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SUMMARY

Periodic delamination patterns in multilayer structures have exhibited extensive
applications in microelectronics and optics devices. However, delamination be-
haviors of a closed thin shell on spherical substrates are still elusive. Herein, a
unique instability mechanism of buckle delamination in a closed thin film weakly
bonded to spherical substrates is studied by experiments, simulations, and theo-
retical analyses. The system of an Al film depositing on polystyrene spheres sub-
jected to thermal mismatch strain is used for demonstration. Unlike traditional
phenomena of wrinkling and wrinkle-induced delamination under increasing
misfit strain, the weak adhesion between the core and shell results in a periodic
pattern of delaminated hexagonal dimples that emerges directly from the
smooth sphere configuration, before which no wrinkling occurs. Both substrate
curvature and interfacial adhesion are revealed to control the dimple size and
delamination width. These findings open a new venue for manifesting new
controllable features for surface microfabrication.

INTRODUCTION

Film with residual compressive stress typically buckles and delaminates from a weakly bonded substrate.
Stress-driven delamination was traditionally regarded as a failure mechanism in bilayer systems, and exten-
sive efforts have been paid to investigate the intriguing delamination morphologies, including localized
patterns of straight-sided, telephone-cord, varicose blisters and network-like patterns (Moon et al.,
2004; Ni and Soh, 2014; Zhang and Arroyo, 2014). Through pre-patterning regions with weak adhesion, pe-
riodic delamination features over large areas have been controllably fabricated, which have attracted
extensive applications in microelectronics and optics devices (Rogers et al., 2010). However, those strate-
gies involved complex physicochemical/nanolithography techniques. Recently, spontaneous delamination
arrays were realized by bonding a thin film to the pre-strained soft elastomeric substrate in the absence of
pre-patterning (Vella et al., 2009; Zhang et al., 2017). These delamination patterns with high-aspect-ratio
buckles outperformed wrinkling features in rich applications of flexible/stretchable electronics and sur-
face-tunable properties (e.g., adhesion, wetting, and friction) (Thomas et al., 2015; Zang et al., 2013).

Despite significant progresses in delamination on planar surfaces, it is still unclear how the curvature effect
and the topological constraint control the delamination pattern on curved geometries. It was well investi-
gated that buckling patterns in shells and wrinkling features in core-shell bilayer systems are highly sensi-
tive to geometries’ curvatures. For example, labyrinthine and dent-like wrinkling topographies were
observed in spherical elastic media with different radii (Cao et al., 2008; Li et al., 2011; Yuan et al., 2019).
In addition, it was reported that the axial blister and circumferential blister occurred, respectively, on
the inner and outer surfaces of a cylinder substrate due to the curvature-dependent energy release rate
at delamination edges (Hutchinson, 2001). However, to the best of our knowledge, the mechanism of spon-
taneous delamination patterns on curved and closed substrate has not been revealed yet. Therefore, it is
implied that the combination effect of curvature, interfacial adhesion, and topological constraints suggests
more surface features beyond well-studied modes of instabilities (e.g., wrinkling, creasing, ridge, fold, and
localized delamination) (Wang and Zhao, 2016). Herein, we analyze the spontaneous delamination patterns
on a spherical core/shell structure through mismatched shrinkage/swell in volume. It is helpful to under-
stand the patterns in biological systems, composite colloids, and crystallization of metal liquids, across a
large scale, and the new controllable features for surface microfabrication could be exploited in applica-
tions of tunable friction (Yuan et al., 2019), adhesion (Li et al., 2021), wettability (Zhang et al., 2020), and op-

'School of Chemical
Engineering, Northwest
University, Xi'an 710069,
China

2State Key Laboratory for
Mechanical Behavior of
Materials, Xi'an Jiaotong
University, Xi"an 710049,
China

3Department of Earth and
Environmental Engineering,
Columbia University, New
York, NY 10027, USA
“These authors contributed
equally

SLead contact

*Correspondence:
liaoxiangbiao@gmail.com

https://doi.org/10.1016/j.isci.

tical transmittance (Thomas et al., 2015), to name a few. 2021.102616
) o
Cnenkor iScience 24, 102616, June 25, 2021 © 2021 The Author(s). 1

updates.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:liaoxiangbiao@gmail.com
https://doi.org/10.1016/j.isci.2021.102616
https://doi.org/10.1016/j.isci.2021.102616
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.102616&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

A Cc
E; v, 1
ES’ VS’ IJS
h Cohesive Interface :
I_’ omax
B o, /0"
| Wrinkle-Induced Strong Interface
: Delaminatio
1 K\
Direct : D P
Delamination : Wrinkle p ~
1 4
1F e el )
: :' ( Direct )
: i | Delamination )
| ‘
Smooth | Smooth \ y)
\ N/
1
Weak Interface
0 1 Omax/ O™

Figure 1. Instability mechanism of the core shell system with a weak interface

(A) Schematic of the core/shell model with a cohesive interface (see also Figure S1).

(B) Diagram of instability modes of the core/shell model (see also Figure S2).

(C) Cross section of the wrinkle morphology of the core/shell model with a strong interface.

(D) Cross section of the direct delamination morphology of the core/shell model with a weak interface.

RESULTS AND DISCUSSION
Onset and evolution of direct delamination patterns

We consider a core/shell structure (Figure 1A): a substrate with radius R, Young's modulus Es, and Poisson’s
ratio vs and a shell with thickness h, Young’s modulus E¢, and Poisson’s ratio v¢. The cohesive core/shell inter-
face is characterized by the traction-separation model with normal and shear interfacial strength (gmax and
Tmax, respectively) (Li and Suo, 2007; Zhang and Yin, 2018). The interfacial adhesion energy (I' and I's in the
normal and shear direction, respectively, also referred to as the interfacial toughness) is the area under the
traction-separation curve (see Figure S1) (Li and Suo, 2007; Zhang and Yin, 2018). The shear interfacial
strength (1max) is usually very small for microscopic van der Waals interaction, and its variation in moderate
range is not expected to influence the general buckling morphology (Zhang and Arroyo, 2014). Therefore, in
the following, we mainly focus on the discussion on the normal interfacial strength (gmax). The interfacial de-
bonding is initiated once the radial interfacial stress exceeds omax. The difference in thermal expansion co-
efficients for the film (us) and substrate (u;, du = u, — us>0) is adopted to generate mismatched shrinking
when the whole structure is cooled down by a magnitude of 4T. Note that it would be of interest to inves-
tigate the loading strategies via other external stimuli (e.g., pH, humidity, and pneumatic pressure). Given
the temperature drop, 4T, the radial interfacial stress in the film can be derived as (Cao et al., 2008),

(aT) 2h E{E5(3R3+3R2h+3Rh2+h3>(,us — up)AT
o, ==
R 3Es(1 — Vf)R3 + [E5(1 +1/f) +2E{(1 - 21}{)] <3R2h+3Rh2 + h3>

(Equation 1)

The critical radial stress for the onset of wrinkling (¢5™") in the core/shell structure with a strong interface
(Cai et al., 2011) is used to normalize the normal interfacial strength: 6, = omax/05™", where o5 =
(RE( /6 /R)(3E./E)? (682 +267" +302672) with 8~ g— 3Q% = 0. @=(2h /R)(Er/3/E)?*(1—2)"°
dimensionless parameter characterizing the curvature effect and moduli difference (Cai et al., 2011) and
Eis the plane strain modulus (E = E /(1 — »%)).

is a

The diagram of instability modes in the core/shell structure with respect to the normalized radial stress
(o, /o5™™) and interfacial strength (¢, =0max /05 ™) is constructed in Figure 1B. With increasing o,
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Figure 2. Growing and spreading process of the hexagonal delaminated dimples on the spherical surface
Here, R/h = 250 and h = 50 nm. The first row shows experimental results, and the second row shows simulation results. In
the simulation results, the delaminated regions are depicted by green and the bonding regions by yellow.

(Equation 1), there are two pathways of the buckling pattern transition, depending on the interfacial
strength. When the interface is tough (6,>1, right half of Figure 1B), the smooth thin shell first deforms
coherently with the substrate upon the temperature dropping (Figure 1C). With the interfacial stress o,
exceeding the critical wrinkling stress (a§7"), wrinkling phases of hexagonal, labyrinth, or hybrid features
can be observed to be dependent on the substrate curvature, which have been well studied (Cao et al.,
2008; Yuan et al., 2019). With increasing wrinkling amplitude, the wrinkle-induced delamination occurs
once the radial stress approaches the normal interfacial strength. The wrinkle-to-delamination transition
point depends on the stress state of the wave crest of the winkles on the curved surface, which, however,
is very complex to theoretically deduce. We therefore left it for future studies.

However, in the case of a weak interface with ¢,<1 (left half of Figure 1B), the radial stress (o,) reaches the
interfacial strength (omax) before the critical wrinkle stress (a5™") upon decreasing temperature. In this
case, the smooth shell spontaneously debonds from the substrate and evolves into a direct delamination
pattern (Figure 1D) dependent on the cooling temperature, substrate curvature, and adhesion strength,
which are elucidated in the following.

To investigate the spontaneous delamination behavior in the case of weak interface, the shell/core micro-
structures were fabricated by depositing a layer of Al film on the polystyrene (PS) microsphere by the tech-
nique of magnetron sputtering, and parallel finite element simulations were conducted. Here, E; = 70.0
GPa, v = 0.346, us = 2.32 x 107*C~", and h = 50 nm for the Al film and E; = 3.0 GPa, »s = 0.350,
and u; = 8.00 x 107*C~" for the PS microsphere core. Through peeling tests, we obtained that I' =
7.8JmM ™2 Gmax = 6.0 MPa, I', = 0.78 Jm ™2, and Tmax = 0.6 MPa for the Al/PS interface, and thus the normal-
ized interfacial strength in the PS core/Al shell system was found to be very small (¢,<<1). For example, in
the case of R/h = 250, the critical wrinkle stress can be calculated as o5 = 0.04 GPa, which gives ¢, =
OTmax /05" = 15% (<<1). We then cooled the core/shell systems from different temperatures to the room
temperature, which was used to mimic the increasing load of compressive strain in the film. The consistent
delamination pattern of hexagonal dimples (reminiscent of the structure of a buckliball [Lin et al., 2015]) was
observed on the spherical substrate in both experiments and parallel simulations, as shown in Figure 2.
With increasing temperature drop amplitude, the number of hexagonal dimples grew progressively
from only a few dimples to full coverage of the spherical surface, during which the increment of the delam-
ination width of the hexagon's edge is small. This implies that the strain energy in Al film is released pref-
erentially through more delaminated hexagonal dimples rather than increasing the delamination width of
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Figure 3. Delamination patterns of the PS core/Al shell system with comparison to the wrinkle counterparts
(A) Experiment (first row) and simulation (second row) delamination patterns of the core/shell system, obtained by a
temperature drop of AT = 180°C. In the simulation results, the delaminated regions are depicted by green and the
bonding regions by yellow.

(B) Simulated wrinkle patterns of the same systems with perfect interfaces (well-bonded throughout the simulation)
obtained through a very large temperature drop (AT =1500°C), which is unrealistic and used in simulations only for
morphology comparison. The last wrinkling case of R/h = 1,000 has a very tiny wrinkle wavelength (relative to R).

In both (A) and (B), the shell thickness is h = 50 nm.

the existing ones, until the dimples cover the whole spherical surface. In sharp contrast to the wrinkle-
driven delamination where the wrinkling always precedes the delamination (Thomas et al., 2015; Vella
et al.,, 2009), the direct delamination morphologies emerge directly from the sphere substrate without
an earlier wrinkling process.

The morphologies of Al shell/PS core structures with different sizes were demonstrated in Figure 3A, where
the temperature drop was fixed to be 4T =180°C in all cases. When the normalized radius of the substrate
was moderate (R/h =85, 175, and 250), all core/shell systems manifested a periodic pattern of delaminated
hexagonal dimples. We also found a similar pattern in corresponding simulations. Several pentagonal to-
pological defects were observed in the hexagonal lattice due to the closed and curved feature for the spher-
ical surface (Jiménez et al., 2016), consistent with those patterns in the elastomeric hemispherical shell con-
strained by a rigid mandrel with a certain gap (Marthelot et al., 2017). These hexagons/pentagons are
connected at the vertices, suggesting their potential application as microfluidic channels/networks
(Moon et al., 2007). It is worth noting that the direct delamination pattern of hexagonal dimples was insen-
sitive to the substrate’s stiffness due to negligible deformation in the substrate, which is contrary to the wrin-
kling case (Cao et al., 2008; Yuan et al., 2019). Besides, the strategy of direct delamination from a spherical
substrate is promising to achieve spontaneous pattern of hexagonal dimples in a wider range of geometric
and material systems, compared with the wrinkling strategy. For example, when a well-bonded interface was
applied (in simulation), only labyrinthine wrinkling patterns were obtained in the size of R/h>85 (Figure 3B),
and the pattern became denser with increasing R/h. The dent-like wrinkling pattern with well-bonded inter-
face was only achieved in the much smaller core/shell structure (e.g., R’h = 50) undergoing an extremely
large temperature drop of 4T =1500°C (in simulation), whereas no buckling occurs in the case with the
same size but weak interface (Figure 3). Atough core/shell interface was necessary to maintain the wrinkling
pattern, otherwise further loading could resultin a labyrinthine delamination pattern instead of keeping the
hexagonal pattern in the case of R/h = 50 (see Figures 1B and S2).

When the substrate radius was large, e.g., R/h = 1000, we observed delaminated stripes with Y-shaped
branches dominating the delamination pattern (Figure 3A). This pattern is somewhat reminiscent of the
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Figure 4. Delamination size
(A) Dimple size of the hexagonal delaminated dimples (see also Figure S3).
(B) Delamination width of the PS core/Al shell system with different sizes (see also Figures S4 and S5).

delamination morphology with abundant T-junctions in the system of graphene on a planar substrate
(Zhang and Arroyo, 2014). Apparently, the substrate curvature has a significant influence on the delamina-
tion morphology, and the pattern of hexagonal dimples prefers to appear at a relatively small size.

However, no buckling was observed in both simulation and experiment when R/h was small (i.e., in the case
of R/h=50in Figure 3A), and a smooth spherical configuration of the outer shell was maintained during the
cooling process. A theoretical model of a shell under external pressure was proposed (see method details)
(Ventsel and Krauthammer, 2001) to predict the minimum normalized size of (R/h),, for the shell capable of
buckling and delaminating from a spherical substrate:

oEy

O max

(R/h),, = (Equation 2)
where the coefficient a varies between 0.31 and 1.23, depending on the initial imperfections of the sphere
shell. For the present PS core/Al shell system, the minimum size can be narrowed within 60<(R/h)_, <120.
This result is consistent with the phenomenon of no buckle delamination in the case of R/h = 50. Further-
more, the theoretical estimation was verified by the experimental evidence that the occurrence of the
pattern of hexagonal delaminated dimples was random in cases of R/h = 85 (see method details), and
the randomness was possibly due to the geometric imperfections during the magnetron sputtering. For
small core/shell systems, the small spherical shell is very stable and the critical buckling pressure (pc) of
the shell (free-standing) is larger than the normal interfacial strength (max). Therefore, upon temperature
dropping, the radial interfacial stress (g,) reaches omax first before it can make the shell buckle, causing
global detachment between the shell and the core.

Delamination size

The hexagonal pattern of direct delamination can be quantitatively characterized by two parameters: the
size of dimples (L, defined as radius of the inscribed circle, inset in Figure 4A) and the initial delamination
width (Ag/h, insetin Figure 4B). The curvature effect on the dimple size was experimentally and theoretically
illustrated in Figure 4A. The experimental/modeling results showed that L agrees well with the character-
istic length of L. = Ry/AuATy indicated by the “mirror buckling” theory (Gomez et al., 2016; Marthelot et al.,
2017) (see method details and Figure S3). ATy is the temperature drop at which delamination initiates, and
AuATy represents the mismatched compressive strain in the shell. Therefore, this result underpins that the
dimple size in the direct delamination pattern could be controlled via the substrate curvature.

As shown in Figure 4B, the variation of the delamination width of 29 /h is plotted as a function of the normal-
ized radius of R/h, fitted with the Boltzmann function. With R/h increasing from 85 to 1,200 in the experi-
ment, the normalized delamination width first increased exponentially and then reached a plateau of 1/
h = 22.0 after R/h = 250. For the case with large radius of curvature, the delamination width is expected
to match that of a film delaminating from a planar stiff substrate: Ao/h=m(2E¢h/T)"* (see method
details). Given the parameters of E; = 70.0 GPa, v = 0.346, h=50 nm, and I' = 7.8 J m~2, the theoretical

iScience 24, 102616, June 25, 2021 5
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Figure 5. Effect of normalized radius of curvature and shear interfacial strength on the delamination pattern
Results were obtained at AT = 180°C.

value of g/h = 17.8 moderately underestimates the delamination width compared with the experimental
value at the plateau. The difference may be attributed to the neglect of stretching energy in the film and
elastic energy in the substrate in the theoretical analysis. Moreover, we also developed a theoretical model
based on the cylindrical core/shell system to characterize its delamination width (see method details and
Figure S4). We obtained an analytic solution of the delamination width for the delaminated blisters on the
cylindrical substrate, which showed the same trend with increasing R/h, that the delamination width soared
to a plateau (see Figure S5).

Dimple delamination pattern favors small shear interfacial strength

In addition to small R/h, we found that the dimple delamination pattern favors small shear interfacial
strength (Tmax), whereas large 7.« leads to the branching delamination pattern (Figure 5) analogous to
the case with large R/h (Figure 3). For example, when the value of 7.4 is increased by 4 times (i.e., Tmax in-
creases from 0.1 max to 0.50m4), the dimple delamination pattern for R/h = 85 is preserved, whereas for
cases of R/h = 175 and R/h = 250, the branching pattern takes over. When the propagation fronts of two
close parallel delaminated stripes (propagating in opposite directions) meet, they tend to be attracted to-
ward each other and may merge into one due to small values of the mode mixity (Coupeau et al., 2019). The
elevated shear interfacial strength probably prevents the coalescence processes, leading to multiple
Y-branches without forming hexagonal dimples.

Taking both the particle size and the shear interfacial strength into consideration, we can find that the
dimple delamination pattern favors both small normalized radius of curvature (R/h) and small shear inter-
facial strength (7max). When R/his small enough (e.g., R/h = 85), the system keeps the dimple delamination
pattern upon cooling regardless of the shear interfacial strength. When R/his increased (e.g., R’/h =175 or
250), the hexagonal dimple pattern occurs only for small shear interfacial strength (7max); with Tmax rising,
the hexagonal dimple pattern breaks down gradually, evolving into a branching delamination pattern.
Besides, the delamination stripes become sparser with increasing Tmax, probably because of the mode
mixity (Hutchinson and Suo, 1991) since a larger Tmax significantly increases the energy penalty for crack
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Figure 6. Delamination pattern on beans with comparison to simulations

The pea and the soybean have the same average radius (R = 3.5 mm) but different seed coat thicknesses: h = 0.12 and
0.09 mm, respectively. In the simulation, the material and interface properties are assumed to be: E; = 10.0 MPa, E; = 1.0
GPa, v = v, = 0.3, uy = 2u, = 0.002°C~", I =7.8Jm™?, Omax = 107max = 0.015 MPa, and AT =70°C (increasing the
temperature to mimic the water-absorption process).

propagation. Finally, for very large R/h (e.g., R/h = 500), the branching pattern appears all the time, even at
a small value of 7ax.

Delamination pattern in biological sphere systems

The direct delamination pattern of the as-observed hexagonal dimples was also found in common biolog-
ical systems. When dried peas and soybeans were immersed into hot water (90°C) for 3 min, the surface mor-
phologies of such treated beans were captured as shown in Figure 6. While immersed in water, the bean skin,
which is rich in starch, absorbed more water than the core of protein-rich cotyledon and resulted in a
compressive strain in the bean skin. Owing to the weak interface, the bean skin delaminated from the coty-
ledon core and self-assembled into the pattern of hexagonal dimples, where the underlying mechanism was
consistent with that in the Al shell/PS core system. Morphologies based on parallel simulations agreed well
with those in the experiment. Although the size of soybeans was close to that of peas, the thinner skin in soy-
bean led to smaller dimples in the hexagonal pattern (Figure 6), which matched the result in Figure 3A.

In summary, based on the PS core/Al shell system, both experimental and numerical analyses were carried
out to investigate the effect of curvature and interfacial adhesion on the delamination patterns of thin films
on spherical substrates. Two main delamination patterns have been observed, i.e., the dimple pattern,
which is preferred for cases with small sizes (due to the strong curvature effect) and small shear interfacial
strength, and the branching pattern, which dominates large systems. The critical buckling stress for delam-
ination depends strongly on the interfacial strength, which may be remarkably smaller than the critical
wrinkle stress of the same system. In this way, the delamination patterns emerge directly from the smooth
sphere configuration without an earlier wrinkling process, which is in sharp contrast to the planar wrinkle-
induced delamination behavior. Our findings provide new understandings to control the film buckling pat-
terns on curved surfaces via substrate curvature and interfacial adhesion, which can be exploited in surface
microfabrication for flexible electronics and biomedical and optics devices.

Limitations of the study

In the theoretical analysis of the critical normalized curvature radius ((R/h).,), a free-standing spherical
shell under uniform external pressure (p)is considered. For the core/shell model studied in the present
work, the pressure exerted on the shell comes from core shrinking, and at the same time, the core provides
a certain support for the shell, which may make it a little harder for the shell to buckle. Nevertheless, the
"supporting effect” from the core is not considered to be significant enough to push the upper critical
buckling load (which assumes a perfect shell) to a larger value. Based on the experiment and simulation
results, we believe the above-deduced range for the minimum normalized size (R/h),, for buckling and de-
laminating holds for the core/shell system with weak interfaces.

STARX*METHODS

Detailed methods are provided in the online version of this paper and include the following:
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METHOD DETAILS

Preparation of PS microspheres

Firstly, the polyvinylpyrrolidone (PVP) was dissolved in the 90% ethanol aqueous with mechanical stirring
over 30 min at a temperature of 70°C. Then, the azodiisobutyronitrile (AIBN) dissolved in styrene monomer
was added. The stirring and the temperature was kept for 24 h under nitrogen condition and the sample
was then cooled. The monodisperse PS micro particles were obtained by centrifuging the reaction mixture,
decanting the supernatant, and washing the particles in ethanol and deionized water. Through adjusting
initial monomer concentrations, PS micro particles with different sizes were obtained.

Preparation of Al shells

Al films with a thickness of 50 nm were deposited on the prepared PS microspheres through direct current
magnetron sputtering inside a chamber at different temperatures with base pressure kept at ~5 X 107> Pa.
The power was fixed at 200 W, and the Argon pressure 1.0 Pa. To ensure film uniformity, the core substrate
was rotated at a speed of 20 r.p.m. during sputtering, after which the sample were hold for 2 h to cool down
to room temperature (20°C).

Characterization of interface

The interface between the Al film and the PS core can be characterized by a tensile and a shear traction-
displacement law (see Figure S1) (Li and Suo, 2007), with four parameters: the normal interfacial strength
(emax) and toughness (I'), and the shear interfacial strength (7,.x) and toughness (I'). In a peeling test,
the normal interfacial toughness can be expressed as I' = P?/(2Esw?h) + P/[w¢(1 — cosf)], where Ef , wy
and h are the Young's modulus, width and thickness of the film, respectively, and Py is the force required
to pull off the film from the substrate at an angle 6 (Zhang and Yin, 2018). By a peeling test of an Al film with
h=310nm, w; = 6.42 mm, E; = 70.0 GPa from a PS substrate at the peel angle of § = 90°, we obtained Py =
0.05N, and thus I' = 7.8 J m 2. We further conducted pull-out tests to measure the normal and shear inter-
facial strength. Al film with h = 310 nm was deposited on one surface of a1 X 1 x 1 cm® PS cube, which was
then adhered to the PS substrate by epoxy resin as glue (Figure S1). The lower PS substrate was fixed and
the upper PS cube was clamped and pulled in the normal or shear direction. By pull-out tests, the normal
and shear interfacial strength were measured to be gmax = 6.0 MPa and 7,2 = 0.6 MPa, respectively, and the
shear interfacial toughness were thus estimated to be I's = 0.78 J m~—2, the variation of which in moderate
range (in simulations) has little influence on the results.
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Characterization of delamination

Surface morphologies of the above samples were characterized by SEM (HITACHI SU6600) and AFM. The
dimple size and delamination width were statistically obtained from the AFM measurements.

Delamination on bean surfaces

Dried beans (peas and soybeans) were immersed into 90°C water for 3 min. Room temperature water
worked as well but it took longer time for the delamination pattern to appear. Surface morphologies of
the beans taken out of the water were captured by camera. If immersed for longer time, the interface be-
tween the seed coat and the core would be destroyed by water and the delamination pattern would disap-
pear gradually.

Simulation

A core/shell structure with a weakly and uniformly bonded interface (Figure S1) is considered. A cohesive
interface interaction model (not cohesive elements) is employed which simplifies the usually nonlinear
interface behavior (e.g., van der Waals interface) into a bilinear cohesive law (Zhang and Yin, 2018), while
retaining the well depth of adhesion energy, I and I's, and the maximum normal/shear interface pressure,
Tmax and Tmax (Figure S1). Commercial finite element software ABAQUS is used to carry out the 3D simu-
lations exploiting the bilinear cohesive interface model and using the dynamic explicit solver. Shell ele-
ments (S4R, 4-node quadrilateral shell element with reduced integration) and solid elements (C3D8R,
8-node brick element with reduced integration) are used to discretize the film and substrate, respectively.
Mesh density of the spherical substrate is gradually increased in the radial direction to save computational
cost. Without over-resolving the problem, appropriate mesh density is ensured through convergence
studies. Specific geometrical and material parameters are based on the experimental Al/PS systems. Tak-
ing one case for example, geometrical and material parameters for the Al shell are h=50 nm, E;=70.0 GPa,
¢=0.346, u;=2.32x10°C"; for the PS core, R=12.5 um, E;=3.0 GPa, »,=0.350 and u,=8.00x 10*°C™"; and
for the interface, I'=7.8 J m™, 0max=6.0 MPa, I's=0.78 J m™? and 7max=0.6 MPa. In the wrinkle simulation (Fig-
ure 3B), the shell and the substrate are tied together, i.e., a perfect interface is employed. The temperature
of the system is cooled down by a magnitude of 4T to induce the delamination/wrinkling patterns. The
obtained delamination/wrinkle pattern is fully reversible in simulation after the loading is removed. And
expanding instead of shrinking the system, while exchanging the thermal expansion coefficients of the
film and the substrate, leads to the same results.

Critical radius of curvature for shell buckling
Considering a closed spherical shell under uniform external pressure (p), based on the linear buckling anal-
ysis, the governing stability equation is (Ventsel and Krauthammer, 2001),
R E:h
DVéw + %V4w+#vzw:0 (Equation 3)
where w is the radial deflection and D = E¢h®/[12(1 —12)] is the flexural stiffness. Assuming the solution sat-
isfies V2w= — £2w yields the following equation (60),

o PR Eh\, .
(Df -5 + R2>5 w=0 (Equation 4)
Solving this equation, one obtains,
2Eth 2D, .
p= Re +FE (Equation 5)

Taking the limit of p with respect to &2 (dp /d(£?) = 0), we have & =/Esh/(DR?) =4/12(1 — v2)/(Rh) ,

substituting which into Equation 5 leads to the critical buckling pressure as (Ventsel and Krauthammer,

2001),

" 2 2 .

t) = ——=——=—=E¢ (h/R) (Equation 6)
3(1-7)

For s = 0.346, we have p{}) = 1.23E;(h/R)?. Equation 6 is considered as the "upper"” critical buckling load
as the shell is assumed to be perfect, while an actual spherical shell is sensitive to even the slightest initial

¢? CellPress

OPEN ACCESS

iScience 24, 102616, June 25, 2021 1"




¢? CellPress

OPEN ACCESS

imperfections. By considering the nonlinear stability analysis for the spherical shell, which is extremely
complicated, one obtains,

p? = 0.31E¢(h/R) (Equation 7)

which is considered as the "lower" critical buckling load (Ventsel and Krauthammer, 2001). The real critical
buckling load p. is usually somewhere between p<c1,) and pg), i.e., p(cl) Spcrﬁpg), and the critical normal-
ized radius of curvature ((R/h).,), can be deduced by pc, = omax, which gives 60<(R/h), <120 for the PS
core/Al shell system. In the experiments, when R/h was around 85, some cases showed the buckling
morphology while some did not, which may be attributed to the differentimperfections of the shells during
magnetron sputtering. Therefore, we determined the experimental critical radius of curvature for buckling

as R/h = 85, which is located in the middle of the above obtained theoretical range.

Delaminated dimple size

The 'mirror buckling’ theory assumes that, when a sphere shell is ‘poked’ by a force, F, a portion of the shell
inverts to become an identical but inverted spherical cap compared to its original shape. The radius of the
inverted cap can be deduced through simple trigonometry, which gives r=+/Ré (see Figure S3). This
equation is employed to characterize the size of delaminated dimples in the present work. Here we take
0 to be the mismatched shrinking distance between the shell and the core, i.e., 6 = RAuATy, thus we
have L. = RV/AuATy, where ATy is the temperature drop at which delamination initiates.

Delamination width

Forlarge values of R/h, the occurring of interfacial delamination is analog to that of a planar elastic filmon a
rigid substrate (since the substrate deformation is minimal here), in which case the energy release rate (G)
driving the growth of delamination is G = E¢he? /2, where ¢ is the nominal compressive strain of the
film (Mei et al., 2011). Triggered by the radial interfacial stress exceeding the interfacial strength, the
delamination initiates and arrests as the energy release rate is balanced by the interfacial toughness,
i.e., G= TI. The relationship between the delamination width (1) and nominal compressive strain has
been determined as A= why/E¢he/I, through an energy-based mechanics analysis (Zhang and Yin,
2018). The initial delamination width can thus be obtained as,

1/4
/lo/h = w(ZEh/F) (Equation 8)

Equation 8 gives Ag/h = 17.8 for the present system which is moderately below the experimental value. The
difference may be attributed to the neglect of the stretching energy of the film and the strain energy in the
substrate during the energy-based analysis (Zhang and Yin, 2018).

Besides, in the following, we develop a theoretical mechanics model based on the cylindrical core/shell
system to characterize its delamination width (see Figure S4). Assuming A<<1p<<R and neglecting the
stretching energy in the film and the strain energy in the substrate (they can be reasonably neglected
because of their small value compared to other energy terms), the total energy in one delamination blister
(Figure S4B) of the cylindrical core/shell system can be written as (Zhang and Yin, 2018),

7r4th3A2+ I'ko
128 1-e¢

Utotal = Ubend + Uadhesion = (Equation 9)

where Upend is the bending energy of the blister, Usghesion is the interfacial adhesion energy and e is nominal
compressive strain of the blister in the hoop direction. By minimizing the total potential energy with respect
to Ao, we can obtain the equilibrium profile of the blister, i.e.,

dUtotaI
dio

Based on the geometry of one delamination blister (see Figure S4), the shape of the blister can be described
as p(0)=R+A/2:[1 —cos(2mRE /29)] (0<O<2o/R), and thus the geometric relationship can be given by,

Jo/R A/2+R =A2( R O\ 2
— 2 12 _ _ 0 .
lo = /O \/P2(0) +p*(0) dﬂ_lo( = ){1+ W72 (A/2+R> }_15 (Equation 11)

where Iy is the arc length of the blister.

=0 (Equation 10)
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Combining Equations 10 and 11, the delamination width of the delaminated blister can be derived as,

27RVe — €2

Ao = 73 134 1/2
{(ZH— 1)/3+ {— Q/2+ (Q/2)2+(P/3)3} + [— Q/2 - (O/2)2+(P/3)3} }
(Equation 12)
where H= 1+ (1= 2e)2+12I'R?(1 — &)/(Esh®), P = — (1+H)?/3, and Q = 2(1 + H)*/27 — 4(1 — 2¢)°.

Taking Er=70.0 GPa, r4=0.346, h=0.05 pm, I'=7.8 J/m?, and e = AuAT =5.68x10~% « 180 (a rough estimation
based on Figure 3), the relationship between the delamination width, A9/h, and the size of the cylindrical
core/shell system, R/h, can be plotted as shown in Figure S5.
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