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1. Introduction

The Young contact angle Ay is a unique characteristic
of a solid-liquid-vapour system. Its value quantifies the
intrinsic aptitude of a non-reactive liquid to spread on
a flat, undeformable, perfectly smooth and chemically
homogeneous solid surface. Measurements of 6y and
of the liquid surface tension o make it possible to eval-
uate the Dupré work of adhesion W, = o (1 + cos8y),
a quantity that characterises the thermodynamic sta-
bility of interfaces between dissimilar materials and is
widely used in practice for predicting their potential
bonding properties. Moreover, 6y enters into all model
equations describing the wetting of liquids on real solid
surfaces, i.e., surfaces with a certain roughness and de-
gree of heterogeneity.

Despite the apparent simplicity of sessile drop ex-
periments, the experimental evaluation of reliable 6y
values at high temperatures remains a major problem
and a serious obstacle to the development of scientific
approaches to wetting phenomena. This is evidenced
by a particularly large level of inter-laboratory scatter
in reported 0 values. For instance, contact angle values
for molten copper on alumina measured in eight dif-
ferent laboratories between 1959 and 1987 range from
110° to 170°, corresponding to adhesion energies dif-
fering by a factor of 40! [3]. More recently, using high-
purity «-alumina single crystals (SC) and high-purity
gases or high-vacuum furnace environments, the scat-
tering of experimental values on the Cu/alumina sys-
tem has been significantly reduced. However, while in
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metal/ceramic systems the experimental error on 6 is
only 1-3°, the values of this quantity measured “for the
same system” by various teams still differ by 17° [1—
7] (Table I). This corresponds to a scattering of work
of adhesion values as high as 75%. Scattering is even
greater with polycrystalline (PC) non-oxide but oxidis-
able ceramics presenting a range of non-stoichiometry
such as TiN [8-12] (Table II) and TiC [12]. A similar
very wide scatter of data is also observed for a highly
oxidisable metal such as Al on alumina [13, 14] or AIN
substrates [15].

The above examples illustrate an important feature
of wettability experiments, namely their poor repeata-
bility. This is caused by chemical heterogeneities and
by the roughness of real solid surfaces resulting in hys-
teresis of the contact angle. Hysteresis is defined by
the difference 6, — 0, between the advancing contact
angle measured after spreading of the liquid on the sur-
face and the receding contact angle reached when the
liquid retreats, with 6, > 6y > 6. Hysteresis is due to
the existence of metastable states at the vicinity of the
triple line, each of which corresponds to a possible mi-
croscopic contact angle. For a given solid/liquid/vapour
system, substrate preparation, and method of measure-
ment, the observed 6,(or 6;) value also depends on vi-
brations in the system, a factor that can be hard to con-
trol. Differences in substrate preparation and/or in the
furnace atmosphere help to amplify the dispersion of
inter-laboratory 8 measurements. Finally, the surface
energies of metals and non-oxide ceramics are known
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TABLE I Contact angle of pure copper on a« M AlegC measured by the sessile drop technique (except [2], immersion-emersion technique)

Conditions
T (°C) Atmosphere Roughness, orientation 0°) Ref.
1150 hv (7-10~* Pa) 129 Naidich, 1981 [1]
1100 He-Ha; Pop = 10722 Pa 127* Ownby and Liu, 1988 [2]
1150 hv (10~ Pa); Ar-H, R, = 15 nm; random 131 Li et al., 1988 [3]
1100 hv (10~ Pa) R, = 8 nm; random 126 de Jonghe et al., 1990 [4]
1100 hv (10~ Pa) R, =3nm Vikner, 1993 [5]
random 128
1102 120
0001 123
1098 Various buffer gases R, < 10 nm; random Ghetta et al., 1996 [6]
1072 < Poy < 10717 Pa 130
10716 < Poy < 10711 Pa 118
1150 Gettered Ar 114 Saiz et al., 1998 [7]

*—plateau value; hv—high vacuum

TABLE II Contact angles of pure copper on nominally stoichiometric sintered Ti

NPC measured by the sessile drop technique

Conditions

T(°C) Atmosphere Roughness

©°) Ref.

1120
1150
1100
1167
1100

hv (10~! Pa)

hv (1073 Pa) + Ti getter
hv (1073 Pa) + Ta chamber
He-H,; Po, = 10~° Pa
N2-Hz

R, = 50-100 nm
R, =50 nm
R, = 16 nm

126 Kotsch, 1967 [8]

110 Xiao and Derby, 1995 [9]
50-60 Lequeux et al., 1998 [10]
98 Muolo et al., 2001 [11]

96 Kalogeropoulou e al., 2001 [12]

to depend strongly on the composition of the vapour
phase, especially oxygen. As a consequence, small un-
controlled variations of the activity of this element can
cause a significant change in 6, thus increasing the scat-
ter of wetting data.

The aim of this review is, after a brief recall of
the main techniques of contact angle measurements
(Section 2), to examine and illustrate the above two
main sources of scattering of high-temperature wetta-
bility data: the first being related to the quality (i.e., pu-
rity and crystallinity) and preparation of the substrates
(Section 3) and the second, to the control of furnace
atmosphere (Section 4). The 5th section is devoted to
the measurement of surface tension of the liquid. Only
non-reactive systems are considered.

2. Types of equipment for contact angle
measurements at high temperature

The technique most widely used for wetting experi-
ments at high temperatures is the sessile drop method.
In its classical form, shown in Fig. 1a, a small piece
of solid sessile drop material, typically some tens or
hundreds of mg, is placed on a microscopically flat
substrate and then heated above its melting temper-
ature. Although this method is usually employed to
obtain advancing contact angles, it may also lead to
receding contact angles, by increasing the ratio of the
solid base diameter to solid height. In another variant, a
metal or alloy is melted in an unwetted and chemically
inert closed ceramic tube and is then dispensed on the
substrate surface through a small hole in the tube end
by applying a back-pressure of inert gas (Fig. 1b) or
using a piston. One advantage of this second technique
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Figure 1 Methods of measurements of contact angle by different ver-
sions of sessile drop method (a—c) and by the tensiometric immersion-
emersion technique (d).

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 drop contacts a fresh solid
surface and subsequently lowered (Fig. 1c). Liquid can
be transferred to the top substrate provided this is better
wetted than the donor. In all of the above techniques 6,
values are measured and are attained by an irreversible
movement of the triple line from 6 ~ 180° to 6,. This
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Figure 2 Maximum advancing (0}"*) and minimum receding (Grmi")
contact angles on a rough surface.

minimises the difference 6,—60y between the observed
and intrinsic contact angles.

A very different method is the tensiometric
“immersion-emersion” technique (Fig. 1d), which
gives both 6, (during immersion) and 6, (during emer-
sion). For non-wetting liquids, 6, and 6, are attained
by a slow deformation of the liquid surface during the
movement of the solid plate or cylinder. As a conse-
quence, these values are much closer to the upper 6,"*
and lower Qrmi“ limits of the hysteresis domain, respec-
tively, than in the cases of irreversible wetting.

3. Effects of substrate quality
What is the greatest accuracy expected of 6y deter-
minations in the field of high temperature materials?
Important information on this question was provided
by the study of de Jonghe et al. [4], who measured
6, and 6, angles by the immersion-emersion technique
in high vacuum for various non-reactive metals using
high-purity monocrystalline «-alumina cylinders. For
this type of solid, for which it is reasonable to suppose
that hysteresis results mainly from roughness, the up-
per O™ and lower O™ limits of hysteresis are related
to the maximum slope o)*** of the surface profile by the
equations [16] (Fig. 2):
Qénax =0y + amax’ anin =6y — o Max (1)
Fig. 3a illustrates the results of de Jonghe et al. for a
pure Sn/Al,O3 system plotted as a function of average
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roughness R, and as a function of the ratio R /A, (A,
being the average wavelength of the asperities), a quan-
tity, which is proportional to the average slope of the
substrate surface profile. It is seen that with increasing
R,, the 6, — 6, first increases rapidly, then for about R,
> 500 nm, hysteresis starts to decrease and tends to zero
as the liquid/solid interface is transformed to a “com-
posite” interface (partially solid/vapour and partially
solid/liquid). The important point here is that 6, — 6;
values as low as a few degrees can be attained by using
very smooth surfaces (R, of a few nm). In this exam-
ple a 6y value of 128° was evaluated with an accuracy
of £3°. Note that for R, = 500 nm, 6, exceeds 6y by
nearly 30°.

The results of de Jonghe et al. agree with those of
Hitchock et al. [17], who evaluated 6y values for sev-
eral liquid metals on ceramic substrates by extrapo-
lating to zero roughness the 6, vs R,/A, experimental
curve obtained using the classical sessile drop tech-
nique. An example is given in Fig. 3b for Hg on
vitreous carbon surfaces prepared by abrasion with
Inm < R, < 500 nm. According to this and other re-
sults obtained by Hitchock et al. using substrates with
a random roughness no higher than a few nanometers,
the error on the value of the intrinsic contact angle due
to roughness becomes negligible for this type of solids
in comparison with other sources of error, for instance
the error associated with the method used to calculate
the contact angle from the droplet profile. For random
roughness surfaces with R, of about 100 nm, the ex-
cess (0, — By) values are still a few degrees while for
the rougher substrates studied by Hitchock et al., with
R, values close to 1 um, the excess (6, — 0y) values
measured for various non-wetting liquids were close
to 20°. Naidich et al. obtained similar results for var-
ious low-melting point metals (Pb, Sn, In) on quartz
substrates in high vacuum [18]. For these non-wetting
systems, the authors found that the advancing contact
angles on rough substrates (R, &~ 1250 nm) exceed
those on smooth quartz surfaces by 15-40°, depending
on the metal.

180

170 Hgl/vitreous carbon

160
500 nm

O:150 . ﬁ
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Hg/SiO,
130
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0 0.02 0.04 0.06 0.08 0.1
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Figure 3 (a) Advancing 6, and receding 6; contact angles measured by the immersion-emersion method for the Sn/monocrystalline alumina system
[4], plotted as a function of average roughness R, and of logarithm of R,/XA,; (b) 6, Vs Ra/A, relationships for Hg obtained by the sessile drop technique
on abraded silica and vitreous carbon; the arrows indicate the average roughness R, [17].
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TABLE 111 Contact angles of non-reactive Cu-25 at% Si alloy on Si and C faces of (0001) plane of & — SiCSC in He microleaks P = 5- 1078 atm
at T = 1150°C (the droplet mass is about 50 mg). The contact angles are obtained by a tangent method or (in parenthesis) from the linear dimensions

of the sessile drop assuming a spherical shape [19]

Contact angle, 6(°)

Substrate Ist exp 2nd exp 3rd exp Average

face Si 32.6+0.7 33.8+04 338+ 1.6 334408
[31.8 £0.8] [31.9+£0.8] [29.8 + 1.4] [31.2 £ 1.4]

face C 43.1+05 425408 42.5+0.9 427+04
[41.0 £ 0.7] [40.0 £ 1.0] [40.3 £ 1.5] [40.4 £ 0.6]

From the above studies it can be concluded that
using high purity monocrystalline or amorphous sub-
strates with a random roughness no higher than a few
nanometers, advancing contact angles equalling 6y to
within a few degrees can be measured. With such sub-
strates a high repeatability is expected. An example is
given in Table III for a non-reactive Cu—Si alloy on
the two polar surfaces of a basal plane of « — SiC with
R, = 1-2 nm [19]. As shown in this table, the main
uncertainty on contact angles is not due to the scatter
of the experimental values of 6, measured in succes-
sive experiments (less than 1°) but rather to the method
used to deduce 6, from the sessile drop profile (about
2°). The high repeatability attained in these experiments
led to the conclusion that wetting by a Cu silicide of the
two polar surfaces of hexagonal SiC differs by about
10°.

When oxide substrates are used, a further factor af-
fecting wetting is adsorption of OH groups. When the
content in OH groups of oxide surfaces is high, as af-
ter an hydroxylation treatment, initial contact angles as
high as 160-180° can be obtained, as indeed observed
for Au on sapphire [20] or on silica [21]. After remov-
ing these groups, occurring during holding in a vacuum
at T > 1000°C, the contact angles in the above systems
decrease by several decades.

As for inter-laboratory dispersion, the contact angle
of molten gold on single crystals of smooth surface alu-
mina measured by six different teams ranged between
131° and 140° [13], which is an acceptable dispersion
around an average value of 135°. The corresponding
uncertainty in the work of adhesion is £17%. If met-

180
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‘ @ sapphire
o .
160 - O polycrystalline
& o ‘ o
fee) (o]
o ‘ °
o o o
140 - ‘
o .
® 04° 0o f‘ ® o
120
Tests
(a)

als with a higher affinity for oxygen than Au are used,
such as Cu and Ni, the scatter of contact angles mea-
sured in different laboratories is higher (see, Table I and
Section 4).

Ceramics of high technological interest can seldom
be obtained as the high-purity monocrystalline speci-
mens desirable for Young contact angle measurements.
The presence of grain boundaries in substrates used
in sessile drop experiments causes several complica-
tions. Fig. 4a shows results obtained by Li et al. [22]
for molten copper on both mono- and polycrystalline
o — alumina substrates by the classical sessile drop
technique [3]. The 6, values measured on alumina sin-
gle crystals with R, = 15 nm ranged between 128°
and 134° while with polycrystalline substrates the con-
tact angles lay between 160° and 130°. It was shown
that this poor repeatability is not due to the increased
average random surface roughness of polycrystalline
substrates but rather to localized defects, which can af-
fect wetting even if they do not modify significantly
the average roughness characteristics. Such defects are
holes caused by decohesion of grains during mechani-
cal polishing, or pores of micron size often present in
sintered material, or even scratches (Fig. 4b). All these
are “strong” defects, i.e., they can easily pin the triple
line and prevent spreading. Note that the use of poly-
crystals can also lead to increasing roughness by grain
boundary grooving, a process which occurs rapidly on
metallic surfaces at temperatures higher than a half of
the melting point of the metal. For ceramics this pro-
cess can increase significantly the surface roughness at
T > 1500°C [23, 24].

(b)

Figure 4 (a) Contact angle values of Cu on sapphire (R, = 15 nm) and polished polycrystalline alumina substrates (R, = 50 & 20 nm) at 1150°C
in vacuum and Ar-H;, atmosphere measured by the same procedure in different experiments [3]; (b) SEM image of polished polycrystalline alumina
surface showing pores and holes due to detachment of grains during polishing [22].
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A major disadvantage of sintered ceramics is their
low purity. This is due to impurities contained in the
initial powder or introduced into the material involun-
tarily in the course of processing or yet again due to ad-
ditives promoting sintering. In many cases additives are
present as second phases located at grain boundaries or
triple junctions and their volumetric concentration can
attain several per cent.

Experimental studies performed for composite (two-
phase) surfaces [25, 26] have shown that in this range
of volumetric concentrations the influence of second
phases on advancing contact angles of the solid matrix
is very limited (a few degrees). A more important ef-
fect can result from the segregation of impurities at the
solid surface and liquid/solid interface. At high tem-
peratures, this segregation can occur by rapid diffusion
along the grain boundaries, thus affecting wettability
even in short-time experiments. For instance, segre-
gation at the Cu/TiN interface of Fe, introduced into
sintered TiN during the milling process, caused an un-
expected transition from non-wetting to wetting, occur-
ring as a function of temperature [27]. Recently Muolo
et al. [28] found that, while ZrB; sintered from pure
powder is not wetted by Ag and Cu (contact angles
close to 125°), very good wetting (contact angles close
to 20°) was observed with an addition to ZrB; of 4 wt%
Ni as a sintering agent.

For compounds with a certain range of stoichiometry,
a deviation of the surface from the bulk stoichiometry
can be produced during the substrate preparation pro-
cedure (cutting, polishing). For instance, the formation
on sintered, nominally stoichiomentric TiN of a surface
layer hypostoichiometric in N, several tens of nm thick
(Fig. 5) is responsible of the contact angle close to 60°
observed for this ceramic (see Table II). Indeed, when
a gas mixture containing Ny is used to ensure an in situ
stochiometric TiN surface, the contact angle increases
by 35°.

From the above it appears that, when only sintered
materials are available for Young contact angle mea-
surements, a particular effort has to be made with mod-
ern techniques (XPS, Auger spectroscopy. . . ) to char-
acterise their surface chemistry both before and after
the wetting experiments. As for the topological charac-
teristics of the surfaces (R,, A,, average surface slope,
etc.), common mechanical profilometers provide this
information by analysing large areas (several mm?).

3.00E-02

2.50E-02 Ni*/Ti*

O 2.00E-02
©
o 1-50E-02 |

C
.© 1.00E-02 1

o'mi*
0.00E+00 r r
0 100 200 300

depth of analysis (nm)

5.00E-03 A

Figure 5 SIMS analysis of nominally stoichiometric TiN showing the
relative intensity N*/Ti* and O/Ti™ as a function of depth [12].

This point is important in wetting experiments since
millimeter-sized droplets are used. Simple optical mi-
croscopy is often sufficient to identify the presence of
local defects such as scratches or pores. The shape of
these defects can be obtained by AFM. Whatever the
quality of the substrate, mono- or polycrystalline, sev-
eral sessile drop experiments have to be carried out to
ensure repeatability.

4. The effects of furnace atmosphere

The second major cause of scattering of contact angle
data is pollution from the atmosphere, mainly oxygen.
This element can lead to the formation of oxide skins
on metallic droplets as well as on metallic or ceramic
solids.

When thick oxide films are formed on a sessile drop,
oxidation is evident because at melting, the surface of
the liquid is not smooth. However, thin oxide skins of
up to a few tens of nanometers are easily deformable,
allowing a smooth surface to be formed. Yet, even very
thin skins do not allow the metal/substrate interface to
be formed and, as a result, the apparent contact angles
are much higher than 90°.

A classical example is pure Al, which at room tem-
perature is instantaneously covered by an oxide layer
of alumina about 2 nm thick resulting in large obtuse
apparent contact angles on many ceramics. On heating
Al on an alumina substrate at T > T*, where T* is
700-1000°C depending on the vacuum level in the fur-
nace and the “quality” of the vacuum, i.e. the Po, value,
a decrease in the contact angle towards a value close to
90° is observed due to deoxidation. This occurs mainly
by reaction between Al and Al,O'"™ with the forma-
tion of volatile ALO [14, 29]: AL,OS ™ 4 AJttiquid) —
Al,O%. The necessary condition for this reaction to oc-
cur is that the partial pressure of oxygen in the furnace
must be lower than the partial pressure of Al suboxide
produced by the reaction. For a given value of Poy, this
is favoured by (i) a high temperature, which increases
the equilibrium value of Al,O, (ii) by the use of high
vacuum, which promotes rapid evacuation of the Al,O
molecules far from the droplet surface, (iii) and when
Al is alloyed with other elements, by a high thermody-
namic activity of Al in the melt. The removal of oxide
films may be also achieved by in situ Ar't ion sputtering
[30] or by mechanical disruption when the liquid drop
is dispensed onto the substrate surface through a small
hole in a tube end (Fig. 1b).

Table IV presents the results for Al and Al alloys
on Al,O3 obtained at T < T* both by the classical
sessile drop and by the dispensed drop techniques. In
all cases the dispensed drop technique leads to contact
angles that are lower by several decades of degrees. It
is interesting to notice that the formation of oxide skins
occurs not only on alloys that are rich in oxidisable
metals such as Al or Si, but also on alloys with low
contents of these metals, such as Cu—Al [13] or Au—Si
[34]. In these alloys the oxidisable metal is present in a
concentration sufficient to produce oxidationat 7 < T*
but too low to produce deoxidation at T > T*. This
causes a shift of 7* to higher temperatures, as discussed
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TABLE IV Contact angles of pure Al and Al and Cu alloys on alumina measured by the classical sessile drop (SD) and the dispensed drop (DD)

techniques
Contact angle, 0(°)
Couple Conditions SD DD Ref.
AVALOSC Ar 4 2%H,; 700°C 125 104 (80%) Shen et al., 2004 [31]
AVALOLC hv; 680°C 122 94 Sobczak, 2003 [32]
1023°C 121 80
AlTi6/Al,05C hv; 850°C 118 103 Sobczak, 2004 [33]
AlSi12/A1L,05¢ hv; 700°C 122 98
Cu-5 at% A/ALOSC hv; 1150°C; 5 min 150 104 SD: Li et al. 1988 [3]

DD: Eustathopoulos
etal., 1999 [13]

2A drop falling down from a height of 10 mm.

6 (°)160 900 T (°C)

150{

140 800
130}

120+ 700
110}

100} 600
90

80} 500
70

60} 4 400
50F

40 + T + 300

40 80 120
Time, min

Figure 6 Contact angle of Pb on stainless steel as a function of time
during a temperature cycle in high vacuum studied by the sessile drop
method [35].

in [3]. The above results can explain easily the high
inter-laboratory dispersion of 6, values for Al alloys,
especially at temperatures lower than 1000°C.

Contact angles as high as 150° are also observed for
low melting-point metals such as Pb, Sn or In at tem-
peratures close to their melting point. An example is
molten Pb on FeCr martensitic steel (Fig. 6). As for
Al, the surface of steels at room temperature is cov-
ered by an oxide layer a few nm thick, as evidenced by
XPS analysis. The 6 vs time curve obtained during con-
tinuous heating in a high vacuum shows three steady
contact angles. By performing further experiments on
steel with the dispensed drop technique to disrupt any
oxide skin on the droplet and various heat treatments
to deoxidise its surface in situ, Protsenko et al. [35]
showed that the large obtuse angles observed at low
temperature are apparent contact angles due to Pb oxi-
dation. The contact angles close to 90° (domain B) and
60° (domain A) are true contact angles for deoxidized
Pb on oxidized and deoxidized (metallic in character)
steel surfaces, respectively.

This example illustrates a long-known fact: skin ox-
ides on metallic solids act as barriers to wetting by
molten metals [1, 36, 37]. Such oxide films can also
grow on many non-oxide but oxidisable ceramics such
as SiC, Si3Ny, AIN. In a recent study [38] it was found,
by combining wetting experiments and surface analysis
by Auger and XPS, that in a high vacuum environment
at temperatures lower than about 1000°C the chemistry
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of the outer surface of SiC is close to that of silica. As a
result, the contact angles for low-melting point metals
such as In, Ga or Sn on SiC are expected (and indeed
found) to be close to those on SiO», i.e., in the range
120-130°. Similar phenomena may occur on other non-
oxide ceramics such as Si3Ny4, AIN or TiN. Oxidation of
TiN, together with roughness, may explain the highest
contact angles in Table II.

At high temperature or in a low Po, atmosphere, ox-
ide films are often eliminated by thermodynamic de-
composition or by formation of volatile sub-oxides.
Even in these situations, oxygen dissolved in the liquid
metal can still affect the wettability of a metal/oxide
system at both “high” and low Po, values. This is illus-
trated schematically in Fig. 7 for a metal M/alumina
couple. For usual metals such as Pb, Sn, In, Bi,
Ge, Ag, or Cu, the contact angle is independent of
Po; in a wide range of oxygen partial pressure. At
very low Po,, dissolution of alumina into the liquid
metal will occur in order to satisfy the equilibrium
Al,O3 — 2(ADM + 3/20;. Then the equilibrium an-
gle starts to decrease with decreasing Po, (or, equiv-
alently, with an increasing concentration of Al in the
metal), a behaviour that is typical of M-Al alloys [13].
Above a certain partial pressure Po3, the value of which
is a function of the metal and of the temperature, the
contact angle starts to decrease again due to adsorption
of oxygen at the metal/vapour and metal/oxide inter-
faces.

o) 4
180

90F (

oxide dissolution

>

P*o,

A

0, adsorption

log Po,

Figure 7 Schematic representation of contact angle vs logPo; for a pure
metal on an ionocovalent oxide at constant 7'. At the high Po, limit the
adsorption domain is limited by the oxidation of the metal [13,24].
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Figure 8 The variation of contact angle of Ag on A120§C with the log-
arithm of partial pressure of oxygen at 980°C [36].

An example is given in (Fig. 8) for Ag/alumina cou-
ple. As the partial pressure of oxygen in the furnace
increases, the contact angle remains nearly constant,
then decreases sharply at Poj and tends more slowly
towards 80°. The threshold pressure in this example is
about 10~ atm, but it is about 10~!2 atm for Cu on
alumina at 1100°C [40] and only 10~'® atm for Pb on
SiO, at 673°C [41].

While Po, values lower than 10~* atm can be easily
obtained in moderate-quality equipment using, for in-
stance, common purity neutral gases, Po, values lower
than 107! atm need particular care, as will be dis-
cussed in the next paragraph. For this type of system,
the experimental results obtained by different teams in
different (but not quantified) Po, environments can pro-
duce a further dispersion of contact angles in the “same
system”. Note that for high melting-point metals such
as Ni and Fe on alumina, the decrease in thermody-
namic stability of alumina caused by the high tempera-
ture and the strong Ni-Al (and Fe-Al) interactions trans-
form the wetting plateau of Fig. 7 to a simple maximum
(Fig. 9). Clearly, for this system, an “intrinsic” contact
angle has no sense without specifying the Po, value
during the experimental run. The curve of Fig. 9 helps
to explain a large part of the particularly wide scatter of
the experimental data observed for this system (see in-
troduction) as all the contact angles between 127° and
104° are permitted when the content of oxygen in Ni
changes from a few ppm to 50 ppm.

In order to obtain low Po, environments, wetting ex-
periments are usually carried out by employing inert

130

Ni/Al,0, 1600°C

120

00

110

100 + T T T T
0 0.02 0.04 0.06 0.08 0.1
mass % Oxygen

Figure 9 Contact angle of Ni on Al,O3 vs oxygen content in Ni at
1600°C [42].

gases or high vacuum. Common inert gases contain a
few ppm of oxidizing gases such as O, and H,O, which
correspond to Po, &~ 107°-107° atm in 1 atm of gas.
This Po, is sufficient to cause oxidation of many com-
mon pure metals at their melting point and, except for
Ag on ionocovalent oxides, it is higher than the Poj
defining the beginning of the oxygen-wetting transi-
tion on oxides. It is a good practice, therefore, to purify
inert gases by pressing them slowly over heated pow-
der or shavings of a reactive metal such as Ti, Zr or
Mg. An alternative solution is to mix a small amount,
typically a few percent, of H, with the inert gas. In
some furnaces, graphite is present inside the chamber
as a heating element or is placed near the testing cou-
ple in order to reduce Po, [19, 43], a practice used in
metallurgy for decades [44]. This indeed helps to lower
the Po, values but may also cause contamination of the
droplet and of the substrate by C. In many cases this
is not a serious problem because even limited solubil-
ity of carbon in the droplet or in the substrate allows
this element to be removed from the surface by diffu-
sion towards the interior of bulk phases. Note that, as a
rule, dissolved carbon is not an active” element at the
surfaces and interfaces of high-temperature materials.
However, if the solubility is too low, carbon layers can
be formed and influence wetting. For instance, it has
been found that carbon layers a few nm thick improve
the wetting of alumina by molten aluminium [45, 46].
In another example Rado [19] found that the spreading
time (but not the final contact angle) of CuSi alloys on
SiC in a metallic furnace was increased by an order of
magnitude when the experiment was repeated in an alu-
mina furnace inside which a graphite tube was placed
to avoid oxidation of SiC. In order to reveal possible in
situ contamination by C of SiC substrates, Rado placed
a Si wafer inside the graphite tube. Even a few minutes
of heating at 1100°C were enough to observe Auger
spectra typical of SiC on the Si surface after cooling.
Using SEM it was even possible to distinguish the SiC
particles growing on the Si surface by reaction between
Siand C.

Some research groups prefer to use high vacuum be-
cause it promotes evaporation and dissociation of ox-
ide films on the liquid or substrate surfaces by form-
ing volatile sub-oxides, as discussed above. However,
when the vapour pressure of the liquid is high, evap-
oration may reduce the volume of the drop. On rough
surfaces this produces an apparent decrease in 6 with
time, which actually is due to a gradual change in con-
tact angle from advancing to receding. This artifact can
easily be detected by measuring not only 6 but also
the linear dimensions of the droplet (drop base diame-
ter and drop height). When the vacuum is obtained by
oil diffusion pumped systems, the effective Po, value
may be several orders of magnitude smaller than the
total pressure because of the reducing atmosphere gen-
erated by cracked oil molecules. However, this cracking
may also contaminate the droplet and the substrate with
C, which can be reduced but not suppressed by using
liquid N, traps. For this reason, more and more high-
temperature devices employ oil-free equipment such as
turbo-molecular pumps.

2277




PROCEEDINGS OF THE IV INTERNATIONAL CONFERENCE/HIGH TEMPERATURE CAPILLARITY

5. From contact angles to work of adhesion
The surface tension of high-temperature melts (liquid
metals and alloys, glasses, salts) can be measured by
several techniques: (i) Surface shape methods (sessile
drop and pendant drop), (ii) Capillary Pressure Methods
(pressure derivative, expanded drop, maximum bubble
pressure), (iii) Oscillating-levitating drop and (iv) Drop
weight [47]. All require careful preparation and control
of each experiment, full knowledge of all the physico-
chemical parameters of the system under study, and
careful interpretation of the phenomena occurring be-
tween the liquid metal surface, the gaseous environ-
ment and the solid surface eventually in contact with the
melt: metal evaporation, bulk diffusion, surface adsorp-
tion, chemical reactions in the gas phase, mass trans-
fer, competition between diffusion and kinetics of the
gaseous species under the different experimental envi-
ronments (e.g. inert gas or vacuum), and chemical re-
activity with reference to competitive bulk and surface
reactions [48]. Theoretical models have been developed
taking into account all these effects, allowing the best
working conditions to be singled out and the oxygen
behaviour including its actual partial pressure near the
liquid surface to be predicted [49, 50].

To get meaningful values of the work of adhesion, the
surface tension of the liquid phase must be evaluated
when the liquid is in contact with the solid body, that is,
in the same physico-chemical environment as that used
to measure the contact angle. This allows, for example,
any effect of interactions between the liquid and the
solid on the surface tension to be taken into account.
Although surface tension and contact angle can be mea-
sured simultaneously by the immersion-emersion ten-
siometric method [13], in the high-temperature range
the sessile drop technique is used most often for this
purpose. However, this method is really accurate for
surface tension measurements only if the contact angle
is larger than 90°, even though good results can also be
obtained down to 60-70° provided special precautions
are taken.

If the contact angle is less than 90°, one solution is
to measure the surface tension using a cup of the same
material for which the contact angle has to be evalu-
ated (“large drop” [51] or, better, “pinned-sessile drop”
method [47], which may be used also with small drops).
Another possibility is to use the immersion-emersion
tensiometric method mentioned above, which can be
applied for both wetting and non-wetting systems. Fi-
nally, it is also possible to try to equilibrate the liquid in
contact with the solid under investigation, and then to
measure the “contaminated liquid” surface tension by
some other method (pendant drop, sessile drop on inert
substrate, capillary pressure etc.).

In contrast, with large contact angles (>150°), the
gap between the solid surface and the drop profile just
near the boundary triple line becomes increasingly nar-
row. Especially at high temperatures, unwanted reflec-
tions, optical distortions, together with the unavoidable
lack of focusing sharpness (which is also due to the
fact that the meridian drop section has at least half of
the solid support surface in front of it) blur the image
exactly in the measuring zone, thus making it difficult
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if not impossible to determine the contact point with
sufficient precision and then to “draw” the tangent line.
A quantitative evaluation shows that errors up to 5-10°
are easily possible in this range.

Generally, if the position of the surface of contact
can be determined with sufficient precision, the entire
surface tension measurement procedure, based on the
fitting of the Laplace equation [48, 52], often performed
by automatic imaging procedures [53], also gives a re-
liable value of contact angle value.

Finally, a typical difficulty comes from the high-
temperature environment: above 1000°C light emis-
sion is very strong, with an emission spectrum shifting
from the infrared region towards the blue wavelength.
This means that the energy hitting the CCD elements is
not constant. This causes a continuous shift in their re-
sponse, which in turn makes it impossible to maintain a
constant image quality. Thus, infrared and other filters
have to be used; however a good solution is to cut the
emission of the drop itself completely by ad-hoc filters
and to use a very strong backlight source. In this way,
constant imaging conditions can be obtained.

6. Conclusions
During the last 20 years there has been a great im-
provement in the measurement of contact angles of
high-temperature systems. A major reason for this has
been the use of monocrystalline or vitreous solids to
prepare the high-quality surfaces required for mean-
ingful Young contact angle determinations. In this
period, wetting studies have also benefited from high-
resolution techniques for characterising the topologi-
cal and chemical features of surfaces at a nanometric
scale. Further improvement is expected in the next few
years through the introduction of ultra-high vacuum
standards and through the use of the more sophisti-
cated versions of the sessile drop method (dispensed
drop, transferred drop) enabling in situ cleaning of sur-
faces. In all cases, an automatic system for data acquisi-
tion and image analysis enabling the simultaneous mea-
surement of contact angle and surface tension, is desir-
able. For certain ceramics, which are hardly available
as monocrystalline material but have a high technolog-
ical interest (many carbides, nitrides, borides, etc.), a
semi-quantitative evaluation of their wetting and adhe-
sion properties with metals is possible. However, this
needs a high number of sessile drop experiments to
prove acceptable repeatability, as well as detailed char-
acterisation of their surface chemistry both before and
after the wetting experiment.

A resume of main requirements for the experimental
evaluation of intrinsic contact angles is given in the
Appendix.
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Appendix
Requirements for Young contact angle
measurements
The experimental evaluation of reliable contact angles
to be used in Young equation and to calculate the work
of adhesion, requires a careful control of the experi-
mental conditions and of the topology and chemistry
of the substrates.

In particular the following steps should be followed
with rigorous attention:

(1) The chemical composition of the solid and liquid
components should be explicitly given.

(2) The surface roughness has to be quantified: sub-
strates with r, values lower than 100 nm must be used
in order to achieve an acceptable accuracy on 6 (a few
degrees).

(3) The characterization of substrate surface chem-
istry before and after the wettability experiment is often
necessary in order to identify clearly the meaning of the
measured contact angle.

(4) The wettability experiments must be conducted
in controlled furnace conditions obtained either by high
vacuum or, if in the presence of gases, by measuring
the partial pressure or concentration of each reactive
impurity, especially of oxygen.

(5) Although, as a general rule, advancing contact
angles are involved in wetting experiments, only the
simultaneous inspection of 6(t), R(t) and A(t) curves
allows to confirm this feature.

(6) When using automatic techniques based on
image-analysis softwares, the contact angle could be
derived from the solution of the Laplace equation, pro-
vided the drop has a shape factor larger than 2; if a
portion of the drop close to the triple line is used, tak-
ing care that the number of coordinate points used is
large enough to warrant a sufficient statistical accuracy.
Evidence should be offered, at least with a check on the
solidified drop, that an axisymmetric profile has been
retained during the experiment.

(7) When computing the Work of Adhesion W,, the
necessary contact angle and surface tension values must
be measured in the same conditions and, if possible,
using the same substrate.
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