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Fig.1 (a) Force-displacement curves from AFM nano-indentation of suspended monolayer graphene with
different tip radiuses and specimen diameters''® ; (b) The in-plane stiffness of graphene as a function of defect
concentration ) ; (¢) The schematic of electrostatically pressurized bubbling device=* ; (d) A non-linear
stress-strain curve from AFM nano-indentation of suspended graphene with intrinsic crumpling-**-.
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Fig.2 (a) Schematic diagram of the AFM nanoindentation test experiment carried out on a freely suspended MoS;

nanosheet; (b) Force versus deformation traces measured at the center of the suspended part of MoS; nanosheets

with 5, 10, and 20 layers in thickness; (¢) Elastic constant versus # R ? measured for MoS, suspended nanosheetst®- .
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Fig. 3 (a) Observed mechanisms of toughness enhancement due to topological defects in graphene™®-; (b) Transition

from catastrophic to localized failure with increasing defect content-*'; (c) Highly stretchable graphene kirigami-*-.
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Fig.4 (a) Schematic of the blister test before and after pressurization and delamination and atomic force
microscope line scans through the center of a pressurized graphene blister at varying pressure differences;
(b) The measured adhesion energy values for 1-5-layer graphene membranes-**- ; (c¢) Schematic showing a

graphene flake conforming over a blister perturbation on a silicon substrate® ; (d) Adhesion energy

measurements on CVD grown graphene on copper measured using a peel test!”*.
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Fig. 5 (a) The stress transfer efficiency at graphene-PMMA interface and (b) the evolution of the graphene
surface morphology with increasing loading cycles as well as the thermal stimulust™ ; (¢) Schematic diagram of
PMMA cantilever beam applying tension to the monolayer graphene samples with the interfacial interaction
between graphene and substrate modeled as linear springst™ ; (d) Strain distribution along the tensile direction
of monolayer graphene sheets on the PMMA matrix for van der Waals and hydrogen-bonded interface!™- .
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Fig. 6 (a)Raman contour maps of G-band frequency in one quadrant revealed the strain distributions in
bilayer graphene samples in both suspended and supported regions at different pressures; (b) The cross
sections of Raman contour maps along the diameter of the bubble at different pressures; (c)Measured
shear stresses for interfaces between graphene layers; (d) Normalized center deflection versus pressure
difference (Ap) for bilayer graphene bubbles-*’-
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Experimental Mechanics of Two-dimensional Materials: A Review

WANG Guo-ruit’?, LIU Lu-qi*, ZHANG Zhong®

(1. CAS Key Laboratory of Mechanical Behavior and Design of Materials, Department of Modern Mechanics, University of Science and
Technology of China, Hefei 230027, China; 2. CAS Key Laboratory of Nanosystem and Hierarchical Fabrication, CAS Center for

Excellence in Nanoscience, National Center for Nanoscience and Technology. Beijing 100190, China)

Abstract: Owing to the atomic scale thickness and the unpresedented physical properties, two-
dimensional (2D) materials, especially graphene, have recently attracted dramatically increasing
interests in interdisciplinary areas of physics, chemistry, materials and so on. To date, significant
progresses have been achieved in developments of synthesis methods, structural characterizations, and
a variety of fascinating applications, endowing 2D materials with a bright prospect in fields of micro-/
nano-eletromechanical systems (MEMS/NEMS). photoelectric devices and functional composite
materials. However, due to the unique structure and dimension of 2D materials, the fundamental
understanding of its physical issues still remains elusive, especially for the mechanical characterization
that faces vexing challenges yet. This paper systematically provides an overview of recent
developments in the mechanical testing and characterization techniques on the intrinsically mechanical
properties as well as the interfacial behaviors of 2D materials at micro-/nanoscale, such as
nanoindentation test, bubbling test, etc. In addition, possible factors that may influence the
mechanical performance of 2D materials are also discussed in detail and the underlying mechanisms are
analyzed to enable the moderate physical and chemical design for the rationally modified properties.

Keywords: two-dimensional material; micromechanics and nanomechanics; experimental mechanics;

mechanical properties of material; interfacial interaction



