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1. Supplementary Figures
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Figure S1. Preparation procedures of the suspended membrane from CVD-graphene on the
Si substrate with a cylindrical circular hole. Widely used Cu catalyzed CVD-growth of
graphene [1] and wet transfer technique using PMMA coating [2] were employed for the

sample preparation.
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Figure S2. Graphene membrane suspended on Si substrate with a cylindrical hole. (A)
Generation of residual biaxial tension by the stiction phenomenon. For the preparation of
fully suspended graphene membrane, water had been used for rinsing. It had been observed
that rinsing with water and subsequent drying procedures induce the stiction between the
graphene and the vertical wall of the hole, presumably due to the attractive capillary force
and van der Waals force. (B) Left image shows a scanning electron micrograph of
successfully suspended graphene membrane on Si substrate. Due to the unavoidable
mechanical stress developing during wet etching and drying process, the graphene

membranes have often broken (right image).
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Figure S3. False colored optical microscope image of the suspended monolayer CVD-
graphene. In order to make wrinkles and islands to be easily identified, the color contrast

was adjusted.
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Figure S4. A snapshot of the motion picture in the Supplementary Information (Movie S1).
The movie was produced with 500 frames per second (A) and the frame size of 512 x 512
pixels (B). The time-display showing the elapsed time has a format of hh:mm:ss. The current

elapsed time is 1.900000 seconds (C).
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Figure S5. Optical microscope images of pinholes observed on the suspended graphene.
The pinholes are currently considered to be presumably by inter-domain merging taken
placed on the CVD growth or by transferring graphene onto Si substrate. These pinholes are
believed to be another feasible crack initiation source together with topological defects of
the CVD-graphene. So far, on the prepared suspended graphene membranes, diversely
shaped pinholes (e.g., circular, elliptical, triangular, and sharp lined pinholes) have been
observed and the size distribution has been also quite broad (from few nanometers to few

micrometers).
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Figure S6. Exemplified image for the identification of the crack propagation path and the
measurement of the crack extension length. For the precise measurement of length of
cracks (al and a2), a built-in software in the optical microscope (Eclipse Ni-E, Nikon) was
used. Firstly, the cracked areas in the instant images of the fracturing graphene taken with
high speed camera were carefully articulated using the optical microscope software tool.
The projected lineal distances between cracked edges were carefully measured to be crack
length in both mother crack (crack 1, al) and branched crack (crack 2, a2), shown in Figure
2B as an example. The crack length extension histories were graphically processed (Figure

20).
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Figure S7. Crack propagation history and image processing for measurement of the crack
length. As mentioned in Figure S6, the cracked areas in the instant images of the fracturing
graphene taken with a high speed camera were carefully articulated using the optical
microscope software tool. In each pair image, the left is an image taken from high speed

camera and the right is a corresponding optical microscope image, respectively.
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Figure S8. Crack propagation velocity diagram of the branched crack (a2) and crack
arresting. Similar to the mother crack (al), the propagating branched crack was observed to
be arrested mostly due to the thickness differences, as can be recognized from the red-
colored dotted circle in Figure 2D. More interestingly, the propagating cracks were observed
to detour the thick regions on the CVD-graphene instead of penetrating through. As
depicted in the inset AFM image of the thick graphene island with overlapped crack lines,

the crack running from t5 to t6 was found to distinctly bypass.
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Figure S9. Schematic stress intensity factor (K;) versus crack velocity (V) diagram (V — K,
plot) for subcritical crack growth due to stress corrosion [3]. K. is the fracture toughness
and K, is the threshold of stress corrosion crack growth. Based on the Charles’s power law
[4,5], the curve can be described as an empirical formula, V = Vyexp(—H/RT)K]*, where V
is the crack velocity, H is the activation enthalpy, R is the gas constant, T is the absolute
temperature, Vp and n are constants, respectively. Simply, the curve can be described as
V = AK[* where, A and n are crack growth parameters, respectively. In region |, subcritical
crack growth is controlled primarily by the rate of stress corrosion reactions at crack tips and
crack velocity increases exponentially with applied load as well as humidity; whereas in
region 11, the growth is controlled by the rate of transport of reactive species to the crack
tips and thus crack velocity is independent of applied stress but depends on humidity. In
region lll, the growth is controlled by thermally activated bond rupture which is largely
independent of chemical environment, accordingly, the crack velocity is independent of

humidity but depends on applied load [6].
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Figure S10. Configuration factor(Y) for spherical shell reported in literature. This figure is
extracted from reference 74 and modified. y axis indicates configuration factor (¥), 4 in x
axis defines the shell parameter, i.e. 1 = [12(1 — v?)]"/*aVRt, where v, ¢, R and ¢ are

Poisson’s ratio, crack length, curvature of shell and shell thickness, respectively.

Figure S11. Optical microscope image of the naturally fractured CVD-graphene in room
condition. Although initially the prepared CVD-graphene membrane remained fully covered
and well suspended on Si substrate, as shown in figure, it has been too often observed to
start fracturing in a few days or even in a few hours after leaving as it is in room condition.
Most of the fractured graphene membranes have showed the state that the propagating
crack is arrested by the graphene wrinkles or islands. The red arrows indicate the graphene

wrinkle.
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Figure S12. AFM investigation results showing amount and distribution of the PMMA
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residues on the CVD-graphene samples. Referring to the reports in literature [77,78], in
order to estimate the amount of the PMMA residues remaining on our transferred CVD-
graphene samples onto SiO, substrate (GR/SiO2), firstly, arbitrary regions (10 um x 10 um)
on the graphene samples (GR/SiO2) were selected. Then, AFM (NanoWizard® Il, JPK
Instrument) scanning was performed over the sample surface using a contact mode AFM tip,
which was adjusted to be contacted with the sample surface. The contact force of the tip
was 5 nN, which was controlled to be lowest possible and constant while scanning.
Subsequently, additional scans over the larger regions (20 um x 20 pm) including the
previously scanned regions were carried out with non-contact mode. The scanning
frequency had been 0.3 Hz. The dotted boxes with black color (10 um x 10 um) / with blue
color (20 um x 20 pm) of each image indicate 1% / 2" scanned regions of each sample,
respectively. By scanning, the AFM tip scraped the PMMA residues including other
contaminants off the graphene sample surface. (A) “Dirty Graphene” commonly cited in

literature, it is fully covered with the continuous PMMA residue film with the thickness of ~2
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nm. The scraped PMMA residues were neatly accumulated on the right and left of the black
dotted box, thereby building up the PMMA residue wall. (B) Unannealed graphene sample
which was used in bulge test for this research. As compared to the “Dirty Graphene”, the
sample quality shows better quality. One distinctive feature of this sample is that the PMMA
residues markedly exist in the form of island shape, not continuous film. (C) Annealed
graphene sample (the sample (B) was annealed at 350 °C in a vacuum). As can be figured out,
the amount of the PMMA residues appeared to be conspicuously decreased by annealing.
However, despite of such annealing, the PMMA residues were observed to still remain on
the graphene surface. (D) Comparison of height profile (cyan colored line in each figure). In
the case of the “Dirty Graphene”, it had been observed that the graphene is covered with
the PMMA residue with the thickness of around 2 nm. In the other two samples, on the
other hand, the height profiles do not show clear differences. It indicates that although our
unannealed samples used in bulge test experiment have higher distribution density and
amount of the PMMA residues than the annealed graphene samples, the unannealed
samples are also sparsely dotted with the PMMA residue islands similar to the annealed
samples. To be short, AFM investigation showed that the “Dirty Graphene” is fully covered
with the PMMA residue layers with the thickness of ~2 nm and the bonding force between

the residue and the graphene is fairly weak.
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Figure S13. Fracture behavior of the annealed CVD-graphene under the condition of
fixed/increased humidity and increased/fixed pressure, respectively. Unlike experiment
shown Figure 4B, in this experiment, pressure and humidity was alternatively adjusted from
S3 to S5. Firstly, fracture behavior was observed under the condition of increased pressure
and fixed humidity, i.e. §3(11 kPa, 40 %) — S4(12 kPa, 40 %). As can be seen from optical
microscope images, minimum detectable crack appeared due to the pressure increase.
Further increase in humidity [S4(12 kPa, 40 %) — S5(12 kPa, 60 %) led to acceleration of

subcritical crack growth of the graphene (see the Movie S3).
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Figure S14. Fracture behavior of the annealed CVD-graphene under the condition of
varying humidity. Firstly, it was able to confirm that minimum detectable crack appears due
to the humidity increase [S3(10 kPa, 40 %) — S4(10 kPa, 60 %)]. Subsequently, the humidity
was adjusted to be reduced [S5(10 kPa, 60 %) — S6(10 kPa, 50 %)]. As can be recognized
from optical microscope images and corresponding time scale, initiated crack appeared to
more quickly propagate under 60 % humidity (S4 — S5) than 50 % humidity (S6 — S&) (see
the Movie S4).
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Figure S15. Atomistic model describing the crack initiation/propagation or defect

formation by configuration change. See the details in the text.
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Figure S16. Schematic 3D atomic structure model describing the diffusive transport of
water vapor to the crack tip surface. In case of one dimensional diffusive transport model of
the water vapor in the monolayer structure, Wiederhorn reported that the crack velocity (V)

could be described as, V ~ 5— where c and D are the total concentration and the diffusivity

of H,0 vapor, § is diffusive boundary layer thickness, n is the order of chemical reaction (n
molecules of water are required to break a single bond in the monolayer, i.e. nH,0 + Bond

— Broken Bond) [7]. The crack velocity of the 3D bulk material with m atomic layer

cD

structures (m > 1) can be easily deduced as V ~ S
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Figure S17. Schematic description of inverse bulge test and relevant parameters. In the left

figure, AP, r, h and o denote applied pressure, radius of membrane, deflection and nominal
radial stress, respectively. The right figure shows stress intensity factors of a mother crack
(center crack, the crack length = 2al) and a branched crack (edge crack, the crack length = a2)
under biaxial stress state. The detailed discussion can be found in Supplementary Discussion

V.

-S16 / 32-



2. Supplementary Tables

Table S1. Dataset successfully obtained from the bulge test of the suspended
monolayer CVD-graphene membrane on Si substrate with a various sized
cylindrical circular hole. K; 4, denotes a maximum stress intensity factor calculated
based on the observed maximum crack length (see “A” marked in Figure 2C, for
reference) before catastrophic failure (see “B” marked in Figure 2C). Each K, value
was estimated from asymptote of convergence in each interpolated trimodal curve
of the corresponding dataset (see Figure 3 as an example). Since the minimum
resolution of the high speed camera used in this study was 2 ms, some interim
images showing fracture behaviors likely existing between state A and state B (see
Figure 2C) may have been omitted. Therefore, the estimated K. values could have

slight variances.

sample Hole Diameter Crack Length, 2a AP a K4 Expected K.
P [um] [um] [kPa] [GPa] | [MPam'’] | [MPam'?]
G1 10 7 36.0 2.22 7.3 8.5
G2 30 18 4.0 1.06 5.6 6.5
G3 30 20 5.0 1.23 6.8 7.9
Without G4 70 20 30 | 154 8.6 10.0
Annealing
G5 90 49 2.0 1.39 12.1 14.1
G6 90 54 2.0 1.39 12.7 14.8
G7 90 63 1.5 1.15 11.4 13.3
With G8 20 11.0
Annealing G9 20 12.0
t250°ct
@ G10 20 10.0
Average * Standard Deviation 9.2+2.8 10.7+£3.3

" As mentioned in experimental section, the fracturing behavior of the unannealed graphene
membrane was recorded using high speed camera (Fastcam 1024 PCl, Photron) at the speed
of 500 fps. However, in the case of the annealed graphene membranes, due to the long
duration of crack propagation and limitation of recording capacity, high speed camera was
not able to be used. Unavoidably, the fracturing behaviors were recorded using CCD camera
(DS-Fi2, Nikon) at the speed of 37 fps. For this reason, proper images capturing a moment
just before catastrophic failure were not able to be taken. Nevertheless, those captured
images proximate to the catastrophic failure were able to be used to calculate stress
intensity factors. However, those images could result in largely erroneous stress intensity
factor because of the underestimated crack length. Hence, the stress intensity factor and
relevant fracture toughness from the annealed graphene membranes were excluded in the
table.
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Table S2. Raman shift data of the suspended monolayer CVD-graphene membrane

on Si substrate with cylindrical circular hole.

Position In/lg lao/lg we (cm™) wzp (cm™)

Substrate 0.048 1.646 1586.5 2689.0
P1 0.049 3.802 1577.6 2666.9
P2 0.048 3.226 1578.2 2666.1
P3 0.032 1.018 1577.6 2690.3
P4 0.031 0.785 1574.6 2689.0

Table S3. Fracture toughness (K.) of the some engineering materials.

Materials (Mode I) Fracture Toughness, K;. [MPa m*/?]
Metallic Materials
Mild steel [8] 140
High strength steel [8] 50-154
Castiron [8] 6-20
Pure ductile metals (Al, Cu, Ag, etc) [8] 100-350
Beryllium [8] 4
Ductile iron [8] 45.3
High carbon steel [9] 30
Low carbon steel [10] 41-82
Stainless steel [10] 62-280
Alloys [10]
Copper alloy 30-90
Lead alloy 5-15
Magnesium 12-18
Nickel alloy 80-110
Zinc alloy 10-100
Aluminum alloy 22-35
Titanium alloy 14-120
Low alloy steel 14-200
Ceramics
Alumina [8]
Silicon carbide (sintered) [8] 2.1—;.2
Silicon carbide (hot pressed) [8] 5'2
Silicon nitride(hot pressed) [8] 4 1:6 0
Silicon nitride (reaction bonded) [8] '3 6‘
Silicon nitride (sintered) [8] 5'3
Boron carbide [10] )
Silicon [10] 2:5-35
. 0.83-0.94
Tungsten carbide [10]
Aluminum nitride [10] 2.0-3.8
2.5-34
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Polymers
Nylon 6,6 [8]

Polycarbonate (PC) [8] 2é5£3
Polymethylmethacrylate (PMMA) [8] )
0.7-1.6
Polystyrene (PS) [8] 0.7-1.1
ABS Polystyrene (PS) [9] ’ 4 ’
Polyvinyl chloride (PVC) [8] 2.0-4.0
Polyethylene (PE) [8] '1-6'
Polyethylene terephthalate (PET) [8] 5
Butyl rubber [10] 0.07-0.1
Ethylene-vinyl acetate (EVA) [10] . :
0.5-0.7
Isoprene (IR) [10]
0.07-0.1
Natural rubber [10]
0.15-0.25
Neoprene [10]
0.1-0.3
Polyurethane elastomer [10] 0.2-0.4
Silicon elastomers [10] 0 63_6 c
Acrylonitrile butadiene styrene (ABS) [10] ) )
1.19-4.30
Cellulose polymer [10] 195
lonomer [10] 1 14_é 43
Polyetherketone (PEEK) [10] ) )
2.73-4.30
Telfon (PTFE) [10]
1.32-1.8
Epoxy [10]
. 0.4-2.22
Phenolics [10]
Polyester [10] 0.79-1.21
y 1.09-1.70
Others
Co/WC metal matrix composites [9] 14-16
Concrete (steel reinforced) [9] 10-15
Concrete (unreinforced) [9] 0.2
Glass [10]
Borosilicate glass 0.5-0.7
Glass ceramic 1.4-1.7
Silica glass 0.6-0.8
Soda-lime glass 0.55-0.77
Aluminum/silicon carbide [10] 15-24
Glass fiber reinforced polymer (GFRP) [10] 7-23
Carbon fiber reinforced polymer (CFRP) [10] 6.1-88
Brick [10] 1-2
Rock [9] 1
Woods (perpendicular to grain) [9] 11-13
Woods (parallel to grain) [9] 0.5-1.0
Bamboo [10] 5-7
Leather [10] 3-5
Cork [10] 0.05-0.1
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Carbon Based Materials

Diamond (natural) [11] 3.4
Diamond (CVD diamond) [12] 5-6
Graphite (Bulk) [13] 1.4
Carbon nanotube ?
Graphite sheet (Theory) [14] 4.7
Graphene (Theory)-Armchair [15] 3.37
Graphene (Theory)- Zigzag [15] 4.21
CVD-Graphene (Our result from experiment) 10.7+3.3

Table S4. Experimentally measured subcritical crack growth rate at region Il in
Figure S9 (V;;) of diverse materials under fracture mode-I. RT: Room Temperature,

RH: Relative Humidity, Pny0: Water Vapor Pressure.

Materials Vi [m/s] Condition Ref.

Partially stabilized ZrO,(MgO) ~ 10*-10° T=22°C,RH=55% [16]
Soda-lime glass ~10* RH =30 %, RT (7]

Fused silica glass ~ 107 T=25°C, Pypo=120kPa | [17]
Phosphate glass ~ 107-10° T=15°C, Pyyo = 270 kPa [17]

Al,O3 ~10* Room conditions [18]

7r0, ~10" Room conditions [19]

Al,03-10% ZrO, ~ 10”-10" Room conditions [20]
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3. Supplementary Discussion |

It has been well accepted that the red(down)/blue(up) shifts of Raman vibrational
bands, G and 2D, are also sensitive to substrate [21], doping [22-33], and
temperature [34-37], besides strain effect [38-45]. As can be seen in Figure 1C, both
G and 2D mode measured from the suspended graphene are observed to be
redshifted (downshifted) as compared to those modes measured from the graphene
on the SiO, substrate. Conversely, G and 2D mode measured from the graphene on
the substrate are observed to be blueshifted (upshifted) as compared to modes
measured from the suspended graphene.

Firstly, concerning Raman spectra of the graphene placed on SiO, substrate, it
has been recently reported that Raman feature is irrelevant to the surface properties
of substrate [21]. In particular, the SiO, substrate plays a negligible role in affecting
the atomic/electronic structure of the graphene. Considering that the substrate
effect is insignificant, the Raman peak shifts observed in our sample could be
believed to be most likely caused by doping from the underlying SiO, substrate. It
has been reported that in the substrate-dependent doping, surface dangling bonds
meditate the chemical coupling reaction to the graphene and the dangling bonds can
lead to p(hole) or n(electron) doping via charge transfer [47] even in the absence of
extrinsic impurities in substrate [48]. In particular, graphene is p doped by oxygen
dangling bonds on the SiO, substrate, whereas n doping takes place by silicon
dangling bonds [48, 49]. p and n dopings induce not only shifts of Dirac points in
ambipolar curves for graphene based devices but also distinct shifts in G and 2D
Raman bands. In other words, it has been reported that p doping causes blueshift
(upshift) for both G and 2D bands, while n doping results in opposite shifting in G and
2D bands [e.g. blueshift (redshift) in G /redshift(blueshift) in 2D] [28-31]. Thus, the
graphene placed on SiO, substrate can exhibit not only blueshifted G and 2D peaks,
but also oppositely shifted G and 2D peaks.

Secondly, concerning Raman spectra of the suspended graphene, as can be seen
in Figure 1C, no splitting of the G peak and splitting/broadening of the 2D peak are
observed. In addition, the position of G peak is shifted from 1586 to 1577 cm™
(redshift, Awg = -9 cm'l), and 2D peak moves from 2689 to 2666 cm™? (redshift, Aw,p
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= -23 cm™) when moving from the substrate to the cylindrical hole. The full width
half maximum value of 2D peak remains nearly unchanged. Regarding to these
redshifted G and 2D peaks, as mentioned above, three different explanations are
possible, i.e. doping, temperature, and strain. Among these factors, the temperature
effect can be ruled out since any annealing effect was not involved in the
preparation of the sample. Doping, as mentioned, leads to blueshifts of both G and
2D peaks (p doping) or opposite shifts of G and 2D (n doping). Considering the recent
report that the ratio (Aw,p/Awg) related to p doping effect is around 0.7 (in our case,
Aw,p/Awg > 2.5)[50], the doping effect is also thought to be minor. Hence, the
observed redshifts in our Raman spectrum is believed to be closely related to biaxial
tensile strain [2, 38-40, 45-46], which is typically observed when the graphene is

decoupled from the underlying substrate.

4. Supplementary Discussion ||

The crack travelling path in the graphene is thought to be closely related to
intergranular (along the grain boundary) / transgranular (across the grain boundary)
fracture path frequently observed in bulk materials. The travelling path is
determined by the inherent microstructure of material. It is well known that the
crack path can be decided by the interaction between microstructure and
environmental conditions, such as stress corrosion cracking. Firstly, in the
transgranular crack propagation, the crack travels through the grain (across the grain
boundary) of the material. The travelling crack changes direction from grain to grain
due to the different lattice orientation of atoms in each grain. In other words, when
the travelling crack reaches a new grain, it has to find a new path or plane of atoms
to travel on because it is easier to change the path to the direction with least
resistance than it is to rip through. In contrast, in intergranular fracture, the crack
travels along the grain boundaries, and not through the grains. Intergranular fracture
usually occurs when the phase in the grain boundary is weak and brittle. Considering
the fact that the CVD-graphene is a polycrystalline and microstructured material, the
tendency of crack propagation in CVD-graphene may be able to be figured out to

some extent, although it is difficult to predict the exact crack path. It has been
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recently reported that, in room condition the cracks in graphene propagate along the
grain boundary [51], while in vacuum condition the graphene tears crossing grain
boundary [52]. In other words, intergranular or transgranular fracture in CVD-

graphene are considered to be largely determined by the environmental conditions.

5. Supplementary Discussion |11

Generally, in the case of dynamic fracture behavior of materials, crack growth could
be accompanied by dynamic crack branching and curving caused by dynamic
instability of the crack tip [53,54]. In particular, in the case of brittle materials, a
propagating crack shows strong branching/curving tendency. Depending on stress
state, the crack departs from its original trajectory and curves or splits into two or
more branches. The study on crack curving and branching criteria has been
intensively performed in dynamic fracture mechanics. The precise criteria have been
still a subject under debate. In the past, some researchers attempted to explain the
crack branching in terms of kinetic energy. If the kinetic energy were consumed for
the crack branching, the velocity of cracks would decrease. However, real time
investigation on dynamic crack branching has shown that the branching does not
alter the crack velocity [55]. As an alternative, critical stress intensity criterion has
been widely-accepted so far [56-60]. The criterion says that the crack branching
under mode | loading occurs only when a specific stress intensity factor is exceeded.

In other words, it can be stated as

K; = Kip > K¢ (5)

where K;, K, and K. are stress intensity factor, critical branching stress intensity
factor and fracture toughness, respectively. In dynamic fracture, branching occurs
when K; > K;, (> Kj.). Kjp is an onset point for branching above which branching
can proceed.

Unlike the aforementioned dynamic fracture, the crack in the CVD-graphene
turned clearly out to propagate at the stress intensity level less than the fracture

toughness (K;.) under the quasi static loading. Furthermore, the crack propagation
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speed in the CVD-graphene (~102 m/s, see Table S4) was measured to be
incomparably far less than the Rayleigh wave speed (Vi = ~158 m/s for
homogeneous elastic media), while the crack speed in dynamic fracture can be even
faster than V; [61,62]. In other words, the CVD-graphene showed subcritical crack
growth behavior. Up to now, innumerable experimental works have reported that
main factors leading to subcritical crack growth are fatigue, stress corrosion and
creep [63]. Considering the experimental evidences in literature, the most probable
factor which can justify the subcritical crack growth behavior of the CVD-graphene is
stress corrosion. The crack subcritically growing in the inhomogeneous materials can
easily bifurcate (crack branching) and meander (crack curving) due to the crack
deflection at particles or interfaces [64]. More specifically, as many researchers have
already reported, interaction of cracks with certain obstacles is frequently observed
behavior in most of materials. The deceleration or arrest of crack upon encountering
a microstructural barrier or obstacle, such as grain boundary, twin boundary and
hard particles is common observation [65,66]. The branching/arresting/curving are

general behaviors of subcritically growing crack in an inhomogeneous media.

6. Supplementary Discussion |V

For calculating the stress intensity factor, firstly, the deformed graphene membrane
under uniform pressure (AP = 1.5 kPa) was assumed to be a continuum membrane
with an atomistic thickness (Figure S17). It has been long recognized that the
fracture behavior of the general materials strongly depends on the tested sample
thickness. In other words, a membrane structure with an insignificant thickness can
be approximated by plane stress state with the assumption of negligible normal
stress in the direction of thickness, while a structure with a significant thickness can
be approximated by plane strain state with the assumption of negligible normal
strain in the direction of thickness. As a result, it has been considered that the
measurement leads to plane stress fracture toughness, K., for thin specimen, and
plane strain fracture toughness, K;., for thick specimen, respectively. The linear
transitional relationship between K, and K, has been provided by Anderson [67],

subsequently some simplifying hypothesis with respect to the characteristic size of

-S24 [ 32-



. . ¢ E
the plastic zone has led to the approximate relation, K—C = [1+ Ez_f (¢r and oy are
Ic Y

fracture strain and yield stress, respectively) [68]. This relation implies that for ideal
brittle material there is no transition due to the absence of yielding, i.e. K. = K.
Consequently, given that the graphene reveals nonlinear elastic behavior with
negligible plastic deformation before failure [69], it was readily able to be assumed
as K. = K;.. Based on this fact, later we compared the measured fracture toughness,
K;. , of the CVD-graphene with the K;. of other bulk materials mostly measured in

plane strain condition.

The deflection (h) of the graphene membrane was calculated from the continuum

40'0t
r2

based analytical expression [70], AP = ii;r4 h3 + h, where, E is the Young’'s

1
modulus (= 1 TPa [69]), v is the Poisson’s ratio (assumed as 0.165, the value for the
graphite in the basal plane [69,71]), t is the graphene thickness (= 3.35 A [72]), ris
the radius of the membrane (= 45 um), g, is the residual tension or pretension
(assumed as zero, the detailed discussion will be followed later), respectively. The

applied quasistatic nominal radial stress (o) was calculated to be 1.15 GPa from the

Apr?

expression [70], 0 = i

, and the calculated deflection (h=1.97 um). The SIF was

calculated from the Irwin’s formula [73], g;; = %fﬁ(a), or K, = Yovma, where Y

is a configuration factor. As the dimensionless Y nonlinearly varies with the
geometry of the specimen the crack is in and the crack length, the precise Y was
hardly determinable. When the crack length is much less than the size of graphene
membrane, Y is obviously equal to 1. However, referring to the report by Erdogan et
al.[74] who investigated on the configuration factor of the spherical shell with cracks,
it was able to be confirmed that the Y is likely larger than 1. AlthoughY can
randomly deviate from 1 as the crack in the graphene membrane grows, here, the Y
was assumed to be 1 for simplicity of analysis (Figure S10) [75]. Because the crack
observed on the CVD-graphene was a slanted crack in a thin infinite membrane
under biaxial loading, mode-I fracture as well as mode-II fracture were had to be
considered, i.e. K; = ovma(cosp? + asinf?), K;; = ovra(1l — a)cosBsinp,

where g, /0, = a, B is an angle made by the crack with x-axis (see the schematic
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drawing in Figure S17)), respectively. Given that the graphene is under equibiaxial
tension, i.e. a=1, the formula was again able to be reduced to K; = oVvma. As
another agenda, the crack branching was taken into account. In other words, the SIFs
of the mother crack (K;,;) and the branched crack(K;,,) were assessed from
K; o1 = ovmad, and K; 4, = f(a2/al)oVra2, respectively. The value f(a2/al)
was assumed to be 1 on reference to the numerical analysis results [76]. From these
approaches, the K; ,; and K;,, were calculated and the resulting diagrams of

(Va1 — Kjq1) and (Vy, — K| 4,) were obtained, as shown in Figure 3.

7. Supplementary 4 Movies
Movie S1
High speed video showing fracture behavior of the CVD graphene under room

condition.

Movie S2
High speed video showing fracture behavior of the CVD graphene under controlled

condition I.

Movie S3
High speed video showing fracture behavior of the CVD graphene under controlled

condition Il.

Movie S4
High speed video showing fracture behavior of the CVD graphene under controlled

condition Ill.
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