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ABSTRACT: Homogeneous wrinkles and localized patterns are
ubiquitous in nature and are useful for a wide range of practical
applications. Although various strain-driven surface instability
modes have been extensively investigated in the past decades,
understanding the coexistence, coevolution, and interaction of
wrinkles and localized patterns is still a great challenge. Here, we
report on the formation and evolution of coexisting wrinkle and
ridge patterns in metal films deposited on poly(dimethylsiloxane)
(PDMS) substrates by uniaxial compression. It is found that the
evolving surface patterns show unique features of morphological
transition from stages I to III: namely, transition from localized
ridges to coexisting wrinkles and ridges, and finally to sinusoidal-
like structures, as the compression increases. Based on the
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compressive strain-driven surface instability theory and finite element numerical simulation, the morphological features, transition
behaviors, and underlying mechanisms of such complex patterns are investigated in detail, and the changes of amplitude and
wavelength versus the strain are consistent with our experiments. This work could promote a better understanding of the effect of
strain localization and the interaction of multiple surface patterns in hard film—soft substrate systems.

Bl INTRODUCTION

Bowden et al.' reported the spontaneous formation of
homogeneous and controllable wrinkles in gold films deposited
on polydimethylsiloxane (PDMS) substrates when the system
was cooling." Thereafter, wrinkle patterns have received a great
deal of attention for both fundamental investigations and
engineering applications. It is now well-known that wrinkles
are typically generated in the bilayer system of a thin rigid film
resting on a thick, soft substrate when the imposed
compressive stress exceeds a threshold. The mechanism of
wrinkle formation can be well understood based on the
continuous elastic medium theory (Foppl—von Karman plate
equations).”” The in-plane wrinkle period (or wavelength) is
dependent on the film thickness and the film—substrate
modulus ratio under small strain conditions. The out-of-plane
amplitude is directly proportional to the wavelength and the
square root of strain. The wrinkle orientation and ordering can
be controlled by tuning the local stress field and loading
history.*~® The controllable wrinkle patterns have been widely
applied in various engineering fields such as stretchable
electronics, tunable optics, surface wetting, friction and
adhesion, smart materials, energy devices, information storage,
biomedicines, microfluid handling systems, and so on.” %
The wrinkle wavelength and amplitude are uniform for a
homogeneous film—substrate system (with the same film
thickness and material parameters). The strain energy is evenly
distributed on the homogeneously wrinkled surface. As the
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compressive strain increases greatly, however, the wrinkle
mode becomes unstable and it may evolve into advanced
instability modes such as crease,"* fold,** period—double,13 and
ridge,'* depending on the film—substrate modulus ratio.'*"'
The advanced instability modes are always accompanied by the
redistribution and localization of the strain energy at very small
film regions.''~'* Among these advanced instability modes, the
ridge pattern usually occurs in the cases of large film—substrate
modulus ratio and large substrate prestretch.'””*' The
theoretical analysis and numerical simulation predict that the
ridge pattern usually exhibits separated protrusions evolving
17720 However, distinct surface structures
in the form of alternating packets of large and small
undulations can also be observed in some experiments.'***>**
Furthermore, both experimental and theoretical studies show
that the critical strain for the formation of ridge pattern is only
slightly larger than the critical wrinkling strain in some
cases,™'” indicating that the wrinkles and ridges may be
coexisting and coevolutionary in a real film—substrate system.

from wrinkle crests.
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Figure 1. Schematic drawing of film preparation and strain loading. (a) Pristine PDMS sheet. (b) PDMS sheet was stretched to a strain of 30%. (c)

Silver film was deposited on the prestretched PDMS. (d) Sample was

annealed at 200 °C for 20 min. (e) Sample was naturally cooled down to

room temperature. The red arrows denote the uniaxial compression. (f) PDMS was further stretched to a random length after cooling. (g) The
unannealed sample was directly compressed by partially releasing the prestrain. (h) Prestrain was released completely. (i) Definition of the x and y

axes.

Figure 2. In situ morphological evolution of the sample with & = 90 nm during the cooling process. The data appearing in the bottom-left corners
represent the cooling time t. All images have the same size of 695 X 521 ym?

Although the structure and mechanics of the ridge pattern
(especially the wrinkle-to-ridge transition) have been exten-
sively investigated in the past decade,'”'”~*" the details about
the coexistence, coevolution, and interaction of wrinkles and
ridges are still unclear up to now. Here, we report on the
formation and evolution of coexisting wrinkle and ridge
patterns in metal films deposited on PDMS substrates by
uniaxial compression. It is found that the strain energy is not
evenly distributed in the film surface at small strain conditions,
resulting in the spontaneous formation of coexisting wrinkle
and ridge patterns in the form of alternating packets of large
and small undulations. Such patterns are different from the
theoretical predications'’ > but are analogous to some
experimental observations.'”**** As the strain increases, they
evolve into a sinusoidal-like mode with a high aspect ratio
gradually via nonuniform growth of the undulation amplitudes.
This process can be attributed to the redistribution and real-
time evolution of the strain energy across the film surface,
which has not been reported previously.

B EXPERIMENTAL SECTION

We deposited metal films on soft PDMS substrates to construct a
film—substrate bilayer system. The PDMS was prepared by curing a
10:1 mass ratio of prepolymer and curing agent at 80 °C overnight.
The PDMS sheet with ~30 X 15 mm? in-plane size and ~1.2 mm
thickness was mounted on a custom-designed stretching device and

was stretched to a prestrain of 30% (prestretch 1.3), as shown in
Figure 1a,b. Then, metal (silver in the main text) films were deposited
on the prestretched PDMS substrates by a direct current magnetron
sputtering technique at room temperature, as shown in Figure 1c. The
film thickness was controlled by the deposition rate (here it was fixed
at 0.5 nm/s) and the deposition time.

After deposition, we adopted two methods to generate uniaxial
compressive stress and induce surface instability of the film: (1) the
sample was annealed at 200 °C for 20 min at the prestrain state, as
shown in Figure 1d. During this process, the silver film underwent a
plastic deformation or viscous flow at the interface and kept
conformal to the PDMS without cracking.n’24 Subsequently, natural
cooling generated uniaxial compressive stress in the x direction and
induced surface instability, as shown in Figure le. The thermal stress
could be conveniently controlled by changing the annealed temper-
ature.”> To avoid obvious mechanical damage to PDMS under high
temperatures, the annealed temperature was fixed at 200 °C in this
study. After cooling, the PDMS can be further stretched to increase
the uniaxial compressive stress in the x direction, as shown in Figure
1f. (2) The prestrain of PDMS was released gradually to generate
uniaxial compressive stress in the y direction, as shown in Figure 1gh.
Note that these two methods lead to similar experimental results.
They had their respective advantages and disadvantages. The
annealing-induced stress was continuously changed and the in situ
morphological evolution can be conveniently detected. However, the
thermal stress was limited by the annealing temperature. On the
contrary, the mechanical loading had a larger strain range, and the
entire process of morphological evolution could be achieved.
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Figure 3. Spatial distributions of the wavelength A and amplitude A of coexisting wrinkle and ridge patterns for the two samples. The top images
show the corresponding sectional profiles: (a) h = 150 nm; (b) h = 120 nm.

The film morphologies were detected by an optical microscope
(Olympus BX41) and an atomic force microscope operated in tapping
mode (AFM, JPKSPM). The cross-sectional profiles were detected by
a stylus profiler (DektakXT, Bruker).

B RESULTS AND DISCUSSION

Heating/Cooling Cycle. After annealing at 200 °C for 20
min, the sample was placed under an optical microscope for
morphological detection. The in situ morphological evolution
of the sample during natural cooling is shown in Figure 2 (for
details, see Movie S1). We find that the film surface forms tiny
wrinkles along the x direction at t = 0. They originate from the
slight compressive stress during heating. In our experiment, the
substrate length is constrained by two clamps and thus the film
strain in the y direction is almost unchanged during
temperature variation. In the x direction, however, the
expansion of PDMS is unrestricted due to the free boundary
condition (see Figure 1). As elapsed time increases, the sample
gradually cools from 200 °C to room temperature. Because the
thermal expansion coefficient of PDMS is much larger than
that of silver, the PDMS thermally contracts and places the film
under uniaxial compressive stress in the x direction. The
compressive stress increases with the elapsed time, leading to
the formation of striped patterns along the y direction.

The thermal strain of a bilayer system &y, is easily estimated
based on the formula &4, = (@, — ;) AT, where AT is the
temperature variation, oy and «, are the thermal expansion
coefficients of the film and substrate, respectively.' In this
experiment, a; = 2.0 X 107> K™ (Ag), a, = 3.2 X 107* K!
(PDMS) and AT = 180 K. Thus, the thermal strain is
estimated to be about 5.4%. As the compressive strain is
beyond a critical value, wrinkles first form on the film surface.
The continuous elastic medium theory predicts that the critical
wrinkling strain is expressed as"”

2/3
} 1

where E;; E, v and v, are the elastic moduli and Poisson’s
ratios of the film and substrate, respectively. The critical
wrinkling strain for the Ag/PDMS system is much smaller
(~0.05%) because of the large modulus mismatch (E; = 70

3E(1 — 1)
E¢(1 — %

c_ 1

Y4
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GPa and E; = 2 MPa). Therefore, wrinkles are easily induced
by thermal treatment or mechanical loading in metal film—
PDMS systems.

It can be seen from Figure 2 that the striped patterns are not
uniform but localized remarkably. At t = 6 s, some tiny
wrinkles along the y direction can be observed and they evolve
into a localized pattern quickly. This localized pattern behaves
like a snapping process and has a larger amplitude compared
with the neighboring waves (for details see below), indicative
of the ridge mode.'” ™' The quick transition from wrinkling to
ridging indicates that the critical strain for the formation of a
ridge pattern is only slightly larger than the critical wrinkling
strain in our experiment.''? From t = 6—10 s, an isolated
ridge pattern propagates from top to bottom. At ¢t = 40 and 60
s, the second and third localized ridges appear in the image in
sequence. As the time further increases, more ridge patterns
form, leading to a progressive decrease in the average spacing
of localized ridges (see Figure S1). Our experiment shows that
when the cooled sample is heated to 200 °C again, the ridge
patterns disappear completely. But they are recovered during
subsequent cooling (see Figure S2). This test indicates that
such a pattern is reversible by the heating/cooling cycle.

Morphological Features. To discover the morphological
features of the localized ridges, cross-sectional profiles are
detected by the stylus profiler after cooling, as shown in Figure
3. It is clear that the surface patterns exhibit the form of
alternating packets of large and small undulations.'**>** A
single packet usually contains 3—5 wave periods initially. The
largest amplitude corresponds to the ridge center, while the
smaller undulations between the neighboring ridges are still in
wrinkle mode. Therefore, the heterogeneous surface can be
viewed as a mixture of localized ridges and coexisting wrinkles.
Figure 3 also shows the spatial distributions of wrinkle or ridge
amplitudes and wavelengths for two samples with film
thicknesses of h = 150 and 120 nm. It is clear that the
amplitudes are quasi-periodically oscillatory. They successively
change from near zero to ~4 ym (for h = 150 nm) or ~3 ym
(for h = 120 nm). Unlike the homogeneous wrinkles, whose
wavelengths are uniformly distributed, the wavelengths of such
patterns are also obviously oscillatory. The peaks of wave-
lengths are always consistent with the troughs of amplitudes, as
denoted by the bidirectional arrows in Figure 3.
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We suggest that this phenomenon results from the following
two reasons. First, the continuous elastic medium theory
predicts that the wrinkle wavelength at critical strain can be
expressed as' >

2 /3
1 = 27 E( -y

3E(1 — 1) )
For large strain condition, the wrinkle wavelength needs to

be corrected as'®**

c1—e€

Ay = Ay——
1 —e, (3)

where ¢ is the compressive strain. The wrinkle amplitude can
1-3
be expressed as

1/2
£ c
?] (69 )”w'\/?

w

A= |
(4)

The ridge pattern originates from the quick growth of a
wrinkle crest. The ridge width (or wavelength) is equal to the
wrinkle wavelength initially, but it needs to consider the strain

effect. The ridge wavelength and amplitude are expressed
15,16
as

1—¢
1—¢, (%)

A=A

A, = A5[0.24(e — €5) + 0.075] (6)

Note that the wrinkle wavelength and ridge wavelength have
the same expression but the compressive strains (¢) are
different. Eq 4 gives ¢ « A%, indicating that the compressive
strain is not evenly distributed in the heterogeneous film
surface. The strain is highly concentrated at the localized ridges
due to the large amplitudes. According to eqs 3 and S, the
wrinkle or ridge wavelength may decrease steadily with
increasing compressive strain. Therefore, the locations of the
minimum amplitudes (i.e, minimum strains) are always
consistent with the locations of the maximum wavelengths
and vice versa. Second, the ridge patterns first form and remain
stable at the localized positions, and then wrinkles appear in
small strain regions between the neighboring ridges. Due to the
staggered manner of the localized ridges,”” more wrinkle
impurities such as bifurcations and terminations***’ can exist
in the small strain regions, leading to the increase of wrinkle
wavelength.

Figure 4 shows the evolution of coexisting wrinkle and ridge
patterns with increasing film thickness taken by AFM. It is
clear that the surface morphologies for different film
thicknesses are self-similar. However, the wrinkle or ridge
dimensions increase obviously with the film thickness. In our
experiment, the material parameters of the film and substrate,
the thermal strain, and the critical wrinkling strain are all
constant. Therefore, the wrinkle or ridge dimensions (wave-
length and amplitude) are all directly proportional to the film
thickness based on eqs 2—6, which is consistent with the
previous studies.' >

Evolution by Further Stretching. After heat treatment,
we detected the evolution of the coexisting wrinkle and ridge
patterns via further uniaxial stretching along the y direction.
The in situ evolution of the film morphologies under
mechanical stretching is shown in Figure Sa. It is clear that

406

60

40
Distance (um)

Figure 4. AFM images (a—c) and corresponding profile lines (d) of
the coexisting ridge and wrinkle patterns with different film
thicknesses after cooling. (a) h = 15 nm; (b) h = 30 nm; (c) h =
60 nm. All images have the same size of 90 X 90 ym®

the tensile strain leads to the formation of parallel cracks along
the x direction.”®”” The critical tensile strain for crack
formation is &, = €, = 2.8%, where ¢,,, is the applied
mechanical strain. Then, the number density and width of the
cracks increase gradually to accommodate more tensile strain
energy. On the other hand, a compressive strain will be
generated in the x direction due to the Poisson’s effect of
PDMS (vppys = 0.5). As the compressive stress increases, the
localization phenomenon becomes obscure gradually.

Figure Sb shows the cross-sectional profiles of the surface
morphologies under different compressive strains. Here, the
total compressive strain is expressed as £com = €4 + Vppms Eapp:
We find that the film surface is obviously heterogeneous or
localized just after cooling (£.m = &n = 54%). As the
compressive strain increases, the amplitude inhomogeneity
decays gradually, and finally a sinusoidal-like mode is formed.
To further understand the evolution behaviors of coexisting
wrinkle and ridge patterns, we measured the dependence of the
wrinkle and ridge amplitudes on the total compressive strain,
as shown in Figure Sc. Here, the maximum and minimum
amplitudes are viewed as ridge amplitude A, and wrinkle
amplitude A,, respectively. We find that when &, < 15%
(stage II), the ridge amplitude A, is almost unchanged while
the wrinkle amplitude A,, increases successively with increasing
Ecom At Eom ~ 15%, the ridge amplitude and wrinkle
amplitude become indistinguishable in the experiment due to
the formation of a sinusoidal-like pattern. As e, further
increases (stage III), the amplitude of the sinusoidal-like
pattern A, increases steadily.

Uniaxial Mechanical Compression. It raises the question
of whether heat treatment is necessary for the formation of the
coexisting wrinkle and ridge patterns. To answer this question,
we performed an alternative test in which direct compression
was applied (no heat treatment). The in situ morphological
evolution of the film under direct compression is shown in
Figure 6. We find that the as-prepared sample is free of
wrinkles. Upon application of a very small mechanical
compression, localized ridge patterns appear in the film,

https://doi.org/10.1021/acs.langmuir.3c02655
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Figure 5. (a) In situ morphological evolution of the annealed sample with # = 90 nm by further uniaxial stretching after cooling. The data
appearing in the bottom-left corners represent the applied mechanical strain along the y direction. All images have the same size of 348 X 261 yum®.

(b) Evolution of the cross-sectional profile with increasing total compressive strain expressed as €qom = &g + Uppus'€

amplitudes A, A,, and A, with the compressive strain &,,,. The solid line is a fit to the experimental data of A, and A, by A

constant &, = 5%.

app- (€) Evolution of the

e — ¢ with a

Figure 6. In situ morphological evolution of the sample with & = 30 nm via direct uniaxial compression (no annealing treatment). The data
appearing in the bottom-left corners represent the compressive strain, which is equal to the applied mechanical strain along the y direction. All

images have the same size of 348 X 261 um’.

similar to those induced by heat treatment, as shown in Figures
2 and S. Our experiment shows that other metal films sputter-
deposited on PDMS substrates also lead to a similar
phenomenon (see Figure S3), indicating that the localized
ridge patterns are universal for metal film—polymer substrate
systems. As the compression increases, the number density of
localized ridges increases. At &,,, ~ 2.1%, cracks along the y
direction form due to the tensile strain in the x direction
induced by Poisson’s effect.””” Note that the critical tensile
strain for crack formation, in this case, is about €., = Vppwg €app
= 1.1%, which is smaller than that shown in Figure S due to the
smaller film thickness in Figure 6.

Figure 7a shows the cross-sectional profiles of the film
surface under different compressive strains by mechanical
loading. We find that the sectional profile at €, = 0 is flat and
wrinkle-free. Then localized ridges start to form in some
regions, while the film surface between neighboring ridges
remains flat. As the compressive strain increases, the number
density of localized ridges increases gradually and the average

407

spacing decreases successively, as shown in Figure 7b. Finally,
the amplitude inhomogeneity disappears, and a sinusoidal-like
pattern is formed. Figure 7c shows the dependence of the
wrinkle and ridge amplitudes on the compressive strain. It is
clear that the total region can be divided into three stages.
In stage I (€.om < 5%), A,, approaches zero while A, increases
approximately linearly with strain. It can be seen from Figure
7b that the average spacing of localized ridges decreases
obviously in stage I. That is, the localized ridges are not
saturated in this stage. The compressive strain is released by
increasing the number density and amplitude of the ridge
patterns simultaneously. In stage II (5% < €. < 15%), 4, is
almost unchanged while A,, increases successively with strain.
In this stage, the localized ridges have been saturated, and the
average spacing is almost unchanged (see Figure 7b). The
compressive strain is released by increasing wrinkle amplitude
solely. As a result, a sinusoidal-like pattern appears at &, ~
15%. In stage I1I (&.o, > 15%), the amplitude of the sinusoidal-
like pattern increases steadily with strain. By comparison of the

https://doi.org/10.1021/acs.langmuir.3c02655
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results shown in Figures Sc and 7c, it can be concluded that the
evolution behaviors via cooling plus stretching (method 1) and
direct compression (method 2) are similar. In method 1, stage
I occurs in the cooling process and is induced by the thermal
strain. It is missing in Figure Sc because the evolution of the
sectional profile during cooling is hard to measure in the
experiment.

Evolution Mechanism. Localized patterns can be widely
observed in natural and artificial systems. For example, the
tensile strain leads to the formation of localized cracks in brittle
materials such as drying mud, coatings, and films.>**" The
compressive strain leads to the formation of localized buckle-
delaminations in elastic films on rigid substrates.””** For soft
elastic substrates, the coexistence of sinusoidal wrinkles and
localized buckle-delaminations can be observed if the
interfacial adhesion is comparatively weak.>*™>® For liquid or
very soft substrates, the elastic films tend to form sinusoidal
wrinkles under modest compression and localized folds,””
ridges,”" or period-doubles'® at large strain. For pure soft
materials such as gels, hydrogels, and biological tissues,
localized creases are observed under large compression."'

It is now well-known that the localized patterns originate
from strain localization. The coexisting wrinkle and ridge
patterns presented in this work are also induced by strain
localization. In stage I, the applied compressive strain is first
localized at some positions mainly due to the film
imperfections, leading to a quick increase of local amplitudes.
The increase in amplitude further enhances the structural
inhomogeneity and localizes the strain energy. Therefore, once
the localized ridge initiates at a certain position, it can
spontaneously propagate to form a stable structure with large
amplitude, as shown in Figure 2. This situation is similar to
other localized gatterns such as cracks, buckle-delaminations,
and creases."*"7*° Note that the ridge formation can be
viewed as a snapping process, as shown in Figures 2 and 6. The
wrinkled or even flat film surface can abruptly bump up to a
certain height.'"” Therefore, the ridge amplitude has a larger
value at a very small strain, as shown in Figure 7c.
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Furthermore, eq 6 shows that the ridge amplitude increases
linearly with compressive strain, consistent with the exper-
imental result as shown in Figure 7c.

After the localized ridges form, the residual strain is not
evenly distributed on the film surface. The strain in the region
between two neighboring localized ridges is largest because the
ridge patterns can relax local strain effectively.'*'”>" There-
fore, new localized ridges tend to initiate in the middle regions,
and their spacing is almost uniform. When the spacing of
localized ridges decreases to a certain value, the localizing is
saturated, and no new ridge pattern forms thereafter. At this
point, the ridge amplitude has increased greatly while the
wrinkle amplitude in the middle regions is still close to zero,
indicating that the strain localization reaches its peak.

Then, in stage II, the ridge amplitude remains unchanged
while the wrinkle amplitude increases successively, leading to
the gradual decay of the strain localization. Note that the
wrinkle amplitude increases from zero and no snapping
phenomenon is observed (see Figure 7c), which is completely
different from the localized ridge. Figure 7c also shows that the
wrinkle amplitude is directly proportional to the square root of
strain, consistent with the well-known amplitude—strain
relation as shown in eq 4. Recently, Chen and Crosby”
investigated the amplitude growth of a periodically wrinkled
film surface comprising flat and uniformly wrinkled regions.
They found that the wrinkle amplitude of the flat region
increases quickly while that of the wrinkled region increases
slowly with increasing applied strain, leading to the formation
of uniform amplitudes finally, which is quite similar to our
experimental results in stage II. However, the initial
heterogeneous surface patterns are artificial in the previous
work®” while they are spontaneous in our experiment.

In stage III, the strain localization disappears completely,
and a sinusoidal-like pattern is formed. The amplitude of the
sinusoidal-like pattern increases continuously with increasing
strain. Furthermore, the experimental data of A, are also fitted
by the well-known amplitude-strain relation, as shown in
Figures Sc and 7c. The precise amplitude—strain relation in

this work should be corrected as A « /e — ¢/, where €/ is the

critical strain for initiation of minimum wrinkle amplitudes, i.e.,
the transition point from stage I to stage II (here £, ~ 5%). For
the sample shown in Figure 7, the amplitude and wavelength of
the sinusoidal-like pattern at &, = 23% are about 4.5 and 14
pum, respectively. Thus, the aspect ratio of such a pattern is
about 0.32, which is much larger than that of common wrinkles
(typically ~0.1). The previous studies showed that the aspect
ratio can be beyond 0.5 when the prestrain increases.'”***” It
is well-known that the ridge mode can delay or suppress the
formation of other localized patterns such as period-double
and fold and thus can increase the aspect ratio greatly.
Finally, it should be noted that the profiles of traditional
ridges and our experimental observations have some
discrepancies. The traditional ridge mode usually has a single
protrusion evolving from a wrinkle crest, while our experiment
exhibits a distinctly heterogeneous pattern with oscillatory
amplitude and wavelength. Although the structure of
alternating packets of large and small undulations has been
observed in some experiments,14’22’23 the mechanisms of
formation and evolution of such pattern are still unknown.
Recently, Xu’s group theoretically obtained similar alternating
packet structures in the cases of large prestretch (~1.8) and
small film—substrate modulus ratio (45—200).*>*" But these

https://doi.org/10.1021/acs.langmuir.3c02655
Langmuir 2024, 40, 403-412


https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02655?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.3c02655?fig=fig7&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.3c02655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

formation conditions are different from our experiment with
comparatively small prestretch (1.3) and extremely large
modulus ratio (above 10%). Further theoretical and simulation
research is needed to illuminate the mechanisms of
spontaneous strain localization and heterogeneous patterns
with oscillatory amplitude and wavelength in a real film—
substrate system.

Finite Element Simulations. To further understand the
formation and evolution of ridges (stage I) and secondary
wrinkles (stage II), nonlinear finite element simulations
(FEM) are employed. Previous studies elucidated that the
formation of ridge is strongly influenced by prestretching'”**
and modulus ratio between film and substrate.”” For a film—
substrate system with a large modulus ratio pg/p,, localized
ridges prevail when a sufficiently large prestretch ¢, is
adopted.

The commercial software Abaqus is adopted to perform
nonlinear FEMs under plane strain conditions. A prestretched
film—substrate system is employed to investigate the formation
of localized ridges under overall compressive strain (stage I), as
shown in Figure 8a. Since the evolution of coexisting wrinkle

(a) | film T app—
ipre—stretched substrate with &, H| &= &
Y Li
]
—
o
AN & AN
7 7
)]
”B il g/ | =
a G C
yl  substrate H
L =

EEIYAN f A

Figure 8. Schematic diagram of the film—substrate system under
plane strain conditions. (a) Model to simulate the formation of
localized ridges (stage I). A stiff film is bonded to a relatively
compliant prestretched substrate with €. (b) Model to simulate the
formation and evolution of wrinkles on a ridged film—substrate
system (stage II). Two initial localized ridges are preset in the system.

and ridge patterns (stage II) requires large compressive strains,
in order to ensure convergence in the postbuckling analysis, a
film—substrate system with preset initial localized ridges is
built to simulate the formation and evolution of the secondary
wrinkles in ridged system, as shown in Figure 8b. The detailed
parameters of the finite element models are described below:
the thickness of the film is & = 90 nm, and the thickness of the
substrate is set as H = 200 h. Since H is much larger than h, the
substrate can be considered as semi-infinite, and the buckling
behaviors are not affected by the bottom of the substrate. The
lengths of the prestretched system and preset ridged system are
L/h = 675 and L,/h = 919, respectively. The length is set to
ensure that L > SA, where A is the theoretical wrinkle
wavelength. The prestretch strain is €, = 60% to ensure that
the localized ridges occur when compressive strain € exceeds a
critical value. The geometric parameters of preset ridges are a/
h =32 and b/h = 34, according to the simulated results of stage
I. The bottom of the substrate has zero vertical displacement
and no shear traction. Symmetry boundary condition is set
about the plane x = 0 and on the right edge x = L}, L,. A
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prescribed uniform horizontal displacement is imposed to
create compressive strain &.

Both the film and substrate are incompressible neo-Hookean
materials, and the ground shear moduli are p; and p,
respectively. The modulus ratio between the film and substrate
is set as u¢/pg = 35,000, according to the materials used in
experiments. The 4-node bilinear hybrid plane strain elements
with reduced integration (CPE4RH) are employed for both
the film and substrate to explore the buckling behaviors of the
film—substrate system under plane strain conditions. More
than 10 girds are adopted within one wavelength along the x
direction. Along the thickness direction, the film and substrate
are meshed with 4 grids and 30 grids, respectively. In
simulations, a linear perturbation procedure is accomplished
first to obtain the buckle modes of the system. The first-order
critical eigenmode scaled by a very small factor of § = 0.01h is
introduced into the system as a geometric imperfection to
trigger both wrinkles and localized ridges. The pseudo-
dynamic method is adopted to obtain the postbuckling
behaviors of the system. The damping factor is set as 0.0002
in the simulations to ensure convergence.

The process of localized ridge formation is shown in Figure
9. When an increasing compressive strain is applied to a
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Figure 9. Evolution of wrinkling and formation of localized ridges
under plane compressive strain €, where the prestretch €, = 60%.
The color bar represents the dimensionless out-of-plane displacement
u,/h. Only the upper part of the substrate is shown.

prestretched film—substrate system, both the film and substrate
will undergo out-of-plane displacements to release the strain.
When ¢ proceeds through the critical strain of wrinkling &, the
uniform striped wrinkles occur, and each wrinkle has the same
wavelength and amplitude. At € = 5%, we can see a ridge starts
to form at the right end, and the amplitudes of the wrinkles
near the ridge are reduced. At € = 12%, a second ridge forms,
and the wrinkles almost disappear. The evolution of the cross-
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sectional profile in Figure 10c demonstrates this process
clearly.

To further understand the evolution from wrinkles to
localized ridges, we select two adjacent wrinkles and define the
dimensionless relative out-of-plane displacement as Auj/h =
(Auy — u§)/h and AuSC/h = (Aud — uS)/h, as shown in
Figure 10a. When & < 3%, it is clear that the relative
displacements of positions A and B are nearly equal and
increase gradually. In this case, the striped wrinkles remain
uniform. However, when ¢ > 3%, the two curves begin to
diverge, as shown in Figure 10b. It is found that the relative
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displacement of position B is further increased, while the
displacement of position A begins to decay after an increase to
an extreme value. As the compressive strain € increases, wrinkle
B evolves into a ridge, while wrinkle A gradually disappears.
We can speculate that the critical strain from wrinkle to ridge is
about 3% in this case. We can see in Figure 10d that since the
ridges are formed one after another, the average spacing of the
ridges will first drop sharply and then decrease slowly as the
strain increases, which is in good agreement with the
experimentally observed result as shown in Figure 7b.
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The evolution of wrinkles on the film—substrate system with
preset ridges is shown in Figure 11a. As the compressive strain
increases, the wrinkles are first formed far away from the ridges
and gradually spread around the ridges. Due to the finite
deformation effect,'®*>* the wavelength of the wrinkles
decreases while the amplitude increases as the strain increases.
We can see in Figure 11b that the wrinkle amplitude A, /h
increases sharply with the increase of strain, while the
amplitude of the ridge A,/h increases slowly, and the wrinkle
amplitude increasingly approaches the amplitude of the ridge,
which is in good agreement with the experimental observa-
tions, as shown in Figure 7c. Finally, it should be emphasized
that although the FEM simulations have captured the primary
results observed in experiments, some discrepancies between
theory and experiment still existed. First, the prestrain for the
formation of ridges in simulations (60%) is larger than that in
experiments (30%). Smaller prestrain usually leads to the
formation of other instability modes (e.g, period dou-
bling'”'®) in theory. Second, the distinct form of alternating
packets of large and small undulations observed in experiments
is not obtained by FEM simulations. Third, the three-stage
evolution process presented in this study cannot be achieved
directly by FEM simulations. We believe that these
discrepancies originates from the difference between the
ideal system and the real film system.

B CONCLUSIONS

In summary, a distinct surface instability mode composed of
alternating packets of large and small undulations can be
observed in metal films deposited on PDMS substrates. The
dynamic evolutions of such coexisting wrinkle and ridge
patterns are described in detail. The strains are modulated by
two techniques: thermal treatment under a prestrain state
followed by further mechanical stretching (method 1) and
direct mechanical compression (method 2), both leading to
similar experimental results. The entire evolution process can
be divided into three stages. In the first stage (below 5%
strain), the number density and amplitude of localized ridges
increase simultaneously, while the minimum wrinkle amplitude
between neighboring ridges is still close to zero. In the second
stage (from S to 15% strain), the ridge amplitude remains
unchanged while the wrinkle amplitude increases successively
in compliance with the classical amplitude—strain formula. In
the third stage (above 15% strain), a sinusoidal-like mode
forms, and its amplitude increases steadily with increasing
strain further. The formation and evolution of coexisting
wrinkle and ridge patterns can be attributed to the
redistribution and real-time evolution of the strain energy
across the film surface under mechanical loading. This work
can provide a deep insight into the morphological feature and
mechanical mechanism of such unique instability mode driven
by strain localization (initially) and homogenization (last) in a
hard film—soft substrate system. The facile experimental
technique can be adopted to fabricate various heterogeneous
patterns with different profiles, which are beneficial for
engineering applications.
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