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HIGHLIGHTS
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Scalable synthesis of large-sized
2D metals and alloys
High production yield and low
energy consumption
Applicable to a wide range of
chemical compositions

Scalable production of two-dimensional (2D) materials is pivotal to their
widespread uptake in engineering applications. Based on polymer surface
buckling enabled exfoliation, Wang et al. develop a method for the scalable
synthesis of various 2D metals and alloys. The method is desirable in terms of its
high yield, superior production rate, and low energy consumption.
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Low-Cost Scalable Production of Freestanding
Two-Dimensional Metallic Nanosheets by
Polymer Surface Buckling Enabled Exfoliation
Tianyu Wang,1 Minhyuk Park,1 Quanfeng He,1 Zhaoyi Ding,1 Qing Yu,1 and Yong Yang1,2,3,*

SUMMARY

Scalable production of two-dimensional (2D) materials is pivotal to
their widespread engineering applications. However, unlike for graphene, h-BN, and MoS2, we still lack a scalable production method
for 2D metals, which are newcomers to the family of 2D materials
but have shown great potential for various important applications.
Here, we develop a low-cost, high-yield scalable production method
for 2D metals through polymer surface buckling enabled exfoliation
(PSBEE). Compared to the traditional synthesis methods for 2D
metals, PSBEE is desirable in terms of its high yield (30%–100%), superior production rate (101–103 mg/h), and low energy consumption
rate (107–109 J/g). Most important, PSBEE enables the fabrication
of freestanding 2D metallic nanosheets with a thermodynamically
stable or metastable atomic structure, a large in-plane size, and unrestricted chemical makeup (from elemental metals to chemically
complex alloys), which is incredibly rare in the field of 2D materials.
INTRODUCTION
Since the discovery of graphene through mechanical exfoliation,1 the development
of two-dimensional (2D) materials has drawn tremendous research interest. Over the
past 16 years, the family of 2D materials has been growing steadily, with many new
2D materials, such as MoS2, MXene, and h-BN, being reported.2–4 As a newcomer to
the family of 2D materials, 2D metals have attracted a great amount of research
attention.5–14 Unlike atomically thin 2D materials, 2D metals refer to not only monolayer metals grown in geometrical confinements, such as pores in graphene,7 but
also freestanding ultra-thin metallic films with thicknesses ranging from 0.8 to
100 nm.12,15,16
Owing to their abundant surface atoms and unique 2D nanostructures, 2D metals
exhibit outstanding physical and chemical properties and have been used in various
applications, such as surface-enhanced Raman spectroscopy (SERS),5,17,18 bioimaging,11,19 electrochemical catalysis,4,11,20,21 sensing,21–23 and flexible electronics.12,24,25 At the present moment, the synthesis of 2D metals is mainly based
on various bottom-up chemical methods, such as ligands-assisted growth,12,26,27
small-molecule-mediated growth,28,29 and 2D templates confined growth,7,24 which
generally produces 2D elemental metals, such as Au,30–32 Ag,8,26,33 and Pd.34,35
While being limited to a few chemical compositions, these chemical methods are
capable of producing 2D metals in various forms, such as nanoplates,36–38 nanomembranes,39–41 or nanoprisms.19,27,42 In addition, the nanosheets obtained via
wet-chemical methods possess a relatively small lateral size (<10 mm).14 In general,
the production yield of the previous methods is not high (from tens of micrograms to
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several milligrams), but it can meet the demands for lab use.8,29,43–45 However, the
further development of 2D metals for industrial applications demands a much higher
yield efficiency in the production of 2D metals and better control of their in-plane
size and chemical composition that both go beyond the limits of the current bottom-up chemical methods.12,14 For engineering applications, the capability for
mass production of 2D materials is of great importance. Taking graphene as an
example, after its discovery,1 researchers still devoted substantial efforts to increase
its production yields via different methods.46–50 Only after a reliable mass production process was established46 could a broad use of graphene become possible to
enable the rapid development of high-performance batteries,51–53 supercapacitors,54–56 and so forth. On the one hand, these recent developments also greatly
increased the in-plane size of graphene to a wafer scale57,58; on the other hand,
they also boosted the production yield of graphene to a few grams.46,47 In contrast,
a proper scalable process that enables mass production of large-size 2D metals has
yet to be developed.12,14
Aside from size and production yield, it is desirable for the mass production process
to allow fine- and coarse-tuning of the chemical composition of 2D metals.13 In principle, chemical complexity in alloys can lead to metastability,59 which in turn brings
about fascinating physical and chemical properties. A good example is amorphous
alloys, also known as metallic glasses,60 which exhibit unique electrochemical catalytic properties owing to their metastable amorphous structure, unmatched by their
crystalline counterparts.61–63 Unfortunately, to the best of our knowledge, the scalable production of 2D amorphous alloys, or metastable alloys in a broader sense,
has not been reported yet in the literature. In this work, we develop a method that
allows scalable production of various types of large-size 2D metals, from elemental
metals to chemically complex alloys in either a thermodynamic stable or metastable
state, which could not be achieved by the traditional bottom-up methods.12

RESULTS
Scalable Synthesis of 2D Metallic Glass
Figure 1A is a schematic illustration of the low-cost mass production process we
developed. To begin with, we prepared a number of square window-glass plates
with the composition of Na2O,CaO,6SiO2 and the size of 100 3 100 mm (Tianjin
Uerglass Technology), which can fit into the chamber of our physical vapor deposition (PVD) machine. Here, we used only four window-glass plates for the proof of
concept, but one may choose to use more or fewer of them, depending on the actual
need. After that, polyvinyl alcohol (PVA) solution (10 wt%), which had the grade of
0588 and was purchased from Shandong Usolf Chemical Technology, was spin
coated onto the window-glass plates with a controlled thickness and dried at 80 C
for 1 h for dehydration before air cooling to room temperature (Figure 1B). Subsequently, a metallic film with a targeted composition was deposited on top of the
PVA layer on the window-glass plate (Figure 1C). As a demonstration, we deposited
a typical metallic-glass Zr53Cu29Al12Ni6 (in atomic percentage, hereafter called
ZrCuAlNi, for brevity) film on 4 window-glass plates through magnetron sputtering,
which had already been proven reliable in producing chemically complex alloy
films.64 Note that we deliberately made crisscross cuts on the deposited metallic
film to facilitate film peeling and its subsequent experimental observation; however,
we do stress that this is not necessary for our method. Finally, the window-glass
plates were immersed in deionized (DI) water. After tens of minutes, the
Zr53Cu29Al12Ni6 film spontaneously peeled off the window-glass plate, becoming
freestanding 2D metals with a thickness similar to that reported for the 2D metals
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Figure 1. The General Processes of the Proposed Scalable Mass Production Method for 2D
Metals
(A) The schematics of the synthesis of 2D metals step by step.
(B) Window-glass plates prepared for the spin coating of PVA.
(C) Spin-coated window-glass plates, with the ZrCuAlNi film deposited on the PVA.
(D) Freestanding nanomembranes after successfully peeling off the ZrCuAlNi film. The inset shows
the nanomembranes collected from film deposited from 4 glass slides. The scale bar in the inset
represents 10 mm.

synthesized by other means,12 but with a much larger in-plane size, as seen in Figure 1D and its inset. In this demonstration, the 2D ZrCuAlNi had a thickness of
20 nm (please see the later text for further discussions) and a density of 6 g/cm3;
therefore, we can easily estimate that the total mass yield from 1 run of our
experiments (with 4 window-glass plates) is 4.8 mg, which already reached the
upper-bound estimate of the mass yield for the bottom-up chemical approaches.8,29,43–45 Obviously, the whole process for our method is scalable, and
one can easily increase the mass yield to grams by using more and/or large PVAcoated window-glass plates.
Next, we transferred the 2D ZrCuAlNi onto a Mo grid (Figure 2A) for electron microscopy examination (see Experimental Procedures for the details of the transfer) and
onto a Si wafer for atomic force microscopy (AFM) analyses (Figure 2B). As seen in
Figure 2A, the 2D ZrCuAlNi remains intact without a clear sign of breakage when suspended across the holes of the Mo grid, which suggests excellent mechanical toughness of the 2D ZrCuAlNi nanosheet. According to our AFM result, the 2D ZrCuAlNi
has a thickness of 25 nm (Figures 2C and 2D) with a root mean square roughness
(Rrms) of 2.8 nm. Further transmission electron microscopy (TEM) examination revealed that the 2D ZrCuAlNi nanosheet had an amorphous nanograined structure
(Figure 2E and its inset), which resembles metallic nanoglass65,66 and could be
attributed to the cluster-based mechanism of film growth in magnetron sputtering,
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Figure 2. The Structure and Composition Characterization of the 2D ZrCuAlNi
(A) The SEM image of the 2D ZrCuAlNi transferred onto the Mo grid.
(B) The AFM image of the 2D ZrCuAlNi transferred onto the Si wafer.
(C) The line scan of the surface profile across the Si and 2D ZrCuAlNi.
(D) The optical image of the 2D ZrCuAlNi lying on the Si wafer.
(E–G) The TEM images of the 2D ZrCuAlNi at different magnifications; the inset in (E) shows the selected area electron diffraction (SAED) and in (G)
shows the fast Fourier transformation (FFT) pattern.
(H) The scanning transmission electron microscope (STEM) image of the 2D ZrCuAlNi and the corresponding elemental mappings.

as discussed by Zhang et al.66 As seen in Figure 2F, the typical size of the amorphous
nanograin is 8 nm and the atomic structure also remains amorphous across the
intergranular boundary (Figure 2G and its inset). We further examined the chemical
makeup of the 2D ZrCuAlNi with the energy dispersive spectroscopy (EDS)
elemental mapping in the TEM. As shown in Figure 2H, one can clearly see the uniformly dispersed constituent elements of Zr, Cu, Al, and Ni (Figure 2H). The atomic
ratio measured (Figure S1; Table S1) through the TEM-EDS is close to the nominal
composition of Zr53Cu29Al12Ni6.
Scalable Synthesis of 2D Elemental Metals
In addition to magnetron sputtering, other PVD methods can be used for polymer
surface buckling enabled exfoliation (PSBEE), such as electron beam (e-beam)
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Figure 3. Mass Production of 2D Metals via PSBEE
(A–G) The 2D metals freely floating in a water bottle, including 2D Au deposited by ion beam sputtering (7–50 nm) and 2D Al (60 nm), Cu (80 nm), Cr
(100 nm), and Ti (15 nm) deposited by electron beam (e-beam) sputtering. Note that the number in the parentheses indicates that the thickness and the
inserted scale bar represents 2 cm.
(H and I) Comparison of PSBEE with other mass production methods developed for graphene in terms of (H) yield efficiency versus production rate and
(I) energy consumption versus production rate. EE, electrochemical exfoliation; iMAGE, intermediate-assisted grinding exfoliation; LPE, liquid phase
exfoliation; MHAE, molten hydroxide-assisted exfoliation; TAE, turbulence-assisted exfoliation.
Data for the mass production methods are listed in Table S2.

evaporation and ion beam sputtering. As a demonstration, we successfully produced a large amount of freestanding 2D nanosheets of elemental metals with either
e-beam evaporation or ion beam sputtering. Figures 3A–3G show 2D Au, 2D Al, 2D
Ti, 2D Cu, and 2D Cr (see Experimental Procedures for deposition details and Figures S2–S6 for thickness characterization) obtained via PSBEE. Note that to facilitate
future handling of these 2D materials (e.g., transfer, testing), we stored these 2D
metals as membranes freely floating in a water bottle. Interestingly, some of the
2D metals show a strong thickness dependence of color (Figures 3A–3C). For
example, the 2D Au appears greenish blue with semi-transparency at a thickness
of <10 nm (Figure 3B), while it is bright gold at a thickness of 50 nm (Figure 3C).
Likewise, the 2D Al and 2D Cu also show a typical metallic luster with low light transmission at thicknesses of 60 and 80 nm, respectively. The general trend is that, as the
thickness of the 2D metals reduces, they turn from opaque membranes with typical
metallic lusters to semi-transparent membranes with unusual colors. These thickness-dependent optical properties are interesting and warrant further research.
Note that some of the 2D metals, such as 2D Cr, curved up and even rolled into
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scrolls when floating in water. This spontaneous rolling can be attributed to the
excessive residual stress in the 2D membranes.13
Apart from color, we can also change the microstructure of 2D metals by controlling
how fast they are deposited on the PVA-coated plates. For example, we obtained 2D
a-Ti (Figure S7) with e-beam evaporation, which is a hexagonal close-packed (HCP)
phase and remains stable mainly at low temperatures; meanwhile, we also obtained
2D b-Ti (Figure S7) with magnetron sputtering, which is a body-center-cubic (BCC)
phase and considered stable only at high temperature (>882 C) for bulk Ti.67 At
low temperatures, b-Ti is thermodynamically metastable and believed to be caused
by the high kinetic energy of impinging Ti atoms or the effectively high cooling rate
in magnetron sputtering.66,67
Now, let us discuss the production rate, yield efficiency, and energy cost of PSBEE in
comparison with other mass production methods developed for non-metallic 2D
materials. In principle, the production rate of PSBEE is mainly determined by how
metals are deposited on the PVA-coated plate. For example, in a single run of
magnetron sputtering at 50 W, Ti films with a thickness of 60 nm can be deposited
on a 100 3 100 mm glass plate within 500 s. Given the Ti density of 4.506 g/cm2,
the production rate in this 1 run is 2.7 mg/h. If one increased the power of magnetron
sputtering to 500 W, the production rate would become 200 mg/h. These quantities are sufficient for many experiments and can be easily reached by the magnetron
sputtering systems installed in research labs. However, an industry-level magnetron
sputtering system is much more powerful. According to the data from Semicore
Equipment,68 we estimate that the production rate of 2D Ti can reach 1,300 mg/
h if PSBEE is applied in industrial applications. In contrast, the production of 2D
metals with the bottom-up chemical approaches, such as ligands-assisted growth,12
has a very limited mass yield, the order of magnitude of which ranges from 10 mg to
1 mg per experimental run according to the data in the literature.8,29,43–45
The yield efficiency of PSBEE is determined by the target utilization in a PVD process,
which is 30%–70% for magnetron sputtering69 and nearly 100% for e-beam evaporation. Energy consumption is another factor to gauge the applicability of mass production methods.70 In PSBEE, the energy cost is mainly from metal deposition.
Therefore, taking deposition of 2D Ti with magnetron sputtering as an example,
we estimate that only 9 3 106 J/g is needed in the production of 2D Ti (see Experimental Procedures for the details of estimation). Figures 3B and 3C compare PSBEE
with other mass production methods developed for h-BN,70–77 graphene,78,79 and
MoS2.80 Evidently, PSBEE shows a high yield efficiency and a high production rate
among all of the mass production methods reported (Table S2). Notably, the production rate of PSBEE could be two orders of magnitude higher than that of the
ball milling method73,74,77 for producing h-BN. Although the liquid phase exfoliation
(LPE) method79 developed for graphene possesses a higher production rate than
PSBEE, its yield efficiency is, however, much lower.

DISCUSSION
In our previous work,13 we found that a metallic film could peel off a buckled polymer
surface to release the tensile residual stress in the film. Likewise, the exfoliation of 2D
metallic nanosheets in the experiments described here was also preceded by the
surface buckling of the spin-coated PVA (Figures 4A and S8). In theory, surface buckling leads to the development of an out-of-plane tensile stress at the buckled (or
wavy) metal-PVA interface, which could cause the initiation of interfacial cracking
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Figure 4. Finite Element (FE) Analysis on the Surface Instability-Induced Crack Initiation
(A) The buckled metal layer and the film exfoliation process.
(B) Evolution of stress distribution along the film-PVA interface with the swelling PVA substrate.
(C and D) Contour plot of the critical constrained swelling strain of the substrate as a function of the
film thickness and the substrate thickness with different E f:E s ratios: (C) E f :E s = 100 and (D) E f :E s =
200.

and, ultimately, film exfoliation. However, as we discussed elsewhere,13 polymer surface buckling alone did not warrant film exfoliation. When simply coating the surface
of a bulk PVA with a metallic film, one must carefully tune the surface roughness and
the level of dehydration of the PVA such that there is enough mechanical driving
force for film exfoliation. In practice, this is a challenging process with poor control,
which may require much trial and error. Consequently, it is extremely difficult to
directly use what we demonstrated13 for the mass production of 2D metals.
In sharp contrast, the present method overcomes the shortfalls of our previous
work13 in two ways: (1) it produces a high-quality smooth surface of PVA through
spin coating, and (2) it enables easy control of the exfoliation process through the
adjustment of the PVA layer thickness relative to that of the metallic film. In principle,
surface buckling of the PVA sandwiched between the metallic film and the windowglass plate is analogous to the swelling-induced surface instability on a constrained
hydrogel,81–83 which can be regulated and exhibits different surface morphologies,
from drastic creasing to mild wrinkling.81,84 As a result of the out-of-plane deformation on the hydrogel surface, the metallic film deposited on top of it will be
stretched,85,86 causing film exfoliation as the swelling continues (see Figure 4A).
To gain quantitative insights into the above exfoliation process, we performed
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extensive finite element (FE) analyses to simulate the initiation of an interfacial crack
between the metallic film and the buckled PVA constrained by the window-glass
plate underneath (please refer to Experimental Procedures for detailed information).
As seen in Figure 4B and Video S1, tensile stresses (sy) along the vertical direction
develop and concentrate at the metal-PVA interface where the PVA bends toward
its fixed side (the PVA-window-glass interface). As the PVA layer continues to swell
or expand against both the metallic film and the window-glass plate, the swelling
strain εcs in this constrained mode increases and sy also elevates. Consequently,
this constrained swelling results in film exfoliation at a critical value (εccs) of εcs.
Taking εccs as the metric to gauge the easiness or difficulty of film exfoliation, we can
study how the thickness (H) of the spin-coated PVA layer relative to that (h) of the
metallic film affects the exfoliation for different levels of elastic mismatch between
the PVA and metal. According to Figure 4C, it is evident that, for a given elastic
mismatch, the thicker the metallic film, the easier it peels off. The thickness (H) of
the PVA layer is also at work, particularly when it is small (<1 mm). In general, for a
given film thickness (h), the thicker the PVA layer, the easier the film exfoliation. However, the PVA thickness effect dies out quickly and becomes negligibly small for H >
1 mm. A similar trend can be observed for a stiffer metallic film (Figure 4D). Notably,
increasing the elastic modulus of the metallic film facilitates film exfoliation.
To justify our FE analyses, we carried out a systematic study of the exfoliation of the
2D ZrCuAlNi with different combinations of h and H. As seen in Figures 5A–5C or
Figures 5D–5F, once the film thickness is fixed, the thickest PVA layer allows for
the quickest exfoliation of the 2D ZrCuAlNi nanosheet. However, comparing Figures
5A and 5D (or 5B versus 5E or 5C versus 5F), one can clearly see that, once the PVA
thickness is fixed, the thicker metallic film peeled off more easily. Based on the above
results, it is clear that our experiments agree remarkably well with our FE simulations.
Before concluding, it is worth mentioning the effect of the window-glass plate. In our
above analyses, we assumed that the PVA layer was fully constrained by the windowglass plate, which remains almost intact with negligible deformation because of its
elastic rigidity. In practice, this assumption can be relaxed by spin coating the
PVA layer onto a more compliant substrate, such as polyimide (PI). Consequently,
this reduces swelling constraint, resulting in sluggish exfoliation and excessive film
stretching. As a result, the metallic film, such as ZrCuAlNi, could fracture and peel
off into scrolls instead of nanosheets, as seen in Figures 5G–5I. Although this is
not an intended outcome, we found that the process was controllable, which led
to the mass production of metallic scrolls (Figure S9), which possess nanosize thickness and microsize radius but macrosize length (Figures 5K and 5L). Such a geometry
is unusual and could have a future in energy-related applications.
In summary, we developed a low-cost mass production method in this work for different
kinds of 2D metals. As a proof-of-concept, we demonstrated the production of
elemental metals, such as Au, Al, Cu, Ti, and Cr, and that of chemically complex alloys,
such as ZrCuAlNi, which is unprecedented in the field of 2D metals. Aside from its high
yield, excellent production rate, and low energy consumption, which is ideal for future
industrial applications, our method also enables tuning the atomic structure of 2D metals
from an equilibrium to metastable structure by controlling the PVD process combined
with PSBEE. Most important, since the whole method is based on a pure mechanical process, one can extend the use of PSBEE to mass produce 2D ceramics and even 2D composites, which has never been reported before in the literature of 2D materials and will
be addressed in our future work.
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Figure 5. Exfoliation Results of the ZrCuAlNi Films Deposited on PVA Layers Prepared with
Different Thickness and Constraining State
(A–F) The ZrCuAlNi nanosheets exfoliated from the spin-coated PVA layers on glass plates.
(G–I) The formation of ZrCuAlNi microscrolls on the PVA layers coated on polyimide (PI)
membranes.
(J–L) Images of the ZrCuAlNi microscrolls (J) in the original state, (K) dispersed in water on a Si
wafer, and (L) dried on a Si wafer.
The scale bars in (A)–(I) represent 10 mm.

EXPERIMENTAL PROCEDURES
Resource Availability
Lead Contact
Further requests for procedures and resources can be directed to the Lead Contact,
Prof. Yong Yang (yonyang@cityu.edu.hk)
Materials Availability
All stable and unique materials generated in this study are available from the Lead
Contact upon reasonable request.
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Data and Code Availability
All of the data supporting this study has been shown in the article and Supplemental
Information. Other related data are available from the corresponding author upon
reasonable request.
Preparation of PVA-Glass Substrates
PVA solution 10 wt% was prepared by dissolving 10 g PVA powder (99%, 0588
grade, purchased from Shandong Usolf Chemical Technology) in 90 mL DI water
at room temperature (RT). Then, the solution was spin coated on the window-glass
plate (Na2O,CaO,6SiO2, 100 mm 3 100 mm, purchased from Tianjin Uerglass Technology) at 1,000, 2,000, and 5,000 rpm, respectively, for 30 s to obtain PVA layers
with different thicknesses. Subsequently, the coated glass plates were cured at
80 C for 1 h in a drying oven and then cooled down to RT before use.
Magnetron Sputtering
The PVA-glass plate was placed beneath the sputtering target at a working distance of
15 cm. Ar gas (99.9%) was introduced as the working gas when the chamber pressure
was lower than 1 3 10 5 Torr (1 Torr z133 Pa). During the deposition process, chamber
pressure was kept at 12 mTorr and the sputtering power was adjusted between 50 and
100 W, together with the preset deposition time to tune the film thickness. The substrates were rotated at 10 rpm to ensure uniform film deposition over a large area.
E-Beam Evaporation
In a typical e-beam evaporation process, targeted material such as Ti, Al, and Cu (purity R99.9%) was placed on the evaporation site beneath the targeted substrate with
a working distance of 40 cm. A pre-melting and soaking process was performed
before each deposition process to ensure the uniform evaporation of the material.
The deposition rate of the metal film was monitored by a quartz crystal oscillator
and automatically adjusted. The working pressure during the evaporation was maintained at better than 5 3 10 5 Torr. The material was cooled down for 20 min before
opening the chamber to avoid contaminating the evaporation material.
Ion Beam Sputtering
The PVA plate was placed above the Au target with a working distance of 5 cm. The
working plasma was ignited when the chamber pressure was <10 1 Pa. The deposition current was maintained at 10 mA, and the film thickness was controlled by adjusting the deposition time. After the deposition, the sample was cooled down for
5 min before opening the chamber.
Transfer of 2D Metals
The exfoliated 2D metals were collected into a Petri dish using a dropper and
washed in DI water at least 3 times before the transfer. To obtain a flat nanomembrane, we used a tweezer to lift part of the 2D metal above the surface of the water.
As a result, the rest of the nanomembrane unfolded spontaneously on the water’s
surface under the stretch of surface tension. Next, a target substrate (TEM grid or
Si wafer) was used to approach the 2D metal from beneath the water. The 2D metal
could be easily lifted out and adhered to the target substrate.
Estimation for Production Rate and Energy Consumption
The production rate R of our current method was simply calculated by R = rAh/t,
where r is the material density, A is the deposition area, h is the film thickness,
and t is the deposition time. Note that the mass yield of 2D metals is equal to the
product of rAh. The electric power P set for film deposition in magnetron sputtering
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or e-beam evaporation was used to calculate the total energy consumption E in the
production of 2D metals, which is given by E = Pt/rAh.
FE Analysis
The simulation was performed based on the ANSYS 15.0 platform. The 8-node plane
element PLANE183 was used in the geometric modeling, in which small imperfections with a wavelength of 1 mm and negligible amplitude were introduced at the
interface to help initiate the surface instability. The cohesive zone material (CZM)
model and contact elements were applied to simulate the metal-PVA interface, in
which the interfacial property was controlled by the maximum normal traction
smax and the corresponding normal separation dn . A small thermal expansion coefficient was assigned to the film (1 3 10 10 K 1), which was negligible compared to
that of the substrate (1 3 10 3 K 1). In this way, the swelling of the substrate could
be achieved by imposing a uniform temperature increase. During the swelling, the
bottom of the substrate layer was fixed to mimic the rigid constraint from the glass
plates. Symmetric boundary condition was prescribed on the left and right sides of
the model.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.xcrp.
2020.100235.
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