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Harness the Power of Fracture:
Controlled Fragmentation of
Graphene via Substrate Necking

Bo Ni' and Huajian Gao'#3*

Fracture has been a grave concern for practical applications of graphene and
other atomically thin and brittle materials. By contrast, in this issue of Matter,
Ming et al. present a method to harness the power of fracture in controlled fabri-
cation of ordered graphene ribbons, which may initiate a new approach to mak-
ing structures and devices based on two-dimensional (2D) materials.

As the very first and most prominent
example of two-dimensional (2D) ma-
terials, graphene is the strongest ma-
terial with a theoretical strength of
130 GPa.' However, from a fracture
mechanics point of view, it is the frac-
ture toughness that determines the
actual strength of graphene given
that crack-like flaws are inevitable in
large-scale graphene samples. Recent
experimental measurements  have
demonstrated that graphene suffers a
very low fracture toughness, close to
that of ideally brittle solids.? Moreover,

topological defects and flaws, such
as dislocations, grain boundaries, tri-
ple junctions, holes, and notches, are
commonly observed in large-scale gra-
phene synthesized via chemical vapor
deposition (CVD). The combination of
brittleness and randomly distributed
flaws makes fracture one of the most
prominent concerns in large-scale ap-
plications of graphene. Many efforts
have been devoted to understanding
the fracture mechanics of graphene
and how to toughen an atomically
thin and brittle material.” In compari-

son, advances on how to harness the
power of fracture for controlled frag-
mentation of atomically thin materials
remain rare.

Now, Ming et al.” in this issue of Matter
present a promising method of fabri-
cating well-ordered graphene ribbons
via controlled fragmentation of mono-
layer polycrystalline graphene (MPG).
Adopting a thin film-stubstate system,
the researchers first transferred MPG
onto a substrate of polycarbonate
(PC), a thermoplastic polymer with an
upturn in its stress-strain curve after
initial yielding. Then, the authors
applied uniaxial drawing to the PC sub-
strate so that plastic deformation was
localized in a necking zone and further

spread out due to the hardening trend
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Figure 1. Controlled Fracture for the Fabrication of Ordered Graphene Ribbons via Substrate Necking
(A) A schematic of the fragmentation process of monolayer graphene on top of a propagating necking front in the substrate and the applications of the

fabricated graphene ribbons, reprinted from Ming et al.” (B) A fracture mechanics model of the crack field inside the necking front region, including the
necking of the substrate, interlayer shearing or sliding, and brittle fracture of graphene. (C) Controlling the fragmentation patterns via engineering the

distribution of necking in the substrate. (D) Engineering the in-plane fracture loading via tuning the interlayer interactions.

within the necking zone. Taking advan-
tage of the sharp change of strain
before and after the necking front,
Ming and colleagues demonstrated
that MPG was fragmented under inter-
layer interactions into a series of
ordered submicron ribbons as the
necking front propagated in the sub-
When
fragmentation patterns of MPG on sub-

strate. comparing with the
strates undergoing uniform deforma-
tion, the authors found that the crack
pattern formed in this necking-assistant
fracture process is well organized,
robust, and insensitive to the randomly
distributed atomic defects, grain orien-
tations in the CVD MPG and the draw-
ing speed. The fabricated graphene
ribbons maintain high crystalline quality
and show active edges, which may stim-
ulate and enable promising applica-
tions in flexible electronics, chemical,
and biological sensing (Figure 1A).

The controlled fragmentation of sin-
gle-atom-thick graphene via substrate

necking broadens the horizon of
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applying fracture mechanics to thin
film-substrate systems made of novel
materials. As a long-time research
topic, understanding and controlling
fracture in thin film-substrate systems
is of crucial importance in various engi-
neering applications. Prominent exam-
ples include zirconia coatings as ther-
mal barriers on superalloy in gas
turbines, gallium nitride films as opto-
electronic materials on sapphire sub-
strate in light-emitting diodes,” and
solid electrolyte interphase (SEI) layer
on silicon electrodes.® In comparison
with these examples, the substrate
necking-assistant fragmentation of
graphene pushes the frontier of frac-
ture mechanics to a novel thin film-
substrate system that involves an
atomically thin and brittle film on a
substrate designed to undergo a spe-
cial type of material instability under-
loading. The interlayer interactions be-
tween graphene and the substrate
potentially involve sticking, sliding,
and even debonding. Surprisingly, in
spite of these potential complications,

well-ordered crack patterns have
been demonstrated in the presence
of randomly distributed flaws and vary-

ing loading conditions.

The robustness and simplicity of this
novel fabrication method imply not
only promising applications in large-
scale fabrication or processing of 2D
materials, but also potential progresses
in understanding fundamental knowl-
edge about the interaction between
non-uniform deformation of the sub-
strate, fracture of the atomically thin
film, and multi-stage interlayer interac-
tion. Some of the open questions,
opportunities, and potential research
topics along this promising direction
are listed below.

(1) Within the transition zone of the
necking front, what is the crack tip
field, and how does the fracture pro-
cess interact with strain gradient in
the substrate, interlayer interactions
and preexisting defects within the gra-
phene layer? In the demonstrated
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fragmentation process, the repeated
“cutting” process is attributed to the
propagating necking front. Locally, in-
side this transition zone of the front,
strain gradient is expected within the
substrate. Because of the contrast of
the deformation properties between
graphene and the substrate, interlayer
shearing, sliding or even debonding
may occur asymmetrically before and
after the front. Under such in-plane
lateral
propagate in a controlled path in gra-
phene, almost insensitive to topologi-

loading, cracks initiate and

cal defects and crystalline orientation.
To understand such a fracture process,
a fracture mechanics model including
the strain gradient of the substrate,
sticking or sliding interlayer interac-
tions, and the preexisting flaws inside
the brittle graphene is in need (Fig-
ure 1B). With such a fracture mechanics
model, a number of fundamental ques-
tions can be addressed. For example,
what are the critical conditions of sub-
strate strain gradient and interlayer
interaction for crack initiation? How
does the non-uniform interlayer
shearing compete with preexisting de-
fects in determining the crack initiation
locations and propagation paths?
What properties determine the period-
icity of the crack pattern during the
propagation of the necking front?
What is the smallest size of the ribbon
that can be fabricated via this necking-
assistant fracture? Built on such basic
understanding, the potential of gener-
alizing this controlled fragmentation
technique to engineer more
sophisticated crack patterns may be

further unveiled.

(2) Can we engineer the fragmentation
patterns of graphene via designing the
distribution of necking in the sub-
strate? The selection of a thermo-
plastic polymer substrate with a stably
spreading necking zone is key to this
fragmentation technique. In compari-
son with conventional shear-lag defor-
mation modes in thin film-substrate or
thin film-matrix systems undergoing

uniform deformation, the localized
strain gradient at a necking front in
the substrate not only helps define
the crack paths, but also may open
doors to possibilities of delicate engi-
neering. For instance, by increasing
the drawing speed over a critical value,
multiple necking zones can be gener-
ated in a plastic material with strong
hardening or stiffening after initial
yielding.” By prescribing defects in
the substrate, such as locally reduced
thickness, the locations of the necking
zones may be controlled intentionally.
Combining engineering
methods with the necking-assistant

these

fracture technique, one may expect to
tailor-cut graphene into designed ge-
ometries and dimensions mechanically
(Figure 1C).

(3) Between 2D materials and the sub-
strate, can we tune the interfacial inter-
actions to affect the crack pattern and
generalize this method to multilayer
systems? The interface bonding be-
tween the substrate and 2D materials
plays a crucial role in transferring the
lateral loading from the substrate to
the top layers. The nature of the inter-
layer bonding ranges from van der
Waals (vdW) interaction between gra-
phene and metal or polymer sub-
strate® to hydrogen bonding between
graphene oxide sheets to covalent
bonding between 2D material layers
after nuclear irradiation or functionali-
zation. Correspondingly, under lateral
loading, various interlayer interactions
can be triggered, including elastic
interlayer shearing, finite interlayer
sliding with repeated bond breaking
and reformation, and interlayer de-
bonding with the loss of the interaction
(Figure 1D). The properties of these in-
teractions, such as shear strength” and
interfacial fracture toughness,'® deter-
mine how much and in which way the
shearing force is transmitted between
the neighboring layers. By engineering
the surface or interface properties,
such as controlling the roughness of
the substrate, wrinkles in the layers,

Cell

and chemical functionalization, various
possibilities may exist to regulate and
tune the

in-plane  shearing force

through interlayer interactions.
Combining these capabilities with the
model of necking-assistant fracture,
one may further push the limit of this
controlled fragmentation process to
multilayer 2D materials like vdW heter-
oxide

ostructures and graphene

sheets.

In conclusion, by harnessing the power

of substrate necking, interlayer
shearing or sliding and brittle fracture
of graphene, Ming et al.” present a
facile technique to fabricate well-or-
ribbons

controlled fragmentation. Beneath the

dered graphene through

simplicity and robustness of this

method, we anticipate promising op-
portunities for fundamental progress
in the fracture mechanics of thin film-
substrate systems as well as the fabrica-
tion and processing of many emerging
2D materials.

ACKNOWLEDGMENTS

The authors acknowledge supports
from the National Science Foundation
(NSF) under the grant CMMI-1634492.

1. Lee, C., Wei, X,, Kysar, JW., and Hone, J.
(2008). Measurement of the elastic
properties and intrinsic strength of
monolayer graphene. Science 321,
385-388.

2. Zhang, P., Ma, L., Fan, F., Zeng, Z., Peng,
C., Loya, P.E,, Liu, Z,, Gong, Y., Zhang, J.,
Zhang, X., et al. (2014). Fracture
toughness of graphene. Nat. Commun. 5,
3782.

3. Akinwande, D., Brennan, C.J., Bunch, J.S,,
Egberts, P., Felts, J.R., Gao, H., Huang, R.,
Kim, J.-S., Li, T., and Li, Y. (2017). A review on
mechanics and mechanical properties of 2D
materials—Graphene and beyond. Extreme
Mech. Lett. 13, 42-77.

4. Chen, M., Wang, Z., Ge, X., Wang, Z,,
Fujisawa, K., Xia, J., Zeng, Q., Li, K., Zhang,
T., Zhang, Q., et al. (2020). Controlled
Fragmentation of Single-Atom-Thick
Polycrystalline Graphene. Matter. 2,
666-679.

5. Suo, Z. (2001). Fracture in Thin Films.

Encyclopedia of Materials: Science and
Technology (Elsevier), pp. 3290-3296.

Matter 2, 519-525, March 4, 2020 523



http://refhub.elsevier.com/S2590-2385(20)30069-2/sref1
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref1
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref1
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref1
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref1
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref2
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref2
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref2
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref2
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref2
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref3
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref4
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref5
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref5
http://refhub.elsevier.com/S2590-2385(20)30069-2/sref5

Matter

6. Guo, K., Kumar, R., Xiao, X., Sheldon, B.W.,
and Gao, H. (2019). Failure progression in the
solid electrolyte interphase (SEI) on silicon
electrodes. Nano Energy 68, 104257.

7. Hutchinson, J., and Neale, K. (1983). Neck
propagation. J. Mech. Phys. Solids 37,
405-426.

8. Na, SR, Wang, X,, Piner, R.D., Huang, R.,
Willson, C.G., and Liechti, K.M. (2016). Cracking
of Polycrystalline Graphene on Copper under
Tension. ACS Nano 10, 9616-9625.

9. Wang, G., Dai, Z,, Wang, Y., Tan, P., Liu, L.,
Xu, Z., Wei, Y., Huang, R., and Zhang, Z.
(2017). Measuring Interlayer Shear Stress in

Cell

Bilayer Graphene. Phys. Rev. Lett. 119,
036101.

10. Guo, G., and Zhu, Y. (2015). Cohesive-shear-
lag modeling of interfacial stress transfer
between a monolayer graphene and a
polymer substrate. J. Appl. Mech. 82, https://
doi.org/10.1115/1.4029635.

Watching Water, Sodium, and
Chloride Passing through
a Graphitic Pore

David S. Sholl'*

In this issue of Matter, Malmir and colleagues use sophisticated methods to give
an atomic-scale view of saltwater permeation through a graphitic pore with high
salt rejection. Na* and Cl~ traverse the pore at different rates, leading to an
electrostatic potential across the membrane.

Although reverse osmosis membranes for
water desalination are established and
considered a mature technology, the mo-
lecular control accessible with these syn-
thetic membranes pales in comparison
to biological ion-conducting trans-mem-
brane proteins. Although the amazing
properties of K*-channel proteins were
known experimentally, the particular
mechanisms that allow these properties
were not understood until atomic-scale
structures were obtained (in work that
led to a Nobel Prize for Roderick MacKin-
non)." If it is possible to understand the
atomic-scale details of water and salt
permeation through synthetic mem-
branes, it may ultimately be possible to
leverage this knowledge to broaden the
conditions under which these membranes
are useful. In this issue of Matter, Malmir
et al. have taken a step in this direction
by introducing methods that model
permeation through an ultra-thin mem-
brane in impressive detail.”
Analyzing permeation of saltwater
through a membrane using atomistic

molecular simulations seems superfi-
cially simple, but the very limited time-
scales imposed by molecular dynamics
(MD)—on the order of nanoseconds to
microseconds—place  severe con-
straints on the number of molecular
events that can be observed. This re-
stricts the use of these methods in simu-
lating stochastic dynamic events, such
as ion permeation. The challenge is
particularly acute for a membrane with
a high level of salt rejection, because
ions in the solution pass through the
membrane orders of magnitude slower
than water molecules. Malmir et al.”
tackled this timescale challenge in two
ways. First, they modeled a membrane
of just three layers of graphite made
porous by including a single sub-nm
pore through the layers. Crudely, the
flux through a membrane of thickness
L scales as 1/L, so the choice of an ul-
tra-thin membrane maximizes this flux.
By applying hydrostatic pressure in
their MD simulations, Malmir et al.”
were able to directly observe water
permeation from a 1.5 M NaCl solution.

524 Matter 2, 519-525, March 4, 2020 © 2020 Elsevier Inc.

Second, they applied a sophisticated
rare-event sampling technique (specif-
ically, a method called jumpy forward-
flux sampling) that gives accurate infor-
mation on the permeation rates of Na*
and Cl™ ions. This approach gives direct
information on the relation permeation
rates and mechanisms of H,O, Na*,
and CI~ through a graphite nanopore.

Malmir et al.’s” simulations show water
fluxes that are in good agreement with
predictions from the macroscopic Ha-
gen-Poiseuille law. This is in contrast
to earlier work that showed much
higher water fluxes through mem-
branes based on carbon nanotubes.’
Strong deviations from macroscopic
predictions in carbon nanotubes occur
because of the atomistic smoothness
of the walls of these structures.” The
hydrogen-terminated pore simulated
by Malmir et al.? does not share this
smoothness. The estimated salt rejec-
tion of the simulated membrane is
>99.99%, meaning that >10,000 water
molecules pass through for every ion.

A more striking outcome from Malmir
et al.’s” simulation is that Na* and CI~
traverse the membrane at very different
rates. At a qualitative level, some differ-
ences in rates is to be expected
because the size of the solvated ions,
and hence their ability to enter and
move through a sub-nm pore, differ.
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