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ABSTRACT. Global and localized wrinkling phenomena in films/substrates
have been widely studied by means of experiment and theoretical analyses in
the past two decades. They have shown broad application prospect i ciagon: sun, v., Yan, I, Chen, B, Song, W.,
microstructure manufacture. The global wrinkling patterns with well-defined = Berto, F., Localized wrinkling of metal films
1 h b Ko ol < e il 1 fl h 1 d on elastic and liquid substrates, Frattura ed
wavelengths can be readily fabricated in the polymer films, the metal films and | cgrica Serurcurale, 48 (2019) 648-665.
the surface of modified elastic substrates by O, plasma or UVO, and they have
d h g B he 1 lized el h Received: 16.12.2018
attracted much attention. For the localized wrinkling patterns, however, most  ccepred: 22012019
previous studies were limited to polymer films, which while metal films were Published: 01.04.2019
not propetly considered. Recent studies have shown that wrinkles can be  copyright: © 2019 This is an open access
localized by constrained edges and cracks in metal films deposited on the article under the terms of the CC-BY 4.0,
lasti &l et b In thi ] f he fe 5 d which permits unrestricted use, distribution,
elastic and liquid substrates. In this review, we focus on the formation and 4 eproduction in any medium. provided the
evolution mechanisms of these localized wrinkle patterns, and we aim to  original author and source are credited.
provide some useful guidance for future studies on designing the localized
wrinkling patterns with real-time controllable dimension, orientation and

morphology in the films/substrates.

KEYWORDS. Wrinkles; Cracks; Metal films; Stress; Defects; Constrained
edges.
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INTRODUCTION

microelectronic systems, sensors, magnetic recording media, optoelectronic devices and microstructute fabrication. As

two different materials, the film and the substrate have different physical and chemical properties. When they are
simultaneously subjected to mechanical force, chemical treatment or thermal stress, mismatched deformation between them
inevitably occurs. In order to balance the system, some stress modes will form in the films. The stress modes are strongly
dependent on the stress properties, the mechanical properties of the films and substrates as well as the interfacial interaction
properties between the films and substrates. Under sustained stretching stress, the films will fracture into various crack
patterns including straight [1-5], circular [6-8], ridge [9], spiral [6,10-12], radial [7,8,13] and networked cracks [2]. The
dimension and morphology of the cracks can be tuned by altering the film thickness and substrate properties. In the case
of continuous compressive stress, the films will form various buckling modes such as wrinkles [6,7,14-21], folds [22-24],
creases [23,25] and telephone cord buckles [9,26,27]. The stress magnitude, the film thickness, the substrate elasticity and
the adhesion performance between the films and the substrates can determine the wavelength, amplitude and morphology
of the buckling.
For a film/substrate structure, it will form wrinkles when the following four conditions hold: 1) the substrate is thicker than
the film, 2) the substrate is softer than the film, 3) the interfacial adhesion is strong and the film tightly adheres to the
substrate, 4) the compressive stress of the film is beyond the critical wrinkling stress. In an equi-biaxial stress state, the film
tends to spontaneously form labyrinth or herringbone patterns [3,28-30]. Because these wrinkle patterns are irregular and
uncontrollable, they are usually considered undesirable results. The ordered wrinkle patterns can be fabricated by using
some effective tuning methods to locally alter the equi-biaxial stress state. The stress tuning methods include lithographic
pre-patterning of substrate [14,31-33], uniaxial pre-stretch releasing of substrate [34,35], solvent assist [17,36-40], contact-
line mechanics [41-43], axial compression [44,45], point contact deformation [6,7,16,19,20,22,46-52], simultaneous and
sequential release of biaxial pre-stretching [53,54], template adhesion [55-59], constrained edge effect [60,61], selective
adhesion to substrate [62], introducing of surface defect [1-4,6-8,36,63], pre-wrinkle directing [64], ef. For example, the
homogeneous sinusoidal wrinkle patterns can be fabricated in a stiff film/ elastic substrate by releasing the uniaxial pre-
strain of the substrate [34]. The localized wrinkling patterns such as radial wrinkles can be fabricated in a polymer film
floating on the surface of water by using the method of the point contact deformation [16]. The characteristic parameters
can be tuned by controlling the film thickness and stress magnitude. The controllable wrinkles have vast applications in
microfluidic channels [34,65], optical gratings [606], flexible electronic devices [67,68], fabricating ordered microstructures
[69,70], improving surface adhesion performance [71], culturing viruses [72], measuring film’s Young modulus [73,74] and
quantifying residual stress [75]. Therefore, the understanding of the formation and evolution mechanisms of homogeneous
global and localized wrinkling patterns has become a hot topic for researchers.
Among various film materials, the metal films are widely used in the film/substrate systems to fabricate microstructures due
to the relatively simple manufacturing process. For the metal materials such as gold, silver and copper, the chemical and
physical properties are relatively stable at high temperature, and the films are generally formed by vacuum evaporation and
sputtering deposition. Due to the thermal expansion mismatch between the films and substrates, a high level of residual
stress will be stored in the films after deposition. Once the residual stress is beyond the critical wrinkling stress of the films,
the global wrinkle patterns will form in the films, which causes the localized wrinkle patterns to be rarely observed in
experiments. Previous studies have shown that surface defects such as boundaries, cracks and dusts in the films and the
substrates can locally alter equi-biaxial stress state in films and thus alter the local wrinkling morphology [1,3,14]. This implies
that the localized wrinkles can be fabricated in the metal films by introducing regularly arranged defects into the films or
the substrates. Here, we review some recent progress on the formation and evolution mechanisms of the localized wrinkle
patterns in the metal films deposited on the elastic and liquid substrates induced by constrained edges and cracks. The in-
depth studies of these controllable wrinkle and crack patterns are not only important for understanding the micro-failure
mechanics of film structures and devices, but also for further guiding the improvement of the mechanical stability and
lifetime of the film structures. This review is outlined as follows. In section 2, we briefly review the formation mechanisms
of the wrinkles and cracks. In section 3, we desctibe some typically localized wrinkling patterns in the metal films/elastic
substrates and their morphological evolution behavior. In section 4, we introduce some localized wrinkling patterns in the
metal films/liquid substrates and discuss their evolution mechanisms. Finally, this review is concluded with some
suggestions about the future studies of the localized wrinkles.

I n the past two decades, film/substrate structures have been widely used in many high-tech fields including
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FORMATION MECHANISMS OF THE WRINKLES AND CRACKS

film during the deposition and cooling processes, respectively. In order to release the stored stresses, the film

and the substrate are usually deformed at the same time. When the deformation is beyond a critical value, the
cracks and wrinkles will form in the film to reduce the elastic strain energy of the system. The cracks and wrinkles are widely
found in nature and engineering materials. For example, dehydrated fruits and aging skin can cause the formation of wrinkles
[18,76,77], and fatigue failure of metal parts can produce progressive cracks [78-91]. Understanding the formation
mechanisms of the wrinkles and cracks has a great significance for predicting the material failure.
When the film/substrate is subjected to the compressive stress, the film is placed in an unstable state with high energy. In
order to balance the system, the film and the substrate will deform to release the elastic strain energy. Generally, the film
has a larger Young's modulus relative to the substrate and is less prone to in-plane deformation. Furthermore, because the
film has a small thickness and bending stiffness, it usually generates out-of-plane deformation. When the deformation is
beyond a critical value, the wrinkles will be formed to release the compressive stress. Many previous studies have shown

‘ ) : T hen a metal film is deposited onto a soft substrate, tensile stress and compressive stress are often stored in the

that the critical strain &, for the outset of wrinkling obeys the following scaling law [14,76,92-94]:

s 2/3
eo L M )

o4 E (1)

In the formula, E is the Young’s modulus, v is the Poisson’s ratio, the subscripts f and s refer to the film and substrate

respectively. The two most important parameters wavelength A and amplitude A4 for charactering the wrinkles are
[14,76,92-95]:

E (1-v) :
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b is the film thickness and & is the applied strain.

Eqns. (1) and (2) are classical critical wrinkling condition and characteristic scale of the film under the low deformation
regime, respectively. Their application condition is that the stiff film adhered to an isotropically elastic substrate with infinite
thickness cannot debond from the substrate. It can find from the Eqn. (1) that the critical wrinkling strain depends on the
Young’s modulus of the film and substrate. In the case that the substrate is softer and the film is harder, the critical wrinkling
strain is smaller, and the film is more prone to form wrinkles. From the Eqn. (2), it is clear that the characteristic wavelength
of the wrinkles is dependent on the film thickness and the Young’s modulus ratio of the film and the substrate. By energy
analysis, Cerda ef al. [76] showed that small wavelength will increase the bending energy of the film significantly, large
wavelength significantly increase the deformation energy of the substrate, and the competition between the two energies
will result in an equilibrium wrinkle wavelength. It can also find that the wrinkle amplitude depends on the film thickness
and the applied strain. If the applied strain increases, the amplitude will increase. When the amplitude increases to a critical
value, the wrinkles will collapse into the folds [22].

For the metal film, it is difficult to withstand tensile stress because it is quite brittle. According to the Griffith classical
criterion, crack will propagate when the elastic energy stored in the film released per unit length overcomes the fracture
energy [11],

2pbe>G b with e=ho? (1-v, ) [E, 3)

where ¢ is the clastic energy in the film per unit surface, o, is the tensile stress, G, is the fracture energy per unit area and
¥ 1s a constant that depends on the mismatch in elastic properties between the film and the substrate. Eqn. (3) shows that
the crack propagation depends not only on the tensile stress but also on the film thickness. Below a critical thickness
h= G/E//27O'zz (l -V, ) the film is free of cracks [10,11,96,97]. Above the critical thickness, the cracks appear. When the
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film thickness increase, the fracture energy will also increase, and it needs a larger tensile stress to break the film.
Furthermore, the fracture morphology depends notably on the film thickness, the substrate elastic and the loading
conditions (such as temperature, mechanical stretching and loading velocity).

MORPHOLOGIES AND EVOLUTION OF LOCALIZED WRINKLES IN METAL FILM /ELASTIC SUBSTRATE

that the metal film deposited on the flat substrate spontaneously form disordered wrinkles. By prefabricating some

regularly arranged patterns on the substrate, they found that the film would form highly ordered wrinkles. Theoretical
analysis showed that the patterns on the substrate changed the local compressive stress state and thus altered the local
wrinkling morphology. Since then, various global and localized wrinkling patterns have been fabricated in different
films/substrates by using some effective stress tuning technologies. The global wrinkles with well-defined wavelengths such
as hertingbone, sinusoidal and labyrinth patterns can be readily fabricated in various film/substrate materials including the
metal films/elastic substrates [2,14,24,28-30], the nonmetal stiff films/elastic substrates [34,95,98-100] and the polymer
films/elastic substrates [33,41-43,101]. The localized wrinkles such as the radial patterns can be easily formed in the floating
polymer films [16,20,22,46,50,51,102] and the surface of modified elastomer [36]. Furthermore, some researchers have used
numerical simulations to report the spiral and radial wrinkling pattetns in stff films/elastic substrates [19,52]. Howevert, the
localized wrinkling patterns in metal films deposited on the elastic substrates are rarely observed in experiments. It should
be emphasized here that these localized wrinkling patterns do not include the buckle-driven delamination and the folds,
creases and ridges induced by the post-buckling evolution of wrinkles.
Recent studies show that the wrinkles in the metal films deposited on the elastic substrates can be localized near some
surface defect sites. The distribution of the wrinkles is closely related to the formation mechanism of the defects, and the
wrinkle morphology is dependent on the defect morphology, the direction of the compressive stress, the film thickness and
the elasticity of the substrate. Here, we introduce some localized wrinkle patterns in the metal films deposited on the elastic
substrates.
Vandeparre ez al. [17] reported some localized wrinkle patterns in Ti film deposited on elastic PS substrate with diffusion of
toluene solvent. They found that the wrinkle morphology is closely related to the geometry of the diffusion front. When the
solvent diffuses from the polymer edge, a linear diffusion front is yielded, which results in the formation of parallel wrinkles,
as shown in Fig. 1A(a). If the solvent diffusion starts from a point-like hole defect at a random site in the film, the wrinkles
will develop at the defect site and then expand along radial direction, as shown in Fig. 1A(b). The growth of the wrinkles
can be stopped by neighboring patterns, and then these wrinkle patterns will join together, which results in the formation
of homogeneous global wrinkle patterns, as shown in Fig. 1B. By changing the rheological behavior of the polymer substrate,
they also generated complex hierarchical wrinkled patterns. The experimental result and method present new directions in
achieving desired localized wrinkle patterns in metal film deposited on the elastic substrates. Since then, the localized
wrinkling of the metal film has begun to attract much attention of some researchers, and some localized wrinkle patterns
have been generated in different metal film/substrate structutres by introducing regular defects in the metal film or substrate.

I n 1998, Bowden ef a/l. [14] first reported the microscopic wrinkling in a metal film/elastic substrate, and they obsetved
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Figure 1: (A) Gradually growing parallel wrinkles (a) and radial wrinkles (b). (B) Successive optical images (a-c) of two radial wrinkles
fusing and final image (d) after fusion of several radial wrinkles. The scale bar corresponds to 20 pm. Images are from ref. [17].

Rand et al. [1] first reported that the surface wrinkles with long-range alighment can be achieved by introducing a simple
fracture process in a stiff film. Their experiment results show that the wrinkles are perpendicular to the fracture line and are
constrained between the neighboring fracture lines, which implies that the compressive stress near the fracture edge was
uniaxial and its direction was parallel to the fracture line. The experimental method provides a possibility to form localized
wrinkles by introducing regularly arranged fracture patterns in the metal film or the substrate. Then by effectively controlling
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the evolution of the fracture morphology, it is able to precisely tune the morphological evolution of the localized wrinkles.
Recently, Wu ¢7 al. [32,63] introduced the curved cracks to the elastic substrates and created some localized wrinkle patterns
in a thin Al film deposited on a PDMS substrate by thermal evaporation. They studied the controllable mechanisms of the
wrinkle patterns. They observed that the wrinkles unevenly distribute on the convex side of the crack near the irregular
cracks, such as shown in Fig. 2A. The ordered wrinkle patterns can be fabricated by patterning the substrate with regular
cracks, such as the radial wrinkles induced by concentric circle cracks, as shown in Fig. 2B. Based on theoretical analysis,
they found that the compressive stress is always concentrate on the convex side of the curved crack, causing the wrinkles
to be localized on the convex side of the crack. On the concave side of the curved crack, however, the compressive stress
is released, which results in a suppression effect to the wrinkling. The curvature radius of the curved crack has a significant
effect on the distribution of the wrinkles. The smaller curvature radius is more significantly to suppress the wrinkling on the
concave side of the curved crack, which can be validated from Fig. 2B. It is clear from Fig. 2B (a) that the radial wrinkles
develop from the convex side of ¢ and then extend to the concave side of ¢ and disappear. When curvature radius of the
cutved crack becomes larger, the curvature of the crack cannot afford to suppress the wrinkling at the concave side, thus
the wrinkles shown in Fig. 2B (b) run through ¢ and ¢. The experimental results provide a new insight into controlling the
localized wrinkling in metal film/elastic substrate, and the expetimental technique can be developed to effectively control
the distribution and orientation of the winkling by introducing the regularly arranged patterns into the substrate before film
deposition.

A (3

100pm

;. Images are from ref. [63].

Many studies show that the deposition of the metal film can slightly increase the temperature of the elastic substrate due to
the heat radiation from sputtering source and the bombardment of the metal particles with high energy. During deposition,
the substrate is expanded and the metal film is placed under a tensile stress. When the stress reaches a critical value, cracks
start to form in the metal film. After deposition, the substrate contracts, and the film is placed under a compressive stress.
When the stress is beyond a critical value, disordered wrinkles will appear in the areas away from the cracks. Near the cracks,
the metal film undergoes a plastic deformation, and the compressive stress is concentrated in deformation zone, which
results in the formation of locally ordered wrinkles. Therefore, by effectively controlling the deposition temperature to
produce the fracture patterns, it is able to form the localized wrinkles near the cracks. Recently, Yu e a/. [2] studied the
formation and evolution of the wrinkled stripes localized by straight crack in a Fe film/PDMS substrate with thermal
treatment. The wrinkled stripe is composed of many parallel straight wrinkles normal to the crack plane, and these wrinkles
always form on both sides of the new crack, as shown in Fig. 3. They found that the morphologies of the wrinkles and
cracks are obviously dependent on the film thickness and the elasticity of the substrate. As the film thickness increases, the
crack spacing s decreases and eventually reaches a stable value, the crack number N increases, the old crack width w is
almost unchanged while the new crack width increases. Meanwhile, the wrinkle length L. decreases, while the wrinkle
wavelength A and amplitude A4 increase significantly, as shown in Fig. 3B. With the increases of the curing time T, of the

substrate, the elasticity of the substrate will decrease, which causes the decreases of the crack spacing, the crack width, the
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wrinkled stripe width, the wrinkle wavelength and the wrinkle amplitude, as shown in Fig. 3C. Their analysis shows that the
geometrical parameters of the wrinkles and cracks decrease exponentially and eventually reach a stable value. Therefore, the
morphologies of the wrinkles and cracks can be effectively tuned by altering the film thickness and the elasticity of the
substrate. These experimental results provide a deep understanding for the formation and evolution of localized wrinkle
patterns in a metal film deposited on a thermally expanded elastic substrate.
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Figure 3: (A) Optical image (a) of the wrinkled stripe and AFM image (b) of the localized wrinkled stripe. (B) Morphological evolution
(a-h) of the wrinkled stripe with film thickness and wrinkle profiles (i) under different film thicknesses. (C) Typical crack morphologies
(a) under different curing time, morphological evolution (b) of the wrinkles with curing time and wrinkle profiles (¢) under different
curing time. Images are from ref. [2].

For the localized wrinkles induced by thermal stress such as reported by Yu ez 4/ |2], although the morphology of the
wrinkles can be tuned by altering the film thickness and the substrate elasticity, the post-buckling evolution of the wrinkles
in a given metal film/elastic substrate cannot be tuned in real time. Recently, Sun ¢ 4/ [6,7] demonstrated a promising
prospect for controlling the post-buckling evolution of the localized wrinkles by mechanically inducing the fracture in an
initial flat Au film/PDMS substrate with a micro probe. They found that the morphologies of the wrinkles and cracks are
dependent on the loading direction. When an out-of-plane indentation is applied to the Au film/PDMS substrate, the film
is induced a compressive stress in the circumferential direction and a tensile in radial direction, which results in the formation
of the radial wrinkles and spiral crack near the probe tip [6]. With the increase of the indentation depth, the spiral crack
spontaneously propagates along a left-handed or right-handed path, and the propagation of the crack is always accompanied
by the wrinkles until the propagation is terminated due to the crack closure, as shown in Fig. 4. The experimental results
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show that the wrinkles are always localized on the concave side of the spiral crack, which are greatly distinguished from
those reported by Wu ez 4/ [32,63]. On the concave side of the spiral crack, the compressive stress is concentrated, and the
wrinkling is more likely to be induced. On the convex side of the spiral crack, however, the compressive stress is relieved
since the film outside the crack is no longer constrained spatially through attachment to the rest of the film, which causes
the wrinkling to be suppressed. After the spiral crack is closed, the film will form new wrinkles on the convex side of the
crack when the compressive stress is beyond the critical wrinkling stress of the film again, then these new wrinkles will
experience a secondary bifurcation and evolve into branching patterns, as shown in Fig. 4(b) and (c). The postbuckling
evolution of the wrinkles can be tuned by controlling the displacement of the probe. Furthermore, they found that when
the tensile stress of the film outside the crack is beyond the breaking strength of the film again, the concentric circle cracks
would form in the film.

Figure 4: Typical morphologies of the wrinkles and cracks in the Au film/PDMS substrate under out-of-plane indentation, modified
from ref. [6].

When an out-of-plane indentation and an in-plane displacement are successively applied to the Au film/PDMS substrate,
Sun ez al. |7] observed a transition of the localized wrinkles from radial to circumferential, as shown in Fig. 5. Meanwhile,
the crack pattern changes from circular to radial. From Fig. 5(a) and (c), it is clear that the the wrinkling always precedes the
fracture. Under the out-of-plane indentation, the compressive stress is along the circumferential direction, which results in
the formation of the radial wrinkles. They observed that the extended wrinkles tend to split, which causes the local wrinkle
wavelength to be maintained in a narrow interval, as shown in Fig. 5(a). With the formation of the crack, the radial wrinkles
begin to shrink and are eventually confined within a circular crack, as shown in Fig .5(b). In order to describe the effect of
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the formation of the crack on the local stress of the film, they presented some mathematical models to analyze the evolution
of the radial stress o, and the hoop stress o, before and after the crack formation, as described in Eqns. (4) and (5):

Figure 5: Morphology transition from circular crack with radial wrinkles under out-of-plane indentation to radial cracks with
circumferential wrinkles under in-plane displacement, modified from ref. [7].
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Figure 6: Evolution profiles (a) and (b) of the radial stress o, (dashed curves) and the hoop stress o, (solid curves) with r/ a at
indentation depths @=18um (corresponding to Fig. 5(a)) and @=20um (corresponding to Fig. 5(b)). Modified from ref. [7].
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Where 7 is the pulling stress at the tip edge, « is the radius of the probe tip, 7 and #axes are along and normal to the

®)

radial direction, and D, is the diameter of the circular crack. It is clear that the radial stress o, is always tensile stress and
the hoop stress o4 is always compressive stress. Before the formation of the crack, the tensile stress and the compressive

stress have same decrease trend, as shown in Fig. 6(a). After the formation, the tensile stress decrease more sharply and the
stress value is zero at the crack edge, while the compressive stress is significantly increased at the crack edge as shown in
Fig. 6(b). Therefore, the concave side of the crack can strengthen the wrinkling of the film. After the loading direction
changes, the radial stress o, becomes the compressive stress, and the hoop stress o, becomes tensile stress, which results
in the formation of the circumferential wrinkles and the radial cracks, as shown in Fig 5(c) and (d). The number of the
circumferential wrinkles and radial cracks can be controlled by tuning the displacement of probe.

From the above analysis, the wrinkles in the metal film/elastic substrate can be localized by the surface defects. Mechanically
induced curved cracks in the substrate will cause the wrinkles to be distributed on the convex edge of the cracks. However,
mechanically induced the curved cracks in the film will cause the wrinkles to be distributed on the concave side of the curved
crack. Thermally induced cracks in the film will cause the wrinkles to be distributed on both sides of the cracks. Near the
point-like, circular and spiral defects, the compressive stress is along the circumferential direction, which results in the
formation of radial wrinkles. In vicinity of the straight cracks, the compressive stress is parallel to the cracks, which leads to
the formation of parallel wrinkle stripes. Furthermore, near the radial cracks induced by applying an in-plane displacement
to the film/substrate, the comptessive stress is radial, which results in the formation of the citcumferential wrinkles.
Although the wrinkles and cracks in metal films deposited elastic substrates have been widely studied experimentally, their
evolution mechanisms and the interaction between them have not been systematically studied in theory, it needs to do
further research by theoretical analysis.

MORPHOLOGIES AND EVOLUTION OF LOCALIZED WRINKLES IN METAL FILM/LIQUID SUBSTRATE

to the elastic materials, but has already been expanded to the liquid (viscous) materials [8,17,28,61,103,104]. For

the metal film/elastic substrate structures, the intetfacial adhesion is strong, which generally results in the
formation of the homogeneous wrinkle patterns. For the metal film/liquid substrate structutes, the interfacial adhesion is
relatively weak, recent studies show that they usually form hierarchical wrinkle patterns near the constrained edges and some
defect sites when the thickness of the substrates is much larger than that of the films.
Vandepatre ez al. [17] first reported the hierarchical wrinkle patterns in Ti film deposited on viscous PS substrate by solvent
diffusion, as shown in Fig. 7. They found that the diffusion of the solvent changed the mechanical properties of the polymer
substrate, and the wrinkle morphology is dependent on the rheological properties of the substrate and the geometry of the
diffusion front. As the distance from the diffusion front and the diffusion time increase, the wrinkle wavelength increases

‘ ) : T ith the in-depth study of the wrinkling of the metal films, the choice of the substrates has been no longer limited

accordingly, as shown in Fig. 7(a). The substrate with lower M, (molecular weight) will induce the wrinkles with larger
wavelength, as shown in 7(b) (Mw =15KDa)and (c) (M,=75KDa). After theoretical analysis, they got the evolution

relationship of the hierarchical wrinkle patterns:

a~(er,)" (B, )" ©

656



G
y Y. Sun et alii, Frattura ed Integrita Strutturale, 48 (2019) 648-665; DOI: 10.3221/IGF-ESIS.48.62

Here, H , is the thickness of the substrate, 77is the substrate viscosity and 7 is the time. Their analysis suggests that the

substrate at the diffusion front will become soft with diffusion of the solvent, causing the film to wrinkle. Near the edges
and defects, the substrate produces a purely viscous behavior due to being plasticized for a longer period of time, which
results in the formation of the wrinkles with large wavelength. Yin and Ni e a/. [105,100] conducted an in-depth study of
the mechanism of the hierarchical wrinkle patterns, and they found that the modulus gradient of the film or substrate could
result in the formation of the hierarchical wrinkle patterns. Ni ez a/. [106] gave the relationship between the total elastic
energy U per unit area in the wrinkled state and the wrinkle wavelength A:

2
2,2 -
E:l— 1— 1 7[/?2 + lEi @
U, & 31 47[/?Ef

where U, zbEfE;N/Z , Ef = Ef/(1—vj) , E, ZEI/(l—Vf) , and &, is the pre-strain. Eqn. (7) shows that if the

modulus ratio of the film and the substrate is a constant, the wrinkles have a uniform and stable wavelength. If the modulus
ratio changes with position, the total elastic energy will change, indicating that the wrinkles may have different wavelengths.
This theory can well explain the formation of the hierarchical wrinkle patterns reported by Vandeparre ez /. [17].

1

Figure 7: (a) Successive optical imagé-é of the gro_wthofthe hierarchical wrinkles near the film edge. (b) and (c) Typically hierarchical
wrinkle patterns near the hole defects in the films deposited on the substrates with different molecular weight. The scale bar corresponds
to 10um . Images are from ref. [17].

Vandeparre ef al’s experimental results [17] show that the wavelength and amplitude of the hierarchical wrinkles are the
largest at the film edges and defect sites. For the metal film deposited on the liquid substrate without constrained edges, the
further diffusion of the solvent molecules will cause the localized wrinkles to evolve into a global pattern eventually. When
a thin metal film deposited on a thermally expanded liquid substrate with constrained edges, what about the morphology
and evolution of the wrinkles? In recent years, some researchers have carried out a series of research works in this area. The
following is a brief review of the progress in this area.

Yu et al. [61] reported the wrinkling in the Cr film deposited on silicone oil drop. They found that the constrained edges
limit the developments of the wrinkle wavelength and amplitude and result in the formation of the hierarchical wrinkle
patterns. They show that the formation and morphology of the wrinkles are strongly dependent on the film thickness and
the size of the silicone oil drop. For the film with smaller thickness, the wrinkles only form at the inner edge of the silicone
oil drop, as shown in Fig. 8A(a). As the film thickness increases, the straight wrinkles decrease gradually, and the hierarchical
wrinkle patterns begin to form, as shown in Fig. 8A(b). When the film thickness reaches a critical value, the hierarchical
wrinkles will spread all over the oil drop. With the further increase of the film thickness, the wrinkles begin to decrease from
the edge of the oil drop, as shown in Fig. 8A(c). Furthermore, they observed that if the size of the silicone oil drop is quite
small, no wrinkles form in the film. When the diameter of the oil drop increases to a critical value, the wrinkles first appear
in the center of the oil drop and then grow outward until they spread all over the oil drop, as shown in Fig. 8B. The wrinkle
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wavelength is only dependent on the distance starting from the oil drop edge and increases with the distance. The wrinkle
amplitude not only relates to the distance, but also depends on the film thickness and the oil drop size. The experimental
results show that the wrinkle amplitude increases with the distance and the oil drop size but decreases with the film thickness.

Rt

[\
Mt

20 um

Figure 8: (A) Wrinkle morphology at different film thicknesses [61]. (B) Wrinkle morphology at different diameters of the silicone oil
drops [61]. (C) Schematic (a) of hierarchical wrinkles, optical micrograph (b) of self-similar hierarchical wrinkles, and optical micrographs
(c-¢) of hierarchical wrinkles on cobalt films with various thicknesses deposited on different silicone oil lines [104].

Deng ¢t al. [104] described the formation mechanism of hierarchical wrinklons in a thin metal film (cobalt/chromium)
deposited on a silicone oil meniscus. They observed that the hierarchical and self-similar wrinkle patterns initially develop
at the silicone oil edge, and grow toward the center of the oil, as shown in Fig. 8C(b-¢). They showed that these wrinkles
can produce up to 5 hierarchical wrinklons transitions near the constrained edges, and they exhibit a constant wavelength
over a distance before transitioning to the next hierarchical wavelength, as depicted in Fig. 8C(a). The hierarchical transitions

in wrinkle wavelength follows a relationship: 4,,, =24, =2""' 4, (#>1), where # is number of the hierarchical transitions.

These transitions will stop when the wrinkle wavelength reaches the bulk wavelength: 4 ,, 2 4;,, . The hierarchical

transition number and region are dependent on the film thickness and the size of the silicone oil. The thinner films lead to
fewer transitions, and smaller silicone oil droplets or lines lead to less transition regions. Based on scaling analysis and energy
balance, they got a linear relation between the length and the amplitude of the wrinkles: I.(A)~ 4(4). The experimental

results and analyses provide theotetical support for the fabrication of hierarchical wrinkles in the metal film/liquid substrate.
It is well known that the deposition of the film can change the mechanical properties of the top surface of the substrate due
to the bombardment of the high energy particles, creating a thin modified layer between the substrate and the film. For the
elastic substrate, the top surface can be modified to form a rigid layer. For the liquid substrate, the top surface can be
polymerized to form an elastic layer. When the substrate is very thick, effect of the modified layer on the wrinkle morphology
can be neglected. If the thickness of the substrate is finite and even reaches several hundred nanometers, the metal particles
may penetrate the substrate, and the substrate may be completely modified with the increase of the deposition time, thus
the effect of the modified layer on the wrinkle morphology cannot be neglected. Recently, Yu e a/. [103] and Zhang e/ al.
[8] studied the wrinkling in the Fe film deposited on the silicone oil droplet with finite thickness. Yu ez 4/ [103] found that
when the silicone oil drop is very small, the film tends to form dotted or short linear shape wrinkles, as shown in Fig. 9(a)
and (b). With the increase of the diameter of the oil drop, the linear wrinkles gradually evolve into labyrinth patterns in the
center region of the oil drop, as shown in Fig. 9(c-g). When the diameter of the oil drop is beyond a critical value, cracks
begin to form in the film, as shown in 9(h). Zhang ez a/. [8] found that the drop diameter 4 has prominent influence on the
crack morphology. In a small diameter range, the Fe film tends to form a radial cracks across the drop interior or center, as
shown in Fig. 10(a) and (b), while the film tends to form circle cracks along the drop edge in a large diameter range, as
shown in Fig. 10(c) and (d). Near the radial cracks, the straight wrinkles with the uniform wavelength and amplitude form
on both sides of the cracks. In the vicinity of the circle cracks, however, the wrinkle wavelength and amplitude are quite
different on both sides of the cracks. The wavelength and amplitude of the wrinkles inside the circle cracks are obviously
larger than those outside of the circle cracks. These experimental results provide a deep insight into the wrinkling and
fracture of the metal films deposited on the liquid substrate with constrained edges and the complex interaction between
the wrinkles and cracks.
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Figure 9: Morphological evolution of the wrinkles with the diameter of silicone oil drop [103]. The data appeared in the bottom-right
corners of each image represents the diameter of the silicone oil droplet.

=
.

Figure 10: Typical morphologies of the wrinkles and cracks under different diameters of silicone oil drops [8]. The value appeared in
the lower-left part of each image represents the diameter of the silicone oil droplet.

It can be seen from the above analysis that the wrinkles in the metal film/liquid substrate can be localized by the constrained
edges and the surface defects. The wrinkle morphology is closely related to the edge shape, the defect morphology, the film
thickness and the size of the substrate. When the metal film is deposited on an infinitely thick substrate, it tends to form
hierarchical wrinkle patterns. When the metal film is deposited on a finitely thick substrate, it tends to form disordered
wrinkles, and ordered wrinkle patterns can be observed near the constrained edges and surface defects. Because the study
on the wrinkling of the metal films deposited on liquid substrates developed only in recent years, and the experiment and
theory are not perfect enough, it needs to be made further investigation.

CONCLUSIONS AND PROSPECTS

his review summarizes some recent study advances of the localized wrinkles in metal films deposited on elastic and
liquid substrates, including the formation mechanisms, the ways to control different patterns, and their
morphological evolution, which may help to deepen the understanding of the formation and evolution mechanisms
for some localized wrinkling phenomena in nature and engineering materials. It is well known that the homogeneous global
wrinkle patterns have been widely used in many high-tech applications. For the localized wrinkle patterns, however, many
possible applications are limited due to restriction from the length scale. In order to use the localized wrinkle patterns as
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functional devices, it requires further experimental and theoretical researches about how to generate the localized wrinkles
with real-time controllable dimension, orientation and morphology. These further studies include designing the defect array
in the films or substrates, controlling density and morphology of the defects, adjusting the magnitude and direction of the
compressive stress in the films, and tuning the adhesion property between the films and the substrates, ez.

With the in-depth study of the wrinkles in the film/substrate structures, the post-buckling patterns of the local wrinkles
have attracted much attention. For example, experiment study shows that the localized wrinkles in a floating polymer film
will collapse into folds when the wrinkle amplitude increase with applied strain, and the energy of single fold formation
nearly linearly the film thickness [22]. Theoretical analysis demonstrates that the localized wrinkles in a stiff film/compliant
substrate may experience a secondly bifurcation and evolve into branching patterns with the increase of the local pre-stretch,
and the critical wrinkling strain and the wrinkle number are closely related to the geometric and mechanical parameters of
the system [52]. There is a deeper understanding of how the mechanical properties (pre-strain, modulus ratio), geometric
parameters (thickness ratio) and interfacial adhesion properties of the film and substrate lead to more complex buckling
modes. However, the in-situ monitoring of the post-buckling evolution of the localized wrinkles has not been studied
systematically in experiment and theory. In the future, we need to develop new experimental techniques and theoretical
analysis methods to finely characterize the dynamic evolution of the post-buckling morphology of the wrinkles.

The real-time controllable evolution of the localized wrinkle morphology and its in-situ monitoring can help us understand
the dynamic growth processes of the wrinkled morphologies of some cells and tissues such as bacterial cell, human
neutrophil cell, brain cortex, small intestine and tumor tissue [18,107-111]. For example, Tallinen e a/. [111] mimicked the
growth of the human brain cortex by using solvents to swell the outer layers of a 3D-printed layered gel-brain to yield
surface folding patterns, vividly reproducing the formation process of the sulci and gyri of the brain. We expect that the
localized wrinkle patterns with controllable morphology will play an increasingly important role in the applications of some
engineering materials and biological systems.
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Critical wrinkling strain

Young’s modulus, subscripts f and s denote the film and substrate
Poisson’s ratio

Wrinkle wavelength

Film thickness

Wrinkle amplitude

Applied strain
A constant that depends on the mismatch in elastic properties between the film and substrate

Elastic energy in the film per unit surface
Fracture energy per unit area

Tensile stress

Critical fracture thickness

Wrinkle length

Crack spacing

Crack number

Crack width

Curing time

Radial stress

Hoop stress

Polar coordinates

Pulling stress of the film at probe tip edge
Radius of probe tip

Critical wrinkling stress

Indentation depth
Diameter of radial wrinkles

Diameter of circular crack
Molecular weight

PS thickness

Substrate viscosity

Time.
Elastic energy
Pre-strain

Number of hierarchical transition
Diameter of silicone oil drop
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