


Waals interaction. Furthermore, in the case of elastic films, the
timescale, when it is of experimental interest, is much longer
than the time for the propagation of elastic waves through the
film, 3% %6

As shown in Figure 1, the displacement and velocity vectors of
the film are u and u, respectively, which vary with spatial
coordinates x and y and with time t. The superscript denotes
the time derivative. For an incompressible film,
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The constitutive relation is chosen to be a zero-frequency linear
viscoelastic model,
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wherepis the pressure across the film. The parametersand are
the shear modulus and the viscosity of the film, respectively.

By substituting eqs 2 and 3 into eq 1, the equation of motion is
modified to
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We assume that both of the films (adhesive and dewetting) are
bonded rigidly to the underlying substrate. No-slip and imperme-
ability boundary conditions are employed at the film substrate
interface at the coordinatey = - hg. Thus,
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The free surface of the film (at the coordinatey = 0) is assumed to
be shear-free:
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The normal stress balance at the free surface yields
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Here, the first term on the right-hand side represents the surface
tension force where is the surface energy, withv being they
component of displacement. The normal displacement at the free
surface is thus represented by the quantity(x, 0, t). The above
formalism and the linear stability analysis below are valid for any
arbitrary interaction force. = G/ v, which is related to the
interaction energy per unit area, G( ). Here, is an effective
intersurface distance between the surfaces undergoing an attrac-
tive force. For an adhesive film, =d - Vv(x, 0,t), which is the
gap distance between the contactor and the film surface. For a
dewetting film, =h op v(x, 0,t), which is the film thickness. For
illustration, we chose the van der Waals force = G/ v, where
G= - A/12 Zisthe van der Waals energy per unit area and
( 10 %)) is the Hamaker constant. Other forms of the potential
(e.g., electric field potential) can also be readily used in the
derivations presented here.

It may be noted that the van der Waals potential chosen here
neglects the effects of surface curvature, which is a good approx-
imation for long-wave instabilities.> 2® Even though we do not
assume long waves, a major conclusion that we will show on the
basis of the analysis below is that the instabilities in a “free” or
wetting van der Waals film are indeed always long-wave, regard-
less of the film's viscoelasticity, including instabilities in purely
elastic films. For adhesive or confined films that are nearly elastic,

instabilities can be short-wave but their length scale becomes
independent of the form of the destabilizing potentiaff” ¢ In
fact, all that is required is a critical magnitude of the attractive
destabilizing force; the precise form of the potential is not
important. 3" 56

Linear Stability Analysis

To perform linear stability analysis, the interaction energy is
expanded in a Taylor series about the reference state of the
undeformed film. By retaining terms up to second order, the
interaction energy has the form
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For an adhesive film, the VDW interactions have the following
form
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and for a dewetting film, they are
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Thus, the interaction force acting at the surface of the film is of the
form
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The homogeneous solution of the viscoelastic differential equa-
tion (eq 4) along with the boundary conditions (egs 5 8) is that
of zero displacement, and the corresponding pressure field is
given by
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From egs 10 and 11, it is evident that for an adhesive film

p(x, y, ) = A6 do> and for a dewetting film p(x, y, t) =

- Al6 h03. Therefore, during adhesion, the pressure across the

film is tensile, whereas for a dewetting film, the pressure is compres-

sive in nature, helping in both cases to engender surface instabilities.
To obtain the inhomogeneous solution, the homogeneous

solution is superimposed on a perturbation of the form
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Here, is the linear growth rate andk is the wavenumber of the
pertubation. A positive (negative) value of indicates instability
(stability).

Linearization of the equation of motion (eq 4) along with the
boundary conditions (egs 5 8) using the normal linear modes
(egs 14 and 15) leads to the following dispersion relation
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where Sqgb 1/4% andqg= kh.



Figure 3. (A) Increasing elasticity ( ) (marked by lower values of / h) shrinks the instability zone. (B) Increasing surface tension § (marked
by higher values of / h) also shrinks the instability zone and shifts the neutral and dominant wavenumbers toward the long-wave limit.

(marked as the gray-scaled zone) in a typical viscoelastic film.
Thus, neutral wavenumber / = 0 is the boundary of the
instability domain. In this Figure, parameter / h (= 1) is kept
constant. The critical condition for the onset of instability is
marked by the critical growthrate ( ¢/ =0), critical interaction
stiffness ¢ hY{ ), and critical wavenumberhk.. It is denoted by
the point where two branches of the critical wavenumber emerge
and continue on in the unstable region. If the interaction stiffness
is greater than- hYJ , then there is a region bounded by two
neutral or critical wavenumbers within which the growth rate is
positive. A cross-sectional view of Figure 2A for three different
values of the interaction stiffness is shown in Figure 2B. It
indicates that for interaction stiffness lower than - hYJ/
(namely, for wetting films with thickness greater than a critical
value and for adhesive film with the contactor film separation
distance higher than the critical distance) the growth rate remains
negative for all wavenumbers and the system is stable. However,
for interaction stiffness greater than- hYJ , the growth rate is
positive for a range of wavenumbers lying betweelnky; and hky,.
Within this range of neutral wave numbers there is a dominant
wavenumber hk.,, where the growth coefficient is at its maximum
(7= m/ )- The critical condition thus essentially sees the
merging of the two neutral wavenumbers and the dominant
wavenumber to a single value ofik..

Figure 3 shows the influence of elasticity and surface tension on
the instability characteristics. Figure 3A shows that for a constant
value of - h?Y/ (exceeding the critical value), the growth coeffi-
cient decreases and the range of unstable wavenumbers shrinks
with a decrease in / h. Similarly, for a fixed value of the
interaction stiffness ¢ hY/ ), as the nondimensional surface
tension ( / h) increases, the growth coefficient decreases and the
dominant wavenumber shifts to longer wavelengths (Figure 3B).
Furthermore, the neutral wavenumberhky, also decreases.

To assess the ease of initiating the instability in films with dif-
ferent physical properties, the dgtical interaction stiffness (- hY )
is plotted with / h as shown by the solid line in Figure 4. It is
evidentthat- hYy =6.22for / h<10 2 whichis indeed the
asymptotic limit for elastic adhesive filmg?® 4245 475153 56 |
addition, Figure 4 shows that the critical nondimensional force
- hYd increases monotonically with / h. The Figure indicates
that films with higher surface energy require a higher energy
penalty for deformations of the elastic film and the films under-
going adhesion require a smaller contacterfiim separation
distance in order to acquire a higher destabilizing interaction
energy. For dewetting films, the critical film thickness below
which instability is possible decreases with increases in the surface
tension force. To show the effects of the shear modulus clearly,

Figure 4. Critical interaction stiffness - hYy/ is an increasing
function of / h, indicating that the surface penalty required to
overcome the interaction energy is higher for films with higher
surface tension effects. Nondimension parameter h?Y/ de-

creases with / h, showing that films with smaller elasticity effects
(low values of shear modulus ) are unconditionally unstable.

a nondimensional parameter- h?Y/ is obtained from the
ratio of - hYJ to / h. The broken line in Figure 4 shows that
- h’YJ decreases monotonically with increasing / h. The
Figure indicates that for a lower shear modulus, namely, for
more liquidlike films, the interaction energy required to bring
about the inhomogeneity is negligibly small and thus for viscous
films ( f 0) the films indeed become unconditionally unstable.
However, dewetting films even with a small elasticity may require
a considerable amount of interaction force to initiate the instabi-
lity. A quick calculation proves that a viscoelastic film would have
tobeverysoft( 1000 Pa or less) for the van der Waals force to
initiate instability in a wetting film of physically realizable and
meaningful thickness &1 nm).

Figure 5 shows the variation of the critical wavenumbertgk,)
with / h. The curve supplies the following set of interesting
information: (i) For dewetting films, the instability is always long-
wave regardless of its viscoelasticity becaukénas to be very low
so that the van der Waals force is strong enough to initiate the
instability and thus / h has to be high (low hk). (ii) For an
adhesive film, the instability can be either long-wave (high/ h)
or short-wave (low / h). Itis evident that for low values of / h
€10~ ?),hk. 2.12 becomes independent of hand the critical
wavelength (.=2 /k.) approachesits elastic limit of 2.98.3" *°
In contrast, for higher values of / h(high orlow ), the critical
wavelength increases considerably. In between the two distinct
short- and long-wavelength regimes, there is a transition zone
where / his between 10" and 1.

As shown elsewheré-“®for adhesive films of thicknes9>1  m,
the surface tension forces ( h, 1) are negligible and the



Figure 10. Labyrinth types of pattern formation at the surfaces of
elastic adhesive films in contact proximity. The darker regions
are the regions of contact. Film parametersar@=0.1 m, =
0.1MPa,A=10"2°J,and =30mJ/m *forAand h=10 m, =
1MPa,A=10"2°J,and =30mJ/m for B. For the former case
(/ h=0.03 (, 1)), the dominant/critical wavelength is short-
wave with = 2.97 h (2.96n predicted by theory), and for the later
case (/ h =3 (>1)), the dominant/critical wavelength is long-
wave with =6.4 h (6.14 predicted by theory).

s can be expressed in terms of Fourier coefficientg, Ves Vso
and Vs, and thus the total energy of the elastic film becomes a
function of these coefficients. For a given thickness of the elastic
film, the equilibrium profile of tk@ film Qurface (eq 21) is obtained
by minimizing the total energy (" ep " up ) intermsofthese
Fourier coefficients using a conjugate gradient minimization
algorithm. The Fourier coefficients in eq 21 are initially assigned
small random values to initiate the search process for obtaining
the minimum-energy configuration. The energy-minimized con-
figurations that evolve are stable against small random perturba-
tions. Further details of the method and a discussion of locally
metatable states in elastic films can be found elsewhéf® 495356
The minimum-energy states (shapes) are the equilibrium surface
profiles that do not undergo any further coarsening. In fact, there
is no mechanism of coarsening such as flow or diffusion presentin
an elastic film.

Figure 10 reveals the surface morphologies of elastic adhesive
films in contact with a rigid contacting surface separated by the
critical mean distance at which the instability is initiated.
Figure 10A depicts the case of a film with thickness = 10 m,

= 1MPa,and =30mJ/m? and Figure 10B shows a film with
the same surface tension value of 30 mJ/mthickness of 0.1 m,
and shear modulus of 0.1 MPa. Both interfaces show a labyrinth
type of pattern where the darker regions are the regions in contact
and the lighter regions are the out-of-contact depressions formed
on the film surface. Both Figures have an area of 32 32h. The
difference in the two Figures, however, lies in the wavelength of
the patterns formed. The former case exemplifies a short-wave
elastic instability with a length scale of = 2.97 h as obtained
through simulations, which compares favorably to the value of

= 2.96 h predicted from the linear theory (Figure 5). The latter
simulations represent a longer-wave instability with = 6.4 h,
which is also in agreement with the linear theory predictions of
6.14h. These results are also expected because for the first case the
value of parameter / his 0.03 ( 1), which is within the limit of
short-wave instability. For the latter case, the crossover of/h to
higher values occur as / h = 3 (1) in this case. These
simulations further confirm that for elastic adhesive fiims the
instability length scale is indeed tuned by parameter/ h.***8|t
may be noted that for adhesive elastic films with short waves (for
example, the simulations in Figure 10A) the areas of contact with
the external contactor are flat and the intersurface distance from
the edges increases rapidly so that the VDW interaction outside of

Figure 11. Morphologies of wetting films at critical thicknesses
for (A) a film with a thickness (h.) of 2 nm and a surface tension ()
of 10 mJ/m?; (B) afilmwith ho= 2nmand =30mJ/m % (C)afilm
with h.= 3nmand =10mJ/m ? and (D) afilmwith h.= 5nm
and = 30 mJ/m?2 The wavelengths obtained from simula-
tions and predicted by theory for the films are (A) 90.5 nm (from
simulations) and 90.5 nm (from theory), (B) 162 nm (from simu-
lations) and 155 nm (from theory), (C) 213 nm (from simulations)
and 202 nm (from theory), and (D) 905 nm (from simulations) and
997 nm (from theory).

contact has a negligible contribution. This point is well known
from the previous publications cited on purely elastic films. Thus,
a simplified van der Waals potential used here by neglecting the
curvature effect is suitable for illustrating the instability.

Figure 11 shows equilibrium morphologies of elastic wetting
films at their critical thicknesses. Figure 11A,C represents films
with a surface tension value of 10 mJ/rand critical thicknesses of
2 and 3 nm, respectively, and Figure 11B,D represents films with a
surface tension value of 30 mJ/mand critical thicknesses of 2 and
5 nm, respectively. The corresponding shear moduli for these
films (Figures 11A- D) are obtained from Figure 7 and have
values of 613.2, 215, 83.4, and 2.4 Pa, respectively. For the soft
elastic films (Figures 11 A D), the dominant wavelengths are
obtained from the Fourier analysis of the equilibrium morpho-
logies and have of values 90.5, 162, 213, and 905 nm, respectively.
The linear stability analysis based on the van der Waals force
predicts the critical/dominant wavelengths to be 90.5, 155, 202,
and 997 nm, respectively. Thus, it is evident that the two results
are in good quantitative agreement. The wavelength increases
with the thickness of the film. In fact, it has the same scaling as for
a wetting viscous film, namely, the dominant wavelength in this
case increases ash® This shows that irrespective of the film
rheology the instability in wetting films always has long-wave
character in both viscous and elastic films and also in general
viscoelastic films. This is in contrast to a relatively thick elastic
adhesive film where the short wavelength increases linearly with
the film thickness. The long-wave nature of viscoelastic wetting
films is understood by noting that the critical thicknesses of these
films are very small and the values of parameter/ h for these
films are thus very high. From Figure 8, it is evident that in this
regime (where / h 10> 10°) the critical or the dominant
wavelength is dependent on the interaction stiffness and for VDW



