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Abstract: The wettability of ceramics by liquid metals is discussed from both the
fundamental point of view and the point of view of applications. The role of interfacial
reactions (simple dissolution of the solid in the liquid or formation of a layer of a new
compound) is illustrated and analysed. Several results are presented in order to illustrate
the role of wettability in materials processing, namely infiltration processing, joining
dissimilar materials by brazing and selecting crucibles for crystallising liquid metals and
semiconductors. The review includes results obtained during the last 15 years mainly,
but not only, by the Grenoble group.
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1. Introduction

The intrinsic aptitude of a non-reactive liquid to wet a flat, smooth and chemically homogeneous
solid surface is quantified by the value of Young’s contact angle 6v, a unique characteristic of a solid
S-liquid L—vapour V system (Figure 1). 6y enters into all model equations describing the wetting of
liquids on real solid surfaces, i.e., surfaces with a certain roughness and degree of heterogeneity,
as well as into equations modelling wetting in reactive liquid—solid systems. Moreover, by measuring
By and the surface energy (or surface tension) oLv of the liquid Dupré&s adhesion energy Wa can be
evaluated. This quantity characterises the thermodynamic stability of interfaces between dissimilar
materials and is widely used in practice for predicting their potential bonding properties.



Metals 2015, 5 351

Figure 1. Definition of the equilibrium contact angle 0. For a flat, smooth and chemically
homogeneous solid surface, 0 is the Young contact angle Oy.

During the last decades, significant improvements have been made in the measurement of contact
angles of high temperature systems [1]. In this period, wetting studies have benefited from high
resolution techniques for characterising the topological and chemical features of surfaces at nanometric
scale. Another reason for this improvement has been the use of monocrystalline or vitreous solids to
prepare the high-quality surfaces required for Young’s contact angle determinations. Over the past
15 years, further improvements have been made as an increasing number of laboratories are now using
more sophisticated versions of the sessile drop method (dispensed drop, transferred drop) enabling
in situ cleaning of surfaces. Finally, automatic systems for data acquisition and image analysis leading
to the simultaneous measurement of contact angle and surface tension have been developed and
used widely.

Data on the wetting of ceramics by liquid metals published until the end of the last century have
been extensively reviewed in [2]. Another review with special emphasis on alloys used for soldering in
microelectronics was published in 2007 [3]. After giving a brief overview of the fundamental
equations of wetting and adhesion for both smooth and rough solid surfaces, this article aims to review
results obtained during the last 15 years for non-reactive and reactive liquid—solid systems. Although
this review focuses on liquid metal/ceramic systems, a limited number of results concerning liquid
metal-solid metal systems are also given because they are useful in understanding bonding at
metal/ceramic interfaces. Several experimental results are presented in the paper in order to illustrate
the role of wettability in different applications, namely materials’ infiltration processing, joining
dissimilar materials by brazing and selecting crucibles for solidifying liquid metals and semiconductors.
The results are mainly, but not only, from studies performed by the Grenoble group.

2. Non-Reactive Wetting
2.1. Thermodynamics

The intrinsic contact angle Oy in a non-reactive solid-liquid system is given by the classical
equations of Young (Equation (1a)) and Young-Dupré&(Equation (1b)):

Oq, —O
cosf, ==t
OLv

(1a)
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where the quantities osv and ovv define the surface energy of the solid and liquid, respectively,
and osL the solid/liquid interface energy. Wa is the adhesion energy of the system defined as the energy
required to separate reversibly a solid and a liquid having a common interface of unit area, creating
two free surfaces, one solid-vapour and one liquid-vapour. Therefore, Wa is related to the surface
energies of the system by Wa = osv + oLv — osL.

According to Equation (1b), the intrinsic contact angle Oy Iin a non-reactive liquid/solid system
results from two types of competing forces: (i) adhesion forces that develop between the liquid and the
solid phases, expressed by the quantity of adhesion energy which promotes wetting, and (ii) cohesion
forces of the liquid taken into account by the surface energy of the liquid oLv acting in the opposite
direction (the cohesion energy of the liquid is equal to 26Lv).

Usual liquid metals are high surface energy liquids. Their surface energy ovv lies between 0.5 J m2
for low melting point (m.p.) metals such as Pb and Sn and 2 J m~2 for high m.p. metals such as Fe and
Mo [2]. These values, reflecting the high cohesion of metals due to their metallic (i.e., chemical)
bonding, are one to two orders of magnitude greater than the surface energies of room temperature
liquids in which bonding is achieved by weak, intermolecular interactions (i.e., physical interactions).
Then, according to Equation (1b), good wetting (i.e., a contact angle of a few degrees or tens of
degrees) of a liquid metal on a solid substrate can be observed if the adhesion energy is close to the
cohesion energy of the liquid 2ovv. This is possible only if the interfacial bond is strong, i.e., chemical
in nature. This condition is fulfilled for liquid metals on solid metals regardless of the miscibility
between the liquid and the solid, because in this type of system the interfacial bond is metallic.
For instance, good wetting is observed for liquid Cu on solid Mo despite the absence of any miscibility
in this system (Table 1). Liquid metals also wet semiconductors such as Si, Ge or SiC because these
solids, that are covalent in the bulk, are metallic in nature near the surface. Finally, liquid metals also
wet ceramics such as carbides, nitrides or borides of transition metals because a significant part of the
cohesion of these materials is provided by metallic bonds. Among the solids that are not wetted by
non-reactive liquid metals are the different forms of carbon, the ionocovalent oxides and the
predominantly covalent ceramics with a high band gap like BN. In these non-wetting systems’
adhesion is provided by weak van der Waals interactions.

Table 1. Wetting of different types of solids by non-reactive liquid metals at temperatures
close to the metal melting point. The contact angle values are from the review [2].

Type of substrate Type of interaction 0 (degrees) Examples
Solid metals Cu/Mo: 10=30°
Semiconductors . Sn/Ge: 40< Si/SiC: 35245°
Strong (chemical) 06 <<90°

Ceramics with a partially
. Cu/WC: 20< Au/ZrB2: 25°
metallic character

Carbon materials . Au/C: 120=135°
- Weak (physical) 0 >>90° 3
lonocovalent ceramics Ag/Al203, Cu/SiO2: 120=-140< Au/BN: 135=150°

lonocovalent oxides Moderate (chemical) 0~90° (Ag+0O)/Al203; Al/AI2O3




Metals 2015, 5 353

Between systems with Oy >> 90< corresponding to weak, physical solid-liquid interactions, and
systems with Oy << 90 °(strong, chemical interactions), there are some liquid/solid combinations where
By is in the range 80=-100< These values correspond to an adhesion energy that is 2-2.5 times higher
than the adhesion energy of non-reactive metals on oxides for the same oLv value and reflect
the development of moderate interactions of a chemical nature through the interface. In a given
metal/oxide couple, when the mole fraction of oxygen dissolved in the metal Xox increases
progressively (the source of oxygen being an oxygen-rich gas), the contact angle starts to decrease at a
threshold value Xox* around 107°, by chemisorption of oxygen at the metal/oxide interface [4].
Silver has a very limited affinity for oxygen (silver oxides are in fact unstable), but it can dissolve
large amounts of this element resulting in a strong decrease in contact angle on alumina, from a value
close to 130=for pure Ag to 90°for Ag with xox > 107°. Contrary to Ag, Al has a very high affinity for
oxygen while the solubility of this element in liquid Al is extremely low. Indeed, the maximum value
of Xox, that is the value of this quantity at the Al/Al2Os interface at 700 <T, is only 107°, i.e., several
orders of magnitude lower than xox* = 107°. Therefore, oxygen chemisorption cannot occur in this
case. However, due to its high affinity for oxygen, Al can modify the surface chemistry of the oxide
substrate by forming a two-dimensional layer with a lower O/metal ratio than in the bulk oxide,
thus improving wetting.

Equations (1a,b) give the “Young contact angle” 0y or intrinsic contact angle of a liquid on a
perfectly smooth and chemically homogeneous solid surface. In most applications, chemical
heterogeneities (such as, oxide inclusions on a metallic surface) and the roughness of real solid
surfaces lead to deviations in the observed contact angles from 0y that can attain several degrees and in
some cases tens of degrees [1].

The roughness of the solid surface affects wetting through two different effects: the first is the
increase in the actual surface area and the second is pinning of the triple line by sharp defects.

The first effect is expressed by Wenzel’s equation:

cos6,, =s, coso, )

where sr denotes the ratio of the actual area to the planar area (sr > 1). According to this equation,
if By < 90< 6w will be lower than 6y and, for sr > 1/cos6yv, perfect wetting will be observed.

Sharp defects can pin the triple line at positions far from stable equilibrium, i.e., at contact angles
markedly different from 6y. This effect is illustrated schematically in Figure 2 where 6 is the
macroscopic (or observed) contact angle, o is the inclination of the defect and Oy the microscopic
contact angle. This configuration corresponds to a metastable equilibrium state (i.e., to a local
minimum of the total energy of the system) where:

0=0y+a (3)

In systems with good wetting (Oy << 909, the predominant effect of surface roughness is that given
by Wenzel’s equation. For a Oy value close to or higher than 90< the pinning effect predominates.
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Figure 2. Pinning of the triple line during wetting on a rough surface. Pinning corresponds to
a metastable state where the macroscopic contact angle 0 satisfies the relation 6 = 0y + a.

When 6y >> 90 wetting on high-roughness solids leads to the formation of “composite interfaces”,
partly solid-liquid and partly solid—vapour, (Figure 3a) resulting in contact angles 6 well above 6v.
In this case, even limited stress produced during cooling leads to detachment of the solidified metal
from the substrate by a purely adhesive rupture. Finally, when the goal of an experiment is to attain 9y,
solid surfaces with an average roughness less than 100 nm must be used [1]. The results given in
Table 1 have been obtained with this type of substrate.

6, >>90

b) A~~~
= = > ® =
Figure 3. Microscopic configuration at solid/liquid interfaces: (a) For Oy >> 90
at microscopic scale, the liquid contacts the rough surface of the solid only at a few points.
During cooling the solidified liquid detaches spontaneously from the solid; (b) For 6v
values lower than 90<or higher but close to this value, an intimate contact exists at any
point of the interface.

When a solid o contains a dispersion of particles B, the equilibrium contact angle 6c on the
heterogeneous surface is given by Cassie’s equation:

cosOc = f, cosO, + g cosbp (4)

where fo is the surface area fraction of the matrix. This equation is also applicable to a porous solid
taken for the pore 63 = 180<

2.2. Kinetics

As the viscosity of liquid metals and alloys is very low—a few mPas [5]—spreading of this type of
liquid is a very fast process. As a general rule, for Oy > 20 the “spreading time” tspr (defined as the
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time needed for a millimetre sized droplet to attain the equilibrium contact angle) is around
10 ms [6-8] (see an example in Figure 9). Significantly higher spreading times can be observed in two
cases (i) in systems with equilibrium contact angles close to zero. In this case, instead of a drop,
the liquid rapidly forms a film in which the viscous friction during further spreading is no longer
negligible (Figure 4) and (ii) when wetting is assisted by the modification of the 2-d interface caused
by an element contained in the liquid alloy.

1+

0

Figure 4. Spreading of a CuAg alloy saturated in Cu on monocrystalline Cu studied by the
dispensed drop technique. The diameter of the droplet before wetting is 0.9 mm [9].

An example is silicon in Cu on silica substrates (Figure 5). The addition of 25 at% of Si in Cu leads
to a decrease in the contact angle from 135<for pure copper, to about 105< Silicon has two effects:
first it decreases the surface energy ovv (from 1300 mJ/m?-1075 mJ/m?), and second it increases the
adhesion energy Wa (from 380 mJ/m?-780 mJ/m?) due to the formation of a two-dimensional layer on
the silica surface with a lower O/metal ratio than in the bulk oxide, as in the case of the Al/Al203
system. As can be easily seen from Equation (1b), both silicon effects act in the same direction, i.e.,
to a decreasing contact angle. The interface modification is probably the reason why the spreading
time in this system is several minutes, which is orders of magnitude higher than the spreading time in
systems where the wetting process takes place without modification of the interfacial chemistry.
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Figure 5. Contact angle and drop base radius as a function of time for a Cu-Si alloy on
silica under high vacuum. Dispensed drop technique. Results from [10].
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3. Reactive Wetting

Wetting in metal/metal and metal/ceramic systems is often accompanied by reactions at the
solid—liquid interface, namely simple dissolution of the solid into the liquid or formation of a 3-d layer
of a new compound.

3.1. Wetting with Formation of a New Compound at the Interface

The thermodynamics and Kkinetics of reactive wetting with formation of a new compound at the
interface are given by the Reaction Product Control (RPC) model which can be summarised as
follows: [2]. The contact angle in such a system varies between two characteristic contact angles,
the initial contact angle 6o, which is the contact angle on the unreacted substrate, and the final contact
angle Or, which is the contact angle on the reaction product (Figure 6):

B0 = 05 (5a)

O =% (5b)

This is true not only when the reaction product is better wetted than the initial substrate, as in the
case of Si/C couple depicted in Figure 6, but also when the opposite situation occurs, for instance in
the couples Ag/SIiC, Cu/SiC (see Sections 3 and 4) and Au/TiC. Pure Au does not wet TiC with a
contact angle of about 130 a value that is similar to that obtained for Au on carbon substrates [11]
(Figure 7). Because of the strong interaction between Au and Ti a slight dissolution of Ti from the
substrate to the liquid occurs. However, given that the solubility of C is much smaller than for Ti,
graphite precipitates at the surface and the measured contact angle of 130<is characteristic of the
reacted interface: Au on graphite. Since the solubility of C in molten Ni and Fe (but not in Cu) is
several orders of magnitude higher than in Au, small additions of these elements in Au increase the
solubility of C significantly and, thereby, prevent the formation of the graphite interface layer on the
TiC substrate. As a result, the experimental results show a dramatic decrease in contact angle with a
few at.% of Ni or Fe without any reaction product at the interface. In this system, the action of Ni and
Fe is to remove, by dissolution, the wetting barrier that inhibits spreading.

The spreading time tspr in metal/metal and metal/ceramic reactive systems is in the range 10-10* s,
i.e., several orders of magnitude higher than tspr = 1072 s observed for non-reactive metals. Therefore,
in a given reactive system, t(6r) >> t(60), which implies that the spreading rate of the reactive stage is
limited by the interfacial reaction itself. In [12], the RPC model was greatly improved thanks to an
analytical approach used to describe spreading in systems where the growth rate of the reaction layer
parallel to the interface is controlled by the chemical reaction localized at the triple line.

Note that in 1998, Saiz et al. [13] proposed an approach in which the reactive wetting is assumed to
be caused mainly by adsorption, whereas spreading kinetics is controlled by the migration of a ridge
formed at the solid-liquid-vapour triple line. However, detailed comparisons between predictions made
by this model and experimental data did not confirm the Saiz et al. approach [14,15].
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Figure 6. Top: Schematic representation of the “Reaction Product Control” model [2].
The initial contact angle 6o is the contact angle on the surface of the unreacted ceramic
substrate S. After a transient stage, a quasi-state configuration is established at the triple
line where the advance of the liquid is hindered by the presence of a non-wettable substrate
in front of the triple line. Thus, the only way to move ahead is by lateral growth of
the wettable reaction product layer P until the macroscopic contact angle equals the
equilibrium contact angle 6 of the liquid on the reaction product. Bottom: Contact angle
vs. logt for Si on vitreous carbon (where P = SiC) according to [16].
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Figure 7. Top: Contact angle between TiC and Au alloys at 1150 <C. Bottom: Metal/TiC
interfaces for pure Au and an Au-Ni alloy [11].
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3.2. Dissolutive Wetting

Extensive dissolution of a solid in a liquid is a phenomenon occurring in many liquid metal/solid
metal systems as well as in some metal/ceramic ones, such as Ni/C and Ni/SiC. Dissolution can reduce
the observed (or visible) contact angle through two effects: first by decreasing the surface tension of
the liquid, which occurs when the surface tension of the solid is much lower than that of the liquid;
second by forming under the droplet, a crater such that the observed contact angle 0ap is lower than the
true angle OF formed at the solid/liquid/vapour junction (Figure 8).

— 1= b

Figure 8. Dissolutive wetting: Wetting of a liquid metal B leads rapidly, within a few ms,
to a first contact angle 6o corresponding to the intrinsic contact angle of pure B in
metastable equilibrium with A. Then, the wetting process continues with the formation of a
crater until saturation of B in A [8].

Protsenko et al. proposed that dissolution results in further spreading of the liquid on the substrate
surface in order to maintain the capillary equilibrium at the three phase junction [8]. Accordingly,
Or should be the intrinsic contact angle of a B liquid saturated in A on solid A measured on an inclined
solid surface. Conversely, other authors consider that this angle does not result from the equilibrium of
surface energies but by diffusion of dissolved species from the interface to the liquid bulk [17]. As for
the spreading time, experimental values of this quantity are higher than for non-reactive spreading,
varying between seconds and hundreds of seconds, depending on the solubility of the solid in the
liquid, droplet size, contact angle and temperature [8,17]. An example is given in Figure 9 for pure Cu
on solid Si compared to copper presaturated in Si.

A new effect of dissolution on wettability was recently highlighted by Lai et al. [18] in wetting
experiments of two-phase composite Cu-Fe substrates by molten Sn. It was found that the curve of
contact angle versus the surface fraction of composite components passes through a minimum,
behaviour that cannot be interpreted by Equation (4). It was shown that the enhanced wetting observed
on the composite substrate (Figure 10) can be explained by the dissolution contrast of Cu and Fe
phases, leading to increasing interfacial roughness, thus providing an additional driving force
for wetting.
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Figure 9. Visible contact angle (left) and drop base diameter (right) as a function of time
plotted on a logarithmic scale for Cu and Cu presaturated in Si on a (001) Si surface at
1100 <C. Dispensed drop technique [8].

Figure 10. Top: Microstructure of a Cu-Fe alloy with 50 wt% Cu. Iron is dark, copper is
grey. Bottom: top-view of areas wetted by Sn on Cu, 6 = 25° (d), 50Cu-50Fe, 6 = 5° (e)
and Fe 6 = 47° (f) [18].

3.3. Dissolution vs. Formation of a New Compound

In many liquid metal-solid systems, the formation of a new compound is preceded by the
dissolution of the solid in the liquid. The initial dissolution rate is high; however, once a layer of the
new compound is formed at the interface, the dissolution rate decreases rapidly. An example which
illustrates the two types of reactive wetting is given by results obtained by the dispensed drop
technique with an Au-40 at% Ni alloy on ZrB2 substrates [19]. The experiments were performed at
two temperatures, 980 <C and 1170 <C. A nickel boride is formed at the alloy/ZrB: interface at 980 C
while dissolution of ZrB: into the liquid alloy occurs only at 1170 <C. Thus, by varying the
temperature, it is possible to change the type of metal-ceramic reactivity by keeping the composition
of the metallic phase constant. Figure 11 gives the time-dependent change of drop base diameter in an
experiment at 1170 <C, as well as during the subsequent cooling. Due to the metal-like character of
ZrBg, the initial contact angle is low (28<) and decreases slightly to 25<thanks to substrate dissolution.
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Further spreading was observed when the temperature decreased to values where formation of the new
compound (Ni2B) becomes possible.

The micrograph of the region near the triple line (Figure 11) shows the position of the triple line
before cooling, separating the dissolution cavity formed at 1170 <C from the interface zone produced
at lower temperature. The reaction product layer covering the interface, a few microns thick, can also
be distinguished. From these observations it is easy to understand the unusual result depicted in
Figure 11, namely that a decrease in temperature improves wettability.
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Figure 11. Au-40 at% Ni/ZrB2 system. Top: Drop base radius and temperature as a
function of time. The numbers on the drop base radius curve represent the corresponding
values of the contact angle. Bottom: Micrograph of the interface close to the triple line
formed during cooling. 1 and 2 indicate the positions of the triple line before and after
cooling [19].

In the previous example, the formation of a new compound at the interface leads to a net,
but limited, improvement in wetting. This is because both the initial solid (ZrB2) and the reaction product
(nickel boride) are metallic in character and thus wettable by liquid metals. A much more pronounced
improvement is observed in the example depicted in Figure 12 for two Ni-Si alloys on graphite at
1270 <C [20]. For the Ni-21 at% Si alloy, only a limited dissolution of graphite in the liquid takes
place. The steady contact angle attained a few minutes after melting is close to 120< A completely
different behaviour is exhibited by a Ni-47 at% Si alloy, leading to the formation of wettable SiC at the
interface. The alloy was shown to wet the graphite with a steady contact angle of 40< As will be
discussed in the following section, this wetting results in liquid alloy infiltrating the porous graphite.
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Figure 12. Micrographs of two NiSi alloy/graphite sectioned samples,
Left: Ni-21 at% Si, (a) general view; (b) alloy/carbon interface. Only a limited dissolution
of graphite is observed. Right: Ni-47 at% Si, (a) general view; (b) an area of the infiltrated
zone [20]. T=1270 <TC.

4. Application in Processing of Materials
4.1. Wetting in Infiltration

Metal/ceramic composites are often processed by infiltration of porous ceramics by liquid
metals [21,22]. Under the temperature and atmosphere conditions normally used in practice, liquid
metals (Cu, Al, etc.) do not wet ionocovalent ceramics such as alumina, silicon carbide or graphite
and, for this reason, infiltration is achieved by applying a sufficiently high pressure Po (Figure 13a) to
overcome the capillary pressure

Pc =—(2o0v/Terr) cosd (6)

where reff is an effective pore radius characteristic of the preform and 6 the contact angle on pore walls.
In numerous studies published since the 1990s (see for instance [23,24]), it has been found that the
infiltration distance h increases parabolically with both time t and excess pressure AP = Po — Pc. This
agrees with the following equation established by Washburn [25] assuming that infiltration is limited
by viscous friction:

AP
h? = I’e?f —t 7

4n
For wetting liquids (Figure 13b) pressureless infiltration becomes possible, described by
Equation (7) which, introducing the expression of capillary pressure Pc and taking Po = 0, becomes:

Oy €0SH

2 _
"=t =, (8)

According to Equations (6) and (8), pore infiltration is possible if the equilibrium contact angle 0 is
lower than a threshold contact angle 8* = 90°. This value is only valid for strictly parallel pore walls
having smooth surfaces. For real porous media, the inequality 6 < 90°for a liquid with an intrinsic
contact angle 6 does not guarantee that infiltration will occur. In the first place, pore walls are rough
and if 0 is too close to the threshold contact angle, this roughness can hinder infiltration. Secondly, the
pore walls are never parallel. Consequently, if during infiltration the liquid—vapour surface area
increases, as in the V-shaped pore depicted in Figure 14, 0* is no longer equal to 90° but to 90°— .
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In practice, contact angles as low as 60° seem to be necessary in order to ensure spontaneous
infiltration [26,27].

a) | Py c)

AR
P T

Figure 13. Schematic presentation of pore infiltration by a liquid in non-reactive (a,b) and
reactive (c,d) systems. In case (c), the infiltration of a non-wettable solid S is assisted by
the formation of a wettable reaction product layer (example: Si/porous graphite). In case (d),
the infiltration of a wettable solid is hindered by the presence of a non-wettable layer
covering the pore walls (example: Si/oxidised porous SizNa).

Figure 14. Infiltration in a pore locally exhibiting an increase in pore area perpendicular to
the infiltration direction.

An example of spontaneous infiltration is silicon in porous carbon performs. Liquid silicon is
known to wet carbon and it can therefore spontaneously infiltrate a carbon preform. Infiltrated Si
reacts with carbon to form SiC. Reactive infiltration is used to process the so-called “reaction-bonded
silicon carbide” or SiC composites [28,29].

For a long time, infiltration of Si and silicon rich alloys into porous carbon has been described as
consisting of rapid, non-reactive, infiltration obeying Washburn's equation followed by the reaction
between Si and C to form SiC [30-32]. Three experimental facts disagree with this model:
(i) Infiltration of porous graphite by Si and NiSi alloys rich in silicon does not show a parabolic trend
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as predicted by Wasbhurn’s equation, but is linear with time (Figure 15) (ii) Si does not wet unreacted
carbon substrates as shown by the large obtuse 6o value in the curve of Figure 6. This is also indicated
by the results obtained for the Ni-Si/C couple presented in the previous section and depicted in
Figure 12. These results strongly suggest that silicon carbide formation at the Si/C interface is a
necessary condition for wetting and infiltration. (iii) Further evidence is given by the experimental
values of the infiltration rate dh/dt which, in the case of pure Si, is 5-10 um/s, nearly equal to the
spreading rate dR/dt [33] but several orders of magnitude lower than the values predicted by
Washburn’s equation which are in the mm/s range. It is concluded that the infiltration rate in this
system is controlled by the rate of growth of SiC parallel to the pore walls at the infiltration front
(Figure 13c).
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Figure 15. Infiltration of porous graphite (pore volume fraction op = 0.15) by molten
silicon. (a) Variation with time of the quantity Zap where Z is the infiltration distance
(Z =hin Equations (7) and (8)). (b) Reacted interface and infiltrated zone [33,34].

Another example of spontaneous infiltration is infiltration of silicon in porous silicon nitride
coatings of silica crucibles used in the crystallisation of photovoltaic (PV) quality silicon. When Si-PV
iIs processed by liquid state routes, solidified Si adheres to the crucible walls leading to
thermo-mechanical stress and resulting in loss of Si electrical performance and crucible deterioration
and even destruction.

In order to avoid adherence, large non-wetting contact angles are needed to obtain the “composite
interface” configuration shown in Figure 3a. However, as a general rule the contact angles of silicon
on ceramic materials are close to or lower than 90°[35], far below the values needed in order to obtain
non-adherence. The only exception is hc-BN, a ceramic for which non-wetting behaviour of
Si is observed. However, for this ceramic, boron contamination leads to overdoping of silicon
(hundreds of ppm) incompatible with applications in PV-silicon [36]. In the absence of a satisfactory
dense material crucible, photovoltaic silicon ingots are currently grown in SiOz2 crucibles coated with a
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silicon nitride powder, which acts as an interface releasing agent between silicon and the crucible.
The phenomena occurring at the liquid Si/porous SisN4 interface were studied and modelled in [37].
The coating is processed starting from a silicon nitride submicronic powder where all SisN4 particles
are covered by a silica layer a few nanometres thick. Figure 16 presents the results obtained in a sessile
drop experiment performed under argon flow for uncoated dense SisN4 used as a reference substrate.
In order to simulate the process conditions, the substrate was preoxidised in air. When a droplet of
silicon is placed on the surface of such a silicon nitride substrate the contact angle varies with time
between two values: an initial contact angle close to 90 degrees which is the contact angle on the silica
skin (the contact angle on the surface of bulk silica is indeed close to 90, and a final contact angle of
about 45<attained after about 500 s, which is the equilibrium contact angle on a clean, deoxidised
silicon nitride surface. Therefore, the wetting Kinetics in this system is controlled by the removal of the
oxide film occurring by the dissolution of silica in molten silicon followed by the diffusion of
dissolved oxygen towards the Si free surface where oxygen is evacuated in the form of gaseous silicon
monoxide SiO. The overall reaction is:

SiOy(S) + Si(L) — 2Si0(G) 9)
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Figure 16. Wetting curves (contact angle and drop base diameter 2R vs. time) for liquid Si
on SisN4 covered by a silica layer a few nm thick. T = 1430 <C, in Ar [36].

As for infiltration, since the contact angle of silicon on oxidised silicon nitride is close to 90<
molten Si does not infiltrate the porous coating as long as the pore walls are covered by an oxide film
(Figure 13d). The infiltration rate is in this case equal to the dissolution rate of oxide film in silicon at
the infiltration front [37]. The resulting rates dh/dt are small enough to avoid the detrimental
phenomenon of sticking during a melting/crystallisation cycle of Si-PV.

4.2. Wetting in Brazing: Effect of Interfacial Reactions

When a small piece of a metal such as Cu or Ni is placed on silicon carbide, a strong reaction
between the metal and silicon carbide takes place [38]. The reaction consists of SiC dissolution in the
metal while the excess carbon forms graphite precipitates close to the interface:

SiC(S) — [Si] + Cqr (10)
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where the parenthesis means silicon dissolved in the metal. While liquid metals wet clean SiC
surfaces, they do not wet graphite. Therefore, this reaction inhibits wetting and additionally leads to
the formation of brittle graphite particles that are detrimental to mechanical properties. To avoid
these effects, metal-silicon alloys are used instead of pure metal. For a given system, the silicon
concentration is chosen such that the formation of graphite precipitates is suppressed. For instance,
a non-reactive Si-Pr alloy/silicon carbide interface is obtained (Figure 17) together with good wetting
(the contact angle in this system is around 40 degrees) [39]. These findings are the basis of new alloys
developed in Grenoble for joining SiC and other carbonaceous materials by brazing.

Figure 17. Cross-section of a Si-Pr alloy on sintered o-SiC obtained after 15 min at
1250 <C in high vacuum. The primary Si crystals are surrounded by the eutectic PrSi2-Si.
The reactivity is negligible and the interface is mechanically strong [39].

In the above example, the interfacial reaction is detrimental for wetting and brazing. In many other
situations, the interfacial reaction can promote wetting and brazeability. This is the case depicted in
Figure 6 for the Si/carbon system where SiC formed at the interface is better wetted than the initial
graphite. Another example is wetting of alumina by CuAg alloys containing a few per cent of Ti.
The effect of Ti on wetting is illustrated by the sessile drop experiment, depicted in Figure 18,
in which a CuAg-1.75wt% Ti alloy was processed in situ, by placing a small quantity of Ti on top of a
piece of AgCu on an alumina substrate [40].
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Figure 18. Contact angle as a function of time for two CuAg-Ti droplets of different
composition processed in situ on monocrystalline alumina in He at 900 <C. According
to [40].
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The large, non-wetting, contact angle observed at melting, which is typical of a non-reactive noble
metal on an oxide, is the contact angle of CuAg alloy on alumina. This angle remains constant for
several minutes, the time needed for Ti to dissolve in the liquid and reach the metal-oxide interface by
diffusion. Afterwards, the contact angle decreases rapidly towards a value close to 10< which
corresponds to excellent wetting.

The micrograph in Figure 19 presents the interface formed between the alloy and alumina at the end
of the wetting experiment. The reactive interface is composed of two layers. The layer formed in
contact with the liquid alloy, was identified as the CusTisO compound. The low final contact angle
observed in this system is precisely due to the metallic character of this compound. A thin,
submicronic layer is also formed in contact with alumina and identified as the Ti2O suboxide.
By decreasing the Ti concentration in the alloy from 1.75-0.42 wt%, only the Ti suboxide was formed
at the interface and, as a consequence, a very significant increase in the equilibrium contact angle was
observed. Even higher contact angles can be observed with further reduction in Ti concentration or,
more generally, of titanium activity in the alloy, which is in reality the relevant thermodynamic
quantity involved in the interfacial reactivity. Information obtained by the above sessile drop
experiments provided useful information concerning brazing of alumina by CuAgTi alloys [41].

Ti;Cu;0

Ti,0

Figure 19. Cross-section of a CuAg-3 at% Ti/Al20s interface, after 30 min at 900 <T in
He. According to [40].

When alumina (or another ceramic) is brazed to a metallic partner Me, the interactions between Me
and the brazing alloy can affect the joint microstructure and the interfacial chemistry. Indeed, as the
diffusion time in a liquid gap of 100 microns is only a few seconds, Me dissolves in the liquid braze
and attains rapidly its equilibrium concentration. For instance, when one of the alumina pieces is
replaced by a copper-nickel plate, the dissolution of Ni and Cu from the plate in the liquid braze leads
to a dramatic change in joint microstructure and also a net change in reactivity at the alumina/braze
interface (Figure 20) consisting of a decrease in the thickness of the interfacial reaction layer by one
order of magnitude (from ~2 um to ~200 nm). Moreover, instead of the wettable CusTisO compound
formed at the interfaces in the alumina to alumina joint, high oxidation-level Ti oxides are formed in
the case of CuNi/alumina joint, resulting in a very significant increase in contact angle towards 90
and ultimately in the mechanical weakening of the interface and of the actual joint [42]. From these
results, it appears that when ceramics are brazed to metallic parts, allowance must be made not just for
the well-known problem of thermo-mechanical compatibility between these two types of solid but also
for the interactions between the metallic part and the braze that can affect wetting as well as the joint
composition and microstructure.



Metals 2015, 5 367

(a) (b)

ALO,— S R CUN T R initial jnterface
e 50um Al0,
50 pum AlLLO
I ! 23 ‘—‘ "‘ '—‘

e=2um e~200nm

Figure 20. Cross-sections of (a) alumina to alumina and (b) alumina to CuNi plates.
Assemblies brazed by a CuAg-Ti alloy (900 <C, 15 min). e denotes here the thickness of
the interfacial reaction product. According to [42].

5. Conclusions and Perspectives

During the last 15 years, a large number of studies have been published on the fundamentals of
reactive wetting. Some of them have focused on the dissolutive wetting studied using simple model
systems. Although these studies have contributed significantly to improving our knowledge of
dissolutive wetting, more work is needed to clarify points where diverging opinions persist, especially
on the driving force of this type of wetting.

For reactive systems, where wetting is accompanied by the formation of a layer of a new compound
at the interface, a first version of the Reaction Product Control (RCP) model was proposed in [43].
The model was greatly improved thanks to the analytical approach proposed in [12] for the case
where spreading kinetics is limited by the local chemical process at the triple line. This approach
completes the previously published, similar study by Mortensen et al. on diffusion controlled reactive
spreading [44].

The RCP model has been applied with success in the analysis of experimental data obtained with
various ceramic substrates, namely the different types of carbon [15,16], oxides [40], nitrides [45] or
borides [19]. A main assumption in the model is that the new compound growth process takes place
inside a zone of submicronic size localised around the solid-liquid—vapour junction, where the reactive
element contained in the liquid has direct access to the solid substrate. This seems to be a reasonable
assumption when experiments are performed in neutral gas or in vacuum but at low or moderate
temperatures. However, experiments performed for the Si/graphite couple in high vacuum at 1430 <C,
showed different wetting kinetics than in neutral gas [33]. In high vacuum, the transport of a reactive
solute through the vapour can modify the surface chemistry of the substrate in front of the triple line
and thus enhance spreading. A similar effect is expected to occur under an inert gas but at higher
temperatures. A general description of reactive wetting taking into account both the localised and
delocalised reaction is still lacking.

In this review, several examples have been given showing how simple wetting experiments can
provide very useful information on the basic mechanisms involved in materials processing by
infiltration or in joining similar or dissimilar materials by brazing alloys.

As for the experimental methods used in wettability studies, great improvements are expected to be
made in the near future, including the development of new devices where sessile drop experiments can
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be coupled in the same chamber with high temperature surface analysis techniques (by Auger or
XPS spectroscopy). The execution of surface analysis at high temperatures is a difficult but very
exciting objective.
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