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Abstract

Wetting and dewetting of liquid metals and glasses on ceramic substrates has been investigated using a combination of micro-
scopy techniques. The influence of surface structure on dewetting behavior and the influence of the dewet droplets on the mor-
phology of surface steps has been shown with the aid of experimental observations from many systems. The role of chemistry and
kinetics on the wetting behavior has also been demonstrated. Finally, the possibility of exploiting reconstructed ceramic surfaces for

nanopatterning of metal particles has been illustrated.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The wetting of a ceramic phase by a glassy phase or
by a liquid metal is a technologically relevant problem
that is encountered under many situations. Processing
of ceramics using liquid phase sintering relies on the
wetting of the ceramic powder compact by a lower
melting additive.!3 The additive may be a non-metallic
glassy phase, as in oxide ceramics, or can be a liquid
metal as in the case of Co additives for WC ceramics.
The wetting of ceramics by liquid metals is also
encountered in joining applications like active metal
brazing.

While there are many common features in the wetting
behavior of glasses and metals on ceramic surfaces,
there remain distinct differences. Wetting behavior of a
liquid on a substrate is usually quantified in terms of the
contact angle that the liquid makes with the substrate
material. Analysis of sessile droplet geometry is the
most commonly used method to obtain contact angles
and study wetting behavior. Alternatively, dewetting of
an initially continuous film has also been shown to be a
powerful approach to study several aspects of glass/
ceramic interactions. While the effect of atmosphere
can play an important role in the wetting behavior of
glasses, it is probably more critical in the case of liquid
metals.
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The main purpose of this paper is to review our work
on dewetting behavior in a wide variety of metal and
ceramic systems and identify common themes that link
these systems together. Thus, the results from different
systems are combined into sections based on the common
features rather than focusing on system-specific details.

2. Background
2.1. Metal/ceramic interfaces

Metal/ceramic interfaces are encountered in a wide
variety of systems. The joining of metals and ceramics
by active metal brazing relies on the wetting of the
ceramic by a liquid metal. In the electronics industry,
the packaging of microelectronic devices places metals
and ceramics in intimate contact and the reliability of
the device often depends upon the integrity of the metal/
ceramic interface. Ceramics are also used as barrier coat-
ings (thermal or reaction barriers) on metals surfaces that
are susceptible to corrosion/reaction at high tempera-
tures. Another application that has gained importance
more recently is in the field of implant materials. In this
case, bioactive ceramics (bioglass or hydroxyapatite) are
coated on Ti alloys and the integrity of the interface
dictates the performance of the material inside the
human body. Oxide-dispersion strengthened metals repre-
sent examples where an oxide phase in a finely dispersed
form is used to strengthen the matrix metal. Depending
on the application, different requirements need to be
met. While the formation of reaction products that aid
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in bonding may be required for joining applications,
reactions need to be prevented in the case of composite
materials. Thus, it is important to understand the beha-
vior of metals in contact with a ceramic material.

2.2. Glass/ceramic interfaces

The primary motivation to study glass/ceramic inter-
faces arises from the use of liquid-phase sintering for the
processing of ceramics. The lower melting point addi-
tives that are used (usually silicates) are retained as a
glass at room temperature and affect the properties of
the materials. Identification and quantitative thickness
measurements of intergranular glassy phases in ceramics
have been topics of active experimental research and
different types of behavior have been observed in dif-
ferent systems.®’ While oxide ceramics may have dif-
ferent thicknesses of the glass layers along different
boundaries,? it is reported that the thickness of the
intergranular phase in silicon nitride grain boundaries is
independent of the crystallography.® Sintering in the
presence of a liquid phase relies on the wetting of the
ceramic compact by the liquid phase. Thus, it is impor-
tant to study the wetting behavior of liquids in contact
with a ceramic material.

3. Experimental

Pulsed-laser deposition (PLD) is used to deposit thin
films (~100 nm) of the glass phases on single crystal
surfaces of ceramics. Results from the CaAl,Si,Og/
A1203, BaAlzsizog/AbO& SlOz/TlOz and B1203/Zn0
systems are presented. For the dewetting studies, the
film/substrate assembly is annealed for different times at
temperatures where a liquid forms and cooled to room
temperature at different rates. The Pt/Al,O5 system has
been chosen for the metal/ceramic system. Two different
types of samples are examined. A thin layer of Pt (~2
nm) dewets to produce small particles on the surface.
This is used to study step interactions with particles.
For dewetting studies, a small piece of Pt is placed on a
reconstructed single crystal surface (m-plane) of alu-
mina and annealed in vacuum at 1800 °C.

The annealed samples are examined at different length
scales using a combination of microscopy techniques.
Visible-light microscopy (VLM, Olympus BH2) is used
to obtain overall droplet morphology over a large area.
A field-emission scanning electron microscope
(FESEM, Hitachi S900) operated at 5 kV has been used
to examine interactions at a higher resolution. Samples
for scanning electron microscopy (SEM) analysis were
coated with a thin layer (~1-2 nm) of Pt to avoid
charging. Topographic information at high resolution is
obtained using an atomic force microscope (AFM,
Nanoscope III) operated in contact mode.

Flux-growth of ceria samples was carried out using
99.9% pure (Alfa Aesar) ceria powder. Ten wt.% ceria
powder was loaded in sodium tetraborate (Na,B405) in
a Pt crucible. The crucible was heat treated in air at
1150 °C for 72 h, cooled at a rate of 5 °C/h to 850 °C at
which point the power to the furnace was shut off.

4. Results and discussion
4.1. Influence of particles on surface steps

The wetting behavior of liquids on flat surfaces is
discussed in terms of the Young’s equation that is based
on the equilibrium of forces at the SLV triple junction.’
In real systems, however, surfaces may not be ideally
flat.!® Single crystals of low energy orientations are the
closest approximations to a truly flat surface and hence
are often used to study the wetting behavior of liquids.
However, most surfaces deviate slightly from the ‘ideal’
low-index orientation and hence reconstruct into a ter-
race-and-ledge morphology upon heat treatment at high
temperatures.'!"!> The ledges/steps that are formed on
the surface are usually mobile at high temperatures
where the dewetting experiments are carried out.'316
Thus, interactions between the moving steps and the
droplets at high temperatures become very important.
The surface steps are modified by the presence of the
droplets while the steps affect the morphology of the
droplets they interact with.

Anorthite liquid dewets to forms circular droplets on
a basal alumina surface. The details of dewetting on this
surface have been extensively investigated.!”!° Fig. 1 is
a secondary-electron (SE) image of a basal surface of
alumina that contained a dewet anorthite droplet. The
droplet has been etched away using HF. The original
position of the droplet is outlined by the surface steps
here. The direction of motion of the surface steps has
been indicated by the arrow. While steps further away
from the droplet remain straight, step bending leading
to the formation of curved steps is seen in the vicinity of
the droplet. Another interesting feature that is seen here
is the presence of faceted segments in regions that were
lying beneath the droplet. These form as a result of
precipitation of alumina from the anorthite liquid on
cooling the sample. Accelerated kinetics due to the pre-
sence of a liquid leads to faceted step segments in this case.

This type of interaction of the steps with the particles
on the surface is observed in many other systems.

Fig. 2 is a backscattered-clectron (BSE) image show-
ing steps interacting with a celsian particle. The celsian
particle appears bright in this image due to its higher
average atomic number. The pinning of steps on the
surface is seen in this case. Extensive step bending lead-
ing to the formation of concentric step loops has been
reported in this case.
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Similar interaction leading to step bending and
bunching has also been seen in the case of Pt particles
lying on a basal alumina surface (Fig. 3). Step bending
around large particles and the association of smaller
particles with the step segments is shown here.

Fig. 4 is an illustration of a different system where
such an interaction is encountered. The growth of single

Fig. 1. SE image of the basal surface of alumina which contained
anorthite droplets. The droplets have been etched away using HF,
revealing faceted segments contained under the droplets of glass.

Fig. 2. BSE image of celsian particles on alumina. This image illus-
trates the pinning of steps by particles.

crystals of ceria from a supersaturated sodium tetra-
borate flux is shown here. The VLM image shown here
is of a cerium oxide crystal grown from a supersaturated
sodium tetraborate (Na;B40) flux. Hopper growth is
the cause for the spiraled morphology of this crystal.
The depth of this pit is around 20 um. After the first
nuclei form, a dendritic growth stage occurs. “Hopper”
growth usually follows this initial dendritic stage. Hop-
pers result when the growth rate at the edges exceeds
that at the center of the crystal face.?® This affect is fur-
ther amplified when the crystal face resides at the

Fig. 3. SE image of a Pt particle pinning step motion on the basal
surface of alumina.

Fig. 4. VLM image of ceria grown by the flux-technique. The large
spiral is due to hopper growth. These features are seen when crystals
reside at the flux/air interface which inhibits solute transport to crystal
at the interface. The area of the image is 1 x1 mm.
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surface of the flux (the case here) therefore restricting
mass transport to this surface and causing such a struc-
ture. The bright, triangular shaped regions in Fig. 4 may
be flux inclusions or remnants of the initial dendritic
growth. Cerium oxide single-crystals grown in a sodium
teraborate flux display a cube habit. The fastest growth
direction is the <111> Ileaving behind {001} faces.
During runs where large amounts of flux have been lost,
octahedron crystals bounded by {111} faces have been
observed. This is in agreement with the observations of
Linares where octahedron were only observed in the
Na>O-B,0O; system when Na/B<1.0.2!

An AFM image (deflection mode) of Bi,Oj; crystallites
on a (0001) ZnO surface is shown in Fig. 5. The crys-
talline particles impede the step motion leading to the
formation of curved steps on this surface.

4.2. Influence of surface on the dewetting behavior

In the previous section, it was pointed out that the
morphology of the dewet droplets is affected by the step
structure. There have been extensive studies of mor-
phological evolution in the case of anorthite liquid on
reconstructed alumina surfaces.*>2223 It has been
shown that the droplet morphology can deviate sig-
nificantly from a circular cross-section due to the pre-
sence of a stepped structure.

Chemistry also plays a very important role on the
development of the droplet morphology.®?* A striking
example is seen in the VLM image of SiO, liquid
dewetting on a (001) rutile surface (Fig. 6). Large dewet
droplets of the order of 5-10 um appear dark in this
image. Smaller droplets that form a cellular network

Fig. 5. AFM deflection-mode image of Bi,Oj crystallites on (0001)
ZnO surface. These crystalline particles impede step motion which
causes curved steps on the surface. The image scan size is 20x20 um.

can be seen around the larger dewet droplets. Dewetting
on this surface leads to the formation of droplets with
two distinct length scales. The inset shows an interesting
contrast variation inside the larger dewet droplet. The
origin of this contrast is discussed later. The formation
of complex non-circular patterns of the dewet droplets
in this case is related to the instabilities arising due to
solute transport. The detailed mechanism for the for-
mation of such structures has been discussed else-
where?® and is outlined here. Dewetting of the liquid on
the (001) surface begins with the formation of local
regions in the liquid differing in thickness and curva-
ture. The difference in curvature leads to differences in
local solute chemical potential as given by the Gibbs—
Thomson equation. Thus, redistribution of solute that
takes place across regions with different thickness/cur-
vature leading to local changes in composition/wetting
behavior. Thus, any instability at the periphery of the
liquid can be amplified leading to the formation of such
complex patterns. This is analogous to the growth of
dendritic structures during solidification.

A direct evidence for the mass transport occurring
across the regions of different thickness is seen in the
TEM image shown in Fig. 7. This cross section sample
was prepared using a focused-ion beam tool. The Pt
strap seen coating the cross-section in Fig. 7 is deposited
to protect the specimen during the thinning process.
Diffusion of solute across the droplet leads to an
enrichment near the periphery of the droplet. Depend-
ing on the temperature, the excess solute precipitates
out from the liquid phase. The arrows in the figure
indicate regions on the substrate where the excess TiO,
has precipitated indicating an enrichment of the solute
phase towards the periphery of the droplet. This pre-
cipitated region has a radial symmetry and leads to the
contrast variation that was shown in the inset in Fig. 6.

Fig. 6. VLM image of SiO, which has dewet the (001) surface of
rutile. Dewetting on this surface occurs on two length scales.
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Fig. 7. Cross-sectional TEM image of SiO, dewet droplets on the (001) surface of rutile. Diffusion of solute across the droplet results in ridges

forming at the periphery of the droplet (indicated by arrows).

Another interesting variation is observed during
dewetting of SiO» on a (110) surface of rutile. Fig. 8 is a
deflection AFM image showing dewet SiO, droplets on
a (110) surface of rutile. The reconstruction of the (110)
surface of rutile under UHV conditions has been exten-
sively studied.?®=>° Here, the surface reconstructs to

form small steps of the order of 2 nm. The presence of
these steps on the surface lead to the formation of

elongated droplets, aligned along the step direction.

4.3. Influence of kinetics on morphological evolution :
cooling rate effects

The influence of structural features like surface steps
and chemistry on the evolution of dewet droplet mor-
phology was discussed in the previous sections. In this
section, the influence of the cooling rate on the droplet
morphology is discussed.

Fig. 9 is an SE image of the m-plane of alumina on
which an initially continuous layer of anorthite has
dewet to form discrete droplets. The sample was cooled

at 1 °C/min. Nominal cooling rates of the order of

Fig. 8. AFM deflection-mode image of SiO, droplets on the (110)
surface of rutile. The presence of steps on the surface leads to the for-
mation of elongated droplets. The image scan size is 50x 50 um.

200 °C/min lead to the formation of non-circular dro-
plets that are flattened parallel to the step direction on
one side. Slow cooling leads to the attainment of equili-
brium along the periphery of the droplet. The liquid is
seen to spread along one type of facet on the recon-
structed m-plane. This situation is analogous to sec-
ondary wetting that is seen in the case of liquids
dewetting on polycrystalline substrates.

The effect of cooling rate is very pronounced in the
case of SiO; liquid on the (001) rutile surface. It is pos-
sible to suppress dewetting in this case by quenching the
sample. Fig. 10 shows a VLM image from a sample that
was annealed at 1650 °C for 15 min and removed from
the furnace. The high rate of cooling achieved by this
process suppresses the dewetting of the continuous
liquid film. Two distinct length scales for the fluctuation
can be seen in this case. Reheating the sample to 1650 °C
and cooling it slowly leads to the formation of the pat-
terns that were shown in Fig. 6. This is seen in the VLM
image shown in Fig. 11. The fluctuations on the liquid

i
il
1
!
!
1
!
i
3
§
4

Fig. 9. SE image of anorthite glass which has dewet the m-plane of
alumina. The liquid has spread along one type of facet on the recon-
structed surface.
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surface are precursors to the two length scales of dewet
droplets that are observed on this surface.

4.4. Reprecipitation behavior: homogeneous vs hetero-
geneous precipitation

As pointed out earlier, the condition of an inert sub-
strate is often not realized in practice and the substrate
actively participates in the wetting/dewetting process. In
particular, in the examples presented here, the liquid
dissolves the underlying substrate at high temperature,
then reprecipitates on cooling the sample. In the case of
the alumina/anorthite system, a pseudobinary system, the
reprecipitation takes place heterogeneously on the exist-
ing substrate. The faceted steps that are seen in Fig. 1
are formed as a result of the reprecipitation process.

Fig. 10. VLM image of SiO, on the (001) rutile surface. This sample
has been quenched from 1650 °C, suppressing dewetting.

Fig. 11. VLM image of the sample from Fig. 10 which has been reheated
to 1650 °C and cooling slowly, leading to pattern formation.

Fig. 12 is a BSE image showing a dewet SiO, droplet
on a (001) rutile surface. The SiO,-rich liquid that has a
lower average atomic number appears darker in this
image. Fine precipitates (that appear brighter) are seen
on the surface of the dewet droplet. From the phase
diagram for the TiO,—SiO, system, TiO, dissolves in the
SiO, liquid at high temperatures. The excess TiO,
reprecipitates on cooling. In the alumina/anorthite case,
it was seen that the reprecipitation takes place hetero-
geneously on the existing alumina substrate. However,
in this case, homogeneous precipitation of the TiO,
phase is also observed. It is to be noted that this process
does not rule out the precipitation of TiO, by hetero-
genoeus nucleation.

However, in the case of TiO, precipitating from a
SiO»-rich liquid, the reprecipitation also takes place
homogeneously in the liquid phase. The amount of
homogeneous versus heterogencous nucleation may be
determined by the undercooling and hence a large dif-
ference is seen in samples processed at different cooling
rates.

Fig. 13 is a BSE from a bicrystal of rutile containing a
thick layer of SiO, glass in between. The fabrication of
such bicrystals has been shown to be very useful in the
study of grain boundary migration in bicrystals. GBM
is observed in this particular boundary implying that
mass was transported from one of the bounding faces of
rutile to the other. This implies a heterogeneous
nucleation of the rutile phase. The precipitation of TiO,

Fig. 12. BSE image of SiO, on the (001) surface of rutile. Fine pre-
cipitates (appear bright) are present on the surface of the dewet drop-
let indicating homogeneous nucleation is occurring during cooling.
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rich phase is seen in the central region of the glassy
phase implying that a homogeneous precipitation of the
TiO,-rich phase has taken place inside the glass layer.
Thus, in this case, both homogeneous and hetero-
geneous nucleation of the TiO, phase takes place.

Fig. 13. BSE image of a bicrystal of rutile which contains a thick layer
of SiO, in between. GBM is observed in this bicrystal, indicating het-
erogeneous nucleation occurs, however the fine precipitates seen in the
central region between the two rutile crystals also indicates homo-
geneous nucleation.

Fig. 14. SE image of a Pt droplet on a reconstructed surface of m-
plane alumina. The Pt which was liquid has solidified to form a den-
dritic morphology. The particle is approximately 250 pm in diameter.

4.5. Pt on m-alumina: nanopatterning on a stepped
surface

The wetting behavior of metals on ceramic substrates
has been investigated in great detail for a wide variety of
systems. The influence of surface reconstruction on the
wetting behavior of ceramics has been investigated.
Here, the possibility of using reconstructed ceramic
surfaces to produce patterned metal nanoparticles has
been demonstrated. Ordered arrays of metal nano-
particles find applications ranging from catalysis to mag-
netic materials and thus are important technologically.

Fig. 14 is an SE image from a Pt droplet on a recon-
structed m-plane of alumina that was heat treated at
1800 °C for 15 min in a vacuum furnace. The Pt forms a
liquid at high temperatures and solidifies to form a
dendritic morphology as seen in this image. The size of
the particle is of the order of 250 pm. Examination of
regions adjacent to the droplet shows the possibility of
using the m-plane for nanopatterning. Fig. 15 is an SE
image from a regions adjacent to a larger Pt droplet.
Nanoparticles of Pt in the form of ordered arrays can be
seen in this image. The particles are located on the crests
of the stepped structure. The striking feature is the uni-
formity in size and spacing between the particles. The
particles form by condensation of liquid from the vapor
phase. The propensity for the particles to lie on the
crests of the stepped structure implies that condensation
is favored in these regions. Capillary surface tension
forces alone cannot explain this observation. There may
be an electrostatic origin to the formation of the liquid
phase along the crest regions. Presence of a continuous
layer of liquid along the crest can then lead to the
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Fig. 15. SE image of Pt nanoparticle arrays on the reconstructed sur-
face of m-plane alumina. This image was taken in a region near the
large particle in Fig. 14.
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formation of such ordered arrays due to a Rayleigh-
type instability. The wavelength of the instability dic-
tates the spacing between the particles. This approach
opens up newer ways to produce such ordered arrays.

5. Conclusions

Several conclusions can be drawn based on the results
presented here.

e While the wetting behavior of liquid metals and
silicate glass on ceramic substrates represent two
very different systems, there are common features
associated with these systems.

e There is a two-way interaction between the dewet
droplets and the steps on the surface. While the
presence of steps affect the morphology of dewet
droplets, the presence of droplets affect the
motion of steps on the surface.

e Kinetics plays a crucial role in determining the
dewetting behavior. For the case of anorthite
liquid on m-plane alumina, slow cooling leads to
extensive spreading of the liquid along one type
of facet on the surface. Fast cooling suppresses
dewetting in the case of silica liquid on a rutile
surface.

e The substrate actively participates in the dewet-
ting process. In the case of anorthite liquid on
alumina, alumina dissolves in the liquid at high
temperatures. The excess alumina precipitates
heterogeneously on the substrate on cooling. In
the case of silica on rutile surface, the excess TiO,
that dissolves in the silica liquid also precipitates
out homogeneously in the liquid. The redistri-
bution of silica in this case also leads to the for-
mation of patterns that are observed in this case.

e It is possible to use reconstructed ceramic sur-
faces as templates to produce arrays of metal
nanoparticles. This has been demonstrated
experimentally for the case of Pt particles on
alumina substrates.
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