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The polycrystalline graphene with symmetric tilt and asymmetric tilt GB is constructed
by referring to the procedures depicted in Ref. 1 and Ref. 2, respectively. We construct a
series of polycrystalline graphene with a misorientation angle between 0° and 30°. The
structures of symmetric and asymmetric tilt GBs at three grain misorientation angle are
presented in Figs. S1(a)—(c) and Figs. S1(d)—(f), respectively. GBs, which are composed of

series of 5-7 defects, are located on the center of the polycrystalline graphene.

S2. Verification of loading speed

To verify the effect of loading speed on the mechanical response of graphene sheet, a
series of nanoindentation simulations are conducted under loading speed ranged from 0.02 to
0.1 A/ps. Fig. S2 shows the force-displacement curves with respect to the loading speed of
indenter for the indenter tip located on the center of pristine graphene. The maximum load
and indentation load slightly increases with loading speed but the changes are not remarkable.

In the remaining part of this study, the loading speed is chosen to be 0.02 A/ps.

S3. Uniaxial and biaxial tensile simulations of pristine graphene

We performed biaxial tensile simulation in order to directly compare with the strength of
the nanoindentation simulation. Before the tensile loading test, samples are initially
equilibrated for 10 ps using NPT (isothermal-isobaric) ensemble at 300K. For uniaxial tensile
simulations, uniaxial tension along the x-axis (perpendicular to the GBs) is applied using
NPT which allows the zero pressure in the y direction to mimic the traction free boundary
condition. For biaxial tensile simulations, the graphene film is stretched in both x- and y-
directions until it fails completely under NVT (canonical) ensemble. Simulations boxes are
stretched by pulling on both sides (LAMMPS; ref. 4 command: fix/deform). Periodic
boundary condition is applied in all direction. All samples are stretched at a constant strain
rate of 10° s'. The stress is averaged over 1 ps at each strain increment to eliminate thermal

fluctuations.

Fig. S3 depicts the stress-strain curves of uniaxial and biaxial tensile simulations. The

estimated strength of biaxial tensile is 105 GPa which shows good agreement with that of the
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nanoindentation simulation (see Fig. 1(d)). In comparison with uniaxial tensile, Fig. S3 shows
that the biaxial strength is lower than the uniaxial strength. Therefore, the strength estimated
by nanoindentation can be underestimated because the graphene is subjected to equibiaxial

tensile load generated by an indenter.

S4. Comparison of stress distribution between pristine and polycrystalline graphene

For comparison, indentation simulations are carried out to investigate the stress
distribution of pristine and polycrystalline graphene under the same simulation conditions.
The non-uniform stress distribution of pristine and symmetric tilt GB with the angle of 5.7°

are plotted together which is obtained slightly before the rupture as shown in Fig. S4(a). The

stress is defined by the average between “xx and %yy. We observed that the stress decreases
with distance from the center of indenter tip. For the symmetric tilt GB, there is a very sharp
peak in the stress distribution due to the pre-stress around 5-7 defects. A sequence of

snapshots shows that rupture starts at lower indentation depth (see Fig. S4(d)).

SS. Size effect of indenter radius on mechanical response under nanoindentation

A series of nanoindentation simulations with the indenter radius of 2 nm is performed to
investigate the size effect of indenter radius. We obtain the force-stress curve for the pristine
graphene under nanoindentation with the same indenter radius, as shown in Fig. S5(a). The
failure force is converted into the strength using the stress-force relationship. All stress-strain
curves are shown in Fig. S5(b). We estimate the strength as a function of distance away from
the GB line (see the inset of Fig. 5(a)). As shown in Fig. S5(c)), the failure strength
approaches that of pristine graphene as the distance which becomes in close proximity to the
indenter radius (~2 nm). The smaller indenter radius leads to more sharp stress concentration
within the indenter radius. Hence, the strength can be overestimated at a smaller
misalignment. It note that there is the prospect of high strength estimation in the case of
indenter misalignment. Therefore, the estimated strength is close to that of pristine graphene

at a distance of indenter radius, regardless of indenter size.



S6. Force-displacement curves of polycrystalline graphene

The force-displacement curves of polycrystalline graphene with symmetric and
asymmetric tilt GBs are presented in Figs. S6 and S9. First, we examine the sensitivity of
strength according to the position of the indenter by moving the location of indenter along the
GB (see the inset of Fig. 3(a)). The force-displacement curves of symmetric and asymmetric
tilt GBs are presented in Figs. S6 and S7, respectively. The force-displacement curve is
significantly dependent on the location of the indenter. Compared to the mean value of the
strength, the strength is varied by up to about 16%, the position of the indenter at low-tilt
angle GBs (see Figs. 3(c) and (d)). Note that this difference is not caused by a statistical error
of molecular dynamics since the difference is larger than the statistical error at each

misorientation angle.

Second, in order to investigate the effect of a misaligned indenter on the strength of
polycrystalline graphene, GB line is shifted from the position of indenter corresponds to the
geometric center of graphene sheet (see the inset of Fig. 5(a)). The force-displacement curves
of symmetric and asymmetric tilt GBs, according to the distance S, are presented in Figs. S8
and S9, respectively. We observe that the strength is proportional to the distance and

approaches that of pristine graphene (see Fig. 5).

S7. Stability of crack

In the linear elastic fracture mechanics, the energy release rate for crack growth G(a) is

given as 517 0’ where OU is the infinitesimal change in potential energy due to the
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existing crack with length 2a. Under uniaxial tension, it is known that AU = where

E, t and O refer to the Young’s modulus, thickness, and the applied stress, respectively.
Thus, the energy release rate is proportional to a, i.e. G(a)oc a, and Z—G > 0. This explains
a

why the crack growth is unstable for uniaxial tension, as depicted in Fig. 4 (b).



On the contrary, the stress field near the indenter tip is highly concentrated around the

tip. It is known that the stress field for 7 <7, is approximately constant where /, is the radius

of contact area’® (See Fig. S10). For 7 > 1}, stress field G(r) decays as % because of the
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force balance in the vertical direction (F =2nrto (r)sin (9). Note that AU = when

27t fa 2

<714, On the other hand, AU ~ AU, = o (r) rdr=AU, + < when a>r,

Ul

27tEsin’® 0
where AU, is the potential energy change within the contact area. When ¢ is larger than I},

the energy release rate becomes inversely proportional to ¢, i.e. G (a)« l, and 96 <0. Thus,
a

oa
crack growth becomes stable when the crack size is larger than 7. This explains why the

crack does not grow immediately after the nucleation for the low-angle GBs in Fig. 4 (a). At

a small indentation depth, a crack can nucleate from the 5-7 defect where pre-stress is high,
but it does not grow beyond the radius of contact /. I} increases as indentation depth

increases further, which is followed by gradual crack growth. The ultimate fracture occurs

once the crack size becomes comparable to the indenter radius.

For the pristine graphene or high-angle GBs, the crack nucleates at high indentation

depth when stored elastic energy is very high and 7 is comparable to indenter radius. Then,

crack growth immediately up to the indenter radius, and fracture occurs simultaneously with

crack nucleation, as shown in Fig. 2 (a).
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Fig. S1 — The structures of armchair-oriented graphene grain boundaries at various misorientation

angles in this study. (a)-(c) Typical structures of symmetric tilt GBs: (a) 5.7°, (b) 17.9°, and (c) 27.8".
(d)-(f) Typical structures of asymmetric tilt GBs: (d) 6.17°, (e) 17.39°, and (f) 27.0°.
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Fig. S2 — The force-displacement curves with respect to the loading speed of indenter for the

indenter tip located on the center of pristine graphene.
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Fig. S3 — The stress-strain curves of uniaxial tensile and biaxial tensile simulations.
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Fig. S4 — Comparison of stress distribution between pristine and bicrystal graphene. (a) In-plane stress
distribution along the central line of graphene sheet on the verge of rupture. Stress represents the
average between oy, and o,y. (b) Force-displacement curves of pristine and bi-crystal graphene are

plotted together. The rupture process of (c¢) pristine graphene, and (d) symmetric tilt GB with 5.7°.
1

The color contours indicate 2 (o, + Oyy).
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Fig. S5 — (a) Stress versus force curve for pristine graphene with the indenter radius of 5 nm. (b) The
force-displacement curves of symmetric tilt GBs with various tilt angles. (¢) Strength estimation as a
function of indenter position (s) for symmetric tilt GB with 5.7°. (d) In-plane stress distribution along

the central line of graphene sheet and atomic stress distributions on the verge of rupture. Stress
1

represents the average between 6y, and o,y. The color contours indicate the 2 (0 + Oyy).
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Fig. S6 — The force-displacement curves of symmetric tilt GBs with various tilt angles. The force-
displacement curves of symmetric tilt GBs with respect to indenter location along the GB line: (a) 5.7°,

(b) 17.9 °, and (c) 27.8 °.
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Fig. S7 — The force-displacement curves of asymmetric tilt GBs with various tilt angles. The force-

displacement curves of asymmetric tilt GBs with respect to indenter location along the GB line: (a)
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Fig. S8 — The force-displacement curves of symmetric tilt GBs with various tilt angles. The force-
displacement curves of symmetric tilt GBs with respect to the distance S: (a) 5.7°, (b) 17.9 °, and (c)
27.8°.
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Fig. S9 — The force-displacement curves of asymmetric tilt GBs with various tilt angles. The force-

displacement curves of asymmetric tilt GBs with respect to the distance S: (a) 6.17°, (b) 17.39 °, and

(c)27°.

———— $=0 (asymmetric GB with 6.17)
————— 8=10 (asymmetric GB with 6.17)
$=20 (asymmetric GB with 6.17)
——— $=30 (asymmetric GB with 6.17)
$=40 (asymmetric GB with 6.17) N
$=50 (asymmetric GB with 6.17)

2 3 4 5 6
Indentation depth (nm)

s NN IRNETINEN AR SRTET B WA B
0 1 2 3 4 5 6 7 8
Indentation depth (nm)

N $=0 (asy ric GB with 27)

N $=10 (asymmetric GB with 27)

- $§=20 (asymmetric GB with 27)

L1 vt ERTETIEN INEFINENEN AFIENINE ANETNAT S
0 1 7 8

15

B §=0 (asymmetric GB with 17.39)
B $=10 (asymmetric GB with 17.39)
L $§=20 (asymmetric GB with 17.39)
250 |- ——— =30 (asymmetric GB with 17.39) /1l
- — — — $=40 (asymmetric GB with 17.39) /|
I — — — S=50 (asymmetric GB with 17.39) /ﬁ
200 |~
= |
=z [
[
£ B
@150 |~
Q -
=
5 B
e B
100 -
50 -
) S—— i IR INRVENAIN INETATEN EVSETIT A
0 7 8

Strength (GPa)

2 3 4 5 6
Indentation depth (nm)

— — — — Pristine graphene

———6—— Asymmetric tilt GB with 6.17
——=a—— Asymmetric tilt GB with 17.39
——&a—— Asymmetric tilt GB with 27

N
o
L S

\

30

0\\\\I\\\\I\\\\I\\\\I\\\\I\\\\

o

10 20 30 40 50
Distance (Angstrom)

60



;—H

Fig. S10 — Schematic diagram of a spherical indenter with polycrystalline graphene.
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