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Introduction

It is generally recognized that the cap-
illary forces associated with internal and
external interfaces affect both the shapes
of liquid-vapor surfaces and wetting of a
solid by a liquid. It is less commonly un-
derstood that the same phenomenology
often applies equally well to solid-solid
or solid-vapor interfaces.

The fundamental quantity governing
capillary phenomena is the excess free
energy associated with a unit area of in-
terface. The microscopic origin of this
excess free energy is often intuitively
simple to understand: the atoms at a free
surface have “missing bonds”; a grain
boundary contains “holes” and hence
does not have the optimal electronic den-
sity; an incoherent interface contains dis-
locations that cost strain energy; and the
ordering of a liquid near a solid-liquid
interface causes a lowering of the en-
tropy and hence an increase in the free
energy. In what follows we shall show
how this fundamental quantity deter-
mines the shape of increasingly complex
bodies: spheres, wires, thin films, and
multilayers composed of liquids or solids.
Crystal anisotropy is not considered
here; all interfaces and surfaces are as-
sumed isotropic.

Drops
Spherical Drop

Consideration of the equilibrium of a
spherical drop of radius R with surface
free energy y shows that pressure inside
the droplet is higher than outside. The
difference is given by the well-known
Laplace equation:

Ap==1 (1)
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This result can be obtained by equating
work done against internal and external
pressure during an infinitesimal change
of radius with the work of creating a new
surface. By considering the mechanical
equilibrium (i.e., no net force) of a por-
tion of the same droplet obtained by a
planar cut, the surface free energy is
seen to be equivalent to a force-per-unit-
length pulling in a plane tangent to the
surface and perpendicular to the edge
(see Figure 1a). In this way it cancels the
force associated with the pressure differ-
ence between inside and outside. The
surface free energy is therefore also re-
ferred to as the surface tension.

By considering volume-conserving
perturbations of the surface, one can
show that in equilibrium the sum K of
the two principal curvatures must be
uniform over the entire surface. For a
sphere, the principal curvatures are 1/r,
and their sum 2/r is constant over the
entire surface. Comparison to Equation 1
shows that AP = K1y, a result that is gen-
erally valid.*

*This discussion applies only to fluids. For an
isotropic solid sphere, Equation 1 becomes
AP = 2f/r, where f is the surface stress. The
surface tension is the work to create a unit
area at constant strain; the surface stress is re-
lated to the work to strain the surface elasti-
cally. For fluids,"* f = v. For the equilibrium
shape problems in this article, the relevant
quantity is still the interface tension, even for
solids if there is sufficient plastic deformation
(usually diffusional) to permit creation and
elimination of interfaces at constant strain. If
the solid particles are larger than about
10 nm, the bulk values of the interfacial ten-
sions can be used. For smaller particles, the
strains induced by the interface stress may
shift the wvalue of the interfacial tension
slightly.

Consider a junction (Figure 1b) of three
interfaces with interface free energies
that are independent of orientation. The
equilibrium configuration, found by re-
quiring that a virtual displacement of
the triple junction causes no change in
the total interface free energy, corre-
sponds to that for which the net force on
the junction from the tensions of the in-
terfaces is zero.

Liquid Drop on a Solid Surface

In the absence of gravity, a liquid drop
on a solid surface has the shape of a
spherical cap (constant curvature) and
contacts the surface at an angle deter-
mined by the free energies of the three
interfaces. At a fixed volume of liquid,
the radius of the spherical cap and the
height of the center of the corresponding
sphere relative to the surface are uniquely
determined. If the solid surface is rigid
and planar (Figure 1c), the contact angle
is determined by balancing just the
forces parallel to the surface. (Note: This

Figure 1. (a) Surface tension acting
on the perimeter of a half drop.

(b) Junction of three surfaces or
interfaces characterized by a groove
angle #; the vector representations of
the surface tensions add up to zero.
{c) Wetting of a rigid surface by a
liquid drop; only the tangential
components of the tensions add up to
zero. (d) Wetting of a plasticatly
deformable surface: the junction of
the interfaces adjusts itself to make
the full vector sum of the tensions
zero. (e) In a gravitational field, the
local curvature of the surface
becomes a function of the height, z.

v, is the interfacial tension for
interface |.
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is true locally for nonplanar surfaces
too.) The perpendicular component of
the forces is balanced by elastic stresses
in the solid. If the surface is deformable,
both components of the forces must bal-
ance, as in Figure 1d. Measurements of
the angles are often used to determine
relative values of interfacial tensions.

If gravity cannot be neglected, the cur-
vature of the surface is no longer con-
stant. Instead, K1y + pgz must be constant
over the surface, where pis the density, ¢
is the acceleration due to gravity, and z is
the height (see Figure 1e.). This condition
is obtained from requiring the chemical
potential to be independent of position.
The surface free energy can be obtained
from this “sessile drop” experiment by
measuring the dependence of the surface
curvature on the height if the density of
the fluid is known.

Wire

Consider now wire, modeled in Fig-
ure 1b as a stack of linked drops (now
solid), which can be subjected to an axial
load. The “bamboo” structure shown in
Figure 2a is found in well-annealed
wires. Each truncated sphere represents
a single grain; the groove where two
droplets join represents a grain bound-
ary. If the drops are truly truncated
spheres, with the grain length fixed by
the grain volume and radius, no net axial
force exists because surface and pressure
terms cancel.

In the general case, where the length
of the grain is independent of the grain
volume and radius, the total curvature
Ky is still constant over the surface, but
the two principal curvatures are unequal
and vary with position. In this case, the
pressure and surface tension forces do
not cancel. This means that a nonzero
net axial force F is necessary for equi-
librium. The value of the equilibrium
force is unique for the geometry. This
force, together with grain dimensions
and grain-boundary groove angles (see
Figure 2a) obtained by microscopy, gives
a direct measure of the free energy of the
wire surfaces.’

Such experiments were first used
50 years ago to obtain the surface free
energies of Ag, Cu, and Au wires in their
vapor.** In practice, the strain rate is
measured for different applied forces;
positive strain rates are observed for larger
forces and negative ones for small (but
still tensile) forces (see Figure 2b). Since
the plastic deformation mechanism in
these experiments is diffusional creep,
the force corresponding to zero strain
rate can be accurately determined by a
linear interpolation. The free energy of
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the grain boundaries v, can be obtained
from the surface free energy vy and the
grain-boundary groove angle 26 accord-
ing to the triple-junction equilibrium:
Yeb = 2ysC0S(8).
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Figure 2. (a) A wire with a bamboo
grain structure; F is a nonzero net
axial force, L is length of one grain,
r is the radius, and 24 is the
grain-boundary groove angle.

(b) Cumuiative strains, both positive
and negative, of Cu wires (after 72 h
at 1000°C) after axial creep at
different stresses.’

Thin Films and Multilayers

The equilibrium geometry of thin films
and multilayers can be found by a simi-
lar approach. If the layers are single crys-
tals or amorphous, the surfaces and
interfaces are flat and generate a biaxial
force (per width of film, see Figure 3a)
parallel to the plane of the film. In a biax-
ial creep experiment, the force per width
at which the specimen exhibits zero strain
rate (zero creep) corresponds to the sum
of the free energies of the parallel sur-
faces and interfaces.” As in the case of the
wire, spherical caps form the equilibrium
surface of a thin film with grains that can
be modeled as a regular two-dimensional
array, (e.g., of hexagons). Figure 3b shows
the example of a bubble raft (i.e., linked,
truncated spheres). The triple junctions
form pits that under certain conditions
can perforate the film. When the in-plane
equilibrium force is zero, interface free
energy minimization at constant volume
again determines the radius of curvature
and the height of the center of the corre-
sponding sphere (Figure 3b). However,
unlike for the wire, the general equilib-
rium surface with a nonzero equilibrium
load is still a spherical cap. The nonzero
equilibrium force arises in the foil by an
increase or decrease in the height of the
center of the spherical cap (Figure 3b),
which leads to, respectively, an increase
or decrease of the contribution of the pres-
sure term through the area over which it
acts. The interfaces within multilayered
films are also sections of truncated spheri-
cal caps when the grains in each layer are
modeled by a regular square or hexago-
nal array (Figure 3c).

The capillary forces associated with
the interfaces between layers in a multi-
layer establish a biaxial zero-creep force.
(For a typical multilayer, the number of
interfaces is sufficiently large that the
contributions of any free surface[s] and
the multilayer/substrate interface are
negligible.) This force can be estimated
as follows. An interface free energy of
1 J/m? produces 1 N force for each inter-
face in a meter-wide specimen. For layers
with thickness d =1 um, the correspond-
ing equilibrium biaxial stress y/d is 1 MPa.
For d =1 nm, the stress rises to 1 GPa.
The capillary forces associated with the
grain boundaries within the layers de-
crease this value.

"In case of elastic deformation (as opposed to
plastic deformation in creep experiments) the
force per width is equal to the sum of the sur-
face and interface stresses. This force is op-
posed by elastic stresses, either by bending of
the substrate® or deformation of the film, if
freestanding.”
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the following estimates of the time con-
stants for shape relaxation along each of
the paths. For lattice diffusion:

kTl
e (2)

= Dy y(}

where D, is the lattice diffusion coeffi-
cient. For surface diffusion:

r kT
&
= Dgdyf)

where Dsé is the (experimentally directly
accessible) product of the surface diffu-
sivity and the effective thickness of the
diffusion layer. For vapor transport:

B r:(zﬁ_m}l_"C(kT}lﬁ:
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where n7is the atomic mass.

Surface diffusion, with a time con-
stant proportional to r*,is dominant for
small grains (smallest time constant
means fastest process). Vapor transport,
with a time constant proportional to r?,
is dominant for large grains. Since, gen-
erally for a given system, the activation
energy for the vapor pressure is greater
than that for the lattice diffusivity, which
in turn is greater than that for the sur-
face diffusivity, one expects these pro-
cesses to dominate in that order with
decreasing temperature. Table [ gives
examples for 20-pm-diameter particles
of Cu and W at their respective melting
temperatures. In Cu of this size, vapor
transport never dominates, whereas in
W it is the dominant mechanism at the
melting temperature.

Figure 5b illustrates the diffusion paths
leading to shape relaxation in multilayers
by grain-boundary grooving. In the ini-
tial stage of relaxation, when the groove
depth # is still small compared to the
distance d’ between the grain bounda-
ries, its evolution is described by treat-
ment '3 of grain-boundary grooving at a
free surface. The only difference is that
vapor transport does not occur and that
grain-boundary diffusion takes the place
of surface diffusion. At these short dis-
tances lattice diffusion can be ignored. A
simple dimensional analysis gives an es-
timate of the evolution with time, t:

T

Ds8y0)
jt = D&y, -
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where Dyé is the (experimentally acces-
sible) product of the grain-boundary dif-
fusivity and thickness. Note the similarity
to Equation 3.
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Figure 5. (a) Kinetic paths for shape
relaxation of an isotropic particle; r is
the radius of the spherical equilibrium
shape; Ar is the maximum
displacement away from the
equilibrium shape. (1) lattice diffusion;
(2) surface diffusion; and (3) vapor
transport. (b) Kinetic paths for /ate-|
stage shape relaxation in multilayers
(1) lattice diffusion; and (2) grain-
boundary (interface) diffusion, where
h is the groove depth, d is the layer
thickness, and d' is the distance
between grain boundaries.

Table I: Deformation-Mechanism-
Dependent Relaxation Times?

Path cu W
Lattice 1.2 x 104 4.3 x 101
Surface 1.2 x 109 2 x 101
Vapor 2 x 10 1.5 x 107

‘Shape relaxation times (in s) for 20-pm-
diameter Cu and W particles at their respec-
tive melting temperatures according to
Equations 2-4. Data from a compilation by
Swinkels and Ashby.™d

When the depth of the grain-boundary
groove is of similar magnitude as the
layer thickness d, the chemical potential
gradient driving diffusion becomes es-
tablished between adjacent boundaries
over a distance d' instead of a distance h
in the early stages. Note that in many mj-
crostructures (4] = 4. At the same time,
bulk diffusion has to be considered as a
possible contributor. Equation 5 therefore
becomes modified as:

W’ = (Dud + D :"5'1?”i 6)
h = (U4 Jgo)——t. (6
L C ! akT 6)

The temperature determines which type

of diffusion dominates. For example, for

d=1pminCu, D;d =D at 1300 K; for
d =10 pum the temperature is 1046 K.
This is consistent with Coble creep as
the dominant deformation mechanism
in the zero-creep experiments discussed
earlier in this section.” By setting h =d in
Equation 6, one can obtain an estimate of

the time it takes to complete the groov-
ing process. For 1-um Cu at 1000 K, the
relaxation time is about 107 s. This again
is consistent with the time scale of the
Zero-creep experiments.

Stability

Equilibrium interface shapes and ap-
plied forces were discussed in the first
three sections. However some grain
shapes and/or dimensions permit inter-
face shapes that, though they have con-
stant curvature and satisfy groove angle
requirements, are not stable to perturba-
tions. There are also geometries for
which constant curvature shapes simply
do not exist. These two conditions, along
with inappropriate applied forces, lead to
three types of instabilities that can de-
grade a thin film or a multilayer: (1) the
action of equilibrium forces that decrease
with increasing sample size; (2) the ac-
tion of applied forces that are inconsis-
tent with the capillary forces; and (3) the
absence of a continuous minimal surface
consistent with the volumes and in-
plane dimensions of the grains.”

The first instability manifests itself as
coarsening: the growth of large grains
at the expense of smaller ones (grain
growth). The second is the basis of the
zero-creep experiments used to measure
surface and interfacial free energies; ap-
plication of forces other than the equilib-
rium values leads to nonzeroi strain rates.

The third instability, which applies to
local grain dimensions and groove angles,
is most immediately destructive. It was
noted in the section on thin films and
multilayers that the shapes of equilibrated
interfaces in continuous films and  multi-
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the following estimates of the time con-
stants for shape relaxation along each of
the paths. For lattice diffusion:

=

rkT]
) (2)
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where D, is the lattice diffusion coeffi-
cient. For surface diffusion:

r'kT
= D&R

T4 3)
where Dg is the (experimentally directly
accessible) product of the surface diffu-

sivity and the effective thickness of the
diffusion layer. For vapor transport:
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where #z is the atomic mass.

Surface diffusion, with a time con-
stant proportional to r*]is dominant for
small grains (smallest time constant
means fastest process). Vapor transport,
with a time constant proportional to r?,
is dominant for large grains. Since, gen-
erally for a given system, the activation
energy for the vapor pressure is greater
than that for the lattice diffusivity, which
in turn is greater than that for the sur-
face diffusivity, one expects these pro-
cesses to dominate in that order with
decreasing temperature. Table 1* gives
examples for 20-pm-diameter particles
of Cu and W at their respective melting
temperatures. In Cu of this size, vapor
transport never dominates, whereas in
W it is the dominant mechanism at the
melting temperature.

Figure 5b illustrates the diffusion paths
leading to shape relaxation in multilayers
by grain-boundary grooving. In the ini-
tial stage of relaxation, when the groove
depth } is still small compared to the
distance d’ between the grain bounda-
ries, its evolution is described by treat-
ment' of grain-boundary grooving at a
free surface. The only difference is that
vapor transport does not occur and that
grain-boundary diffusion takes the place
of surface diffusion. At these short dis-
tances lattice diffusion can be ignored. A
simple dimensional analysis gives an es-
timate of the evolution with time, f:

_ _D 55}’!1|f
B V)
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where Djé is the (experimentally acces-
sible) product of the grain-boundary dif-
fusivity and thickness. Note the similarity
to Equation 3.
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Figure 5. (a) Kinetic paths for shape
relaxation of an isotropic particle; r is
the radius of the spherical equilibrium
shape; Ar is the maximum
displacement away from the
equilibrium shape. (1) lattice diffusion;
(2) surface diffusion; and (3) vapor
transport. (b) Kinetic paths for /ate-
stage shape relaxation in multilayers|
(1) lattice diffusion; and (2) grain-
boundary (interface) diffusion, where
h is the groove depth, d is the layer
thickness, and d' is the distance
between grain boundaries.

Table I: Deformation-Mechanism-
Dependent Relaxation Times?

Path cu W
Lattice 1.2 x 10° 4.3 x 101
Surface 1.2 x 109 2 x 109
Vapor 2 x 101 1.5 x 10°

‘Shape relaxation times (in s) for 20-pm-
diameter Cu and W particles at their respec-
tive melting temperatures according to
Equations 2-4. Data from a compilation by
Swinkels and Ashby. "

When the depth of the grain-boundary
groove is of similar magnitude as the
layer thickness d, the chemical potential
gradient driving diffusion becomes es-
tablished between adjacent boundaries
over a distance d!instead of a distance h
in the early stages. Note that in many mi-
crostructures d = d. At the same time,
bulk diffusion has to be considered as a
possible contributor. Equation 5 therefore
becomes modified as:
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The temperature determines which type

of diffusion dominates. For example, for

d=1umin Cu, D;d = Dgé at 1300 K; for
d =10 pm the temperature is 1046 K.
This is consistent with Coble creep as
the dominant deformation mechanism
in the zero-creep experiments discussed
earlier in this section.” By setting h = din
Equation 6, one can obtain an estimate of

the time it takes to complete the groov-
ing process. For 1-um| Cu at 1000 K, the
relaxation time is about 107 s. This again
is consistent with the time scale of the
zero-creep experiments.

Stability

Equilibrium interface shapes and ap-
plied forces were discussed in the first
three sections. However some grain
shapes and/or dimensions permit inter-
face shapes that, though they have con-
stant curvature and satisfy groove angle
requirements, are not stable to perturba-
tions. There are also geometries for
which constant curvature shapes simply
do not exist. These two conditions, along
with inappropriate applied forces, lead to
three types of instabilities that can de-
grade a thin film or a multilayer: (1) the
action of equilibrium forces that decrease
with increasing sample size; (2) the ac-
tion of applied forces that are inconsis-
tent with the capillary forces; and (3) the
absence of a continuous minimal surface
consistent with the volumes and in-
plane dimensions of the grains.”

The first instability manifests itself as
coarsening: the growth of large grains
at the expense of smaller ones (grain
growth). The second is the basis of the
zero-creep experiments used to measure
surface and interfacial free energies; ap-
plication of forces other than the equilib-
rium values leads to nonzero strain rates.

The third instability, which applies to
local grain dimensions and groove angles,
is most immediately destructive. It was
noted in the section on thin films and
multilayers that the shapes of equilibrated
interfaces in continuous films and multi-
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layers composed of regular arrays of
grains can be generated from sections of

spherical caps. However a continuous so-

lution consistent with the grain volumes,

dimensions, and groove angles of a par-

ticular material does not always exist. In

its mildest form, this causes limited
“pinchoff” at the triple junctions between

grains. In more severe cases, it may lead

to complete separation at grain bounda-

ries and the development of a granular
film. The range of behaviors of different

creep samples was seen in Figure 4: some

maintained a layered structure for long
testing times; others suffered pinchoff
before exhibiting any significant creep
deformation. For the reasons discussed
in the section on Kinetics, these stability

issues become especially relevant as the
layers become thinner, and are the likely

origin of the granular nature of Ag/
NigoFe,d multilayers studied for their
giant magnetoresistance."

Even though pinchoff in polycrystal-
line layers is directly related to the pres-
ence of the grain boundaries (since it
occurs at the triple junctions where they
meet within the layers), the problem
would be much worse in the absence of
grain-boundary grooves. If these grooves
are (inappropriately) neglected, infinitely
deep perforations are predicted.” In real-
ity, the triple junctions in regular arrays
of grains equilibrate at finite depth and do
not perforate the film'™' (unlike Mullins!
isolated grain-boundary groove)| The
development of these grooves causes
stagnation of coarsening (grain growth)
in thin films and multilayers by “an-
choring” the boundary at the bottom of
the groove.” This stagnation process ul-
timately stabilizes films and multilayers
against perforation since pits would even-
tually form when the in-plane grain size
becomes much larger than the film or
layer thickness.”"
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