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Anisotropy of Wetting and Spreading in Binary Cu-Pb
Metallic System: Experimental Facts and MD Modeling
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Contact angle for millimeter-size drops of lead on {100} and {110} surfaces of monocrystalline copper and
on polycrystalline copper was determined by means of dispensed drop technique at 450 °C under He-H,
atmosphere. It was demonstrated that the wetting anisotropy (a difference between contact angles on
differently oriented substrates) is not exceed a few degrees. Spreading kinetics was found to be different for
the first and second drops deposited on each substrate. This result was interpreted as an effect of a lead
precursor film formation on the substrate surface. Molecular dynamics simulations of the lead drop
spreading over {111}, {100}, and {110} surfaces of monocrystalline copper confirm the weak anisotropy of
equilibrium contact angle and a formation of lead precursor film on copper surface in front of wetting line.
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1. Introduction

Interfacial reactivity is known to be strongly influenced by
the crystallographic orientation of a solid surface. This is
widely used in electronics to produce silicon-based microelec-
tromechanical devices (MEMS). At the same time the effect of
anisotropic wetting (observation of different equilibrium con-
tact angle of liquid B on different crystallographic planes of
substrate A) is far from been clearly understood. A simple idea
is lying under the concept of wetting anisotropy: consider a
liquid drop forming an equilibrium contact angle on the surface
of a flat insoluble crystalline substrate being in an equilibrium
with vapor phase. Than the equilibrium contact angle 6" is
linked to the interfacial energies of solid-gas, solid-liquid, and

liquid-gas (624, o/, and o,) boundaries through the classical
Young-Dupré equation:
L _ hkl
oM — &
cos (") = £ o (Eq 1)
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If the difference between the solid-gas and solid-liquid
interfacial energies depend on the substrate plane orientation
{hkl}, than the anisotropy of contact angle should be observed.
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Let us restrict our consideration to binary liquid metal/solid
metal (or semiconductor) systems. Despite of a substantial
number of experimental results, reviewed by Povstenko (Ref 1)
and recently by Chatain (Ref 2), the relationship between the
structure of the solid surface and contact angle is not clearly
demonstrated. Available experimental data on contact angle
anisotropy could be divided into two parts: wetting by
“macroscopic”, i.e., millimeter-size droplets and wetting by
micron-size drops formed from PVD-produced films.

Experiments of the first type on In/Ge system were reported
by Vyatkin (Ref 3, 4). Contact angle anisotropy was studied by
a sessile drop technique in vacuum (7 x 10~ Pa): a peace of
low-melting metal was heated on a monocrystalline substrate.
At 200 °C contact angle was found to be equal to 160°, which
is an indication of a presence of an oxide film on the substrate
surface (and probably on the surface of liquid drop). At 550 °C
the noticeably different contact angles equal to 60°, 75°, and
85° were observed on the {111}, {110}, and {100} surfaces
correspondingly. Here a significant solubility of Ge in liquid In
(about 12 at.% at 550 °C (Ref 5)) should be underlined.
Moreover, a significant dependence of contact angle on heating
rate was observed: at 550 °C for the heating rate of 100-
150 deg/h the contact angle 6 was equal to 60° for In/Ge {111}
and 0 ~ 75° for In/Ge {110}, whereas for the higher heating rate
of 100-150 deg/min the contact angle close to 80° was
observed for In/Ge{l11} system. Grigorenko (Ref 6) has
observed similar tendency for the contact angle of (In-Sn-Ge)
alloy on Ge surface: at 500 °C in high vacuum (1.33 x
10~ Pa) 0 = 54° was observed on {111} surface and 74° on
{100} surface. An alloy was melted separately in a graphite
crucible and dropped down onto the substrate through an orifice
in the bottom of the crucible. This technique did not allow the
formation of a liquid drop saturated with Ge, because In-Sn
eutectic point is low and Ge solubility depends significantly on
the temperature.

Experiments of the second type are based on the deposition
of low-melting metal by PVD on a substrate followed by
heating over the fusion temperature and formation of the
micron-size droplets as a result of de-wetting process. Wetta-
bility of Si by micron-size Au drops formed from PVD film was
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studied by Ressel et al. (Ref 7). A significant difference
between the contact angles on {100} and {111} surfaces was
observed. At T'= 650 °C the contact angle is equal to 43° on
{111} surface and 20° on {100} surface. The same technique
was used by Wynblatt et al. to study the anisotropy of contact
angle for solid droplets in Pb/Al (Ref 8, 9) and Pb/Cu (Ref 10)
systems. Experiments were performed in UHV with prelimin-
ary cleaning of the surface by ion sputtering. A significant
anisotropy was observed, though the effect of surface orienta-
tion was opposite: 8 = 27.3° was measured for Pb/AI{111}
system, 0 = 41.1° for Pb/A1{100}, 6 = 48.3° for Pb/Cu{l11},
and 0 = 34° for Pb/Cu{100}.

A brief overview of literature data demonstrates that the
study of wetting anisotropy in metallic systems at elevated
temperature is a particularly difficult task. The most important
difficulties are:

1. The presence of oxide layers on substrate and liquid drop
surfaces. In the absence of oxide films a good wetting
(60 < 90°) should be observed for any metal/metal couple
including practically immiscible systems such as Pb/W
(Ref 11, 12). Different crystallographic planes are also
known to have different affinity to impurities in the gas
phase (mainly to oxygen) which could provoke wetting
anisotropy due to selective decrease of substrate energy.

2. The dissolution of a substrate during spreading is known
to change significantly the observable contact angle
(Ref 13) because the solid-liquid interface is not macro-
scopically flat. Anisotropic spreading could be confused
with anisotropic dissolution in this case. For In/Ge and
Au/Si systems the effect of dissolution on contact angle
should not be ignored.

The present study was motivated by the lack of the reliable
data on contact angle anisotropy in metallic systems. Liquid Pb/
solid Cu couple was selected due to the several reasons: (i)
absence of intermetallics and low mutual solubility; (ii)
comparatively low affinity of both metals to oxygen, allowing
to remove the oxide films from the surfaces without ion
sputtering; (iii) presence of reliable literature data on the
anisotropy of solid Cu surface energy and Pb-Cu interfacial
energy. In order to analyze the details of spreading process on
an atomic scale, a molecular dynamic simulation of Pb/Cu
system was performed in parallel to the experiment.

2. Experimental

The experimental setup used for studying wetting and
spreading of molten lead on copper surface is presented in
Fig. 1. It consists of the vacuum oven equipped with the
samples support (5), melt dispensing system (4), and optical
system.

Vacuum oven consists of oil-diffusion pump-based vacuum
system and a heating volume. A set of tungsten strips form
the cage-type resistive heating element (3). The heater is
surrounded by molybdenum radiation insulation screens (2)
and fixed in water coolant housing (1) of the oven. The oven
allows carrying experiments in temperature range of 300-
1400 °C in vacuum down to 5 x 10~° mbar or in reducing
atmosphere of He-5%H, gas mixture up to the atmospheric
pressure.
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Fig. 1 (a) Experimental setup designed for studying wetting by dis-
pensed drop technique at high temperature in controlled atmosphere.
1—Vacuum chamber with water-cooled stainless steel housing,
2—molybdenum radiation shields, 3—tungsten resistance heater,
4—alumina dispenser, 5—alumina substrate support, 6—dispenser
manipulation system. (b) Alumina dispenser. 7—alumina plunger,
8—alumina capillary

The melt dispensing system (Fig. 1b) consists of an alumina
crucible with plunger (7) and a capillary tip (8). The crucible is
inserted in a specially designed holder (6). It allows moving the
plunger inside the crucible to extrude the drop of melt. There is
another mechanism to adjust position of dispenser as a whole
up and down. Dispensing system is made of stainless steel and
molybdenum and can work at temperatures up to 1400 °C in
vacuum or reducing atmosphere. A water circulation is used to
cool the dispensing system.

Dispensed drop technique has several advantages comparing
to classical sessile drop technique: (i) it is possible to remove
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the oxide films from the surface of the liquid by extrusion of the
drop through the thin capillary; (ii) a liquid can be equilibrated
with the high melting point components directly inside the
crucible before the contact with substrate; (iii) the substrate can
be subjected to heat treatment at high temperature separately
from the low melting point sample. This technique is success-
fully exploited by several research groups to study wettability
at elevated temperatures (Ref 11).

The sample support is the alumina rotatable table (5)
situated in the center of the heating zone which is fixed at the
bottom of the shields. This allows us to place a number of
samples on the table and investigate several drops in a single
experiment.

The optical system is based on the rapid video camera
“FastVideo-400”. Backlight illumination is carried out by high
intensity discharge lamp with collimator system that produces a
convergent high intensity light beam. It is necessary to produce
an acceptable light flux to fulfill the camera sensitivity at the
shutter time of several microseconds. This system allows us to
acquire sharp images of spreading drop at rates up to
1000 frames/s with an acceptable resolution.

The polycrystalline copper of 99.999% purity was used
without any additional purification. Copper monocrystal was
obtained from Institute of Solid State Physics RAS. The
samples were cut by electrosparking cutting machine to
produce 2 mm thick slides. The shape of copper samples was
the following: 10 x2 mm  polycrystalline disks,
10 x 10 x 2 mm {100} monocrystals, and 10 x 12 x 2 mm
{110} monocrystals. Copper slides were ground using SiC-
paper and then polished with diamond pastes to 1 um. The
samples are rinsed by dilute HC1 and water to eliminate oxide
layers and then ultrasonically cleaned with acetone-ethyl
alcohol mixture and dried by pressurized air immediately
before placed into vacuum chamber.

To form the melt we used lead granules of 99.9999 % purity.
The lead and calculated amount of copper needed to form
saturated solution of copper in lead at experiment temperature
were placed in alumina crucible with plunger.

The following experimental procedure was used to compare
wettability of copper substrates with different surface orienta-
tion. Three samples of Cu-polycrystal, {100}, and {110}
monocrystals were placed on the alumina support inside the
furnace, than the installation was evacuated down to 5 x 107°
mbar total pressure and heated up to 450 °C. At this moment
He-H, gas mixture was introduced to 0.5 bar total pressure.
The furnace was heated up to 560 °C, the temperature was
maintained for 20 min and then the installation was cooled
down to 450 °C. The first Pb drop was deposited on
polycrystalline Cu substrate and drop shape evaluation during
spreading was registered. The final base diameter of the drop
varies from 2.5 to 4.5 mm. After that the thermal treatment at
560 °C was repeated. Than the sample support was slightly
rotated to shift the substrate by a few millimeters and the
second drop was deposited on the same substrate without
interference with substrate edges and without coalescence with
the first drop (Fig. 2). The procedure of two drops deposition
was repeated for the {100} and {110} monocrystalline
substrates.

The drop shape parameters (contact angle and drop base
diameter) were extracted from the sequence of spreading drop
images (Fig. 3). On the initial stage of spreading, when the
drop shape was significantly perturbed, contact angles were
measured by tangent method. For the sessile drops that
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Fig. 2 Experimental procedure explored to deposit consequently
two drops on the surface of three substrates

Fig. 3 Deposition and spreading of the Pb-Cu drop on the {110}
Cu surface at 450 °C in He-H, atmosphere
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achieved the capillary equilibrium, both tangent and Laplace
equation fitting methods were used. The precision of the
contact angle measurements was 1°.

3. Modeling

The simulations of spreading of the liquid Pb over solid
Cu{100}, Cu{110}, and Cu{111} surfaces have been carried
out using classical molecular dynamics (MD). The calculations
have been run on a SKIF-MSU supercomputer using efficient
parallel Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS) (Ref 14).

Undoubtedly, the choice of the right interatomic potential
that can accurately describe the potential energy surface in
binary Pb-Cu system and thus reproduce the experimental bulk
phase diagram, is of primary importance for obtaining the
reliable results. As well as for the other metallic systems, the
multibody contribution to the potential energy of each atom is
large enough to be explicitly taken into account, as in the
embedded atom method (EAM) formalism (Ref 15). In the
present work we used the EAM interatomic potential for Pb-Cu
system (Ref 16) based on the previously derived potentials for
pure Pb (Ref 17) and Cu (Ref 18) and fitted to reproduce well
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the experimental values of liquid alloy heat of mixing and the
binary phase diagram. It has been used previously to study the
wetting phenomena (Ref 19-22) and thus was chosen to be used
in the present work.

The initial state of a system was constructed by a Cu surface
and Pb spherical droplet placed in contact with each other at
327 °C. The Cu crystal surface was created with either (100),
(110), or (111) face oriented towards z direction. Periodic
boundary conditions have been applied in x and y dimensions,
thus forming two free crystal surfaces. The lateral size of a
simulation cell has been selected large enough to allow Pb
spreading without covering the whole Cu surface, namely
115 x 115 nm. The lowest layer of atoms was kept fixed,
whereas the other atoms were allowed to relax. The total
thickness of the Cu slab is four atomic layers (0.7 nm).
Depending on the orientation, the Cu substrate contained
approximately from 500,000 to 800,000 atoms. The Pb droplet
was represented as a sphere of 16 nm in diameter, containing
72,484 atoms. The liquid Pb has been equilibrated at constant
temperature prior to contacting the Cu surface. The temperature
in the system has been kept constant using the Langevin
thermostat, time integration was done in NVE ensemble with
the time step of 5 fs. Typical MD trajectory length was 40 ns.
The simulation of 10 ns required approximately 17 h on 256
cores of a supercomputer.
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Fig. 4 Contact angle and relative drop base diameter vs. time for the first and second droplet of Pb-Cu alloy deposited on the Cu{100} (a, b),

Cu{110} (c), and polycrystalline Cu (d) surfaces at 450 °C in He-H,
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The contact angles were extracted from the simulation
snapshots by construction of the Pb density profiles in two
mutually orthogonal directions. More specifically, to construct
the density profile in x-z projection the number of Pb atoms was
counted for every volume (x;x; + Ax] x [yi;yn] X (zrszx + Az],
where i=1, ..., N,j=1, ..., M and the drop is completely
inside the volume (x1;xy) X (y1;9W) X (21;523). Then two edges
of the drop have been determined for every z;, 1 < k < M.
The same procedure was repeated for the y-z projection. After
that the two contact angle values have been determined from
every projection, which resulted in four values that were
averaged.

4. Results

4.1 Dispensed Drop Experiments

The dependencies of the contact angle on the spreading time
for Pb-Cu/Cu{100} system and the relative drop base diameter
on the spreading time for Pb-Cu melt on Cu{100}, Cu{110},
and polycrystalline Cu are presented in Fig. 4. A pronounced
difference in spreading behavior for the first and the second
drop was observed. The first drop demonstrates relatively
complex spreading behavior. During the initial fast stage of
spreading (0-50 ms) the contact angle decreases down to 80°.
Such a high value could be an indication of a copper surface
pollution. Than the contact angle gradually decrease during
~100 s to 35°. It should be noticed that the time of the slow
stage varied from 10% to 10’ s and the final contact angle is
scattered in the range of 35°-45°.

The second drop demonstrates completely different behav-
ior. Equilibrium contact angle equal to 35° was observed within
~10 ms—typical time needed for millimeter-size droplet to
reach equilibrium in non-reactive system (Ref 11).

The effect of substrate orientation on the contact angle did
not exceed a few degrees. The time dependencies of contact
angle and drop base diameter for the second drops on Cu{100}
and Cu{110} substrates are presented in Fig. 5. It can be seen
from presented data that equilibrium contact angle and final
base diameter is reached after ~10 ms on both substrates.
Contact angle for Pb-Cu drop on polycrystalline copper is close
to the one obtained on monocrystalline substrates. Average
values obtained from three independent experiments are
presented in Table 1.

After the solidification, the Cu substrates with Pb drops were
examined with optical microscopy. Dewetting zones were not
observed on substrate surface. Spreading anisotropy was not
detected on {100} monocrystalline and on polycrystalline
substrates. In the case of {110} monocrystals, a different
behavior was observed for first and second deposited drops.
Triple line formed by the first drops had elliptical shape, axis
ratio of ellipses ranged from 1.1 to 1.3 with long axis parallel to
(110) direction of substrate. Second drops forms circular triple
line, axis ratio was well under 10% (Fig. 6).

4.2 MD Simulation

The consequent images of Pb drops spreading over (100),
(111), and (110) Cu monocrystals are presented in Fig. 7, 8, and
9. Only Pb atoms are presented in the figures for clarity. The
dependence of drop base diameter and precursor film diameter
on time is presented for (100) surface in Fig. 10. The
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simulation results demonstrate that on the first stage of
spreading (from 6 = 180° at # = 0 to 0 close to 40°) the drops
spread as a whole over all substrates during 3-4 ns. The
following sharp decrease of the triple line velocity is coupled
with the formation of the precursor film. The precursor film is
one-monolayer thick on the (110) surface and two-monolayer
thick on the (111) and (100). On the second stage of spreading
the precursor film continues to extend over Cu surface leaving
behind the triple line. The triple line velocity approaches zero at
~10 ns and the final contact angle value close to 30° (for all
considered surfaces) is reached at the same moment (Table 1).
The last spreading stage (10-20 ns) is characterized by the
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Fig. 5 Contact angle and drop base diameter vs. time for Pb-Cu al-
loy deposited on the Cu{100} (a) and Cu{110} (b) surface (second
drops)

Table 1 Values of equilibrium contact angle of Pb drop
on Cu substrates with different surface structure

Solid state
wetting(a) (Ref 10)

Dispensed drop MD simulation
(this work) (this work)

T, °C 450 327 310
{111} 32° 48.3°£1.75°
{100} 36°£3° 31° 34.0°£1.57°
{110} 32°+4° 31°
Polycrystal 32°042° . 31.8°4£3.75°

(a) Standard deviation of measured contact angle is taken as error
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Fig. 6 Top view of solidified first (a) and second (b) Pb drops deposited on {110} Cu surface (optical micrograph). Orientation of copper sub-
strate is marked on the top of the drops

0.1ns

1ns
" .
10 ns 10 ns

20 ns
20 ns

10 nm 10 nm
[001] [010] [111] [121]
[100] [100] {101] [101]
Fig. 7 Consequence of Pb drop snapshots on (100) Cu surface Fig. 8 Consequence of Pb drop snapshots on (111) Cu surface
from MD simulation, side view is presented in the left column and from MD simulation, side view is presented in the left column and
top view in the right column. Orientation of the copper substrate is top view in the right column. Orientation of the copper substrate is
marked in the bottom marked in the bottom

580—Volume 21(5) May 2012 Journal of Materials Engineering and Performance



10 ns

ki,

20 ns

.

40 ns

10 nm

[001][

[110]

Fig. 9 Consequence of Pb drop snapshots on (110) Cu surface
from MD simulation, side view is presented in the left column and
top view in the right column. Orientation of the copper substrate is
marked in the bottom

immobile triple line and growing precursor film. The depen-
dencies of the contact angle and drop base diameter on time in
logarithmic scale are presented in Fig. 11.

The top view of the fragments of precursor film on (100),
(111), and (110) surfaces are presented in Fig. 12. The films on
(111) and (110) surfaces are of crystalline nature, whereas the
film on the (100) surface is more disordered. In all cases the
structure of the precursor film is determined by the structure of
underlying copper surface: two hexagonal close-packed layers
on (111), two square packed layers on (100), and one
rectangular packed layer on (110). The interatomic distances
in all cases are smaller comparing to ones in bulk Pb. The
density of Pb atoms in the film corresponds to 2.18 monolayers
for (111) (a monolayer of Pb atoms on the same surface of Pb is
taken as reference), 2.35 for (100), and 1.55 for (110).

The substrate orientation essentially affects the shape of the
precursor film and the drop symmetry (Fig. 7, 8, and 9). The
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Fig. 10 Drop base diameter and precursor film diameter vs. time
for Pb drop on (100) Cu surface (MD simulation)
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Fig. 11 Contact angle (a) and drop base diameter (b) vs. time for
Pb drop spreading over monocrystalline Cu substrates (MD simula-
tion)

most disordered film on (100) surface demonstrates tendency to
form rounded square shape (at 10 ns), but almost circular shape
was observed on the last stage of spreading (20 ns). The bulk
drop does not deviate significantly from the spherical cap shape.
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Fig. 12 Structure of Pb precursor films on (100) (a), (111) (b), and (110) (c¢) Cu surface (MD simulation)

The precursor film on (111) surface becomes hexagonal-shaped
on the last stage of spreading. This is in agreement with the
crystalline character of precursor. In the same time, the triple
line of bulk drop on (111) surface is circular. Spreading of
precursor over (110) surface is strongly anisotropic. The
precursor do not spreads ahead triple line in [001] direction
and intensively spreads in [110] direction. The film has specific
shape with depression in [110] direction opposite to the drop
center. The bulk drop shape evaluates from spherical cap on the
initial step of spreading (before precursor formation) to the
rounded rectangular at intermediate step. During the last step of
spreading drop demonstrates tendency to round triple line. In the
case of (110) substrate time needed for complete the equilibra-
tion of bulk Pb drop on the top of precursor film, seems to be
higher than 20 ns. Thus the equilibrium contact angle, estimated
from MD simulation, should be several degrees less than 30°.

5. Discussion

Dispensed drop technique was used for the first time to study
wettability in Pb-Cu/Cu system. It gives us an advantage to study

582—Volume 21(5) May 2012

in details the first stage of spreading. A significant difference in
behavior of the first and second drops, observed on both
monocrystalline and polycrystalline substrates could be explained
by formation of lead precursor film after first drop deposition. The
formation of such film, first suggested by Bailey (Ref 23) to
explain reduction of solid Cu surface tension in the presence of Pb
vapor, was observed directly by scanning Auger microprobe (Ref
10) and Rutherford backscattering (Ref 24). All the experiments
presented in this work were performed under He-H, atmosphere
with moderate preliminary heat treatment at 560 °C for 20 min.
Thus, the Pb deposition on Cu surface through the vapor phase
before drop transfer is unlikely. We suppose that spreading kinetics
for first drop is linked to displacement of adsorbed on Cu surface
species (hydrogen, carbon, other impurities from gas phase) by Pb
atoms. As the amount of impurities can vary from sample to
sample, spreading time for the first drop was systematically not
reproducible. Quantitative interpretation of spreading kinetics is
difficult in this case. Improvement of experimental procedure
(purification of furnace atmosphere and copper surface) is needed
to perform this analysis.

When the substrate with already deposited Pb drop heated
again up to 560 °C for 20 min mobility of precursor film
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increases and it is able to cover all available surface of Cu
substrate and to replace the surface impurities. Thus, the second
drop is deposited directly on Pb precursor film and spreads
without kinetic limitations on triple line within ~10 ms similar
to many non-reactive liquid metal/solid metal couples, such as
Pb/Fe (Ref 11) and Pb/W (Ref 12). It is suggested in Ref 11 that
inertial forces predominantly controls spreading in this case.
Due to complex liquid shape evolution (Fig. 3) and flow
behavior inside the drop analytical model of such spreading did
not suggested to the moment.

A proposed interpretation for the spreading difference of
“first drop” and “second drop” is supported by the observation
of spreading anisotropy for the first drop on {110} surface.
According to MD simulation spreading of the precursor film
toward (001) direction is considerably slower than toward (110)
direction, leading to the noticeable elongation of the precursor
film in (110) direction. The second drop, deposited on the
precursor film, should be axisymmetric, because the impedi-
ments for circular triple line formation are vanished. The
formation of axisymmetric second drop on {110} surface is
confirmed experimentally (Fig. 6).

Both experimental and simulation results indicates that the
contact angle anisotropy is negligible in Pb/Cu system
(Table 1). To understand this result the anisotropy of solid-
vapor and solid-liquid interfacial energies should be consid-
ered. The surface energy of solid copper in the absence of Pb
vapor is known to be almost isotropic. This fact was recently
confirmed by the study of equilibrium shape of copper
monocrystals on sapphire support (Ref 25). It was shown
that at 1240 K c4,{110}/04{100} = 1.012 and 4 {100}/c,
{111} = 1.004. We do not have any data on copper surface
energy anisotropy at low temperature (which could be poten-
tially higher than one close to copper fusion point), but there is
an indirect evidence, that even at Pb fusion temperature solid
copper surface energy is isotropic. The direct measurements of
Pb adsorption on solid Cu by AES shows, that Pb atoms
density is similar on both {111} and {100} surfaces and equal
to 0.7-0.8 monolayers in equilibrium with solid Pb drops at
310 °C (Ref 10). As the adsorption of Pb is similar for different
Cu substrate orientation, the decrease of solid Cu surface
energy in equilibrium with Pb should be the same.

The anisotropy of solid-liquid interfacial energy in Pb-Cu
system was recently studied by Felberbaum (Ref 26). The
equilibrium Pb intragranular inclusions in copper had spherical
shape at 7 > 400 °C, indicating isotropy of solid-liquid interface.

Thus, we can conclude that the isotropy of contact angle
observed in our study at 450 °C is due to the isotropy of solid-
liquid and solid-gas interfacial energy. This result is in
contradiction with solid state wetting results, reported in Ref
10. Wynblatt at al. explains the observed effect by the
anisotropy of interfacial energy on solid Pb-solid Cu interface.
The authors (Ref 10) estimated the solid Pb/solid Cu interfacial
energy as 926 mJ/m” for {100} and 1016 mJ/m? for {111}
copper surface at 310 °C. This estimate does not agree with the
data on intragranular Pb particle shape at 400 °C (Ref 26):
{111} facettes were formed on the particle surface indicating
that Pb/Cu {111} interface has a lowest energy among the other
orientations. There are two possible explanations of this
disagreement: (i) anisotropy of Pb/Cu interfacial energy is
reversed on Pb solidification, energy of Cu {111}/Pb interface
becomes higher than one of Cu {100}/Pb interface; (ii) contact
angles measured in solid state wetting experiments are not the
equilibrium ones.
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6. Conclusions

On the basis of both experimental study and MD simulation
of equilibrium contact angles and spreading kinetics of liquid
Pb over polycrystalline and monocrystalline Cu substrates we
can draw several conclusions

1. Anisotropy of contact angle is negligible above Pb fusion
temperature due to practical isotropy of solid-gas and so-
lid-liquid interfacial tensions.

2. Most of the data presented to date on the anisotropy of
wetting and spreading for binary liquid metal/solid metal
(or semiconductor) systems could be explained by selec-
tive oxidation of different substrate surfaces or by aniso-
tropic dissolution of substrate in the melt. Contact angles
obtained in the absence of dissolution on the sample sur-
faces free from impurities are isotropic (Ref 13).

3. Spreading of millimeter-size (Pb-Cu) drops over Cu sub-
strate, which is not covered by the Pb monolayer, pro-
ceeds much slowly (10%-10° s) comparing to other non-
reactive liquid metal/solid metal systems such as Pb/Fe
or Pb/W. This probably due to kinetic impediments for
the triple line motion due to replacement of adsorbed on
copper surface impurities by lead atoms. Equilibrium
contact angle of Pb drop deposited on preliminary
formed precursor film is reached within 10 ms, which is
typical for non-reactive metallic couples.

4. Spreading anisotropy observed on the {110} Cu substrate
could be attributed to strong anisotropy of precursor film
development. If precursor film is preformed on {110} Cu
surface, spreading anisotropy is vanished.
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