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bstract

uring the last decades, an intense research effort has been carried out to predict and model the equilibrium reactive wetting contact angle of liquid
etals onto diverse ceramic surfaces. The experimental results display a large scattering, which has been attributed to several causes: degree of

urity of the liquid metal, adsorption, chemical reactions along the liquid–solid interface, etc.
This work presents a model to explain such results. It considers as a basic tool the presence of an electrostatic field generated by the metal
mpurities-ceramic surface charge transfer. The addition of the corresponding electrostatic force to the Young–Dupré equilibrium equation modifies
he equilibrium contact angle in ceramics–metals reactive wetting. The theoretical values are in excellent agreement with the reported values in
he literature. Thus, charge transfer and the electrostatic effects associated to that transfer constitute a landmark for the comprehension of the
quilibrium wetting angle in metal–ceramic systems.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Metal–ceramic systems constitute a keystone in the emerg-
ng field of materials science of advanced materials due to the
ynergy of the outstanding electromagnetic properties of metals
ogether with the excellent structural properties of ceramics. In
rder to co-sinter such challenging materials, liquid-phase sin-
ering and infiltration of metals onto ceramic systems is a key
bjective to accomplish. At this point, a major drawback is the
act that most pure metals display obtuse contact angles on high
elting point ceramics1,2; i.e. limited wetting of metals onto

eramic systems, which restricts potential applications such as
razing. Moreover, the equilibrium wetting angle is very well-
eported to be quite sensitive to the presence of metal impurities
n the liquid metal.1 The equilibrium sessile-drop of liquid metal
nto a ceramic surface, as well as the kinetics of the wetting

rocess when a reactive element is added to the metal liquid
o promote wetting, have been studied by several authors.2,3

wo leading theories have been proposed to account for these
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henomena. The first one,2 known as reaction product control
RPC), states that wetting is controlled by reactions taking place
t the interface. Enhanced wetting is just a consequence of local
eactions happening when certain reactive impurities are added.
his theory was severely criticized by Saitz et al.3; who gave
n alternative explanation. According to these authors, wetting
s controlled uniquely by the adsorption of some elements to
he ceramic surface, so likely chemical reactions play no role
n this phenomenon. The kinetics of wetting is then essentially
ontrolled by the presence of a ridge at the front of the triple line
f phase coexistence. A reanalysis of the RPC theory has been
ecently made by their authors,4 with the corresponding reply to
he facts pointed out by Saiz et al.

It is well known that wetting is critically affected by the
resence of certain reactive elements, among them, titanium,
anadium, chromium, zirconium, niobium and hafnium have all
hown to induce strong decrease in wetting angles. Although
ome chemical reactions have been proposed to take place with
ome of these elements, particularly titanium,5 in other cases it

as not been possible to identify clearly the reaction products.

A remarkable contribution has been provided by Swiler
nd Loehman,6 who have applied improved molecular
ynamics simulations applicable to wetting to model the

mailto:dgomez@us.es
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.181
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wetting angles.

The origin of the electrostatic force altering the contact angle
on wetting stems from the charge transfer from metal impu-
rities in the ceramic surface. Such charge transfer takes place
308 D. Gómez-Garcı́a et al. / Journal of the Eu

luminium–alumina system. The method, known as embedded
tom method (EAM), implies a coupling of an atom-density-
otential embedding potential with a simple pair-wise potential
o model the energy of a simple atom in the metal where each
tom interacts with the overall electron gas as well as the atoms
n its vicinity. This method has been demonstrated to be appli-
able to liquid metal–metal systems,7 however, when facing up
ith metal–ceramic systems, a significant approach has revealed

o be crucial: since metals have very large dielectric constants,
he previously cited authors6 propose that a surface charge is
nduced in the metal as a response to the partially ionic charac-
er of the surface in contact with it. This charge layer mirrors that
f the ceramic, providing an additional attractive potential. The
uthors added such term to their simulation code and succeeded
n reproducing the main features of the aluminium–alumina sys-
em. This work strongly suggests that electrostatic effects should
lay a key role when determining the equilibrium wetting angle
f liquid metal–ceramics systems.

This work proposes a clear and simple model to account for
mechanism which allows the reactive elements to alter the

quilibrium wetting angle of a metallic drop onto a ceramic
urface.

. Modelling and discussion

Let us consider a metallic drop at rest on a ceramic surface.
ccording to the well-established Young–Dupré equation,8 the

tatic contact angle is given by:

os θ0 = γsv − γsl

γlv
(1)

here θ0 is the equilibrium contact angle between the liquid
essile drop and the ceramic interface, γsv, γ lv and γsl are the
orces per unit area (surface tension) on the solid and liquid
urfaces and on the solid–liquid interface, respectively. This
quation is valid in conditions of static mechanical equilibrium.
ur model introduces an additional electrostatic force at the
iquid–vapour interface, whose origin is discussed afterwards.
he force scheme is modified as displayed in Fig. 1. The electric

orce per unit area, denoted as fE, is normal to the interface at the
oint of contact due to the metallic character of the drop, accord-

ig. 1. Scheme of the applied forces on a sessile drop at mechanical equilibrium
n the presence of an electrostatic force.
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ng to the general rule of electrostatics. Mechanical equilibrium
equires the following equation to be satisfied:

os θ = cos θ0 + fE

γlv
sin θ (2)

This equation represents the mechanical equilibrium condi-
ion for the forces parallel to the metallic drop–ceramic interface,
nd θ0 is the contact angle between the liquid drop and the
eramic interface when no electrostatic force is present. Thus,
t is possible to attain:

os θ = cos θ0

1 −
√

1 − (1 + (f 2
E/γ2

lv))(1 − (f 2
E/γ2

lv cos2 θ0))

1 + (f 2
E/γ2

lv)
(3

Given the two solutions for cos θ obtained from Eq. (2),
he one displayed above is the only one which tends asymp-
otically to θ = 0 when the ratio fE/γ lv → ∞, so that complete
etting is expected when the electric force, being attractive,
ecomes intense enough. Let us admit θ0 to be equal to 115◦
o allow a direct comparison with reported results for the
itanium–copper–alumina system.3 The contact angle from Eq.
3) is plotted versus the ratio fE/γ lv in Fig. 2, along with the
eported values for the contact angle between a liquid metal
opper and alumina as a function of the amount of titanium
mpurities dissolved in the liquid metal. The agreement is rea-
onably good despite the large scattering reported for very low
ig. 2. Experimental outputs for the dependence of the wetting angle of a copper
rop onto a surface of alumina or alumina-silver vs. the amount of titanium
mpurities within the liquid copper, according to the data collected by Saitz et
l.3 Titanium impurities can be ionised through the transfer of an electron to the
lumina surface. That originates a separation of charge, and hence an electric
eld and an electric force. The theoretical prediction for the dependence of the
ontact wetting angle vs. the electric force (Eq. (2)) is plotted (top x-axis). The
orrelation between the theoretical law and experimental data is quite reasonable.
oreover, the electrostatic force is expected to be proportional to the amount of

harged impurities (bottom x-axis).
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s long as the ionization energy of the metal impurity is very
lose to the ceramic bandgap. In such a case, electron transfer
ay occur by means of tunnelling. This mechanism is similar to

hat proposed by Mott-Cabrera for low temperature oxidation of
etals.9 Although it may be argued that the potential barrier is

oo high for electron tunnelling to proceed, the negligible barrier
ength compensates such limitation.

A charge transfer mechanism is reported10 to explain the
dhesion work of liquid metals onto ceramic surfaces. Such
dhesion work is linearly proportional to the bandgap of the
eramics. Concerning the particular case described in literature
nd displayed in Fig. 2, the alumina bandgap11 is very close to
eV. First ionization energy of titanium, vanadium, chromium,
irconium, niobium and hafnium, the most reactive elements
nhancing wetting, are given in Table 1. All values are in good
greement with the alumina bandgap, so that electron transfer
ay occur.
A major consequence of the electron transfer is the appear-

nce of coulombian attractive forces, which are proportional
o the amount of charged impurities. This fact is illustrated in
ig. 2: the bottom x-axis reports the titanium impurity concen-

ration, impurities being expected to be charged. This charge
s the result of the electron transfer from the titanium impu-
ities to the ceramic layer contacting the liquid drop. The top
-axis reports a normalized version of the electrostatic force.
he proportionality between them is evident.

Additional experimental support to the charge transfer state-
ent has been given by Derby et al.5 Making use of neutron

eflection studies, these authors claim that reaction wetting of
everal liquid metals (with the addition of a certain amount
f titanium) onto alumina is produced by segregation of a
hin layer of titanium. This titanium segregation undergoes

localised redox reaction with the ceramic, which is just
he consequence of the charge transfer mechanism described
bove. Similarly, molecular dynamics simulation studies in the
luminium–alumina system cited previously6 have shown a par-
ial oxidation of liquid aluminium and a partial reduction of the
lumina surface which would induce a small layer of a suboxide.

The mechanism proposed thereon can be extended to systems
ther than metallic drops on alumina surface. A model physical
ystem in which a similar mechanism seems to be operative is

he one formed by nickel drops deposited onto an yttria tetrago-
al zirconia surface (YTZP). It is well-known that nickel shows
very poor wetting, if any, in such a system.13 However, wet-

ing takes place if an ionised form of nickel is deposited onto

able 1
irst ionization energies for reactive elements enhancing wetting, according to
ata reported in the literature12

lement First ionization energy (eV)

i 6.85
6.78

r 6.80
r 6.70
b 6.80
f 6.86

ll of the present values are close to 7 eV.
n Ceramic Society 27 (2007) 3307–3310 3309

he same surface.13 Such phenomenon can be explained quite
asily: it is a reported fact that yttrium segregation takes place in
any YTZP ceramic systems, producing an yttrium concentra-

ion in excess of the nominal one.14 In consequence, a net surface
harge exists on YTZP, leading an electric field emerging from
he surface. Such electrostatic field is responsible for an electro-
tatic force to operate on cations. Such mechanism will induce
n enhanced wetting to take place. This explanation accounts
or the optimum wetting features of nickel oxide onto the YTZP
urfaces.

The mechanism and model presented in this paper can cer-
ainly be a crucial issue for wetting to be favoured during

etal–ceramic sintering through the addition of the suitable
etal impurity. It is not opposed to the RPC model since nothing

s said about the kinetics of the wetting process, which is very
ikely to be controlled by a mechanism such as that pictured in
he ‘PRC’ model. Our model explains the ultimate mechanism at
he equilibrium sessile drops as well as the origin of the possible
hemical reactions which may occur. From a basic viewpoint it
epresents an essential term to be added for an accurate analysis
f equilibrium contact angles in metal–ceramic systems.

. Conclusions

Equilibrium contact angles in liquid metal–ceramic systems
ave been explained in terms of the electrostatic force originated
s a result of charge transfer process at the metal–ceramic inter-
ace. Our model explains qualitatively and quantitatively the
etting results in systems reported in the literature, and gives an

nsight into the mechanism operating when impurities are added
o the liquid.
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