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Abstract

Good wetting and low reactivity of metal/ceramic couples are key factors in many technological processes, in particular in metal/ceramic
joining, to avoid degradation of ceramics and to achieve the desired properties during service. Silicon carbide is a covalent material of great
technological interest due to its excellent overall properties. Starting from a survey of the surface energies of SiC and liquid metals, the reactivity
and wettability of pure metal/SiC systems, as well as the wetting behavior and mechanisms of (liquid metal + Si)/SiC systems are reviewed for
understanding the interfacial bonding and for supporting the development of application-oriented processes like non-reactive brazing. Silicon
chemisorption and interactions between the molten alloys and SiC at the metal/substrate interface and the intrinsic properties of the alloys or of the
pure metals are considered to play the key roles in interfacial bonding. In particular, additions of Si can limit or even suppress the substrate
dissolution leaving the solid-liquid interface nearly undisturbed. At the same time, oxidation—deoxidation processes at the SiC surface are the basic
mechanisms to be controlled in order to allow the liquid phases to contact a ““pure” SiC surface. The need of further investigations, covering basic
interfacial phenomena including both experiments and ab-initio modeling of the solid-liquid interfaces is strongly underlined.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon carbide is a covalent material of great technological
interest due to its excellent overall properties including good
mechanical resistance, high thermal conductivity, good thermal

* Corresponding author. Tel.: +39 010 6475 716; fax: +39 010 6475 700.
E-mail address: a.passerone @ge.ieni.cnr.it (A. Passerone).

shock behavior, high oxidation and erosion resistances [1]. Its
applications are involved in both structural and functional
materials. Indeed, it is currently used in the reinforcement of
metal-matrix composites, in nuclear plants, for heat exchangers,
for optical devices and as the ceramic component of metal/
ceramic couples.

Basic studies related to the interactions between metals and
ceramics are relevant for all the above-mentioned industrial
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applications, to understand the mechanisms of materials
stability and reactivity. These studies are usually performed
at high temperature by means of wetting experiments where a
liquid metal is put in contact with a solid (ceramic) substrate
following one of these techniques: sessile drop [2], dispensed
drop [3], transferred drop [4], dip coverage [5], immersion—
emersion [6], micro-droplet [7] and pressure infiltration [8—12].
The sessile drop technique is the most frequently used one
because of its apparent simplicity, while the pressure infiltration
technique is mainly used for wetting between liquid metals and
ceramic preforms. Otherwise, a ““solid state wetting technique”’
was put forward by Wang and Wynblatt [13—15]. Actually, the
main difference between micro-droplet and solid state wetting
techniques lies in the experimental temperature. The metal
components used in the two techniques are in the liquid or solid
state during the “wetting” process, respectively.

The wettability of a liquid metal on a solid ceramic surface is
commonly evaluated by measuring the contact angle 6. Indeed,
the contact angle value is related to the bonding quality of the
metal/ceramic interface. The macroscopic contact angle 6
(measured inside the liquid phase) is defined by Young’s
equation:

Osv — OsL
c0sf) = ————

(1)
oLv
where opy denotes the characteristic surface energies of the solid
(S)-liquid (L)—vapour (V) system.
The work of adhesion Wa of a metal/ceramic interface is a
measure of the interfacial strength at the test temperature. It is
defined as:

Wa = ogy + oLy — osL 2)

Introducing Egs. (1) into (2), we obtain the Young—Dupré
equation:

Wa = oy (1 + cos0) 3)

From a formal point of view, a liquid phase is considered to
wet a solid if 6 < 90°.

For a fixed metal/ceramic couple, the wetting behavior can
be influenced by many factors: to obtain reliable Young contact
angle measurements, some essential parameters, such as the
chemical composition of the solid and liquid components, the
substrate surface roughness, the characterization of substrate
surface chemistry before and after the experiment and the
experimental furnace conditions, must be given [2,16,17,33].
Besides temperature and holding time, the atmosphere,
especially oxygen partial pressure [18-20], can affect the
wetting results (the final or equilibrium contact angle and the
spreading kinetics [21,22]). The substrate quality may include
surface chemistry state (such as surface oxidation, metalliza-
tion and even non-stoichiometry [23,24]), surface roughness
[25], surface polarity [26] or structure and substrate phase
composition (such as surface anisotropy [27], presence of
sintering aids [28] and of different phases [29]). In addition,
some products often form at the interface due to interfacial
reactions during the wetting process, thus the presence of this
new interface has to be taken into account. The wetting

behavior may be classified into two groups, non-reactive and
reactive wetting: non-reactive wetting occurs when a liquid
spreads on a surface in the absence of interfacial reactions; on
the contrary, when wetting and its kinetics are affected by
reactions (true chemical reactions, dissolution, mass transfer,
etc.) it is referred to as reactive wetting [29-34].

Due to the non-wetting characteristics of most pure metals
on ceramic materials, specific methods for improving the
wettability of metals on ceramics have been put forward,
involving prior surface treatment and/or addition of active
elements. The nature of the two methods is the same and both of
them achieve the wetting goal by changing the chemical
character of the contact interface. Here, the active element
method for improving the wettability is taken into considera-
tion. Indeed, good wetting and low reactivity between liquid
metals and ceramics are required, in order to obtain a good
adhesion in fabrication processes (metal/ceramic composites,
joining, etc.), to avoid degradation of ceramics and to achieve
the desired properties during service [1,2]. However, since the
active element method belongs to the reactive wetting
technique category, it is possible that degradation of ceramics
occurs and interfacial reactions provide sources for crack
initiation because of brittle products, resulting in deleterious
effects on the final mechanical properties of the metal-ceramic
couple.

2. Reactivity and wettability of pure metal/SiC systems
2.1. Reactivity of pure metals with SiC

The reactivity of the pure metals with SiC directly affects the
interfacial reactions, wetting and bonding. Based on the
research results of Kurokawa and Nagasaki [35] and the
reviews of Rabin [36] and Li and Zhang [37], the pure metals
may be classified into four categories according to their
reactivity with SiC, as shown in Table 1. For the first category,
there are almost no chemical reactions between the metals and
SiC under the experimental conditions. For the second one,
only stable silicides can form at the interface; the silicon and
carbon originated from SiC matrix tend to diffuse into the
metal; the carbon can exist as a solid solution provided the
solubility of carbon in the metal is high enough, otherwise it
will segregate as graphite in the liquid phase or even at the
solid-liquid interface after saturation. For the third one, the
carbides are the main products, as most silicon dissolves into
the metal and forms carbides, although sometimes silicide can
form. Stable ternary carbides can also be found, as in the case of
the presence of V: 4SiC + 14V — V5SizCx + V3Si +3 V,C

Table 1

Reactivity of pure metal/SiC systems [35-37].

Type Reactivity Metal

1 No reaction Au, Ag, Sn, Pb, Ge

2 Me + SiC — silicide + C Ni, Fe, Cu, Co

3 Me + SiC — Si + Carbide V, Al, Nb

4 Me + SiC — silicide + Carbide Zr, Hf, Cr, Ta, W, Ti, Mo
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Fig. 1. Gibbs free energies of the formation of SiC and of the main carbides and
silicides. The data come from [39] except those of FeSi and V,C [40].

[38]. For the fourth category, a mixed layer containing silicides
and carbides often forms at the interface by reaction and mutual
diffusion between the metal and the ceramic.

The Gibbs free energies of formation of SiC and of the main
carbides and silicides are shown in Fig. 1. The Al, Fe, Ni and Co
reactivity with SiC is low due to the small differences of Gibbs
free energy of formation between Al,C;, NiSi, FeSi, CoSi and
SiC (Fig. 1). On the contrary, some pure metals, such as V, Nb
and the metals in the fourth category (Table 1), are called active
elements, because they react with SiC giving more stable
products, as shown by their Gibbs free energy values (Fig. 1).
XC-type carbides of Ti, Zr and Hf are the main reaction
products because of their high reactivity resulting from the
under filling of their outer electron shell configuration. For
those refractory metals, such as Ta, Mo and W, X,C-type
carbides and XsSis-type silicides are the preferred forms.
Actually, the interfacial reaction behavior between active
elements and SiC is very complicated. For example, for Cr, six
compounds (Cry3Cg, Cr;Cs3, Cr3C,, Cr3Si, CrSi and CrsSizC)
are detected, and the Cr,3Cq phase is the most commonly
detected one due to its lowest Gibbs free energy of formation.

2.2. Wettability of pure liquid metals on SiC

The wettability of pure metals on SiC is an important
reference for investigating the wetting behavior and mechanism
and designing brazing alloys. The contact angle values of pure
liquid metals in contact with SiC are listed in Table 2. For each
metal, a range of contact angles is given because they are
obtained at different temperatures. As shown in Table 2, the
non-reactive pure metals Au, Ag, Sn, Pb and Ge when in contact
with a-SiC, show non-wetting behavior. However, the values of
the contact angles are deeply influenced by the composition of
the solid substrate [44]. For example, contact angles of 42° at
1473 K and 0° at 1693 K are reported for Ge when the pure
metal is brought in contact with SiC reaction bonded with 10%
free silicon (compositions are given in at.% in the whole text).
Similarly, almost all the reactive metals (Ni, Co, Fe, Cu and Al)
show a large spectrum of contact angles, which can even go
through the “wetting—non-wetting” transition with tempera-
ture raising, i.e. when interfacial reactions become stronger.
The contact angle of silicon on SiC is in the range of 30-45°;
the wettability of silicon on SiC is usually better than that of all
other pure metals.

3. Surface energies of liquid metals and SiC
3.1. Surface energies of liquid metals

The work of adhesion, Wa, can be calculated by Eq. (3) using
the contact angle (0) and liquid—vapour surface energy (ory)
obtained by experiment or calculation. Then, Wa can be used to
pre-estimate the bonding quality of the ceramic/ceramic or
ceramic/metal brazed joints, because the joint mechanical
properties depend also on the chemical interfacial bonding
between the brazing filler metal and the ceramic component.

The surface energies of some pure liquid metals and their
silicon alloys are listed in Table 3. The surface energy of pure
liquid metals decreases linearly when temperature increases.
The relationship is generally expressed as o(7T) = op+k(T — T,,)
(where o is the surface energy at the melting point 7,,, and
k = (do/dT) is the temperature coefficient). Eustathopoulos
et al. [89] calculated the temperature coefficients of surface
tension of pure liquid metals, as shown in Table 4, and
compared them to the experimental ones [90] when possible. It
is observed that the calculated coefficients k are mostly in the
range of —0.1 to —0.3 mJ m 2 K~ ' (Table 4). In particular, it
can be underlined that the surface energies of liquid Me-Si

Table 2

Contact angles of pure liquid metals on SiC.

Metal Temp. (K) 0 () Ref. Metal Temp. (K) 6 (°) Ref.

Au 1336-1703 150-110 [41-45] Fe 1633-1873 70-20 [44,54]

Ag 1233-1473 140-110 [44,49] Cu 1356-1723 165-30 [45-47,51,55-57]
Sn 505-1473 165-75 [44,45,50,52] Co 1803 63-55 [44]

Ge 1073-1703 165-90 [43,44] Pb 603 170-160 [44]

Ge 1473 42 [44] Al 933-1746 155-30 [6,7,44-46,58-63]
Ge 1573, 1693 0 [44] Si 1673-1773 54-30 [43,51,64-71]

Ni 1623-1773 86-36 [44,51-53]
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Surface energies of pure liquid metals and some of their liquid binary alloys containing Si. Data from different sources for comparison; a critical review can be found
in [81]; temperatures in italics refer to the melting point.

Metal (at.%) Temp. (K) oy (mJ m™?) Ref. Metal (at.%) Temp. (K) oy (mJ m2) Ref.
Au T>Tn 1138-0.19 (T — Ty,) [72] Ni-85Si 1633 740 [82]
Au 1336 1150 [71,81] Fe 1810 1880 [81]
Au T>Tn 1115-0.101 (T — Ty,) [75]

Au 1423 1100 [76] Fe-33.33Si 1633 750 [83]
Au—(0-100)Si Tm—1723 1150-746 [75] Fe—66.67Si 1633 750 [83]
Ag 1703 856 [72] Cu 1373 1250 [52,76]
Ag 1234 926 [71,81] Cu 1473-1773 1288-1228 [77,79]
Ag 1373 900 [76] Cu 1357 1320 [81]
Ag-5Si 1473 880 [49] Cu 1373 1320 [84,85]
Ag-11Si 1473 860 [49] Cu-3Si 1373 1240 [71]
Ag-30Si 1473 850 [49] Cu-10Si 1373 1220 [71]
Sn 1373, 1473 440, 425 [52] Cu-30Si 1373 1180 [71]
Sn T>Tn 544-0.07 (T — Ty) [73] Cu-25Si 1423 1050 [66]
Sn 1323 450 [76] Co T>Ty 1890-0.19 (T — T, [86]
Sn 623-1073 536-504 [77] Co 1823-2043 1594-1530 [77,79]
Sn—(0-100)Si 1723 ~450-720 [78] Pb T>Tn 468-0.13 (T — Ty,) [73]
Ge T>Tn 581-0.119 (T — Ty) [72] Pb 673-973 459-420 [77]
Ge T>Ty 642-0.140 (T — T,) [71] Pb 600 457 [81]
Ge 1323 620 [76] Al 1073-1373 ~850-780 [58,71,83]
Ni 1740-1953 1750-1690 [77,79] Al 933 914 [73]
Ni T>Tn 1823-0.46 (T — T,,) [80] Si T>Tn 754-0.062 (T — T,,) [73,74]
Ni 1728 1795 [81] Si T>Tn 746-0.152 (T — T,,) [49]
Ni—40Si 1633 1320 [82]

Ni-50Si 1633 1080 [82] Si 1633 720 [82]
Ni-67Si 1633 850 [82] Si 1703-1753 ~800 [67,87,88]

alloys, at constant temperature, decrease when the silicon
content increases if oy > 0v;; in the case of alloys like the Sn—
Si alloys, the surface energy increases with Si content
increasing because the surface energy of Sn is lower than
that of Si. Actually, high surface tensions are associated with
prominent electron bonding, which in turn means that some

Table 4
Experimental and calculated values of do/dT for pure liquid metals [89,90].

relationship between oy at T, and the melting temperature
should be expected. This is indeed true, and the highest surface
energy values are generally found in high-melting point metals
[91]. So, the work of adhesion of some binary Me—Si alloys can
be moderately improved by adding one or several of these
elements, under the condition that the contact angle keeps

Element do/dT (mI m2 K™} Element doldT (mJ m™2 Kil) Element doldT (mI m—2 K}
Experimental Calculated Experimental Calculated Experimental Calculated

Ag —0.17 - Lu —0.07 —0.21 Sn —0.11 -

Al —0.15 - Mg —0.15 —0.16 Sr —.075 -

Au —0.19 - Mn —0.35 —0.23 Ta - —0.24

Ba —0.07 —0.06 Mo - —0.23 Tb —0.06 —0.16

Be - —0.25 Nb - —0.19 Th - —0.14

Cd —0.20 —0.16 Nd —0.09 —0.11 Ti - —0.28

Ce —0.07 —0.09 Ni —0.42 - U —0.14 —0.16

Co —0.37 - Os - —0.29 \% - —0.26

Cr —0.20 —0.33 Pb —0.11 - W - —0.20

Cu —0.19 - Pd —0.28 —0.24 Y —0.09 —0.11

Dy —0.13 —0.15 Pr —0.09 —0.14 Yb —0.10 —0.17

Er —0.12 —0.16 Pt - —0.29 Zn —0.25 —0.22

Eu —0.05 —0.16 Pu - —0.13 Zr - —0.19

Fe —0.23 —0.29 Rb —0.07 —0.05

Ga —0.07 - Re - —0.21

Ge —0.105 - Rh - —0.24

Hf - —0.19 Ru - —0.28

Hg —0.215 - Sb —0.04 —0.10

In —0.12 - Sc —0.12 —0.21

Ir - —0.18 Si —0.48 —0.19

Li —0.16 —0.14 Sm —0.07 —0.10
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Table 5
Calculated unrelaxed and relaxed energies for B-SiC surfaces [95].

Crystal surface osy (mJ m~2) unrelaxed osy (mJ m~2) relaxed

B-SiC (10 0) 5275 4658
B-SiC (100) 4818 1908
B-SiC (111) 2584 1767
B-SiC (IT1) 2446 7184
B-SiC (1 10) 3236 2330

almost constant; in this case, such addition, due to the increase
of ory, can improve the interfacial bonding quality (Eq. (3)).

3.2. Surface energy of SiC

In principle, we can calculate the solid—liquid interfacial
energies gy of alloy/SiC systems by Eq. (1) or (2) by using the
experimental or calculated values of the metal surface energies
oLy, their contact angle 8 and the surface energy osyof SiC [92].
However, only calculated values of the surface energy of SiC
osv(SiC) are available. Firstly, Bruce [93] gave the surface
energy as a function of temperature for the (1 1 1) plane of 3-
SiC (3000-0.546T, T > 0). Then, Oshcherin [94] calculated
surface energy values of 2700, 1620 and 2180 mJ m ™~ at room
temperature for the (000 1) Si-terminated surface of a-SiC,
(000 1) C-terminated surface of a-SiC and the (1 1 1) plane of
B-SiC, respectively. Takai et al. [95] calculated the surface
energies of various crystallographic planes of [-SiC by
employing a semi-empirical potential energy in association
with a Monte Carlo simulation technique. They obtained a
series of relaxed and unrelaxed surface energies (Table 5);
however, having ignored the charge transfer forces, they
declared that these values can be only used for qualitative
comparisons. According to Refs. [79-81], the values of
osv(SiC) strongly depend on temperature, crystal structure,

crystal surface polarity, etc. The commonly used SiC materials,
such as reaction bonded SiC (RB-SiC), pressureless sintered
SiC (PLS-SiC), hot pressed SiC (HP-SiC), hot isostatic pressed
SiC (HIP-SiC), recrystallized SiC (RC-SiC) and single crystals
(a-SiC or B-SiC), have different crystal structure, surface
polarity and bulk composition with a consequent scatter in the
osy(SiC) values [83]. Some authors [13,51] adopted
1800 mJ m~2 for the value of a-SiC, based on the similar
configuration of the «-SiC (000 1) and the B-SiC (111)
surfaces.

4. Wetting behavior and mechanisms

The elemental silicon readily wets (6~ 30-45°) SiC
substrates (Table 2). Recent investigations have shown that
some binary silicon alloys or silicides can also present good
non-reactive wetting on SiC surface. In the following Sections
4.1-4.3, the reactivity of pure metals with SiC and the wetting
characteristics of their binary alloys with Si on SiC are
classified and summarized.

4.1. Non-reactive pure metal + Si/SiC systems

The wettability of non-reactive alloy (non-reactive pure
metal with additions of Si)/SiC systems is listed in Table 6. The
Au-Si/SiC system was investigated at 1373 K [96]. The authors
found contact angles less than 20° at Xg; ~ 0.4 (lower than that
of Si/SiC system) when using a molybdenum furnace (Fig. 2),
whereas it was close to 0° when using an alumina furnace with
Xsi & 0.3. The same authors argued that the good wetting and
adhesion were due to silicon chemisorption at the metal/SiC
interface with the formation of strong covalent-like bonds
between Si and SiC. On another hand, Naidich et al. [42]
investigating the influence of silicon content and temperature

Table 6

Contact angles of non-reactive alloys: (non-reactive pure metal + Si)/SiC systems.

Metal (at.%) Substrate character Temp. (K) Atmosphere 0 () Ref.

Structure, roughness, etc.

Au—40Si 6H-SiC, (000 1), R=1.5nm 1373 1072 Pa, Po, = 107 Pa molybdenum furnace in Fig. 2 [96]
Au-(31 £ 1)Si 6H-SiC, (0001), R=1.5nm 1373 1072 Pa, Po, = 102 Pa graphite furnace 59 [96]
Au-(31 £ 1)Si 6H-SiC, (0001), R=1.5nm 1373 1072 Pa, Po, = 107% Pa alumina + graphite tube 30 [96]
Au-(31 £ 1)Si 6H-SiC, (0001), R=1.5;nm 1373 1072 Pa, P02 — 1072 Pa alumina furnace 0 [96]
Au-10Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1573 Purified Ar 15 [42]
Au-10Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1773 Purified Ar 7 [42]
Au-18.5Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1373 Purified Ar 12 [42]
Au-60Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1373 Purified Ar 20 [42]
Au-60Si 6H-SiC, (000 1), mixed C-Si—face, R ~ 10 nm 1423 Purified Ar 17 [42]
Au-60Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1473 Purified Ar 15 [42]
Au-60Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1723 Purified Ar 12 [42]
Au-60Si 6H-SiC, (000 1), mixed C-Si-face, R ~ 10 nm 1773 Purified Ar 12 [42]
Ag—10Si 6H-SiC, c-axis direction, R = 0.04 pm 1273-1703 Purified Ar ~45 [47]
Ag-5Si 6H-SiC, {000 1}, Si-face, R=1-2 nm 1473 Purified He 36 [49]
Ag-11Si 6H-SiC, {000 1}, Si-face, R=1-2 nm 1473 Purified He 39 [49]
Ag-30Si 6H-SiC, {000 1}, Si-face, R =1-2 nm 1473 Purified He 42 [49]
Sn-0.4Si HD-«-SiC, 1583 Flowing Ar ~60 [50]
Sn-0.4Si HD-a-SiC 1773 Flowing Ar ~50 [50]
Sn-17.9Si HD-«-SiC 1600 Flowing Ar 35 [50]
Sn-17.9Si HD-«-SiC 1673 Flowing Ar 35 [50]
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Fig. 2. Variation of contact angle of Au-Si alloys on SiC as a function of Si
mole fraction in the melt at 1373 K [96].

on the wetting of Au—Si/SiC system, obtained contact angles, at
temperatures ranging from 1373 to 1773 K, varying as a
function of Si content, with pronounced minima at about 5° at
1500 °C for Xg; =~ 0.3. The addition of Au, which surface

presence of a minimum in the contact angle to the electronic
interactions between Au and Si atoms with the SiC substrate:
Au-Si interactions in the liquid phase should strengthen the Si—
SiC bonds with a transition of valence electrons towards Si
atoms. Thus, more-covalent bonds can be established between
Si atoms in the alloy and those in the substrate, leading, as a
result, to an increased wettability.

For the Ag-Si/SiC system, Li [47] firstly investigated the
wettability of Ag—10Si on SiC at 1273-1703 K (6f = 45°)
(Table 6), and found that an addition of 10%Si suppresses the
dissolution of silicon carbide without leading to wetting—
dewetting phenomena. This result would support the viewpoint
of silicon chemisorption at the interface. Subsequently, Rado
et al. [48-49] investigated the wetting of Ag—Si/SiC system and
found that contact angle values increased from 36° to 42° at
1473 K when Si content varied from 5 to 30 at.%. They
considered that the non-reactive wetting and adhesion behavior
of Ag—Si/SiC was not due to the silicon chemisorption but to
the high adhesion energy of Ag itself on SiC. They suggested
that the intrinsic adhesion of Ag (and other similar metals like
Au) is not provided by van der Waals interactions but by strong
chemical bonds, and evidenced that silicon actually dissolves
the wetting barriers of thin layers of SiO, or graphite formed on
SiC. The related chemical reactions may be expressed as
follows:

tension is much higher than the Si surface tension Si0; (s) + Si(l) — 2SiO0 (g) T “4)
(0aw=1070 mJ m 2, og; = 735 mJ m 2 at 1773 K [42]) cannot
explain this change. Indeed, these authors attributed the  SiC(s) < Si(l) + Cg Q)
Table 7
Contact angles of non-reactive alloys: (reactive pure metal + Si)/SiC systems.
Metal (at.%) Substrate character Temp. (K) Atmosphere 0 () Ref.
Structure, roughness, etc.
Fe—66.67Si 6H-SiC, (000 1), R <20 nm 1633 107° to 10™* Pa 30 [54]
Ni—47Si HD-a-SiC 1773 Flowing Ar 36 [50]
Ni—40Si 6H-SiC, (000 1), Si-face, R = 1-2 nm 1633 10°t0 10 *Pa 21 [1]
Ni-50Si 6H-SiC, (000 1), Si-face, R = 1-2 nm 1633 1075 to 107 Pa 19.5 [1]
Ni-67Si 6H-SiC, (000 1), Si-face, R = 1-2 nm 1633 107° to 107* Pa 31 [1]
Ni-85Si 6H-SiC, (000 1), Si-face, R = 1-2 nm 1633 105 to 107 Pa 30.5 [1]
Ni-56Si HIP-SiC, R =20 nm 1623 3x107* Pa 23 [98]
Ni-56Si HIP-SiC, R =20 nm 1623 Static Ar + 5%H,, 10° Pa 23 [98]
Ni-56Si HIP-SiC, R =20 nm 1473 3x107*Pa 55 [98]
Ni-56Si HIP-SiC, R =20 nm 1473 static Ar + 5%H,, 10° Pa 50 [98]
Ni-56Si HIP-SiC, R =20 nm 1373 3x107*Pa 48 [98]
Cu-10Si 6H-SiC 1373 13-4 x 107> Pa 42 [56]
Cu-30Si 6H-SiC 1373 13-4 x 1073 Pa 33 [56]
Cu-24Si 6H-SiC, (000 1), R=2 nm 1473 1072 to 10 *Pa ~30 [99]
Cu-24Si 6H-SiC, (000 1), R=2nm 1573 Ar ~30 [99]
Cu-25Si 6H-SiC, (000 1), R < 20 nm 1423 1073 Pa 30 [100]
Cu—40Si 6H-SiC, (0001), R <20 nm 1423 1073 Pa 36 [100]
Cu-50Si 6H-SiC, (000 1), R <20 nm 1423 1073 Pa 39 [100]
Cu—40Si 6H-SiC, 60-70 nm SiO,, (000 1), C-face, R =1-2 nm 1435 107> Pa 46 [3]
Cu—40Si 6H-SiC, ~20 nm SiO,, (000 1), C-face, R = 1-2 nm 1430 107°P 37 [3]
Cu-20Si 6H-SiC, (000 1), Si-face, R =2 nm 1423 1073 Pa 32 [101]
Cu-24Si 6H-SiC, (000 1), Si-face, R =2 nm 1423 1073 Pa 34 [101]
Cu-25Si 6H-SiC, (000 1), Si-face, R =2 nm 1363 1073 Pa 33 [101]
Cu-30Si 6H-SiC, (000 1), Si-face, R =2 nm 1423 1073 Pa 38 [101]
Cu—40Si 6H-SiC, (000 1), Si-face, R =2 nm 1423 1073 Pa 40 [101]
Cu-50Si 6H-SiC, (000 1), Si-face, R =2 nm 1423 1073 Pa 41.5 [101]
Cu-36Si B-SiC 1423 6.7 x 1074 Pa 65 [102]
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Neither dissolution of SiC nor micro-cracks was found at the
interface and in the bulk phases due to the good ductility of Ag
and the low silicon content (5-10%).

Similar conclusions were found for the Sn—Si/SiC system by
Tsoga et al. [50]. They demonstrated that additions of silicon
into Sn decrease the temperature of the transition between
passive and active oxidation of the SiC substrate (passive
oxidation means formation of a protective SiO, layer at the SiC
surface) and, at the same time, improve the wettability by Si
adsorption at the liquid—-solid interface, thus decreasing the
interfacial energy, with final contact angles of about 122°, 62°
and 53° at 1333, 1583 and 1773 K, respectively for a Sn—0.4Si
alloy and 35° for a Sn—17.9Si alloy at 1673 K.

4.2. Reactive pure metal + Si/SiC systems

The wettability of SiC by non-reactive alloys made of pure
metals with Si additions, is listed in Table 7. For the Fe—Si/SiC
system, Kalogeropoulou et al. [54] found that when using
different atomic ratios (1:0, 2:1 and 1:2) of Fe to Si, the contact
angle decreased from 50°, 35° to 30° and that the wetting
behavior went from strong reactive, low reactive to non-
reactive wetting in turn. These results led them to agree with the
mechanism of silicon chemisorption at the Fe—Si/SiC interface.

For the Ni—Si/SiC system, Tsoga et al. [S0] found that, at
1773 K and under flowing Ar, the additions of silicon into the
nickel matrix (at 2.1, 37.1 and 47.3%) progressively weakened
the interfacial reaction between Ni and SiC and promoted the
wettability. Only the alloy with a silicon content of 47.3% could
maintain non-reactive wetting. Indeed they found that, at low Si
content, the Ni atoms react with SiC to form silicon rich phases
and carbon, resulting in graphite precipitation. According to the
Ni-Si—C ternary phase diagram (Fig. 3) [97], the additions of Si
(>37%) to Ni can suppress the graphite formation at around
1800 K and spreading can occur at a nearly non-reactive alloy/
SiC interface (see, for example the A-SiC line in Fig. 3). This

Si

T=1798 K

Fig. 3. Schematic isothermal section of Ni-Si—C ternary phase diagram at
1798 K [97].

Fig. 4. SEM micrograph of a cross-section in a Ni—40Si/SiC specimen,
showing a smooth interface without any graphite precipitates and some cracks
formed during cooling. Adapted from [1].

point has been further clarified by Rado et al. [1]. They drew the
conclusions that, at 1633 K, pure Ni reacts strongly with SiC and
that additions of Si to Ni can suppress graphite formation for
Xsi > 0.37: non-reactive Ni—Si alloys can wet well SiC (Fig. 4)
The low equilibrium contact angles (20-40°) have been
attributed to strong interfacial chemical interactions, while the
decrease of contact angle (with the parallel increase of the work
of adhesion) in the range of 0 < Xy; < 0.60 was attributed to the
role of Ni d-orbitals which, through a strong hybridization of s—p
states of SiC surface, give rise to a high adhesion energy and to
the final good wetting found experimentally. Recently, based on a
detailed investigations on wetting and spreading kinetics of Ni—
56Si/SiC system, Liu et al. [98] confirmed the non-reactive
wetting characteristics of Ni—Si/SiC system (Fig. 5) and the
combined effects of both temperature and atmosphere on the
wetting and spreading processes; in particular, it was possible to
confirm that the spreading mechanism at lower temperature
(1373 K) is different from that at higher temperatures (1473 and
1623 K) (Fig. 6), due to the fact that the spreading kinetics of
non-reactive alloy/SiC systems is mainly controlled by the
kinetics of removing of wetting barriers (SiO,) on the SiC surface
due to the formation of SiO through the reaction (4).

For the Cu-Si/SiC system (Table 7), the contact angles of Cu—
Si alloys with (10-50)% Si on SiC are in the range of 30-45°
(excepted the 65°0f 3-SiC) at Tbetween 1363 and 1573 K. These
angles correspond to that of Si/SiC. According to Ref. [56], under
the conditions P ~ 1072 Pa and T = 1373 K, the addition of a
small amount of silicon (~3%) can suppress the formation of
interfacial intermediate phases but does not lead to the wetting of
SiC. However, the Cu—10Si and Cu-30Si alloys wet the substrate
without formation of any intermediate phases. Gasse et al. [99]
investigated the influence of the atmosphere on the wettability of
6H-SiC by non-reactive Cu-24Si alloys, and they found a
wetting—dewetting transition (from 6 < 90° to 6 > 90°) during a
thermal cycle between 1200 and 1473 K under argon, which has
been attributed to the presence of surface oxidation—deoxidation
phenomena occurring during the heating—cooling stages as a
function of the oxygen partial pressure in the experimental
chamber. Moreover, it has been confirmed that the presence of Si
in the Cu matrix can lead to the surface cleaning through the
reaction (4), provided the oxygen partial pressure is sufficiently
low. Landry et al. [100] found that further additions of silicon
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Fig. 5. Cross-section SEM micrographs of the Ni-56Si/SiC couples: (a) 1373 K and (b) a region close to the triple line at 1623 K, showing non-reactive wetting
characteristics. The white and gray phases in the drop are NiSi and NiSi,, respectively [98].

o)
7]
s
O
=)
§
S
g
(&
wk 1623 K
ol an‘médv.mm"-a ALNI NI
10 [ 1 a 1 2 1 L 1 n [] " 1 2 1
0 1000 .2000 3000 4000 5000 6000

Time (s)

Fig. 6. Contact angle as a function of time. Spreading kinetics of Ni-56Si on
SiC at three temperatures in vacuum, showing the effects of temperature on
wettability and spreading process and different spreading mechanisms [98].

above 25% have no significant influence on the final contact
angle but can inhibit any reactivity between the molten Cu and
SiC. They suggest that Si affects the spreading kinetics by
controlling the deoxidation of the alloy and of the SiC surface,
and that the good wetting in the Cu-Si/SiC systems can be

explained by the adsorption of silicon at the Cu/SiC interface.
According to Ref. [3] in the Cu—Si/oxidized SiC system, silicon
can clean in situ the substrate surface by reaction (4), making the
spreading process to take place in three stages: a rapid spreading
stage towards a stationary configuration (with constant 6) and a
final stage with a constant spreading rate. Such a spreading
behavior was interpreted as due to a dissolution—diffusion—
evaporation process occurring in the vicinity of the triple line: the
oxide layer dissolves into the alloy, then dissolved oxygen
diffuses from the oxide/alloy interface to the adjacent liquid/
vapour surface and evaporates as SiO. Rado and Eustathopoulos
[101] investigated the spreading of Cu—Si alloys on a-SiC single
crystal for studying the difference of spreading time between
non-reactive silicide/SiC systems and typical non-reactive metal/
ceramic systems. They found that the spreading kinetics of non-
reactive silicide/SiC systems were controlled by the kinetics of
removing the wetting barriers from the SiC surface, mainly
through reactions (5) and (6):

SiC (s) 4 2Si0; (s) < 3Si0(g) T + CO(g) 1 (6)
4.3. Si-rich alloys or silicide/SiC systems

The contact angles of silicon alloys and silicides on SiC are
listed in Table 8. According to Ref. [67], the contact angles of

Table 8

Contact angles of silicon alloys and silicides in contact with SiC.

Metal (at.%) Substrate Temp. (K) Atmosphere 6 () Ref.
Si—(1B,1Cu,1Fe,10Cu, 10Fe) SB-SiC, HP-SiC 1699 <13 x 1072 Pa ~40 [67]
Si—1Fe SB-SiC, HP-SiC 1755 <13 x 107> Pa 28, 37 [67]
Si—10Fe SB-SiC, HP-SiC 1755 <13 x 1072 Pa 20, 37 [67]
Si—1Cu SB-SiC, HP-SiC 1755 <13 %1072 Pa 34, 36 [67]
Si—10Cu SB-SiC, HP-SiC 1755 <1.3 x 1072 Pa 28, 45 [67]
Si-1B SB-SiC, HP-SiC 1755 <13 x 1072 Pa 26, 40 [67]
FeSi 6H-SiC 1693 Vacuum <40 [70]
Fe,Sis 6H-SiC 1623 Vacuum <40 [70]
CoSi 6H-SiC 1773 Vacuum <40 [70]
CoSi; 6H-SiC 1673 Vacuum 60 [70]
TiSi, 6H-SiC 1773 Vacuum <40 [70]
Cr3Si, 6H-SiC 1733 Vacuum <40 [70]
Si-27.5Co PLS-SiC 1623 Ar, Po,: <5, 10, 100 ppm ~40 [103]
Si-27.5Co PLS-SiC 1623 Ar, Po,: 100, 300 ppm ~45 [103]
Si-27.5Co PLS-SiC 1623 Ar, Po,: 300 ppm ~60 [103]
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eutectic CoSi,-Si

crack

Fig. 7. (a) SEM image of a cross-section of a Si—27.5Co alloy on SiC under
pure Ar; (b) SEM image of a cross-section of a Si-27.5Co alloy on SiC under
Ar—300 ppm O, mixture introduced at melting; showing no reactivity at the
interface and some cracks in the drop and substrate. Adapted from [103].

the silicon alloys containing Fe, Cu or B on self-bonded (SB)
SiC are slightly lower than those on HP-SiC at 1755 K due to
the difference of substrate surface structure (roughness or
porosity), and the contact angles on HP-SiC are similar to that
of Si/SiC. Furthermore, according to Ref. [70], most silicides
(CoSij excepted) in contact with 6H-SiC show good wetting
with contact angle values <40°.

Recently, Mailliart et al. [103] investigated the influence of
the oxygen partial pressure on wetting in the Si—27.5Co/SiC
system and the relationship between wetting and deoxidation of
SiC surfaces in a temperature range up to 1623 K. They
obtained final contact angles of 40-60° (Table 8), and found
that no reaction underwent at the alloy/ceramic interface and
that some cracks were present only in the solidified drop and
substrate but not at the interface (Fig. 7). They concluded that
the wetting in a system where both the SiC substrate and the
liquid Si—Co alloy are oxidizable materials, depends on the
surface condition of the liquid alloy, and that clean and oxide-
free surface would promote wetting. The formation of a clean
liquid surface critically depends on the type of surface
oxidation, which could be active or passive, as a function of
the Po,: the transition from the passive to the active process,
which takes place at a definite temperature function of Po,,
leads to clean, oxide-free liquid alloy promoting SiC
deoxidation and good wetting and adhesion.

5. Summary

The wettability of SiC has been shown to depend on three
main factors:

(1) the condition of the SiC surface;

(2) the presence of adsorption phenomena at the solid-liquid
interface;

(3) the presence of reaction/dissolution phenomena between
the liquid phase and the solid substrate.

The presence of a SiO, layer at the SiC external surface
prevents wetting and adhesion. Thus, experimental or proces-

sing conditions should be chosen where this surface layer can
be eliminated. This can be obtained by fixing an oxygen partial
pressure for which the transition between passive (formation of
Si0,) to active (formation of SiO) oxidation takes place (in the
cases reported here T ~ 1600 K). But, on the other hand, the
Si0, surface layer can also be eliminated through reaction (4),
by adding Si to the molten alloy. In both cases, wetting can
occur on a clean SiC surface.

However, an additional difference still exists, because
metals and alloys can be classified as non-reacting and reacting
with SiC. In the first case, the good wetting and adhesion on
clean SiC surfaces are attributed to silicon chemisorption at the
metal/SiC interface with the formation of strong covalent-like
bonds between Si and SiC, to the electronic properties of these
alloys and to their interaction with SiC, as well as the high
adhesion energy of the pure metal itself on SiC. This is the case
of the binary Si alloys (such as Au-Si, Ag—Si, Cu—Si,) within a
limited silicon content on SiC. Among these alloys, Au-Si
shows the best wetting behavior (6~ 10-20°). For the
“relatively” non-reactive wetting alloys (reactive pure
metal + Si)/SiC systems, it has been shown that Si plays a
key role in determining the solid—liquid behavior. Indeed, pure
metals like Ni, Co, Fe, etc. when put in contact with SiC react
with it and dissolve a large amount of Si and C into the liquid
phase. This is supported by the ternary phase diagrams X-Si—C.
In all cases, it is seen that the tie-line between the pure metal X
and the SiC compound crosses inevitably the SiC + C + liquid
region, which means that both dissolution of the substrate and
reprecipitation of C takes place. However, the same diagrams
show that additions of Si from Xg; ~ 0.3 upward can limit or
even suppress the substrate dissolution leaving only two phases
at equilibrium, i.e. the nearly pure X-Si alloy and the solid SiC.
It is thus clear that ternary Me—Si—C phase diagrams should be
established for a larger number of systems with a wider access
to their isothermal sections related to the experimental
temperatures.

From the large amount of experimental results and from
their thermodynamic interpretation, it appears clearly that the
adhesion between liquid metals and SiC is mainly due to two
kinds of chemical bonds: those at the metal-carbide interface
and the metal-metal ones. An efficient way to study these
interactions and to quantify their effects in terms of adhesion
energy is offered by modeling, through molecular dynamics
approaches or by applying the Density Functional Theory
(DFT) [89-92,104-107]. Up to now, most efforts have been
made to model metal/oxides interfaces, but a few calculations
exist on metal/SiC systems, arriving at a correct estimation of
the metal-ceramic bonding mechanisms [108]. In recent years,
an increasing effort is being made to model metal/ceramic
systems through DFT [19,109,110] which seems to open new
important insights into the basic solid-liquid interactions at
high temperatures.

From the applications point of view, it should be noted that
the Ni-Si alloys possess the best wettability (6 ~ 20-30°) and
the greater potential for joining SiC ceramics. Indeed, as it has
been shown, Si contents larger than about Xg; =0.4 lead to
unreacted interfaces, with very few cracks and defects. The
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design and development the NiSi based non-reactive brazing
alloys is highly promising for joining SiC or its composites,
provided the addition of alloying elements is taken into account
in order to improve their toughness and high temperature
performances.
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