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a b s t r a c t

Gaphene assembled film (GAF) has shown great potentials in practical applications. However, it is still a
big challenge to reach reliable soldering of GAF at low temperature, and overcome the exfoliation ten-
dency and the electrical loss resulted from anisotropy of GAF. In this work, we developed a rapid low
temperature soldering process for GAF inspired by an ultrasonic assistance technology. As a result, Sn
solder spots were prepared on the surface of GAF by ultrasonic metallizing treatment for 10 s in molten
Sn at 300 �C. The shock waves and micro-jets induced by ultrasonic waves were supposed to improve the
poor wettability of GAF, which propelled molten Sn to penetrate into GAF interlayers, and drove Sn atoms
to impinge GAF surface to form an amorphous carbon (a-C) layer at GAF/Sn bonding interface. Specially,
the penetration bonding between GAF and Sn solder could not only overcome the exfoliation tendency of
GAF, but also reduce the electrical loss between GAF interlayers. The GAF/Sn/GAF soldered joints pre-
pared by remelting Sn metallization layers exhibited excellent tensile resistance and electrical conduc-
tivity. Such efficient and reliable soldering technology can facilitate the development of high-
performance carbon-based materials in electronic industry.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene assembled film (GAF), which is composed of highly
oriented stacking graphene multilayers, exhibits superflexibility,
high electrical conductivity and light weight [1e3]. Thus, GAF dis-
plays great potentials in electronic devices [4] such as sensors [5,6],
detectors [7,8], capacitors [9,10], antennas [11e13], light-emitting
electrical conductors [14] and so on. For the fulfilment of assem-
bly and design of GAF electronic devices, appropriate connection
techniques are essential to combine GAF with other workpieces
[15]. Simultaneously, considering the using environment of GAF
assemblies, the GAF joints should meet the requirement of high
structure stability and high electrical conductivities. However, with
its stacked structure of graphene multilayers, GAF displays anisot-
ropy involving interlayer exfoliation tendency [16] and low elec-
trical conductivity between GAF interlayers [17], which would
iao), hedaping@whut.edu.cn
reduce the connection performance. Therefore, a connection
methodology to reliably connect GAF with other workpieces is
desired, yet challenging.

The approaches for the connection of GAF, with few reports, can
be classified into two categories involving physical connection and
metallurgical connection. Physical connection was usually realized
by adhesive bonding [12,18] such as silver conductive adhesive
(SCA), but the overall performance of GAF device including me-
chanical property and electrical conductivity was dramatically
degraded because of anisotropy of GAF and lower electrical con-
ductivity of adhesive agent [19,20]. In terms of metallurgical
connection, it occures at atomic scale, and can significantly enhance
connection performance [21e23]. Metallurgical connection could
be realized by electrical Joule welding, but this method was
confined to connect graphene assemblies themselves, and the
shear strength of GAF joints prepared with this method was only
72 KPa [23]. Brazing or soldering technique which can achieve
metallurgical connection for the same or dissimilar workpieces
may serve as a promising connection methodology for GAF devices
[24e27]. However, strong CeC bonding in GAF would result in an
obstacle to forming metallurgical connection [28,29], which was
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Fig. 1. Schemetic diagram of ultrasonic surface metallizing process of GAF. (A colour
version of this figure can be viewed online.)
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generally overcome by offering high temperature [30,31] and high
pressure [32e34] environment, as well as extending of connection
time [35,36] during brazing or soldering. Thus, regular brazing or
soldering methods are limited during practical fabrication process.
Notably, the negative coefficient of thermal expansion (CTE) of GAF
mismatches the CTE of brazing alloys [37,38], which could generate
high residual stress and reduce connection performance under high
brazing temperature [39]. Furthermore, regular brazing techniques
can only offer exterior connection for GAF surface, there still exist
exfoliation tendency and electrical loss between GAF interlayers.
Therefore, it is still a big challenge to rapidly reach metallurgical
connection for GAF at low temperature, coupled with overcoming
the exfoliation tendency and the electrical loss resulted from
anisotropy of GAF so far.

Herein, we proposed a rapid soldering process for GAF with
ultrasonic assistance at low temperature in air. Pure Sn solder spots
tightly connected with GAFs were prepared on GAF surface after
ultrasonic metallizing treatment for 10 s in molten Sn at 300 �C.
With ultrasonic assistance, shock waves and micro-jets induced by
ultrasonic waves were supposed to improve the poor wettability of
GAF, which propelledmolten Sn to penetrate into GAF interlayers to
form a ramified structure of GAF. And Sn atoms were diven to
impinge GAF surface to form an amorphous carbon (a-C) layer at
Sn/GAF bonding interface, resulting in the formation of a smooth
transition of lattice from GAF to Sn, and the mediating of the CTE
mismatch between GAF and Sn solder. Moreover, compared with
exterior bonding between GAF surface and SCA, the penetration
bonding between GAF and Sn solder could not only overcome the
exfoliation tendency of GAF, but also reduce the electrical loss be-
tween GAF interlayers. The GAF/Sn/GAF soldered joints prepared by
remelting Sn metallization layers displayed excellent tensile resis-
tance and electrical conductivity. In addition, we found that the
GAF/Sn/GAF soldered joints were of high stability after high tem-
perature and aging treatments. Such an efficient and reliable sol-
dering technology can contribute to further development of high-
performance carbon-based materials devices in electronic industry.
2. Experimental

2.1. Preparation of GAF

Firstly, the graphene oxide (GO) purchased from Wuxi Chengyi
Education Technology Co., Ltd. was diluted with ultrapure water to
obtain a GO suspension with a density of 5e20 mg/mL. Secondly,
the GO suspension was mechanically stirred to a gel state and then
coated on a base PET film, after evaporation dryness a GO film was
obtained. Thirdly, the GO film was annealed at 1300 �C for 3 h and
then 3000 �C for 1 h in a high temperature furnace under argon
atmosphere. Finally, a rolling process was implemented to obtain a
flexible graphene assembled film with a thickness of 25 mm.
2.2. Ultrasonic surface metallizing and soldering process of GAF

Before ultrasonic surface metallizing treatment, each piece of
GAF was cut into the size of 5 mm � 15 mm by laser. For ultrasonic
surface metallizing process, as shown in Fig. 1, the Sn solder spot
was prepared by immersing the bottom of GAF into molten Sn at
300 �C in air with ultrasonic vibration for 10 s (the vibration time
was selected by contrast experiments as shown in Fig. S1 in sup-
porting information). The GAF/Sn/GAF soldered joints were fabri-
cated by remelting Sn solder spots on the surface of GAFs (the
remelting process can be seen in Fig. S2 in supporting information).
2.3. Characterizations and tensile test

Scanning electron microscopy (SEM) images were taken on a
Zeiss Ultra Plus Field emission scanning electron microscope.
Raman spectra of GAF was measured using an excitation wave-
length of 457.9 nm provided by a Spectra-Physics Model 2025 argon
ion laser. Data of X-ray diffraction (XRD) were collected with a D8
advance diffractometer. TEM samples were prepared by the focus
ion beam (FIB) system in Nova NanoSEM 450 scanning electron
microscope. Transmission electron microscope (TEM) character-
izations were carried out on a Titan G2 60e300 Probe Cs Corrector
high-resolution scanning transmission electron microscopy
(HRSTEM). The tensile test was carried out in an electromechanical
universal testing machine (E44.104) with a crosshead speed of
0.1 mm/min. At least three samples were tested for each kinds of
GAF joints, then the average value of tensile breaking force was
obtained.

3. Results and discussion

As shown in Fig. 2a, the GAF is of high flexibility, and it can keep
structural integration and stable conductivity (Figs. S3aed, Sup-
porting Information) after repeated bending and folding. The sur-
face of GAF with numerous granular bubbles and microfolds is
rough (Fig. 2b), and the measured maximum height difference of
GAF surface is 13.61 mm (Fig. S4, Supporting Information). Fig. 2c
shows that the GAF is composed of highly oriented stacking gra-
phene multilayers. Fig. 2d shows the Raman spectra of GAF. The ID/
IG ratio is 0.01637, indicating that the GAF presents a high graphi-
tization degree. Since The G-band peak at 1580 cm-1 is the
fingerprint of high crystalline graphite, and the D-band peak re-
veals the disorder degree of GAF [40,41]. Fig. 2e displays the X-ray
diffraction (XRD) pattern of GAF. The sharp and intense diffraction
peaks of GAF are obvious, in which the peak of (0 0 2) plane located
at around 26.5� demonstrates regular stacked graphenemultilayers
with an interlayer spacing of 0.34 nm. Combining with the strong
peak of (0 0 4) plane, the XRD pattern reflects high degree graph-
itization of GAF [12]. Fig. 2f displays the HRTEM image of GAF cross-
section. The interlayer spacing of 0.34 nm is consistent with the C (0
0 2) peak in Fig. 2e. The selected area electron diffraction (SAED)
pattern of GAF (inset image in Fig. 2f) presents as a dot matrix of
single crystal, which further manifests the oriented stacked struc-
ture of GAF.

Rapid soldering of GAF at low temperature in air was realized by



Fig. 2. Characterization of GAF. (a) Bending, folding states of flexible GAF, and GAF was folded into a shape of frog without breakages left. (b) SEM image of GAF surface. (c) SEM
image of GAF cross-section. (d) Raman spectra of GAF. (e) XRD patterns of GAF. (f) HRTEM image and SAED patterns of GAF cross-section. (A colour version of this figure can be
viewed online.)
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ultrasonic metallizing, which could quickly prepare a Sn solder spot
tightly connected to GAF. Fig. 3a shows the cross-section image of
Sn solder spot on GAF surface. With the assistance of ultrasonic
waves, molten Sn can penetrate into interlayers of GAF to form
ramified structure of GAF. Fig. 3b and c shows the rough GAF/Sn
interfaces and good combination between GAF and Sn solder spot.
Simultaneously, many graphene nanosheets are exfoliated from
GAF and flowed into Sn solder spot.

Generally, Sn solder performs poor wettability on GAF surface
due to different bonding mechanism [42,43]. However, with the
Fig. 3. (a) Cross-section image of Sn solder spot prepared on GAF surface by ultrasonic surfa
Formation procedure of ramified GAF with ultrasonic assistance. (A colour version of this fi
help of ultrasonic waves, Sn can spread on the surface of GAF and
form good combination with GAF. Fig. 3d illustrates the formation
principle of Sn solder spot on GAF. During the ultrasonic surface
metallization process, high intense ultrasonic waves are inducted
into molten Sn. Acoustic cavitation effects, which include the for-
mation, growth and implosive collapse of vacuum collapse [44]
may be formed near the molten Sn/GAF interface. This may induce
the formation of shock waves and liquid micro-jets, which can in-
crease the kinetic energy of Sn atoms and propel Sn atoms to
impinge the surface of GAF [45], resulting in the wetting of molten
ce metallizing for 10 s at 300 �C. (b,c) Magnified SEM images of Sn/GAF interfaces. (d)
gure can be viewed online.)



Fig. 4. Bonding mechanism between GAF and Sn solder spot. (a) Image of TEM samples. (b) HADDF-STEM image of GAF/Sn interface and EDX elemental mappings of the yellow
marked region. (c) HRTEM image of GAF/Sn interface, a continuous a-C layer outlined by yellow dotted lines is formed at the interface. (def) Schematic diagram of a-C layer
formation procedure. (A colour version of this figure can be viewed online.)
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Sn on GAF surface. Due to the weak interlayer bonding of GAF
[16,46], the stacked structure of GAF can be ramified under the
impact of shock waves and liquid micro-jets. The exfoliation of
graphene nanosheets from GAF caused by ultrasonic waves [47,48]
can exacerbate unsmoothness of Sn/GAF interface. Hence, the
ramified structure of GAF inmacroscale and rough GAF/Sn interface
in microscale can dramatically increase the contact area between
GAF and Sn solder spot, which may improve the connection sta-
bility and decrease the contact resistance.

To find out the bonding mechanism of GAF/Sn interface under
the action of ultrasonic waves, a TEM sample was fabricated by
means of FIB thinning. The TEM sample with a thickness of less
than 100 nm remains integrity (Fig. 4a), indicating that reliable
connection between GAF and Sn solder is formed. Fig. 4b displays
the HADDF-STEM image of GAF/Sn interface, a distinct boundary of
GF/Sn can be seen due to stable structure of graphene and its
hindrance to the diffusion of metal atoms [49e51]. The TEM-EDX
elements mapping images inserted in Fig. 4b demonstrate that
some C atoms diffuse into Sn solder. Fig. 4c shows the HRTEM
image of GAF/Sn interface. Lattice stripes with a spacing of 0.34 nm
are (0 0 2) lattice planes of GAF, while lattice stripes with a spacing
of 0.29 nm are (2 0 0) lattice planes of Sn crystal. Significantly, there
exists a continuous amorphous layer with a thickness ranging from
2 nm to 5 nm at GAF/Sn interface, which is beyond expectation.
Since the soldering temperature is above 230 �C (melting temper-
ature of Sn solder), it is impossible for molten Sn to form amor-
phous phase in this study. Therefore, the amorphous layer at GAF/
Sn interface is an a-C layer.

The formation of a-C layer is probably associated with ultrasonic
waves, as shown in Fig. 4def. During ultrasonic vibration, amounts
of cavitation bubbles can form near the interface of GAF/molten Sn
[52]. Shock waves and micro-jets induced by acoustic cavitations
can drive molten Sn shooting to the surface of GAF at a speed of
400 km/h [53,54]. Such a high velocity of Sn atomsmay damage the
surface structure of GAF, and then produce free C atoms and exfo-
liate graphene nanosheets, which would diffuse into the molten Sn
under the agitation of ultrasonic waves. Multiple free C atoms and
graphene nanosheets can be produced on GAF surface under the
violent hitting of Sn atoms induced by continuous acoustic cavita-
tion, resulting in the formation of the a-C layer at GAF/Sn interface.
The forming of a-C layer caused by bombarding of Sn atoms toward
GAF surface with acoustic cavitation impelled is similar to the
creation of a-C layer prepared by carbon-ion bombardment of a
diamond crystal [55].

Due to highly oriented stacked structure of GAF, CTE of GAF
should be within the range from �8.0 � 10�6 K�1 of single layer
graphene [38] to �1.5� 10�6 K�1 of graphite paralleled to the basal
plane [37], while CTE of Sn is 22 � 10�6 K�1. Thus the large CTE
mismatch between GAF and Sn solder is harmful to the interfacial
reliability. Interestingly, the CTE of a-C layer ranges from
1.0 � 10�6 K�1 of diamond to 8.0 � 10�6 K�1 of average CTE of
graphite [37]. Hence, as a transition layer, the a-C layer can not only
form a smooth transition from covalent bond of GAF to metallic
bond of Sn, but alsomediate the CTEmismatch between GAF and Sn
solder.

To study the connection stability, tensile breaking force was
measured. Before tensile test, each piece of GAF was cut into a size
of 5mm� 15mmby laser, and GAF/Sn/GAF joints were prepared by
remelting Sn metallization layers. For comparison, SCA (DOUBLE-
BOND CHEMICAL DB2013) was utilized to assemble GAFs into GAF/
SCA/GAF lapped joints with an overlapping area of 5 mm � 1 mm.

Fig. 5a displays one of the GAF/Sn/GAF joints. The joint exhibits
neat appearance without external defects. It can be seen in Fig. 5b
that the tensile failure occurs in GAF located inside the GAF/Sn/GAF
joint after tensile test. The cross-section image of the failed GAF/Sn/
GAF joint is shown in Fig. 5c. Notably, the tensile failure occurs in
GAF located inside the joint without breaking the bonding interface
between ramified GAF and Sn solder. Fig. 5d shows one of the GAF/
SCA/GAF joints. After tensile test, graphene sheets bondedwith SCA
are exfoliated from GAF as shown in Fig. 5e. The tensile failure of
GAF/SCA/GAF joints can be attributed to the weak bonding force of
GAF interlayers (exfoliation tendency), as schematically shown in



Fig. 5. Tensile strength test. (a) Photograph of a typical GAF/Sn/GAF joint prepared by remelting Sn solder spots, which were fabricated by ultrasonic surface metallizing for 10 s at
300 �C. (b) Photograph of the tensile failed GAF/Sn/GAF joint. (c) Cross-section image of tensile failed GAF/Sn/GAF joint. (d) Photograph of a typical GAF/SCA/GAF joint. (e)
Photograph of tensile failed GAF/SCA/GAF joint. (f) Schematic diagram of tensile failure procedure of GAF/SCA/GAF joint. (g) Average tensile breaking forces of GAFs, GAF/Sn/GAF
joints and GAF/SCA/GAF joints. (h) Schematic diagram of tensile failure procedure of GAF/Sn/GAF joint. (A colour version of this figure can be viewed online.)
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Fig. 5f. Fig. 5g shows that the average tensile breaking force of GAFs,
GAF/Sn/GAF joints and GAF/SCA/GAF joints are 12.44 N, 9.96 N and
3.99 N respectively. The average tensile breaking force of GAF/Sn/
GAF joints is reduced by 19.9% comparedwith that of GAF, while the
average tensile breaking force of GAF/Sn/GAF joints is approxi-
mately 150% higher than that of GAF/SCA/GAF joints.

Fig. 5h exhibits the tensile failure procedure of GAF/Sn/GAF joint.
The ramified structure of GAF located inside the Sn solder and the
large rough contact interface of GAF/Sn construct the interlock sys-
tem between GAF and Sn solder. The interlock system may prevent
GAF interlayers from exfoliating, and then enhance the tensile
strength of GAF/Sn/GAF joints. Furthermore, the a-C layer at GAF/Sn
interface can mediate the mismatch in lattice and CTE between GAF
and Sn, which may further improve the bonding stability. Under
tensile force, cracks appear first at the boundry between GAF and Sn
solder, and then grow toward the direction of ramified GAF due to
mismatch of elastic modulus. When encountering the branches of
ramified GAF, the growth of cracks is inhibited. In addition, the
thickness of GAF may decrease because of surface destruction and
exfoliation caused by ultrasonic waves, so that the tensile failure
tends to happen in the thinner region of GAF located inside Sn solder.
The different failuremechanisms of GAF/Sn/GAF joints and GAF/SCA/
GAF joints suggest that the GAF/Sn/GAF joints bonded with ultra-
sonic assistance can overcome the exfoliation tendency of GAF.
To test the electrical conductivity, the resistance of GAF with Sn
solder spots was measured by multimeter. As shown in Fig. S3 in
supporting information, the resistance of GAF with Sn solder spots is
reduced by half comparedwith GAFwithout Sn solder spots, and can
keep stable during repeated bending and folding. To further study
the electrical conductivity of GAF joints, we designed two circuits as
shown in Fig. 6a and b. Detailed fabricating process and parameter of
circuits can be found in Fig. S5 in supporting information. In A-Sn
and A-SCA circuits, Sn solder spots or SCA spots are prepared on all
ends of the GAF to connect power leads and red LEDs. While in BeSn
and B-SCA circuits, thirty GAF/Sn/GAF or GAF/SCA/GAF joints are
prepared to amplify resistance effect. Fig. 6c exhibits the current
under the voltage of 2.5 V in A-Sn, A-SCA, BeSn and B-SCA circuits.
Comparedwith the current in A-Sn circuit under the voltage of 2.5 V,
lower current in A-SCA circuit demonstrates that the Sn solder spots
exhibit lower contact resistance between GAF and leads than SCA
spots do. Notably, slight current difference between A-Sn and BeSn
circuits declares that the GAF/Sn/GAF joints exhibit excellent elec-
trical conductivity, and the large difference of current between A-
SCE and B-SCE suggests lower electrical conductivity of GAF/SCA/
GAF joints. In addition, the wide difference of current between BeSn
and B-SCA circuits further declares the superiority of soldering
technology for GAF with ultrasonic assistance. Fig. 6d shows the
current under the voltage of 2.5 V in BeSn and B-SCA circuits kept at



Fig. 6. Electrical conductivity test. (a) Image of GAF circuit A which consists of directed-current (DC) power, ampere meter, two pieces of continuous GAF with specific shapes and a
red LED, the red LED and DC power are connected to GAF by SCA or Sn solder spots. (b) Image of GAF circuit B, which has the same components with circuit A except 30 SCA joints or
Sn joints in the middle of circuit. (c) Line chart of current under the voltage of 2.5 V in A-Sn, A-SCA, BeSn and B-SCA circuits. (d) Current under the voltage of 2.5 V in BeSn and B-
SCA circuits at room temperature, 100 �C and 150 �C, respectively. (e) Current under the voltage of 2.5 V in BeSn and B-SCA circuits after thermal cycles from room temperature to
150 �C for different times. (f) Current variation under the voltage of 2.5 V in BeSn and B-SCA circuits after ageing at room temperature for 8 months. (g, h) Schematic diagrams of
electrons movement in GAF/SCA/GAF joint and GAF/Sn/GAF joint respectively. (i) Potential application of soldering for GAF with ultrasonic assistance in flexible GAF circuit. (A colour
version of this figure can be viewed online.)
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room temperature, 100 �C and 150 �C respectively. As increasing
temperature, the electrical conductivity of BeSn circuit is slightly
enhanced, while that of B-SCA circuit is significantly decreased.
Fig. 6e illustrates the current under the voltage of 2.5 V in BeSn and
B-SCA circuits after thermal cycling from room temperature to
150 �C for different times. With increasing thermal cycles, the elec-
trical conductivity of BeSn circuit can keep steady while that of B-
SCA circuit decreases dramatically. Moreover, after aging at room
temperature in air for 8 months, the electrical conductivity of BeSn
circuit stays unchanged while that of B-SCA circuit is reduced
significantly (Fig. 6f). Thus, the GAF/Sn/GAF soldered joints prepared
by remelting Sn metallization layers exhibits excellent thermal and
ageing stability.

Obviously, the ramified structure of GAF inside Sn solder, and the
metallurgic bonding of Sn/GAF interface by the formation of a-C
layer, are most probably behind the excellent electrical conductivity
of GAF/Sn/GAF joints. Compared with external connection of GAF by
SCA (Fig. 6g), the penetration connection between GAF and Sn solder
exhibits larger contact area, resulting in lower contact resistance.
Moreover, as shown in Fig. 3aec, 4c and 6h, Sn solder can contact
with every layer of GAF, and there exsits no defects at GAF/Sn
interface. Hence less electrons scattering would occur when elec-
trons transfer between GAF interlayers, displaysing lower electrical
resistance on macroscopic scale. This suggests that the GAF joints
bonded by Snwith ultrasonic assistance can reduce the electrical loss
between GAF interlayers. Although the resistivity of a-C layer at
room temperature is as high as about 0.1 U cm [56], the resistance of
a-C layer with a thickness of 2e5 nm is estimated to be less than
10�6 U (the derivation process is shown in supporting information),
which suggests negligible influence of a-C layer on electrical con-
ductivity. Furthermore, measured by four-probe detection method
[12], the resistivity of Sn solder is 0.11ⅹ10�6 Umwhile the resistivity
of SCA is 21.8ⅹ10�6Um, the lower resistivity of fillermaterials can be
conducive to improve the electrical conductivity of joint. As a result,
excellent electrical conductivity is obtained for GAF/Sn/GAF joints
bonded with ultrasonic assistance.

In Fig. 6i, a simple wearable GAF circuit is encapsulated by
flexible epoxy, and the wearable GAF circuit involving Sn solder
spots and GAF/Sn/GAF joints can adapt human wrist, showing the
potential application of ultrasonic surface metallization for GAF
assemblies in wearable devices.

4. Conclusion

In conclusion, we have successfully prepared flexible GAF and
realized rapid soldering of GAF at low temperature in air with an
ultrasonic assisted surface metallization treatment, and overcome
the exfoliation tendency and electrical loss resulted from anisot-
ropy of GAF. With ultrasonic assistance, shock waves andmicro-jets
induced by ultrasonic waves were supposed to improve the poor
wettability of GAF surface, which drove molten Sn to penetrate into
GAF interlayers to form ramified structure of GAF, and propelled Sn
atoms to impinge GAF surface to form an a-C layer at Sn/GAF
bonding interface, forming a smooth transition of lattice from GAF
to Sn and mediating the CTE mismatch between GAF and Sn. The
tensile resistance and electrical conductivity of GAF/Sn/GAF sol-
dered joints were much higher than that of GAF joints bonded with
SCA. Moreover, we found that the GAF/Sn/GAF soldered joints



H. Fu et al. / Carbon 158 (2020) 55e62 61
exhibited excellent thermal and ageing stabilities. We believe that
this bonding method can be extended to other carbon based ma-
terials (e.g., graphite, CNTs, graphene foams and carbon fibers) and
materials with stratified structure or wetting obstacles, which may
promote the further development of high-performance carbon-
based materials devices for electronic industry.
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