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Abstract The wettability of ceramic and metallic solids
by liquid metals is discussed with emphasis on the effect of
interfacial reactions on the spreading kinetics and the final
degree of wetting. Two types of reaction are considered,
simple dissolution of the solid in the liquid and dissolution
followed by formation of a new compound at the interface.
The review includes results obtained during the last
15 years mainly by the Grenoble group.

Introduction

This review focuses on the wetting of high-temperature
solids, mainly ceramics, by liquid metals and alloys. Many
metal/ceramic couples are far from equilibrium and the
resulting reactions can strongly modify the chemistry and
the microstructure of the contact area. These changes affect
both the spreading kinetics and the ultimate degree of
wetting, and these aspects of reactive wetting can be
exploited in practice to control wetting in different appli-
cations in materials science and processing: joining of solid
components by brazing alloys [1, 2], processing of metal/
ceramic composites by infiltration [3, 4] or selection of
crucibles and moulds for molten metals (see for instance
(5. 6]).

Data on the wetting of ceramic and metallic solids by
liquid metals published until the end of the last century
have been extensively reviewed in [7]. The present paper
aims to review results obtained during the last 15 years,
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mainly, but not only, by the Grenoble group, especially
results studying the relation between reactivity and wetta-
bility. Although this review focuses on liquid metal/ce-
ramic 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.

In the first section, after a brief overview of the funda-
mental equations of wetting and adhesion, the contact
angles and spreading kinetics of non-reactive metals on
different types of solids are briefly described. The second
section concerns wetting in reactive systems where a layer
of a new compound is formed at the interface. Two cases
will be considered: in the first case, the compound is better
wetted by a liquid than the initial substrate, while in the
second case, the opposite situation occurs. The third sec-
tion deals with dissolutive wetting, i.e. wetting accompa-
nied by dissolution of the solid in the liquid.

The technique most widely used for wetting experiments
at high temperatures is the sessile drop method. In its
classical form, a small piece of solid sessile drop material,
typically some tens or hundreds of mg, is placed on a
substrate and then heated to the experimental temperature
T above its melting temperature T,,,. Obviously, with this
technique, the melting and wetting processes cannot be
separated. This is possible using one of the following two
variants. In the first (“dispensed drop” technique), a metal
or alloy is melted in an unwetted and chemically inert
ceramic crucible and is dispensed on the substrate surface
through a thin capillary attached to the crucible by apply-
ing a back pressure of inert gas or using a piston. Another
advantage of this technique is that oxide films on liquid
metals are disrupted during dispensing. In the “transferred
drop” technique, a sessile drop can be melted on an inert
substrate, which is then raised so that the top surface of the
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drop contacts a fresh solid surface and subsequently low-
ered. Liquid is transferred to the top substrate provided this
is better wetted than the donor. A detailed discussion on the
different versions of the sessile drop technique is given in
[8].

Most of the results presented below have been obtained
by the “dispensed drop” version of the sessile drop
technique.

Non-reactive wetting

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 Oy, a
unique characteristic of a solid S-liquid L—vapour V sys-
tem (Fig. 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 [7], as
well as into equations modelling wetting in reactive liquid—
solid systems (see the section “Reactive wetting”). Oy is
given by the classical equation of Young (Eq. 1) where the
quantities ogy and opy define the surface energy of the
solid and liquid, respectively, and og the solid/liquid
interface energy.
cos Oy = o8V T oSt (1)
oLV

Moreover, by measuring 0y and the surface energy of the
liquid, Dupré’s adhesion energy of the system W, =
osy + oLy—0osy can be evaluated through the Young—
Dupré equation:

W,
1, 2
p (2)

cosfy =

where the quantity W, characterizes the thermodynamic
stability of interfaces between dissimilar materials.

Usual liquid metals are high-surface energy liquids.
Their surface energy oy lies between 0.5 J m~2 for low
melting point metals such as Pb and Sn and 2 J m™2 for
high-melting point metals such as Fe and Mo [7]. 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

Fig. 1 Definition of the equilibrium contact angle 6. For a flat,
smooth and chemically homogeneous solid surface, 0 is Young’s
contact angle Oy
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temperature liquids in which bonding is achieved by weak,
intermolecular interactions (i.e. physical interactions).
Then, according to Eq. 2, 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 equal to 20y y.
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 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 pro-
vided by metallic bonds (see, for instance, Ref. [9]).
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.

Between systems with Oy > 90°, corresponding to
weak, physical solid-liquid interactions, and systems with
0y < 90° (strong, chemical interactions), there are some
liquid metal/solid oxide combinations where Oy is in the
range 80°-100°. These values correspond to an adhesion
energy W, that is 2-2.5 times higher than the adhesion
energy of non-reactive metals on oxides for the same oy
value and reflect the development of moderate interactions
of a chemical nature through the interface. Such interac-
tions can result from two effects (see for a detailed dis-
cussion Ref. [10]): (i) chemisorption at the metal/oxide
interface of oxygen dissolved in the bulk metal (a typical
example is the (Ag + O)/Al,O5 system) and (ii) formation
at the oxide side of the metal/oxide interface of a two-
dimensional layer with a lower O/metal ratio than in the
bulk oxide (typical example being the Al/Al,O5 system).

The spreading of liquid metals and alloys in non-reac-
tive systems is a very fast process because, as the viscosity
of this type of liquid is very low, a few mPas™~' [11], the
viscous friction in the droplet during spreading is negligi-
ble [7, 12]. Thus for couples with Oy not too low (say
Oy > 20°), the “spreading time” f,, (defined as the time
needed for a millimetre-sized droplet to attain the equi-
librium contact angle) is around 10 ms [13-15] (see an
example in Fig. 16). Significantly higher spreading times
can be observed in systems with equilibrium contact angles
close to zero. In this case, instead of a drop, the liquid
rapidly forms a film (Fig. 2) in which the viscous friction
during spreading is no longer negligible [16].
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Table 1 Wetting of different types of solids by non-reactive liquid metals at temperatures close to the metal melting point

Type of substrate Type of interaction Oy (°) Examples
Solid metals Strong (chemical) 0y < 90° Cu/Mo: 10°-30°
AgCu/Ti3SiC,: 10°
Semiconductors Sn/Ge: 40°
Si/SiC: 35°-45°
Ceramics with a partially metallic character Cu/WC: 20°
Au/ZrB,: 25°
Carbon materials Weak (physical) 0y > 90° Au/C: 120°-135°
Tonocovalent ceramics Ag/Al, O3, Cu/SiO;: 120°-140°
Au/BN: 135°-150°
Ionocovalent oxides Moderate (chemical) Oy ~ 90° (Ag + 0)/AL,03: 80°

AV/ALO;: 80°-90°

The contact angle values are from the reviews [7, 29]

S

it

20s

Fig. 2 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. Reproduced from [46]

Reactive wetting with formation of a new compound
at the interface

Experimental facts

An example of wetting for this type of reactivity is depicted
in Fig. 3 for an Ag-lat%Zr alloy on aluminium nitride.
While with pure silver, the contact angle is 137° and does
not change with holding time, in the case of the alloy, the
initial non-wetting contact angle decreases dramatically
and reaches a steady contact angle close to 25° in a few

100 s. In this example, the reaction, leading to formation at
the interface of a ZrN layer, has two main effects which are
typical in reactive alloy/ceramic systems: (i) It produces a
considerable improvement in wetting corresponding to a
high increase in the adhesion energy (in this case by a
factor 7) and to a transition from thermodynamically weak
to thermodynamically strong interface. This effect can be
explained by the bonding characteristics of ZrN which is a
partly metallic ceramic. (ii) It leads to a substantial increase
in the spreading time from a few ms for the non-reactive
liquid to hundreds of seconds for the reactive one.

Modelling

Two different approaches have been proposed in order to
explain this type of reactive wetting. In the first (the
reaction product control (RPC) model), both the final
degree of wetting and the spreading rate are determined by
the reaction leading to the formation of the new compound
at the triple line [7, 17]. In the second approach, published
in 1998, the driving force for the reactive wetting is
assumed to be caused mainly by adsorption, whereas
spreading kinetics should be controlled by the migration of
a ridge formed at the solid—liquid—vapour triple line [18].
However, detailed comparisons between predictions made
by this model and experimental data have not confirmed
this approach [17, 19].

According to the RPC model, the initial contact angle
0o, formed in a few ms, is the contact angle on the surface
of the unreacted ceramic substrate S (6, = 0s) (Fig. 4a).
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 (Fig. 4b). Thus, the only way to
move ahead is by lateral growth of the wettable reaction
product layer P until the macroscopic contact angle equals

@ Springer
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Fig. 3 Spreading kinetics of Ag-lat%Zr alloys on AIN at 970 °C by the sessile drop technique (left), SEM image of a cross section of Ag-1%Zr
on AIN (right, top) and qualitative compositional line analysis (right, bottom). Adapted from [47]
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the equilibrium contact angle of the liquid on the reaction
product (0g = 0p) (Fig. 4c). The example given in Fig. 4
(bottom) is for a CuSi alloy on vitreous carbon forming a
silicon carbide interfacial layer. Note that the RPC model
supposes that the thickness of the reaction product layer is
small in comparison with droplet size. This is a reasonable
assumption for most metal/ceramic systems where when
the capillary equilibrium is attained this thickness is a few
microns, i.e. three orders of magnitude lower than the size
of droplets used in wettability experiments.

The spreading time fy,, = #(0 = 0g) in reactive metal/
ceramic systems is in the range 10-10" s, i.e. several orders
of magnitude higher than f,, =~ 1072 s observed for non-
reactive metals. Therefore, in a given reactive system, the
spreading rate of the reactive stage is limited by the
interfacial reaction itself, especially by the interfacial
reaction at the triple line where the liquid can continuously
contact a fresh substrate surface. The rate of the interfacial
reaction at the triple line, in turn, may be controlled by the
slower of two successive phenomena that intervene in the
reaction process: diffusive transport of reacting species
from the liquid bulk to the triple line and local reaction
kinetics at the triple line.

Diffusion controlled wetting was modelled in 1997 by
Mortensen et al. who established an analytical expression
giving the spreading rate U = dR/dt (R being the drop base
radius) as a function of the instantaneous contact angle 0
[20]. The validity of the model was discussed using results
obtained for Cu—Cr [21] and Cu-Sn-Ti [22] alloys on
vitreous carbon, where the concentration of the reactive
alloying element (Cr and Ti, respectively) was in the range
of a few per cent. An improvement of the model was
published in [23] where the authors used a numerical
approach in order to take into account the effect on the
spreading rate of the interfacial reaction occurring behind
the triple line.

In the case of control by the local reaction at the triple
line, once a quasi-steady configuration is established at the
triple line, the rate of reaction and hence the triple line
velocity are expected to be constant with time. Since the
first experimental evidence observed for aluminium on
carbon [24], nearly constant triple line velocities U have
been observed for different systems like CuSi alloys on
oxidized SiC [25], in the CuSi/C [26] and NiSi/C [19]
systems, for Ti-containing Ni-based alloys on AIN [27] and
for Si on Si3N4 [28]. An example is given in Fig. 5 for a
silicon carbide forming AlSi alloy on vitreous carbon.
After a transient state, where the contact angle decreases
rapidly from 160° to 90°, the spreading rate U continues to
decrease but only slightly (“quasi-linear spreading”) and
tends towards a constant value when 0 tends towards Oy.
As the micrographs of Fig. 6 show, the microstructure of
the reaction product (SiC) is equiaxial at the centre of the

contact angle, deg

spreading rate U, um/s
drop base diameter, mm

Fig. 5 Contact angle 6, drop base diameter d and spreading rate
U versus time for an experiment conducted by the dispensed drop
technique on vitreous carbon with an Al-25at%Si alloy at 1000 °C.
Reproduced from [30]

Fig. 6 Top view, after removal of the AlSi alloy, of the reaction
layers close to the triple line for experiments interrupted after 60 and
600 s of spreading (a, b, respectively). TL triple line. 7 = 1000 °C,
vitreous carbon. Reproduced from [30]

interface and columnar in the “quasi-linear wetting” stage
where the SiC dendrite growth direction is close to the
direction of movement of the triple line. Note that at ¢ > fy,
the spreading rate is very small (0.1 pum/s) but not nil. This
final spreading stage can be more easily distinguished in
Fig. 7. As argued in [29], at t < ty direct contact between
the liquid and initial substrate leads to strong coupling
between the local chemical reaction and spreading kinetics.
Conversely, at ¢ > ty direct contact no longer exists, cou-
pling is weak and as a consequence the spreading rate is
small (for more details on the stage at t > fy see Ref [29]).

@ Springer
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63at%Si alloy/C, system at different temperatures studied by the
dispensed drop technique. The black arrows show the time ty at
which the sharp change in the slope of R versus ¢ curves occurs,
indicating the transition from strong to weak coupling between the
chemical reaction and the wetting process at TL. The perturbations at
around 50 s are due to droplet detachment from the capillary.
Reproduced from [48]

In [26], a model, leading to analytical expressions of
contact angle as a function of time, has been developed for
the quasi-linear wetting stage assuming that the reaction
rate at the triple line parallel to the interface is controlled
by the dissolution process, i.e. by the process of atom
transfer occurring at the substrate/alloy interface.

The following equation for the change in contact angle
with time ¢ was derived:

(3)

where k is proportional to the kinetic constant k4 and to the
driving force Au of the dissolution process at the TL. For
silicon-containing alloys in contact with carbon substrates
Au is the difference between the chemical potential of
carbon in the solid and in the liquid and is related to the
activity of Si in the alloy according to Eq. 4.

cos O — cos 0 = (cos O — cos Op) x exp(—k X 1),

Ap =RT ln%. 4)
Si

The subscript I indicates the minimum value of reactive
element Si for the formation of the reaction product SiC.

According to Eq. 3, logarithmic plots of cos 0 — cos 0
versus time would be linear with a slope equal to minus
k. An example is given in Fig. 7 for Ni-63at%Si alloy on
vitreous carbon at different temperatures. The experimental
data agree with the linearity predictions in a large domain
of theta. The sharp change in the slope of straight lines
reflects the high value of the activation energy of the dis-
solution process (about 300 kJ mol~" in this case). The
kinetic constant kq of the dissolution reaction of the sub-
strate is also highly sensitive to the crystallographic
structure of the initial substrate. This explains the wide
variation in triple line velocities observed for silicon

@ Springer

Fig. 8 Contact angle as a function of time for two CuAgTi droplets
of different composition processed in situ on monocrystalline alumina
in He at 900 °C. Reproduced from [32]

carbide forming AlSi alloys on different kinds of carbon:
vitreous carbon, pyrocarbon, and pseudo-monocrystalline
graphite [30]. Moreover, Eq. 4 predicts a significant but
limited effect of alloy concentration on the spreading rate
in the quasi-linear stage, in agreement with the experi-
mental results [30].

Interfacial chemistry versus wetting

The relation between the interfacial chemistry and wetting
was studied for CuAg alloys containing a few per cent of Ti
on alumina substrates, a system presenting a high interest
in brazing of alumina components [31]. The effect of Ti on
wetting is illustrated by the sessile drop experiment
depicted in Fig. 8 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 [32].

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 Fig. 9 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 Cu3Ti;O compound. The low final
contact angle observed in this system is explained by the
metallic character of this compound. A thin, 1- to 2-micron
layer is also formed in contact with alumina and identified
as the Ti,O suboxide. By decreasing the Ti concentration in
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Fig. 9 Cross section of a CuAg-3at%Ti/Al,05 interface, after 30 min
at 900 °C in He. Reproduced from [32]

the alloy to 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 quan-
tity involved in the interfacial reactivity. Indeed, contact
angles in the range 90°-110° have been observed by Kritsalis
et al. for NiPd-Ti alloys containing several per cent of Ti. In
this system, the titanium activity is extremely low due to very
strong Ni—Ti and Pd-Ti interactions in the alloy, thus leading
to formation at the interface of Ti oxides with a high degree
of oxidation such us TisOg [33].

In experiments depicted in Fig. 8, melting and spreading
occur simultaneously. Therefore, these experiments do not
provide proper information on spreading kinetics in this
system. This information was obtained by Kozlova et al.
[34] thanks to experiments performed by the dispensed
drop technique. An example of spreading curves is given in
Fig. 10. As shown in Table 2, spreading in this system
occurs in three successive stages. After initial, very fast
non-reactive spreading (not shown in Fig. 10), the low final
contact angles observed in the CuAgTi/alumina system are
attained by two reactive stages. (i) The first reactive stage

(until #*) is rapid and can be explained by the formation at
the interface of Ti suboxide. The spreading rate in this
stage is in agreement with a model of diffusion-limited
spreading. (ii) The second reactive stage is much slower,
driven by the formation of the Cu3TizO compound and
controlled by the local chemical process at the triple line.

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 (Fig. 11), 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 consisting of a decrease in the
thickness of the interfacial reaction layer by one order of
magnitude (from ~2 pm to ~200 nm). Moreover, instead
of the wettable Cu;Ti;O 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 [35]. 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.

Reaction product less wetted than the initial substrate

In the previous examples, the reaction product is better
wetted than the initial substrate. The RPC model also holds
true when the opposite situation occurs, for instance, in the
couples Ag/SiC, Cu/SiC and Au/TiC.

Fig. 10 Contact angle and drop 130 5
base diameter versus time for a = _ o s d g
CuAg-0.76wt%Ti alloy at il ) £ 110 -3 : g
850 °C obtained by the o T E g . e
dispensed drop technique & p L4 § :”. «  drop detachment | L4 %
(a) The same results presented %’;, 20 g Tg» 27 a N Y ] ' %
using for time plotted on a s 1L’ & bt L oo _.A_ : ©
logarithmic scale (b) The s 70 5 2 8 701 ; ..) : { 2
perturbation on the curves € \ 3 § e “\ (3o
shown by an arrow corresponds © 50 \\\..._H__. g 50 + LN §'
to the moment of detachment of © ‘-\9 ©
the drop from the capillary. 30 o . s 3600 3 505 20 £* ) ) |,
Reproduced from [34] o 0 ' 100 10000

(a) time, s

(b)
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Table 2 Spreading stages in the CuAgTi/alumina system [34]

Contact angle (°) Type of spreading

Spreading time in s (average

Limiting process

spreading rate in m s™')

180 — 135 Non-reactive 1073 (1) Friction at TL
135 - 80 Reactive (Ti,0) 107 (5 x 107%) Diffusion in the liquid
80 — 30 Reactive (CusTi;0) 10% (1079 Local chemical process at TL

TL triple line

For each stage, the following parameters are given: the type of spreading, the order of magnitude of the spreading time (in parentheses the

corresponding average spreading rate) and the limiting process

Fig. 11 Cross sections of
alumina to alumina (a) and
alumina to CuNi (b) plates.
Assemblies brazed by a CuAg—
Ti alloy (900 °C, 15 min).

e denotes here the thickness of
the interfacial reaction product.
Reproduced from [35]

4 50um
50 pm AlO
n ,03 e

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 [36, 37]. The reaction consists
of SiC dissolution in the metal, while the excess carbon
forms graphite precipitates close to the interface:

SiC(S) — [Si] + Ca, (5)

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 (Fig. 12)
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. In this way, contact angles as low as 20°—40°
were observed as well as mechanically strong metal/SiC
interfaces [36]. These findings formed the basis of the
development of new, high-temperature alloys for joining
SiC components by brazing.

Pure Au does not wet TiC, having a contact angle of about
130° (Fig. 13), a value that is similar to that obtained for Au on
carbon substrates. 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 that of Ti, graphite precipitates at the surface and thus the
measured contact angle of 130° is the contact angle of Au on
graphite. Since the solubility of C in molten Ni and Fe (but not

@ Springer

A0 e CuNi

Al,0,

e=2um e~200nm

(b)

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 experi-
mental results show a dramatic decrease in contact angle with a
few at% of Ni or Fe without any reaction product at the interface
[38]. In this system, the action of Ni and Fe is to remove, by
dissolution, the wetting barrier that inhibits spreading.

Metallic solids

As discussed in the section “Non-reactive wetting”, liquid
metals wet metallic solids well even in the absence of any
reactivity between the liquid and the solid (Table 1). For
this reason, reactions leading to the formation of inter-
metallic compounds at the interface produce a significant
but rather limited improvement in wetting [7]. However, at
low temperatures, normal metallic solids are covered by
thin oxide films a few nanometres thick, formed rapidly in
contact with air at room temperature. Such oxides, that may
be stable even in high vacuum or in low oxygen partial
pressure gas mixtures, are not wetted by liquid metals. In
this case, wetting can be significantly improved by inter-
facial reactions leading to the in situ replacement of the
contaminated surface by a clean surface of an intermetallic
compound. An example is given in [39]. At 400 °C molten
lead wets well (0 ~ 45°) clean, non-oxidized surfaces of
Fe produced in situ by a prior heat treatment at 850 °C.
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Fig. 12 Left contact angle as a function of time and temperature for

pure Cu on sintered SiC. The increase in temperature produces an
increase in the size of the reactive zone (right) but does not change
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Fig. 13 Contact angle between TiC and Au alloys at 1150 °C.
Adapted from [38]

However, when molten lead contacts Fe substrates heated
directly to 400 °C, the contact angle is close to 90° and
does not change with time, thus indicating that the oxide
film on Fe is stable at this low temperature (Fig. 14). The
initial contact angle formed by a drop of Sn on an oxidized
Fe surface is close to 90°, as for Pb. However, in the case
of Sn, due to the formation at the interface of the FeSn,
intermetallic compound, the contact angle starts to
decrease and tends towards a value close to 30° in 1000 s.
Hence, due to the disruption of oxide layers caused by the
reaction, the final degree of wetting in liquid metal/metallic
solid systems with significant reactivity is generally much
less sensitive to environmental factors than in non-reactive
systems.

Dissolutive wetting
Mechanism

Extensive dissolution of a solid in a liquid is a phenomenon
occurring in many liquid metal/solid metal systems as well

reaction
zone

sintered
SiC

%3
8
(D,) @injesadwa |

1050 (b)

the contact angle. Right schematic cross section of the pure Cu-
sintered SiC experiment showing the reaction zone. Reproduced from
(37]

as in some metal/ceramic ones, such as Ni/C [7], Ni/HfB,
[40] and Ni/SiC [36]. 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 a component 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 0,, is lower than the true angle O formed at the solid/
liquid/vapour junction (Fig. 15).

Protsenko et al. [15] proposed that the formation of a
crater results in further wetting of the liquid on the substrate
surface in order to maintain the capillary equilibrium at the
three-phase junction. Accordingly, 0 should be the intrinsic
contact angle of a B liquid saturated in A on solid A mea-
sured on an inclined solid surface. Conversely, other authors
consider that this angle does not result from the equilibrium
of surface energies but by kinetic factors related to diffusion
of dissolved species from the interface to the liquid bulk [41,
42]. As for the spreading time, experimental values of this
quantity are much higher than for non-reactive spreading
[15, 42]. An example is given in Fig. 16 for pure Cu on solid
Si (fpr & 1s) compared to copper presaturated in Si
(tepr ® 10~%s). This fact strongly suggests that the spreading
rate in dissolutive wetting is controlled by the transport of
dissolving species in the bulk liquid.

On this basis, a simple equation was established in [15]
according to which the dissolutive spreading rate dR/
dr varies proportionally to the difference between the
instantaneous and final visible contact angle. When the
transport of dissolving species is assumed to occur by Si
diffusion, the experimental data for the liquid Cu/solid Si
system fit this equation well but with an apparent diffusion
coefficient much higher than the typical values of diffusion
coefficient in liquid alloys. It is argued that Marangoni
convection, due to composition gradients along the drop
upper surface, is responsible for the high value of the
apparent diffusion coefficient obtained by fitting.
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Fig. 15 Dissolutive wetting: Wetting of a liquid metal B leads
rapidly, within a few ms, to a first contact angle 0 corresponding to
the intrinsic contact angle of pure B in metastable equilibrium with A.

Then the wetting process continues with dissolution of A in B, leading
to formation of a crater until saturation of B in A. Reproduced from
[15]
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The role of dissolution in the wettability of composite
surfaces

A new effect of dissolution on wettability was recently
highlighted by Lai et al. [43] in wetting experiments of
two-phase composite Cu—Fe substrates by molten Sn.

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

cos Oc = f, cos 0, + f cos Op, (6)

@ Springer

where f, is the surface area fraction of the matrix. How-
ever, in [43], 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
Eq. 6. It was shown that the enhanced wetting observed on
the composite substrate (Fig. 17) can be explained by the
dissolution contrast of Cu and Fe phases, leading to
increasing interfacial roughness, thus providing an addi-
tional driving force for wetting.
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Fig. 17 Top view of areas wetted by Sn on Cu, 0 = 25°(a), 50Cu-50Fe, 0 = 5°(b) and Fe 0 = 47°(c). Reproduced from [43]

Dissolution versus formation of a new compound

An example which illustrates the two types of reactive
wetting is given by results obtained by the dispensed drop
technique with an Au-40at%Ni alloy on ZrB, [44]. The
experiments were performed at two temperatures, 980° and
1170 °C. A nickel boride is formed at the alloy/ZrB,
interface at 980 °C, while only dissolution of ZrB, into the
liquid alloy occurs at 1170 °C. Thus, by varying the tem-
perature, it is possible to change the type of metal-ceramic
reactivity by keeping the composition of the metallic phase
constant.

Figure 18 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
ZrB,, the initial contact angle is low (28°) and decreases
slightly to 25° thanks to substrate dissolution. Further
spreading was observed when the temperature decreased to
values where formation of the new compound (Ni;B)
becomes possible.

The micrograph of the region near the triple line
(Fig. 18) shows the position of the triple line before cool-
ing, 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 Fig. 18, namely that a decrease in temperature
improves wettability.

In the previous example, the formation of a new com-
pound at the interface leads to a net, but limited, improve-
ment in wetting. This is because both the initial solid (ZrB,)
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 Fig. 19 for two Ni-Si alloys on graphite at
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Fig. 18 Au-40at%Ni/ZrB, system. Top drop base radius and tem-
perature 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. / and 2 indicate the positions of the triple line before and
after cooling. The crater on the left of the arrow I is due to
dissolution. Reproduced from [44]

1270 °C [45]. For the Ni-21at%Si alloy, only a limited dis-
solution of graphite in the liquid takes place. The steady
contact angle attained a few minutes after melting is close to
120°. Completely different behaviour is exhibited by a Ni-
47at%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°. This good wetting leads to
infiltration of porous graphite by the liquid alloy.
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Fig. 19 Micrographs of two NiSi alloy/graphite sectioned samples.
Left Ni-21at%Si, general view (a), alloy/carbon interface (b). Only a
limited dissolution of graphite is observed. Right Ni-47at%Si, general

Conclusions and perspectives

During the last 15 years, a large number of studies have
been published on the fundamentals of reactive wetting.
Some have focused on the dissolutive wetting, studied using
simple model systems. Although these studies have con-
tributed significantly to improving our knowledge of disso-
lutive wetting, more work is needed to clarify points where
diverging opinions persist, especially on the driving force of
this type of wetting. As for the spreading kinetics, Mar-
angoni convection seems to play a key role in mass trans-
port. Further progress on this subject requires numerical
simulations of the spreading process.

For reactive systems where wetting is accompanied by
the formation of a new compound at the interface, a first
version of the RPC model was proposed in [24]. The model
was greatly improved thanks to the analytical approach
proposed in [26] 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
of Mortensen et al. [20] for diffusion controlled reactive
spreading.

The RPC model has been applied with success in the
analysis of experimental data obtained with various cera-
mic substrates, namely the different types of carbon, oxi-
des, nitrides or borides. A main assumption in the model is
that the new compound growth process takes place inside a
zone of submicronic size localized 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
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view (a). An area of the infiltrated zone (b). All graphite particles are
covered by a thin, submicronic layer of SiC. Reproduced from [45]

with the Si/graphite couple in high vacuum at 1430 °C
showed different wetting kinetics compared to that
observed in neutral gas [5]. 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.

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