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Abstract: The wettability of the metal/SiC system is not always excellent, resulting in the limitation
of the widespread use of SiC ceramic. In this paper, three implantation doses of Si ions (5 × 1015,
1 × 1016, 5 × 1016 ions/cm2) were implanted into the 6H-SiC substrate. The wetting of Cu-(2.5, 5,
7.5, 10) Sn alloys on the pristine and Si-SiC were studied by the sessile drop technique, and the
interfacial chemical reaction of Cu-Sn/SiC wetting couples was investigated and discussed. The Si ion
can markedly enhance the wetting of Cu-Sn on 6H-SiC substrate, and those of the corresponding
contact angles (θ) are raised partly, with the Si ion dose increasing due to the weakening interfacial
chemical reactions among four Cu-Sn alloys and 6H-SiC ceramics. Moreover, the θ of Cu-Sn on
(Si-)SiC substrate is first decreased and then increased from ~62◦ to ~39◦, and ~70◦ and ~140◦, with the
Sn concentration increasing from 2.5%, 5% and 7.5% to 10%, which is linked to the reactivity of
Cu-Sn alloys and SiC ceramic and the variation of liquid-vapor surface energy. Particularly, only a
continuous graphite layer is formed at the interface of the Cu-10Sn/Si-SiC system, resulting in a higher
contact angle (>40◦).
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1. Introduction

Silicon carbide (SiC) has been widely applied in the field of electronics industries and metal-ceramic
composites, due to its sublime properties such as high strength, high modulus, high melting point and
erosion resistance [1–3]. In fact, good wettability between liquid metals and SiC ceramic plays a vital
role in these areas. Up to now, two critical challenges for the SiC applications are the low wettability
and the undesired interfacial reaction of metals and SiC ceramic [4]. Commonly, the equilibrium value
of θ, used to explore the wetting behavior of liquid on a flat and chemically homogeneous solid surface,
observes the traditional Young’s equation [5] cosθ = σSV − σSL/σLV (where σSV and σLV describe the
surface tension of the solid and liquid, respectively, and the σSL defines the solid/liquid interfacial
energy). Based on this equation, two leading technologies can be performed to reduce the θ of metal
on the SiC substrate.

One is increasing the σSV by changing the SiC surface (i.e., the ion implantation, Ref. [6] sintering
metallization [7,8] and plasma pulses [9]. Compared with other surface modification technologies,
ion implantation is a non-thermal and non-equilibrium process, where no new interface is introduced
and the surface crystal structure can be altered in this process [10]. Recently, our group has proved
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that Mo, Ref. [11] Pd [12] and Si [13] ion implantation can increase the σSV of 6H-SiC monocrystal
substrate by producing lattice imperfections and point defects, and thus the ion implantation is regarded
as one of the key factors affecting the wettability of Al, Ref. [13] Al-Cu and [13] Al-Si-(Cu, Mg or Zn) [6,12]
on SiC monocrystal substrate. For instance, Zhu et al. [13] studied the wetting of Al-Cu/Si-implanted
SiC wetting couples, indicating that the contact angles of Al-Cu alloys on Si-SiC substrates were raised
partly with an increase of the Si ion dose, and the Si ion can evidently improve the wetting of Cu-Al/SiC
when the content of Al is no more than 42.9% in Cu.

Another is adding elements such as (Ti, Ref. [14,15] Cr, Ref. [16] Ni [17]) into the metal to reduce
the σSL by enhancing the interfacial interactions of metal/SiC systems and/or to simultaneously reduce
the σLV. For the pure Cu/SiC system, a high contact angle was detected due to the formation of the
graphite layer at the wetting interface [18]. Various elements such as Al [13], Si [18], and Zr [19]
were added into Cu to adjust the wettability of the Cu/SiC system. As reported by Zhou et al. [19],
excellent wettability (θ ≈ 5◦) was observed in the Cu-Zr/SiC system at 1200 ◦C, and the interfacial
reaction layer was transformed from a graphite layer to metallic ZrC and Zr2Si compounds after adding
Zr into Cu. Furthermore, the other elements added into the pure metal can also bring about the changes
of heat transfer performance compared with the pure metal [20–22], which can significantly affect the
thermodynamic and kinetics of the chemical reaction between molten metal and ceramic during the
wetting process. Therefore, the wettability of metal/ceramic system is further influenced accordingly.

As discussed above, both the surface modification of SiC and other metal element additions are
the most promising methods to improve the wetting of metal/SiC systems. However, the influence of
Sn addition on the wettability of the Cu/6H-SiC system was rarely reported, especially for the 6H-SiC
ceramic after Si ion implantation. Herein, Si ion was implanted into the 6H-SiC monocrystal substrate,
and the wettability of Cu-(2.5, 5, 7.5, 10) Sn (all in at.% in this text) alloys on 6H-SiC monocrystal
substrate were investigated. We found that the Si ion can markedly enhance the wetting of Cu-Sn on
6H-SiC substrate, and the θ of Cu-Sn on (Si-)SiC substrate basically decreases first, and then increases
alongside the Sn concentration.

2. Experimental Details

The double polished C-terminated 6H-SiC monocrystal (CAS: 409-21-2), with sizes of
10 mm × 10 mm × 0.33 mm, was employed as the wetting substrate. The Cu-(2.5, 5, 7.5, 10)Sn alloys
used for the wetting experiments were fabricated by arc melting with non-consumable tungsten electrode
under a purified Ar (99.99%, CAS: 7440-37-1) atmosphere, and being remelted five times to ensure a
uniform composition, combining appropriate amounts of the Cu sheet (99.9 wt.% purity, CAS: 7440-50-8)
and Sn granular (99.8 wt.% purity, CAS: 7440-31-5). In order to prevent the oxygen contamination,
a Ti getter (CAS: 7440-32-6) was melted first, before the Cu-Sn alloy. The microstructure and phase
composition of a typical Cu-7.5Sn alloy were analyzed and identified by scanning electron microscopy
(SEM, FEI NovaNano450, back-scattered electron (BSE) mode) and X-ray diffraction (XRD). The scanning
range of XRD examination was 20◦–90◦, with a speed of 5◦/min. The Cu-Sn alloys featured a wire electrode
cutting into the block, with sizes of 3 mm × 3 mm × 3 mm, which were carefully cleaned in acetone and
ethanol successively before wetting experiments. The ion implantation was carried out in an ion implanter
(MEVVA-36), and three doses of Si ions (5 × 1015, 1 × 1016, 5 × 1016 ions/cm2) were implanted into the
6H-SiC substrate at 20 keV at an ambient temperature under the vacuum of ~5 × 10−3 Pa.

The sessile drop tests of Cu-Sn alloys on a Si-implanted SiC substrate were performed at a
contact angle computing instrument (OCA15LHT-SV, Dataphysics, Filderstadt, Germany). The wetting
samples were performed at 1373 K for 240 min in a vacuum of ~6 × 10−4 Pa, with a heating rate of
5 K/min. After wetting experiments, the cross-sectioned wetting systems were polished using diamond
polishing fluid, and the interfacial microstructure was observed by SEM (BSE mode), coupled with
energy dispersive spectroscopy (EDS). It was noted that the images obtained from BSE mode can
be used to evidently present the composition contrast for the polished samples, while the images
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obtained from the secondary electron (SE) model mainly reflect the contrasting information of the
surface geometry.

3. Results and Discussion

Figure 1 shows the typical microstructure of Cu-7.5Sn alloy combined with its XRD pattern.
The Cu-7.5Sn alloy presents a typical dendritic microstructure, and is composed of two phases (dark and
grey phase). Based on the EDS analysis, both phases are mainly Cu-rich solid solutions, where the Sn
concentration in the grey phase is higher than that in the dark phase. According to the Cu-Sn binary
phase diagram [23], the dark and grey phases can be confirmed as a Cu-rich solid solution (Cu) and
(Cu) plus Cu-Sn compounds. However, only the (Cu) phase emerges in the XRD pattern due to the
low content of the Cu-Sn compound (Figure 1b).
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Figure 1. (a) Back-scattered electron (BSE) image; and (b) X-ray diffraction (XRD) pattern of
Cu-7.5Sn alloy.

Figure 2 shows the wetting curves of molten Cu-(2.5, 5, 7.5, 10) Sn alloys on the (Si-)SiC substrates
at 1373 K. In Figure 2, two Y-axes are drawn to present the information of the contact angle (the Y-axis
on the left). The temperature (the Y-axis on the right) in Figure 2a–d and the line corresponding to the
wetting temperature is 1373 K, showing a straight line in the figure. For the Cu-Sn/pristine SiC systems,
the contact angle (θ) is first decreased, and then increased from ~62◦ to ~39◦ and ~70◦, with the Sn
concentration rising from 2.5% to 5% and 7.5%. In particular, a non-wetting phenomenon with a
high contact angle of ~140◦ is observed in the Cu-10Sn/SiC system. On the other hand, the Si ion
implantation has a pleasurable influence on the wetting of Cu-Sn/SiC couples. The θ of Cu-Sn on the
Si-SiC substrate decreases markedly after Si ion implantation, especially for the Cu-10Sn/Si-SiC systems
transforming from non-wetting to wetting. However, the θ of Cu-Sn/Si-SiC systems is increased partly
with the Si ion dose increase, rising up to 5 × 1016 ions/cm2. Those experimental results illustrate that
the Si ion can blatantly improve the wettability of Cu-Sn/SiC systems. In contrast, a higher Si ion
dose can weaken this phenomenon, showing an increased contact angle. In these cases, the σSV keeps
invariant (before ion implantation), or is increased due to the presence of the lattice imperfection and
point defects after ion implantation [13], while the σLV is decreased with the Sn concentration increasing,
according to Amore’s results [24]. Theoretically speaking, the increased σSV or/and decreased σLV can
reduce the wettability of Cu-Sn/(Si-)SiC systems based on Young’s equation. Thus, the abnormally
increased contact angle with the rise of the Si ion dose can be ascribed to the increased σLV derived
from the decreasing interfacial interactions between Cu-Sn alloys and Si-SiC ceramic.
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Figure 2. Curves of Cu-Sn/SiC systems before and after Si ion implantation (5 × 1015, 1 ×1016 and
5 × 1016 ions/cm2) at 1373 K: (a) Cu-2.5Sn; (b) Cu-5Sn; (c) Cu-7.5Sn; and (d) Cu-10Sn.

Figure 3 shows the interfacial BSE images of Cu-2.5Sn/SiC couples before and after Si ion
implantation. From Figure 3a, a prominent graphite layer and numerous CuxSiy compounds are
formed at the surface of Cu-2.5Sn solidified drop due to the serious chemical reaction between Cu
and SiC, which is also observed in the pure Cu and SiC systems [13]. After Si ion implantation,
a visible graphite film can be observed at the triple line region, and its width decreases with the Si
ion dose increasing (Figure 3b–d). Moreover, a laminated graphite layer is located on the upper part
of the Cu-2.5Sn drop after Si ion implantation, as shown in Figure 3f–h. The laminated graphite
layer gradually becomes thin, with the Si ion implantation dose rising, indicating that the interfacial
interactions are weakened, resulting in an increase of σSL and a contact angle, either more or less
(as shown in Figures 2 and 3i–l). Meanwhile, the 6H-SiC substrate is more or less consumed with the
formation of uneven scallops (Figure 3e–h). Similarly, the solidified Cu-2.5Sn drop consists of a dark
phase marked A and a small amount of grey phase marked B, as shown in the insert image in Figure 3f.
Based on the EDS results, the chemical compositions of the two phases are 92.09Cu + 5.90Si + 2.01Sn
and 66.48Cu + 33.52Sn, respectively. According to the Cu-Si and Cu-Sn binary phase diagrams [23,25],
the dark and grey phases can be confirmed as Cu-rich solid solutions, containing few Cu-Si and Cu-Sn
compounds, respectively.
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Figure 3. BSE images of Cu-2.5Sn/(Si-)SiC systems (a,e,i) before and (b–d,f–h,j–l) after Si ion
implantation: (a–d) at the triple line region, cross-section (e–h) at the central interfaces and (j–l)
at the triple line region.

Figures 4 and 5 exhibit the top-view and interfacial BSE images of Cu-(5, 7.5)Sn/Si-SiC systems with
different Si ion implantation doses, respectively. From Figure 4a,c, a thin graphite film emerges at the
triple line region of Cu-(5, 7.5)Sn/Si-SiC systems after the Si ion implantation dose of 5 × 1015 ions/cm2.
However, a higher Si ion implantation dose (5 × 1016 ions/cm2) cannot induce the formation of the
graphite layer in Cu-(5, 7.5)Sn/Si-SiC systems (Figure 4b,d).
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Figure 5. Interfacial BSE images of (a,b) Cu-5Sn/Si-SiC and (c,d) Cu-7.5Sn/Si-SiC systems at the central
interfaces after Si ion implantation of (a,c) 5 × 1015 and (b,d) 5 × 1016 ions/cm2.

Compared to the Cu-2.5Sn/Si-SiC system, the Cu-(5, 7.5) Sn/Si-SiC presents relatively weak
interfacial reactions, and the formed graphite layer moves closer to the SiC substrate (Figure 5).
This phenomenon is mainly attributed to the low activity of Cu, due to the relatively high concentration
of the Sn element. As we know, the wettability of Cu-Sn/Si-SiC couple can be comprehensively
determined by the σSL originating from interfacial interactions, and the σLV on the condition of the
same substrate. In these cases, the increase in σSL and the decrease of σLV correspondingly dominates
the Cu-5Sn/Si-SiC and Cu-7.5Sn/Si-SiC systems, so the θ of Cu-Sn/Si-SiC decreases firstly, and then
increases, with the Sn concentration rising from 2.5% to 7.5%. Similarly, two kinds of phases (Figure 5)
are also observed in the solidified Cu-(5, 7.5) Sn alloy drops, and the content of grey phase increases
gradually (Figures 3–5). Accordingly, the Sn concentration in the grey phase is also raised.

Figure 6 exhibits the interfacial microstructure of Cu-10Sn/Si-SiC systems after Si ion implantation.
Compared with Cu-(2.5, 5, 7.5) Sn/Si-SiC systems, the Cu-10Sn/Si-SiC presents relatively high contact
angles (Figure 2). However, it is puzzling that the molten Cu-10Sn alloy has the lowest surface
energy among the four Cu-Sn alloys, and thus theoretically the Cu-10Sn/Si-SiC systems should present
excellent wettability, according to Young’s equation. From Figure 6, only a continued graphite layer
is closely attached to the SiC substrate, which is due to the fact that the high Sn concentration in Cu
alloys can reduce the activity of Cu element, and thus the chemical reaction is limited at the interface.
According to the reactive production control (RPC) model [26,27], wetting in the reactive system is
predominated by the final interfacial production at the interface and triple region. Because the molten
drop has a poor wettability on the graphite layer, there is relatively poor wettability of Cu-10Sn on Si-SiC
substrates. Moreover, the interfacial chemical reaction between Cu-10Sn and Si-SiC becomes weaker
and weaker as the Si ion dose rises, resulting in a thinner graphite layer and higher contact angle.
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Figure 6. Interfacial BSE images of Cu-10Sn/SiC systems after the Si ion implantation of (a,c) 5 × 1015
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4. Conclusions

The wetting of molten Cu-(2.5, 5, 7.5, 10) Sn on Si-implanted SiC substrates was studied, and the
effects of Si ion doses and Sn concentration in Cu alloys on the wettability were analyzed. The Si ion
can markedly enhance the wetting of Cu-Sn/SiC systems; however, the contact angle of Cu-Sn on Si-SiC
substrate partly increases, with the Si implantation dose increasing from 5 × 1015 to 5 × 1016 ions/cm2.
The wetting of Cu-Sn/(Si-)SiC systems is closely related to the increasing solid-liquid interfacial energy
originated from the decreasing interfacial chemical reaction and the decreasing liquid-vapor surface
energy, with the Sn concentration increasing from 2.5%, 5% and 7.5% to 10%. In particular, a higher
Sn concentration of ≥7.5% can obviously reduce the activity of Cu, resulting in a relatively weak
interfacial reaction and a higher contact angle (>40◦). The above work and conclusions provide a novel
way to change the surface properties of ceramic and improve the wettability of the metal/SiC ceramic
system, which can further expand the prospective application area of SiC ceramic. However, changes of
the surface state of SiC after ion implantation in an atomic scale, i.e., the ion site in SiC lattice and
the lattice distortion of SiC, were less straightforward. In the future, the first-principle calculations
based on density functional theory (DFT) and Ab-initio molecular dynamics (AIMD) simulation can be
performed to study the changes in atomic scale after the ion implantation.
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