degasi-
fication and cavitation effects induced by ultrasonic waves. 
Besides, the formation of Ag3Sn and Cu6Sn5 nanoparticles at 
SAC305/a-C interface can enhance CTE matching degree at 
the thermally conducted interface. As a consequence, GF heat 
sinks assembled by the TIM of SAC305 solder show superior 
thermal dissipating efficiency compared to traditional ther-
mally conductive adhesives, and the excellent thermal dis-
sipating efficiency is demonstrated to be stable after multiple 
thermal cycles and thermal aging treatments. Moreover, the 
thermally conducted joints of GF prepared with ultrasonic 
assistance exhibit high structural stability, indicating its great 
practical potential in thermal management.

Supplementary information  The online version contains supplemen-
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