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Abstract

The work titled ‘Surface instabilities in non-linear soft thin films' studies the stability
morphology and dynamics of a single soft, thin film on a substrate whose material properties
(shear modulus) vary throughout the film thickness. Recently, we have focused on finding
different techniques to miniaturize the patterns formed on such soft interfaces at smaller and
smaller length scales to enhance surface properties like hydrophobicity, adhesiveness, optical
and catalytic. Different techniques like patterned substrates and bilayers have been found to
be fruitful where it was possible to decrease the lengthscale by about an order of magnitude
than those formed in simple elastic thin films because of antagonistic energies (elastic and
interaction) present. These techniques are also more cost-effective than the existing
techniques of lithography, and suitable for hard materials. In the present work, we have found
the smaller length scale features formed at the interface of these inhomogeneous elastic
materials where the inhomogeneity exists only in the normal direction. The influence of the
substrate geometry was also studied; as stated patterned substrates were already found to be
effective in reducing lengthscales. Thus, it has been observed that the combined effect of
patterned substrate and the inhomogeneity in the normal direction are worthwhile to influence
further miniaturization. These studies involved numerical energy minimization techniques
and finite element schemes to tackle non-linearities. Earlier works have shown that though it
is easier to deform a compressible (Poisson's ratio 9 < 0.25) elastic film but the patterns
formed were long waved and thus flat for most practical purposes. The current theoretical
investigation carried out in thermally graded, soft, compressible and thin elastic film
uncovers that combined destabilizing influences originating from van der Waals and tensile

thermal stresses do engender smaller length scales in compressible elastic films. Though



some work has been presented in the literature for viscoelastic films, they are mostly from a
viscous film perspective. In this thesis, for the first time, a three-parameter linear standard
viscoelastic (solid) model has been developed to understand the adhesion debonding
mechanism of such films. Also, a combined effect of charge leakage and the elastically
graded nature of the film have been observed to be adequate to accelerate the growth rate of
instabilities and alter the wavelength from short range to long range in elastic-viscous

bilayers.
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dashed line labelled curve for a compressibie film of Poisson’s ratio 9 = 0.45 and
coordinates of minima (1.84, 3.42, 5.2%) and solid line labelled curve for
incompressible film ¥ = 0.499 and coordinates of minima (2.11, 2.97, 6.20) .
The coordinates of each minima represent the wavelength of instability and the
minimum critical force required for the instability. In a similar way, the instability
curve for a thermally graded compressible thin film is shown in 5.3(B), 5.3(C)
and 5.3(D). Figure 5.3(B) for (KO =K, Ur = 10‘4) and coordinates of minima
of dotted line (0.033954, 184.955, 3.00025 ) , dash dot line (1.24536,
5.042719, 3.94169), dashed line (1.8378, 3.417129, 5.29394) and solid
line(2.1139, 2.970812, 6.20216). Figure 5.3(C) for (K, = K;, Uy = 10') and
coordinates of minima of dotted line(3.83909, 1.635804, 9.60206 ), dash dot
line (4.00743,1.567089, 11.5155) , dashed line (4.18896, 1.499179,
14.1207) and Solid line (4.28795, 1.464569, 15.7801) are represents the
minimum value of the normal stress component and critical length scale of
instability, respectively. Figure 5.3(D) for (K, = K;, Uy = 10*) and coordinates
of minima of dotted line (111.803, 0.05617, 298.142 ), dash dot line (116.19,
0.054049, 357.506), dashed line (120.416, 0.052153, 437.876) and solid
line (122.434, 0.051293, 488.757) are represents the minimum value of

normal stress component and critical length scale of instability, respectively......93

2-D contour plot of the ratio of the critical wavelength of instability ratio
Accr/Aec In 2-D plane (Poisson’s ratio ¥ and log(Uf) ) for equal conductivity)

and when heat flux g is dissipating from the System..........ccccocviiiiiiiiiicnen, 95

Contour plots of the critical length scale of instability ratio A.cr/A.c in 3-D
(plane of conductivity ratio, Poisson’s ratio and log(Uf)) for different range of

conductivity ratio, factors and when heat flux is dissipated from the system,
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5.6

(A) Ko/K_1 < 1,U; < 1; (B)Ko/K_y = 1,Us < 1; (C) Ko/K_y < 1,U; = 1; (D)
Ko/K_1 2 L,Up 2 Levooooioiioseessssisiecessssssnsses s 98

Variation of the normal stress component o5, = 0,,/cos (kx) with critical
length scale of instability (1./h) in four different regions based on parametric
range of K,/K_, and Uy given in figure 5A, 5B, 5C and 5D. Fig. 5.6(A) Depicts
region | where parameters have the following range (K,/K_; = 107*U; =
107%), here dotted line for, 9 = 0.25 and coordinates of minima point (kh=0.003,
Ac/h =2093.33, —hY,./u, =3.0001) gives critical value of length scale and
normal stress component. Similarly dashed dot line for 9 = 0.35, coordinates of
minima point (1.245, 5.044 and 3.9415), dashed line for ¥ = 0.45 and
coordinates of minima point (1.8377, 3.417 and 5.2937) and solid line for 9 =
0.499 and coordinates of minima point (2.1138, 2.970911, 6.202). Fig. 5.6(B) for
region Il and the range of parameters are given as (K,/K_, = 10%, Uy = 107%),
dotted line line for, 9 = 0.25 and coordinates of minima point (0.5574, 11.2665,
3.01911) give critical values of length scale and normal stress component.
Similarly dashed dot line for 9 = 0.35, coordinates of minima point (1.25305,
5.0117, 3.94466), dashed line for ¥ = 0.45, coordinates of point (1.83954,
3.4138, 5.29557) and Solid line for ¥ = 0.499 , coordinates of minima
(2.11496,2.969323,6.20352). The following parameter range of (K,/K_; =
107%,U; = 10*) represents the region IIl in Fig. 5.6(C), and we obtained two
minima for this range of the parameter, here dotted line for, 9 = 0.25 and
coordinates of two minima are (0.6409, 9.7987, 583.634) and (104.497, 0.06,
288.588) gives critical values of length scale and normal stress component.
Similarly dashed dot line for, 9 = 0.35 and coordinates of two minima are
(1.3456, 4.667, 827.281) and (108.9, 0.05766, 346.498), the dashed line for, ¥ =
0.45 and the coordinates are C31(1.86234, 3.372, 1152.28) and C32(113.141,
0.055, 424.884) and solid line for 9 = 0.499 and the coordinates are (2.1241,
2.956602, 1361.83) and (115.17,0.05453,474.503) respectively. In a similar way
Fig. 5.6(D) represents region 1V, where the range of the parameter are (K,/K_; =
10*, Uy = 10*), dotted line for, 9 = 0.25 and coordinates of minima (118.388,

0.053, 307.059) depicts the critical value of length scale and normal stress
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5.7

5.8

6.1

6.2

6.3

component. Similarly dashed dot line for 17 = 0.35 and coordinates of minima
point are (122.786, 0.051, 367.806), the dashed line for 9 = 0.45 and
coordinates of minima point (127.022, 0.049, 450.062) and solid line for 9 =
0.499 and coordinates of minima point (129.044, 0.048666, 502.141),
TESPECTIVEIY ... 99

Contour plot of the critical stiffness ratio ((—hY./up)cr/(—hY./up)c) of
thermally graded compressible thin elastic film to the compressible thin elastic
film in a 3-D plane (plane of conductivity ratio, Poisson’s ratio and log (Uy)). For
isothermal case parametric value of conductivity ratio (K, =K_; =
0.15W /mK), factor Ur(a,h*qo/aK,), when heat flux g, dissipating from the
)] (=] 1 RO OPR PP 103

Contour plots of the critical stiffness ratio ((—hY./up)cr/(—hY./up)c) of
instability in 3-D (plane of conductivity ratio, Poisson’s ratio and log (U)) for
different range of conductivity ratio K,/K_,, factor Ur(a;h?q,/aK,) and when
heat flux godssipiated from the system, (A) Ko/K_; < 1,Uf < 1; (B) Ko/K_; =
LU <1,(C)Ko/K_1 <1, U 2 1(D) Ko/K_1 2 1,Up = Locoeriiiiici, 105

A 2-D sketch of a confined thin, soft and incompressible viscoelastic film of
length L, cast over a flat substrate and under the influence of van der Waals
interaction from transversely confined by a flat external surface (called a
contactor) placed at separation distance d. The dotted line shows the unstable
state of the film when the contactor is at less than the critical gap distance. The

shear modulus of the film p(t) is a function of time............cccooce e, 114

Schematic representation of Maxwell form of the standard linear solid model
(Three parameter MOEI).........coiiiiiiiiicee e 116

Variation of shear modulus u(t) with time (t) under constant strain for parametric

Values OF 8, 81 8N Tueeiiiiiiiii e e 117
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6.4

6.5

6.6

6.7

“Instability zones” represent the critical value of wavenumber and critical
interaction stiffness to elastic stiffness ratio corresponding to the curve are
(2.12,6.22) oo 125

Surface profile of the viscoelastic thin film when the contactor is at d. = 3.04,

shows the columnar structure at the film surface with time. The parameters used
in this case are G = go/gl = 3000, g, = 3.0, g; = 0.001 and t = 0.203. Fig.

6.5(A) presents the surface morphology when the contactor reaches the critical
gap distance from the film surface at constant strain at t=0.0, and the changeover
in surface profile with time when the contactor is still at the critical gap distance
is shown in fig. 6.5(C). The stresses that develop at the film surface when the

contactor is at d. with time are shown in figure 6.5(B and D)...........c..ccceuenneen. 130

(A) depicts the fractional contact area of patterns formed at the free surface
(parametric range of G = go/gl = 3000,g, = 3.0,g; = 0.001 and T = 0.203)

with time shown by the red square symbol line, and the red square symbol line in
fig 6.6(B) shows the number of columns formed at the free surface with time. The
summation of normal stresses per unit area (represents the adhesive force) and
total energy variation with time in the film when the contactor is at the d¢ is
shown in fig 6.6(C) and (D), respectively. The interaction potential energy and
stored energy with time are represented by the red square symbol line and the
blue circle symbol line of fig. 6.6(E), respectively. The elastic part and viscous
part of total stored energy in the film with time is shown by the red square symbol

line and blue circle symbol line in fig. 6.6(F).........ccccoevviviiieiice e 131

Surface profile of the viscoelastic thin film when the contactor is at d. = 3.04,
shows the changeover in structure at the film surface with time. The parameters
are in the range of G = go/gl =600, g, = 3.0, g; =0.005and Tt =0.203.
Figure 6.7(A, C, E and G) shows the changeover in surface morphology with time
and figure 6.7(B, D, E and H) shows the stresses developed at the film surface

when the contactor is placed at the minimum gap distance from the film surface
LT T ST 133



6.8

6.9

6.10

(A) depicts the fractional contact area of column patterns formed at the free
surface (parametric range of G = go/gl =600,g, =3.0,g; =0.005 and © =

0.203) with time shown by the red square symbol line, and the red square symbol
line in fig 6.8(B) shows the number of columns formed at the free surface with
time. The summation of normal stresses per unit area (represents the adhesive
force) and total energy variation with time in the film when the contactor is at the
dc is shown in fig 6.8(C) and (D), respectively. Variations of interaction potential
energy and stored energy in a viscoelastic film with time are represented by the
red square symbol line and the blue circle symbol line in fig. 6.8(E) respectively.
The elastic part and viscous part of total stored energy in the film with time are

shown by the red square symbol line and blue circle symbol line in fig.

Surface profile of viscoelastic thin film surface when the contactor is at d. =

3.36, shows the changeover in structure at the film surface with time. The
parameters are in the range of G = go/gl = 200,g,=2.0,g, =0.01land T =

0.203. Figure 6.9(A, C, E and G) shows the changeover in surface morphology
with time and figure 6.9(B, D, F and H) shows the stresses developed at the film
surface when the contactor is placed at the minimum gap distance from the film

SUITACE WD TIMIC. .o e e 135

(A) depicts the fractional contact area of column patterns formed at the free
surface (parametric range of G = gO/gl =200, go =2.0,g,=0.01and t=

0.203) with time shown by the red square symbol line, and the red square symbol
line in fig 6.10(B) shows the number of columns formed at the free surface with
time. The summation of normal stresses per unit area (represents the adhesive
force) and total energy variation with time in the film when the contactor is at the
dc is shown in fig 6.10(C) and (D), respectively. Variations of interaction
potential energy and stored energy in a viscoelastic film with time are represented
by the red square symbol line and blue circle symbol line in fig. 6.10(E)

respectively. The elastic part and viscous part of total stored energy in the film
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6.11

6.12

6.13

6.14

with time are shown by the red square symbol line and blue circle symbol line in
I B.L0(F) oottt 136

Surface profile of viscoelastic thin film when the contactor is at d. = 3.82, shows

the changeover in structure at the film surface with time. The parameters are in
the range of G = go/gl =5,8,=1.0,g, =0.2and t=0.203. Figure 6.11(A

and C) show the changeover in surface morphology with time and figure 6.11(B
and D) shows the stresses developed at the film surface when the contactor is

placed at the minimum gap distance from the film surface with

(A) depicts the fractional contact area of column patterns formed at the free
surface (parametric range of G = gO/gl =5g,=1.0,g, =0.2and Tt =0.203)

with time shown by the red square symbol line, and the red square symbol line in
fig 6.12(B) shows the number of columns formed at the free surface with time.
The summation of normal stresses per unit area (represents the adhesive force)
and total energy variation with time in the film is shown in fig 6.12(C) and (D),
respectively. The red square symbol line and the blue circle symbol line in fig
6.12(E) represent the interaction potential energy and stored energy in a
viscoelastic film with time. The elastic part and viscous part of total stored energy
in the film with time are shown by the red square symbol line and blue circle
Symbol 1iNe in fig. 6.12(F). ..covoieiiece e 139

Changeover in surface morphology in a thin viscoelastic film with time and with
the variation in parameter g,, when the contactor is at critical gap distance. The
parameters used for the surface profile shown in column (A) areg, = 0.5, g, =
0.005 and t = 0.203, surface profile shown in column (B) are g, = 1.0, g, =
0.005 and t=0.203 and surface profile shown in column (C) are g, =
3.0, g1 = 0.005and t = 0.203 reSPeCtiVEIY.......ccceriririiiiiiiee e 140

(A) depicts the variation in the fractional contact area of patterns formed at the

free surface with time with variation in parameter g, = 0.5,1.0 and 3.0 (when
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6.15

6.16

parameter g; = 0.005 and t = 0.203 are constant) shown by a red square, green
triangle and blue circle symbol lines and similarly, figure 6.14(B) shows the
number of columns formed at the free surface with time respectively. The
summation of normal stresses per unit area represents the adhesive force and total
energy variation with time in the film when the contactor is at the dc is shown in
fig 6.14(C) and (D) with the variation in parameter g, (represented by respective
symbol line, shown in the legend) respectively. The variation in interaction
potential energy and stored energy in the viscoelastic film with time are
represented by the filled symbol line and hollow symbol line in fig. 6.14(E)
respectively. Similarly, fig 6.14(F) shows the elastic part and viscous part of total
stored energy in the film with time shown by respective filled symbol line and

hollow symbol line (shows variation in g, parameter). ........cccocevceverenenenenne 141

Changeover in surface morphology in a thin viscoelastic film with time and with
the variation in parameter g,, and parameter g, and t kept constant when the
contactor is at a critical gap distance. The parameters used for the surface profile
shown in column (A) are, g, = 1.0, g; = 0.001 and T = 0.203, column (B) are
go = 1.0, g; = 0.005 and T = 0.203, column (C) are g, = 1.0, g; = 0.05 and
T = 0.203, and column (D) are g, = 1.0, g; = 0.5 and t = 0.203 with time,
FESPECTIVEIY. <o et 143

(A) depicts the variation in the fractional contact area of patterns formed at the
free  surface with time with variation in  parameter g; =
0.001, 0.005,0.05 and 0.5 (when the parameter g, = 1.0 and T = 0.203 are
constant) shown by a red square, green triangle and blue circle symbol lines and
similarly, figure 6.16(B) shows the number of columns formed at the free surface
with time respectively. The summation of normal stresses per unit area represents
the adhesive force and total energy variation with time in the film when the
contactor is at the dc is shown in fig 6.16(C) and (D) with the variation in
parameter g, (represented by respective symbol line, shown in the legend)
respectively. The variation in interaction potential energy and stored energy in the
viscoelastic film with time are represented by the filled symbol line and hollow

symbol line in fig. 6.16(E) respectively. Similarly, fig 6.16(F) shows the elastic
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6.17

6.18

6.19

part and viscous part of total stored energy in the film with time shown by
respective filled symbol line and hollow symbol line (shows variation in g,

O L1 1] (-] S STRRSRPS 144

Shear modulus variation or stress relaxation in the film with the time with the
variation in stress relaxation time t represents by the square symbol line (t =
0.0203), triangle symbol line (T = 0.203), and circle symbol line( Tt = 2.03)
respectively at a constant value of g, = 1.0 and g; = 0.005 shown in figure
6.17(A). Figure 6.17(B) depicts the variation in time (time taken by a viscoelastic

film to come in full contact with a contactor) with stress relaxation

Changeover in surface morphology in the thin viscoelastic film with time and
with the variation in stress relaxation parameter (t) and parameter g, and g, are
constant when the contactor is at a critical gap distance. The stress relaxation
times used for the surface profile shown in columns (A), (B) and (C) are Tt =
0.203,0.203 and 2.03, reSPECHIVEIY. ...ccuvieeiieiieeee e 147

(A) depicts the variation in the fractional contact area of patterns formed at the
free surface with time with variation in stress relaxation time parameter t =
0.0203,0.203 and 2.03 (when the parameter g; = 1.0 and g; = 0.005 are
constant) shown by a red square, green triangle and blue circle symbol lines and
similarly, figure 6.19(B) shows the number of columns formed at the free surface
with time respectively. The summation of normal stresses per unit area represents
the adhesive force and total energy variation with time in the film when the
contactor is at the dc is shown in fig 6.19(C) and (D) with the variation in
parameter g, (represented by respective symbol line, shown in the legend)
respectively. The variation in interaction potential energy and stored energy in the
viscoelastic film with time are represented by the filled symbol line and hollow
symbol line in fig. 6.19(E) respectively. Similarly, fig 6.19(F) shows the elastic
part and viscous part of total stored energy in the film with time shown by
respective filled symbol line and hollow symbol line (shows variation in g,

PATAIMIETET) .. eiueerteteite ettt ettt e bbbt b bt b et e e b ettt e e enes 148



6.20

6.21

6.22

2-D simulation results predict different modes of surface morphology in
viscoelastic thin film with time at critical gap distance and with the variation in

parameterg,, g;and t at constant stress relaxation time. Contour represents the

magnitude of G = go/gl IN 80 81 PIANE...covvceeveee e 150

Depicts the surface morphology developed and varies with time at the
viscoelastic film surface when the contactor is at debonding stage (moving away
from the film surface with debonding velocity). Column (A) represents the
changeover in surface morphology with time during debonding stages for
parameters for g, =3.0, g; =0.001, t=0.203s and 0.0 nm/s debonding
velocity. Similarly, column (B) and (C) represents the morphology having the
same parametric value but with different debonding velocities of 0.1 nm/s and 1.0

NM/S, TESPECLIVEIY. ..veiiice e 152

Plot (A) depicts the fractional contact area of patterns formed at the film surface
with gap distance during debonding cycle having fixed parametric value g, =
3.0, g; = 0.001 and T = 0.203. The green triangle symbol line and blue circle
symbol lines present the corresponding data in plots for debonding velocity vq =
0.1 nm/s, 1.0 nm/s respectively. The number of columns formed at the free
surface with gap distance is shown in plot (B) at respective withdrawal velocities
(given in the legend) of the contactor. The summation of normal stresses per unit
area represents the adhesive force (F) and total energy (I1) variation with
separation distance in the film when the contactor is moving with respective
velocities (0.1 nm/s and 1.0 nm/s). Variations in interaction potential energy and
stored energy with gap distance are represented by the filled symbol line and
hollow symbol line in plot (E), respectively. Similarly, plot(F) shows the
variation of elastic compliance and viscous compliance of total stored energy in
the film with gap distance shown by respective filled symbol line and hollow
symbol line (Here, green triangle and blue circle symbol lines represent

withdrawal velocities 0.1 nm/s and 1.0 nm/s respectively). .......ccccoovviiviennnn 153
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6.24

6.25

Depicts the surface morphology developed and varies with time at the
viscoelastic film surface when the contactor is at debonding stage (moving away
from the film surface with debonding velocity). Column (A) represents the
changeover in surface morphology with time during debonding stages for
parameters for g, = 1.0, g; = 0.001, t=0.203s and 0.0 nm/s debonding
velocity. Similarly, column (B) and (C) represents the morphology having the
same parametric value with different debonding velocities of 0.1 nm/s and 1.0

NM/S, TESPECLIVRIY. ... 155

Plot (A) depicts the fractional contact area of patterns formed at the film surface
with gap distance during debonding cycle having fixed parametric value g, =
1.0, g; = 0.001 and T = 0.203. The green triangle symbol line and blue circle
symbol lines present the corresponding data in plots for debonding velocity vq =
0.1 nm/s, 1.0 nm/s respectively. The number of columns formed at the free
surface with gap distance is shown in plot (B) for respective withdrawal velocities
(given in the legend) of the contactor. The summation of normal stresses per unit
area represents the adhesive force (F) and total energy (I1) variation with
separation distance in the film when the contactor is moving with respective
velocities (0.1 nm/s and 1.0 nm/s). Variations in interaction potential energy and
stored energy with gap distance are represented by the filled symbol line and
hollow symbol line in plot (E), respectively. Similarly, plot(F) shows the
variation of elastic compliance and viscous compliance of total stored energy in
the film with gap distance shown by respective filled symbol line and hollow
symbol line (Here green triangle, and blue circle symbol lines represents
withdrawal velocities 0.1 nm/s and 1.0 nm/s respectively). .......cccccoovviiniennn. 157

Depicts the surface morphology developed and varies with time at the
viscoelastic film surface when the contactor is at debonding stage (moving away
from the film surface with debonding velocity). Column (A) represents the
changeover in surface morphology with time during debonding stages for
parameters for g, = 1.0, g; = 0.005, T = 0.203s and 0.0 nm/s debonding

velocity. Similarly, column (B) and (C) represents the morphology having the
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6.26

6.27

6.28

same parametric value with different debonding velocities of 0.1 nm/s and 1.0

NM/S, TESPECLIVEIY. .. 159

Plot (A) depicts the fractional contact area of patterns formed at the film surface
with gap distance during debonding cycle having fixed parametric value g, =
1.0, g; = 0.005and T = 0.203. The green triangle symbol line and blue circle
symbol lines presents the corresponding data in plots for debonding velocity vq4 =
0.1 nm/s, 1.0 nm/s respectively. The number of columns formed at the free
surface with gap distance is shown in plot (B) for respective withdrawal velocities
(given in the legend) of contactor. The summation of normal stresses per unit area
represents the adhesive force (F) and total energy (IT) variation with separation
distance in the film when the contactor is moving with respective velocities (0.1
nm/s and 1.0 nm/s). Variations in interaction potential energy and stored energy
with gap distance are represented by the filled symbol line and hollow symbol
line in plot (E), respectively. Similarly, plot(F) shows the variation of elastic
compliance and viscous compliance of total stored energy in the film with gap
distance shown by respective filled symbol line and hollow symbol line (Here,
green triangle and blue circle symbol lines represent withdrawal velocities 0.1
nM/s and 1.0 NM/S reSPectiVely). ..o 160

Depicts the surface morphology developed and varies with time at the
viscoelastic film surface when the contactor is at debonding stage (moving away
from the film surface with debonding velocity). Column (A) represents the
changeover in surface morphology with time during debonding stages for
parameters for g, = 0.5, g; = 0.005, T=0.203s and 0.0 nm/s debonding
velocity. Similarly, column (B) and (C) represents the morphology having the
same parametric value with different debonding velocities of 0.1 nm/s and 1.0

NM/S, TESPECTIVEIY. ..veiiiiiie et 162

Plot (A) depicts the fractional contact area of patterns formed at the film surface
with gap distance during debonding cycle having fixed parametric value g, =
0.5, g; = 0.005 and T = 0.203. The green triangle symbol line and blue circle

symbol lines present the corresponding data in plots for debonding velocity vq4 =
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6.29

7.1

7.2

7.3

0.1 nm/s, 1.0 nm/s respectively. The number of columns formed at the free
surface with gap distance is shown in plot (B) for respective withdrawal velocities
(given in the legend) of the contactor. The summation of normal stresses per unit
area represents the adhesive force (F) and total energy (I1) variation with
separation distance in the film when the contactor is moving with respective
velocities (0.1 nm/s and 1.0 nm/s). Variations in interaction potential energy and
stored energy with gap distance are represented by the filled symbol line and
hollow symbol line in the plot(E), respectively. Similarly, plot(F) shows the
variation of elastic compliance and viscous compliance of total stored energy in
the film with gap distance shown by respective filled symbol line and hollow
symbol line (Here, green triangle, and blue circle symbol lines represent

withdrawal velocities 0.1 nm/s and 1.0 nm/s respectively). ......c.ccccoovevverrinnnee. 163

2-D simulation results predict different mode of surface morphology in
viscoelastic thin film with time, when contactor is moving away (debonding

process) and with the variation in parameter g,, g; and T at constant stress

relaxation time. Contour represents the magnitude of G = go/gl in go- g4 plane.

Schematic figure of an inhomogeneous leaky bilayer configuration, externally
applied an E-filed of potential {r and confined between two electrodes, placed at a
gap distance "d". Both elastic and viscous films have thickness-dependent
material properties like shear modulus G(z) and viscosity u. The dotted line

represents the undeformed interface of the bilayer configuration. ..................... 169

Shear modulus variation in the elastic film with film thickness. For the negative
value of a, the film is softer at the base state, for positive values of a film is
softer at the top compared to base state and at a =0, film has constant shear

MOdUlUS throUGNOUL. .....c.eieiie e 176

Plot (A) shows the validated LSA results of growth rate of instability vs wave
number. The solid black line corresponds to the inhomogeneous thin film, and the
solid line with square symbol for the homogeneous thin bilayer. Plot (B) shows
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7.4

7.5

7.6

7.7

7.8

the growth rate of instability curve for homogeneous bilayer film (a =1) and
inhomogeneous bilayer (softer interface (a positive) and with stiffer interface (a

0cT0 T LY=)o S RSP 177

Plot of figure 7.4(A) for the dominant wavelength of instability with the variation
of a (range from positive to negative), the plot of fig. 7.4(B) depicts the dominant

growth rate of the coefficient with the variation of . ........ccccceviviiiieinennnnn. 177

Plot (A1-A3 and B1-B3) shows the growth rate of instability and wavenumber for
both homogenous leaky dielectric bilayer. Plot (A1-A3) shows the data when
elastic layer is leakier while plot (B1-B3) shows the data when viscous layer is
JEAKIET . .. ettt sttt ae e 178

Plot (A1-A3 and B1-B3) shows the growth rate of instability and wavenumber for
both homogenous and one of the leaky dielectric layers in bilayer. Plot (A1-A3)
shows the data when elastic layer is leakier while plot (B1-B3) shows the data

When ViSCous layer iS 18aKIer. .........cccooieiiciiiieeceeeeee e 179

Plot (A1-A3) shows the growth rate of instability and wavenumber, when leaky,
graded elastic layer is confined with leaky viscous layer. Plot (A1-A3) shows the
data when graded elastic layer is more leaky than viscous, while plot (B1-B3)

shows the data when viscous layer is leakier than viscous layer. ..................181

Plot (A1-A3) shows the growth rate of instability and wavenumber, when leaky,
graded elastic layer is confined with leaky viscous layer. Plot (A1-A3) shows the
data when graded elastic layer is leaky and confined dielectric viscous, while plot
(B1-B3) shows the data when viscous layer is leakier and confined with graded

BIASLIC TAYEY. ...\ttt eraens 183
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