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Wettability between liquid Ag and graphene-coated SiC single crystal has been investigated by dispensed
drop method at T = 970 �C under vacuum accompanied with subsecond recording of the drop/substrate
images (100 frames per second) by high-speed high-resolution CCD camera. Non-contact heating method
coupled with capillary purification of the Ag drop procedure has been applied. Scanning electron micro-
scopy combined with EDS analysis and scanning probe microscopy combined with Raman spectroscopy
techniques has been utilized for microstructure and surface characterization of samples before and after
high-temperature wetting tests. Immediately after its detachment from the capillary, the Ag drop showed
non-wetting behavior (h > 90�) forming a high contact angle of h = 114�. Surface characterization of the
drop surface after wettability tests evidenced the presence of graphene and Si transferred from the sub-
strate to the top of Ag drop. These findings suggest chemical interaction phenomena occurring at the
interface. Locally, an intimate contact between liquid Ag and SiC substrate was allowed by the appearance
of discontinuities in the graphene layer basically produced by thermomechanical stress. Local dissolution of
carbon into liquid Ag and its reorganization (by segregation, nucleation and growth) as secondary graphene
layer at the Ag surface was also observed.

Keywords Ag/graphene, Ag/SiC, dispensed drop, sessile drop
method, wetting at high temperature

1. Introduction

The use of graphene (CGn) as a reinforcement material in
metal matrix composites (MMCs) raises hopes of scientists to
obtain materials with outstanding functional properties such as
high thermal conductivity coupled with low thermal expansion
coefficient (Ref 1), particularly useful for aeronautical, aero-
space and automobile industries (Ref 1). The group of metals
considered potentially applicable as a matrix of graphene-
containing composite materials is Al, Cu and Ag (Ref 1-4).
With the exception of Al that easily forms aluminum carbide
(Al4C3) (Ref 2), Cu and Ag are non-reactive elements with
respect to carbon. Moreover, carbon solubility in these metals at
the liquid state is extremely low, showing <0.01 at.% C in
liquid Cu (Ref 5) and � 10�7 at.% C in liquid Ag (Ref 6).

It should be highlighted that the successful fabrication of
Ag- and Cu-matrix composites with carbon reinforcements by
liquid-assisted processes remains highly uncertain, despite the
fact that the most common technological problems related to

non-uniform distribution of the reinforcing phase in the metal
matrix or weak bonding between the metal matrix and the
reinforcement (due to lack of wetting and weak adhesion) have
been largely solved using nanostructured carbon reinforcement
having similar surface structure to graphene such as nanotubes.
On the contrary, a practical solution to obtain tailored MMCs
with graphene as reinforcing phase is still missing. The main
growth-limiting factor for this technology is essentially due to
the graphene structure, which is a 2D material one atom thick
(Ref 3). It makes difficult to apply the procedures commonly
used for improving wettability and bonding between dissimilar
materials, e.g., by the addition of carbide-forming elements like
Cr or Ti since the corresponding chemical reactions lead to the
devastation or even complete disruption of graphene. Currently,
scarce information is available in the literature on the possi-
bility of graphene formation involving molten metal, e.g., Cu
(Ref 7-9), Ga-Cu (Ref 10), Ga (Ref 11) or Ni (Ref 8). There are
several reports on wetting characteristics of graphene with non-
metallic liquids (water, organic solutions) measured at room
temperature and showing unusual phenomenon named ‘‘wet-
ting transparency’’ (Ref 12, 13), namely graphene coatings do
not significantly modify the intrinsic wetting behavior at the
interface and, specifically, for surface-water couples, the
interactions are dominated by van der Waals forces. Despite
the technological interest, only two reports are available in the
literature on wetting behavior of different liquid metals [Sn
(Ref 14), Cu (Ref 15)] on graphene. The preliminary studies
performed by the authors at the Foundry Research Institute with
liquid Sn on graphene-coated Cu substrates (Ref 14) did not
give clear evidences of wetting transparency behavior in the Sn/
CGn/Cu system since, despite significant suppression of wetting
kinetics, a strong chemical interaction accompanied by the
formation of intermetallic phases (Cu3Sn, Cu5Sn6) at the
interface were observed. Based on structural observations, it
was concluded in (Ref 14) that Sn-transfer phenomenon
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occurred through discontinuities in the graphene layer, most
probably formed during high-temperature test (e.g., due to
thermomechanical stresses and carbon rearrangement in the
graphene layer). Preliminary conclusions on wetting trans-
parency behaviors observed on Cu/CGn/SiC system were
recently reported in (Ref 15). In particular, comparable wetting
behavior was observed in Cu/CGn/SiC and Cu/SiC systems.
Moreover, performing few attempts to detach the liquid Cu
drop from both the graphene-coated SiC and graphene-free SiC
substrates by rising up the dispensing graphite capillary, both
the Cu/CGn/SiC and Cu/SiC systems displayed the same
adhesive response. On the contrary, the liquid Cu drop/graphite
shown a weak adhesion and the liquid Cu drop was easily
removed, confirming that, the interfacial phenomena, in terms
of dissolution and reactivity at the interface Cu/C are less
pronounced than Cu/Si and Cu/SiC ones. In addition, by the
surface characterization performed by SEM and Raman spec-
troscopy techniques, chemical etching and fragmentation of the
graphene layer at the interface were revealed as well as mass
transfer through the interface and changes in the structure and
chemistry of the drops and the corresponding interfaces formed.
Collecting all the outcomes, it is possible to conclude that the
presence of graphene layer at the SiC substrate at least seems
limiting the chemical interaction between liquid Cu drop and
SiC substrate.

This time we moved our interest in high-temperature
interaction phenomena occurring between liquid Ag and
graphene-coated SiC single crystal substrate. The evolution of
the phenomena has been recorded with a subsecond rate using
the same testing procedure and experimental facility previously
used for the Sn/CGn/Cu (Ref 14) and Cu/CGn/SiC (Ref 15)
systems.

2. Experimental

2.1 Materials

The materials used were Ag (99.9999%) with class purity of
6 N from ESPI metals (Pb < 0.20, 0.10 Ni, 0.19 Cu, 0.46 Pd,
0.14 Fe, in ppm) and graphene-coated SiC single crystal
produced by the Institute of Electronic Materials Technology
(Warsaw, Poland). Graphene (CGn) was grown on the 6H-SiC
(0001) single crystal substrate (SiCsc) by chemical vapor
deposition (CVD) as detailed elsewhere (Ref 16). After
graphene deposition, the CGn/SiC

sc sample was preserved in a
sealed container filled with argon.

2.2 Methods

The high-temperature wetting behavior of liquid Ag in
contact with graphene-coated SiCsc was examined by the
sessile drop method (Ref 15). The test was performed at
T = 970 �C under a vacuum mbar using experimental complex
described in details in (Ref 17) by improved dispensed drop
technique (i.e., non-contact heating) accompanied with capil-
lary purification (cp). Such method of purification allows to
avoid the effects of a primary oxide film at the surface of a
metal sample as well as heating history of an alloy/substrate
couple on its wetting behavior (Ref 18).

Prior the loading into the vacuum chamber, the surface of
Ag sample was mechanically and ultrasonically cleaned in
isopropanol and placed inside an alumina capillary positioned

above the substrate. The graphene-coated SiC substrate was
placed on an alumina support located inside a tantalum-resistant
heater.

After gas evacuation, the experimental chamber was vacu-
umed up to p = 1.78 9 10�6 mbar by means of a turbomolec-
ular pump, and the CGn/SiC

sc substrate and Ag were non-
contact heated up to a test temperature of T = 970 �C with a
heating rate of 10 �C/min. When the experimental temperature
was reached, the Ag drop was squeezed through a hole of the
capillary and gently deposited on the substrate as shown in
Fig. 1.

Within the isothermal wettability test at T = 970 �C, the
total pressure in the vacuum chamber was kept constant
(p = 2.79 9 10�5 mbar). After holding at the test temperature,
the systems were cooled down at room temperature with a
cooling rate of 10 �C/min.

During the wetting test, the images of the couple were
recorded by means of high-speed high-resolution camera
MC1310 with a rate of 100 frames per second. The collected
images were used to estimate the contact angle values (either
manually or by calculation with a use of a special software
ASTRA2 [ICMATE-CNR, Italy (Ref 19, 20)] as well as for
making a movie of high-temperature test performed (SUPPLE-
MENT #1). The software enables determination of both the left
and right contact angle values, even the size parameters of the
drop, by an automatic image analysis with systematic assessed
uncertainty of the contact angle less than ± 2�.

A careful surface and microstructural characterization was
performed on both the starting materials and the solidified sessile
drop Ag/CGn/SiC

sc couple using the following techniques:

1. Scanning Probe Microscopy (SPM) combined with Ra-
man spectroscopy using NTEGRA SPECTRA system
(NT-MDT Europe). The Raman spectra were taken under
ambient conditions using a diode-pumped solid-state laser
with a wavelength of 473 nm. The incident laser power
laser was 50 mW, the spot size � 1 lm in diameter and
the exposure time 300 s.

2. Scanning electron microscopy (SEM) using TM3000 HI-
TACHI device equipped with energy-dispersive x-ray
spectroscopy (EDS) analyzer.

3. Results

In Fig. 2a and b, the most representative results of SPM and
Raman spectroscopy examinations of the CGn/SiC

sc substrate
surface performed prior to the wettability test are shown. The
SPM image (Fig. 2a) displays the SiC surface with terraces,
whereas Raman spectrum (Fig. 2b) shows the typical features of
double-layer graphene produced on the SiC substrate, with
narrow G (1589 cm�1) and 2D peaks (2728 cm�1) (Ref 21, 22).

The analysis of images collected from the test (Fig. 3a-h)
revealed that after the squeezing of the Ag drop and its gentle
deposition on the CGn/SiC

sc substrate, a slight drop movement
to the left edge of the substrate was provoked by the further
rising of the capillary (Fig. 3f and g). Finally, the drop achieved
a stable spherical shape with corresponding contact angle of
h = 114� at a time of t = 7 9 10�2 s. Isothermal condition for
11 min did not affect the contact angle value as well as the drop
shape and its position (Fig. 3h).
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Fig. 1 Procedure of the sessile drop wettability test of Ag on CGn/SiC
sc substrate by dispensed technique: (a) non-contact heating of Ag and

CGn/SiC followed by squeezing the liquid Ag through a hole; (b) gentle deposition of Ag drop; (c) raising up of the capillary

Fig. 2 Surface characterization of graphene layer grown up on 6H-SiC(0001): (a) SPM image; (b) Raman spectrum

Fig. 3 Images of the most representative stages of the sessile drop test: (a, b) Ag dropping from a capillary; (c-f) deposition of Ag drop on the
substrate (t = 0 s); (g) detachment of Ag drop from the capillary accompanied with a drop movement (t = 7 9 10�2 s); (h) Ag drop under
isothermal condition at T = 970 �C (t = 11 min)
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At t = 12 min of the test, a spontaneous squeezing and
dropping of the second Ag drop on the first drop occurred
increasing as a consequence the drop volume (Fig. 4) and the
test was stopped. A detailed analysis of the images collected
from the spontaneous dropping of the second Ag drop (Fig. 4a-
d) showed that the drop slightly changed its position (Fig. 4d).

Figure 5 shows the evolution of contact angle (h) as a
function of time within the wettability test of the Ag/CGn/SiC

sc

couple. Immediately after squeezing through the ceramic
capillary and deposition on the CGn/SiC substrate, the first
Ag drop does not wet it (h > 90�) showing a contact angle of
h = 114� (Fig. 5a). After approximatively 1 min, a scatter in
the contact angle values is observed. It was related to an
abnormal kinetics (Fig. 5b) with a decrease in the contact angle
to a value of h = 110�, which during the second minute of the
test, rises again up to a value of h � 114�. Holding the couple
for 11 min, the value of the contact angle does not change
(Fig. 5a). The scatter of data is observed at the t = 12 min of
the test and is owing to the spontaneous squeezing of the
second Ag drop.

By visual observations of the Ag/CGn/SiC
sc couple after

wettability test (Fig. 6), the Ag drop displays a spherical shape.
At the top drop surface, a gray area was observed (Fig. 6a),
which was mostly localized on the side view of the drop. SEM
examination of the mentioned gray area revealed its wrinkled
structure on smooth Ag drop surface (Fig. 6a, b). The Ag drop
surface was covered by small dark precipitates while on the
wrinkled area, the amount of dark precipitate was bigger
(Fig. 6b). By chemical analysis of these precipitates, the
presence of C and traces of Si was revealed (Fig. 6c).

As a result of weak mechanical push, the drop was detached
from the substrate (Fig. 7) and the presence of an oval shadow
was revealed on the CGn/SiC surface (Fig. 7a). Visual obser-
vations at the bottom of the drop showed small gray light spot,
of which SEM analysis at 1009 magnification has revealed its
triangular shape and an area covered by numerous craters of
oval shape and various sizes (Fig. 7b), as revealed also by SPM
examination (Fig. 7d). At a magnification of 5009, it was
found that the boundary between smooth area and area covered
by oval voids shows a net contour (Fig. 7c).

The detachment of the Ag drop from the substrate gave the
opportunity to perform carefully analyses at the surfaces by
Raman spectroscopy, spot analyses both at the Ag drop surface
from bottom side and at the exposed substrate surface (Fig. 8).
Based on the analysis of the images recorded during the wetting
experiment (Fig. 8a and b), two contact areas of the drop with
the substrate surface were detected: named area I at the site of
the first Ag drop deposition on the graphene-coated surface
(t = 0 s) and area II formed by the changed position of the first
Ag drop (t = 1 9 10�2 s) (Fig. 8c). Moreover, three subareas
were identified: subarea 5, which is the place of initial contact
of the first Ag drop with the substrate surface, subarea 4, which
is the common site for area I and area II, and subarea 3, which
corresponds to the contact of the first drop with the surface after
the change of drop position and also the place where the second
Ag drop was squeezed spontaneously. The presence of
graphene in wrinkled region was detected by Raman spectra
taken from two spots at the surface of the Ag drop (Fig. 8d).
Point 1 shows the typical spectrum of graphene layer, with
narrow G (1598 cm�1) and 2D peaks (2735 cm�1) (Ref 21).

Fig. 4 Images of Ag drop during spontaneous squeezing liquid metal through the capillary: (a) the position of the first Ag drop on the sub-
strate, (b) spontaneous dropping of the second Ag drop at the t = 12 min of the test, (c) stabilization of Ag drop, (d) drop shape at equilibrium

Fig. 5 Contact angle values of liquid Ag on CGn/SiC
sc system as a function of time: (a) for t = 0-12 min, (b )the magnified part of (a) for

t = 0-3 min
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The presence of the D peak (about 1373 cm�1) indicates the
defects in the graphene layer. The ratio of peak I2D/IG in spectra
(1) is 0.9 that designates bilayer graphene (Ref 22). On the
contrary, at the bottom of the Ag drop, the presence of the
graphene layer was not detected.

From the analysis of the Raman spectra obtained at spots 3,
4, 5 on the substrate (Fig. 8e) one may conclude that in the area
of the first contact between the Ag drop and the substrate (point
5), the intensity of the characteristic peak of SiC (� 1700-
2000 cm�1) increases while there is not peak 2D
(� 2635 cm�1), which is instead present in the spectrum
formed in the common site of area I and area II (point 4), as
well as in the spectrum taken from point 3 (contact of the first
Ag drop with the substrate surface after capillary moving). In
all spectra, a peak G (� 1680 cm�1) is present.

4. Discussion

The results of wettability test of the Ag/CGn/SiC
sc couple are

summarized in Table 1 and compared with previous studies of
wetting characteristics of liquid Ag in contact with different
substrates, i.e., glass-like carbon (Cglc) (Ref 23, 24), graphite
(Cgr) (Ref 24-27), diamond (Cd) (Ref 28), SiC single crystal
(SiCsc), polycrystalline SiC (SiCpc) (Ref 29, 30) and SiO2 (Ref
31).

The contact angle of Ag/Cglc system at two temperatures
T = 970 �C and T = 1000 �C is h = 106� and h = 117�,
respectively (Table 1 data ‘‘Cglc’’) (Ref 23, 24), and they are
in a good agreement with the data obtained in this work (for

both the first and second drop of Ag 114� and 113�) (Table 1
data ‘‘CGn/SiCsc’’).

Surveying the literature data, the wetting characteristics of
Ag/C system depend on the type of carbon substrates (amor-
phous, mono or polycrystalline) as well as on the testing
conditions thus showing a large scattering of contact angle value
from formed 124� to 157� (Ref 24-27) (Table 1 data ‘‘Cgr’’). The
effect of substrate orientation on the wettability in the Ag/C
system was already observed in the case of diamond substrate.
Under the same experimental conditions, the contact angle values
formed by liquid Ag on (111) Cd and on (110) Cd were h = 147�
and h = 103�, respectively (Ref 28) (Table 1 data ‘‘Cd’’).

On pure SiC substrate, the contact angle value of liquid Ag
is higher than those on graphite and diamond: h = 145�-148�
on polycrystalline SiC and h = 65� on single crystal SiC
(Table 1 data ‘‘CSiC’’) (Ref 30). Such different values obtained
on single crystal SiC (Table 1 data ‘‘CSiC’’) are owing to the
presence of surface native oxide (SiO2) and to the reaction
occurred between the molten Ag and the substrate giving as
reaction product at the interface a few nanometers thicker layer
of graphite (Ref 32). Kalogeropoulou et al. (Ref 30) demon-
strated that the contact angle of 145� measured for the Ag/SiC
system at T = 1100 �C in fact corresponds to the Ag/Cgr system
due to dissolution of Si in liquid Ag accompanied with the
release of carbon at the interface. Similar contact angle value
was measured for Ag/SiO2 couple (Ref 31) (Table 1 data
‘‘CSiO2’’). Further holding the system at the test temperature
caused decreasing of contact angle value (h = 120�) due to the
deoxidation of the SiC substrate (Ref 32) by the following
reaction:

Fig. 6 Observations at the top of the solidified sessile drop: (a) photo; (b) SEM image from top surface of the drop with marked area (c); (c)
SEM image from the observed gray region with marked area (d); (d) SEM image of dark precipitates with marked area (e); (e) mapping of Ag,
C and Si in marked area in (d)
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2SiO2ðsÞ þ SiCðsÞ ! 3SiO " þ CO " ðEq 1Þ

Moreover, increasing the temperature up to T = 1200 �C, a
further decrease in the contact angle was observed with the final
value of h = 66�. This value was obtained for silica-free SiC
substrate, and it was associated with the reaction between Ag
and SiC leading to the formation of graphite (Ref 32):

SiCðsÞ ! Sið Þ þ Cgr ðEq 2Þ

These findings suggest that freshly formed Si dissolves in
liquid Ag, and this process, i.e., dissolutive wetting is
responsible for wettability improvement in the Ag/SiC system.

To determine the influence of gas released from the substrate
on the behavior (movement) of the first Ag drop, a detailed
analysis of surrounding atmosphere was done by real-time
records of the residual gas analyzer (Table 2).

As shown in Table 2, at room temperature under a vacuum
of ptotal = 1.78 9 10�4 Pa, low amounts of H2O and H2 were
detected inside the vacuum chamber (Table 2 data ‘‘25*’’).
During heating up to T = 200 �C, only small gasification from
the CGn/SiC

sc substrate was detected (Table 2 data ‘‘200’’).
However, increasing the temperature up to T = 970 �C, an
increase in CO2, CO, C, H2O and H2 concentrations in the
surrounding atmosphere was revealed by the residual gas

analyzer (Table 2 data ‘‘970’’). Consequently, an increase in the
total pressure up to a value of ptotal = 2.96 9 10�3 Pa was
observed inside the chamber. At the squeezing of the first drop
from the capillary (t = 0 s), a release of CO2 was detected
(Table 2 data ‘‘1000’’). Since during the dropping of the second
drop and within the isothermal conditions (12 min) as well, no
any further increase in CO2 concentration inside the chamberwas
detected (Table 2 data ‘‘10001’’ and data ‘‘10002,’’ respectively),
we may conclude that the gas release from the CGn/SiC

sc sample
contributed to the movement of the first Ag drop.

Furthermore, the change in the position of the first Ag drop
is accompanied with the increase in the amount of released
CO2. It indicates that a fragment of uncovered (graphene-free)
SiC substrate was exposed due to the displacement of Ag drop.
The formation of CO2 is most likely associated with the
interaction of revealed pristine SiC surface with oxygen
dissolved in the Ag drop (Ref 33):

Agþ 6Oþ 2SiC ! 2CO2 " þ Agþ Siþ SiO2 ðEq 3Þ

The presence of a triangular area of voids at the bottom of
the solidified drop generated by the gas bubbles has confirmed
that in this area with the exposed surface of SiC not coated by
graphene, liquid Ag with a certain amount of dissolved oxygen
had an intimate contact with pure SiC.

Fig. 7 Observations of the solidified sessile drop sample: (a) photo with marked area at the bottom of the drop (b); (b) SEM image of the gray
bright spot with marked area of oval voids (c); (c) SEM image of the boundary between the area covered by the spherical formations and the
smooth region with marked area (c); area covered by the spherical voids (a); SPM image of spherical voids microstructure (d)
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Fig. 8 Raman analyses of the Ag drop and the CGn/SiC substrate: (a-c) scheme of the formation of two contact areas of the Ag drop with the
substrate, (d) Raman spectra of the drop surface at spots 1 and 2 marked in figure (c); (e) Raman spectra of the substrate at spots 3, 4, 5 marked
in figure (c)

Table 1 The contact angles formed at 970–1000 �C with liquid Ag on different substrates

Substrate

Testing conditions

h, � Remarks Ref.Procedure Atmosphere, Pa Texp, �C Time

CGn/SiC
sc cp vac. 2.79 9 10�3 970 0 min 114 Gentle deposition, first drop This work

11 min 114
12 min 113 Simultaneously squeezing, second drop

Cglc ch vac. 5.00 9 10�3 Pa 970 15 min 106 – (Ref 23)
vac. 1.00 9 10�4 Pa 1000 5 s 117 – (Ref 24)

Cgr ch Ar, p = 1.00 9 105 Pa 1000 3 min 130 – (Ref 25)
ch Ar, p = 1.00 9 105 Pa 1000 20 min 125 – (Ref 26)
ch vac. 1.00 9 10�4 Pa 1000 5 s 124 Polycrystalline (Ref 24)
n/a Ar + 10% H2 1000 n/a 127 Polycrystalline (Ref 24)
ch Ar 961 n/a 124 Monocrystalline (Ref 27)
n/a H2 961 n/a 157 Monocrystalline (Ref 24)

Cd ch H2 1000 n/a 147 Crystal face (111) (Ref 28)
103 Crystal face (110)
135 Crystal face (100)

SiC cp vac. 1.00 9 10�5 1000 30 min 148 Polycrystalline, pressureless-sintered (Ref 29)
He 1100 0 min 145 Single crystal (Ref 30)
He 1100 n/a 120
He 1200 0 min 65

SiO2 n/a n/a 1100 n/a 142 – (Ref 31)

Legend: cp capillary purification technique combined with non-contact heating, ch contact heating; CGn/SiC
sc, graphene deposited on SiC single

crystal, Cglc glassy-like carbon, Cgr graphite, Cd diamond
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Furthermore, despite the fact that the Si acts as tensioactive
element in respect to liquid Ag and contributes to the
wettability improvement of the Ag/SiC system (Ref 31), any
decrease in the contact angle was not observed in this study.
Most probably, there are two reasons: (1) the concentration of
Si was negligible, or (2) the occurrence of a reaction between
liquid silver and SiC in the discontinuities of graphene layer
was quickly stopped by forming of graphite layer according to
the chemical reaction (2). Therefore, we conclude that the
presence of discontinuities in graphene layer has no influence
on investigations of wetting transparency of graphene.

The existence of large area of graphene segregated at the
drop surface (approximately 20 times larger than the area with
voids generated at the bottom Ag drop surface) suggests that
under the conditions of our experiment, a similar phenomenon
can occur: (1) transfer of a graphene layer; (2) dissolution of
graphene layer due to dissolution of carbon in liquid Ag; (3)
growth of a layer of secondary graphene on liquid Ag drop
surface by a combination of segregation, nucleation and
rearrangement of carbon atoms at the Ag surface as already
observed by Sobczak et al. (Ref 18).

The transfer of a graphene layer from the interface to the
surface of the drop is schematically presented in Fig. 9. During

drop movements, the outer layer/layers of graphene was/were
peeled off (basically driven by strong adhesion between Ag
drop and CGn/SiC) (Fig. 9a) exposing the surface of uncoated

Table 2 Partial pressure of residual gases in the test chamber recorded during wetting experiment with Ag/CGn/SiC
couple

T, �C

Pressure of residual gases, Pa

pH2 pH2O pC pCO+N2 pCO2 ptotal

25 1.34 9 10�6 2.65 9 10�5 4.19 9 10�8 4.30 9 10�7 6.23 9 10�7 1.78 9 10�4

200 3.04 9 10�6 3.00 9 10�5 8.56 9 10�8 7.27 9 10�7 1.09 9 10�6 2.92 9 10�4

400 1.27 9 10�5 4.13 9 10�5 1.73 9 10�7 1.15 9 10�6 2.19 9 10�6 4.35 9 10�4

600 7.66 9 10�5 5.65 9 10�5 5.69 9 10�7 2.00 9 10�6 1.00 9 10�5 7.25 9 10�4

800 5.47 9 10�5 6.89 9 10�5 8.61 9 10�7 3.80 9 10�6 1.43 9 10�5 8.34 9 10�4

970 8.30 9 10�5 8.30 9 10�5 5.77 9 10�6 2.45 9 10�5 8.30 9 10�5 2.96 9 10�3

1000 8.30 9 10�5 8.30 9 10�5 5.22 9 10�6 2.56 9 10�5 8.30 9 10�5 2.79 9 10�3

10001 8.30 9 10�5 8.30 9 10�5 4.20 9 10�6 1.82 9 10�5 7.72 9 10�5 2.66 9 10�4

10002 8.30 9 10�5 8.30 9 10�5 4.22 9 10�6 3.52 9 10�5 8.30 9 10�5 2.12 9 10�3

Legend: 25—before heating, 1000—t = 0 s, first drop (start of the test), 10001—t = 11 min of the test, 10002—t = 12 min, second drop spontaneous
squeezing, end of the test

Fig. 9 Scheme of graphene layer formation on the surface of the Ag drop when the drop is changing its position due to the presence of cracks
formed in the layers of graphene (a) and followed by the transfer of graphene fragments to the drop surface (b)

Fig. 10 Ag-rich corner of the Ag-C phase diagram calculated using
PanDat thermodynamic software
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SiC (Fig. 9b) and enabled liquid Ag to be in direct chemical
interaction with the substrate (SiC).

The dissolution of graphene layer due to carbon dissolution
in liquid Ag and growth of a layer of secondary graphene on
liquid Ag drop surface can be explained based on Ag-C phase
diagram (Fig. 10).

As suggested by Amini and Abbaschian (Ref 34), the
presence of uniform large area of bilayered graphene on the Ag
drop surface, revealed by Raman spectra, could be obtained by
the growth of secondary graphene sheets, owing to the freshly
produced C and Si (by the dissolution of SiC) at the interface,
followed by C nucleation-reorganization at the border of the
graphene detached and transferred from the interface. More-
over, the presence of the large part of the C precipitates in the
area of the graphene flakes at the surface of the solidified Ag
drop indicates that C dissolved in Ag diffused mainly in the
direction of this area. As a further confirmation of SiC
dissolution by liquid Ag, on the surface of the drop, as already
mentioned, the presence of Si was also detected. As described
by Weber (Ref 35). Ag forms with Si at solid state a single
eutectic at Si 11 at.% with a solidifying T = 835 �C. Therefore,
one may expect that at the test temperature T = 970 �C, the
dissolution of SiC occurred immediately after the Ag/SiC was
created.

The same mechanism was used to explain the results
obtained for the already cited Cu, Ni (Ref 8). In addition, Kula
et al. (Ref 36) proved that on the surface of liquid metal, the
effect of self-arrangement of the formed secondary graphene
‘‘areas’’ at the top of the metal drop (flakes) can move on the
drop surface, rotate and join other formed graphene layers,
giving as a result, after solidification an area of graphene larger
than the original one. Unluckily, to now, the production of
graphene layers by solid carbon dissolution process, detected at
the top of pure liquid Ag, is reported only by Tanaka and Ijima
in their work (Ref 37) where is clearly evident, at least, the role
of liquid Ag to catalyze the production of similar graphene
layers evolving later as nanotubes.

5. Summary

Wetting behavior and interfacial phenomena that occur in
liquid Ag/CGn/SiC system have been investigated by the
dispensed drop method at T = 970 �C under vacuum. Exhaus-
tive surface and microstructural characterization (by SEM/EDS
and SPM/Raman techniques) have been done before and after
high-temperature wetting tests. By analyzing the contact angle
behavior as a function of time, after its deposition onto the
graphene-coated SiC substrate, the Ag drop showed a contact
angle value of 114� and this value was preserved also when
additional liquid Ag was squeezed on the first drop. Surface
characterization of the drop surface after wettability tests
evidenced the presence of 2D-C (graphene) and Si at the top of
solidified Ag drop suggesting that a chemical interaction
occurred at the interface. In addition, at the interface, destruc-
tion of graphene layer was detected and on the uncoated SiC
surface, voids were revealed which were probably due to
chemical reactions with gas as products. Local dissolution of C
and Si into liquid Ag resulting as reaction products of SiC
decomposition by liquid Ag is evidenced by the presence of
these two constituents at the top of the solidified drop. In
addition, transfer of the fragmented graphene layer and its

reorganization (by segregation, nucleation and growth) at the
Ag surface during drop solidification was observed.

With a view to offer new insights designing and to properly
address the manufacture of tailored graphene-metal composites
or in general in joining dissimilar graphene-coated materials by
liquid-assisted methods, a strong adhesion at liquid Ag/CGn

interface has been observed even if locally, at high tempera-
tures. The strong adhesion is one of the main characteristics of
wetting transparency of graphene. Despite of this fact, it is
clearly evident in this case, the main chemical interactions were
given by the locally produced discontinuities, which could be in
turn owed to thermomechanical stresses, local weak CGn/SiC
adhesion, or already present defect in the graphene layers, etc.
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Strupiński for graphene materials.

Open Access

This article is distributed under the terms of the Creative Commons
Attribution 4.0 International License (http://creativecommons.org/
licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. H.G.P. Kumar and M.A. Xavior, Graphene Reinforced Metal Matrix
Composite (GRMMC), Procedia Eng., 2014, 97, p 1033

2. W. Yang, Q. Zhao, L. Xin, J. Qiao, J. Zou, P. Shao, Z. Yu, Q. Zhang,
and G. Wu, Microstructure and Mechanical Properties of Graphene
Nanoplates Reinforced Pure Al Matrix Composites Prepared by
Pressure Infiltration Method, J. Alloys Compd., 2018, 732, p 748–758

3. F. Chen, J. Ying, Y. Wang, S. Du, Z. Liu, and Q. Huang, Effect of
Graphene Content on the Microstructure and Properties of Copper
Matrix Composites, Carbon, 2016, 96, p 836

4. J. Li and C.-Y. Liu, Ag/Graphene Heterostructures: Synthesis, Char-
acterization and Optical Properties, Eur. Inorg. Chem., 2010, 2010, p
1244–1248. https://doi.org/10.1002/ejic.200901048
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