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Strain-to-failure (%)

Background

Mechanical behaviour of graphene:
High stiffness, high strength, high ductility (toughness)...
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Current Status/ Aims

\/

** A great deal of modeling work (ab initio & other) has been
accomplished (NB. large diversity of values).

Progress towards verification:

s Relative little experimental work (mainly bending) for freely-
suspended flakes

s Axial deformation in tension (up to 1.5%) and compression (up to
failure) has been accomplished on flexed beams in combination

with simultaneous Raman measurements
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Bending Experiments

GRAPHITA/ L' AQUILA, 15-18 MAY 2011



L)

L)

R

Plate vs Membrane Analysis

How should we treat graphene?

Membranes exhibit zero bending stiffness (NB. graphene
exhibits a finite value of k). They can only sustain tensile loads;
their inability to sustain compressive loads leads to wrinkling.

Plates have finite thicknesses that normally give rise to internal
stress/ strain distribution during bending. The deflection of the
mid-plane is small compared to thickness.
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Graphene as a membrane: past bending experiments
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Experimental set-up for application of uniaxial strain

Graphene

flake

il

Materials & Geometry

+ SU8 photo resist epoxy-based polymer
* PMMA beam substrate (2.9x72.0x

mm?3
e x=104 mmand L =70 mm

Graphite

70)
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Simply-supported flake

Graphene flake
—

T

i PMMA
e b =I

Embedded flake
or S1805 (785 nn
100 nm- (
s PMIVIA 495 (514.5 nm)
SUS8

200 nm}

A

Mechanical strain at the top of the beam

3to X
AR

0: deflection of the beam neutral axis

L: span of the beam
t : beam thickness

Operating limits:
.« L>>103,,,
* -1.5% <e<1.5%
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Raman Spectra of embedded layer graphene inside PMMA
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Raman spectra of 2D-peak from embedded graphene
flakes and bulk graphite
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Simply-supported (“bare”) flake
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Fully embedded flake
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G peak vs. strain (no residual strain)
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Loading a graphene bilayer

830nm (1.495 eV)

Raman Intensity (a.u.)

2500 2550 2600 2650 2700 2750

Raman shift (cm—ll
%




Graphene bilayer under uniaxial tension — G peak

10 um
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Graphene bilayer under uniaxial tension — 2D peak
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Compression
(Measurements & Analysis)




Compression of embedded graphene flakes - 2D band
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Graphene as a thin plate: critical buckling strain (1/2)

The critical strain, €, for the buckling of a rectangular thin plate under uniaxial compression
is given by the classical Euler formula:

[ —I: length (dimension parallel to strain)

7 — w: width
Tk(K y
& =—|— 4 —m: number of half-waves to appear at the critical load
wo\C — k: flexural rigidity, 3.18 GPa nm3=20 eV*
L — C: tension rigidity, 340 GPa nm?
8
\
l o) 6 }\\ \/\&‘ -
=™, N AN b SN
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2
0 1 77 2 % 3 L
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Graphene as a thin plate: critical buckling strain (2/2)
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Bending Stiffness, k, for h=0.335 nm

Specimen K (eV)
Free-standing ~201
Embedded ~7 * 107
(70 MeV)?
Simply-supported ~2 * 107
(20 MeV)?

K (Joules)
~3*1048

~1*1041
(10 pJ)

~3*1042
(3 pJ)?

1 Lee et al, Science, 2008
2Frank et al, ACS Nano, 2010
3Unpublished Data




Estimation of compression strength

o | e %) | o, (GPap | I(um) |w(um)| k| k/w? (um?)
F1 -1.25 12.5 6 56 89.12 0.028
F2 -0.64 6.4 11 50 22.71 0.011
F3 -0.53 5.3 56 25 4.02 0.006
F4 -0.61 6.1 28 23 4.14 0.008

e, determined from the 2nd order polynomials as maxima
2 Assuming a modulus of 1 TPa and a linear relationship

Typical compression strength of carbon fibres (microscale): 2-3




Stress transfer phenomena in polymer/ graphene
composites
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Graphene: A powerful stress/ strain sensor

Phonon stress or strain sensitivities:

G peak 2D peak
9G) a7 (cm™'GPa™) (9E2D)) 60 (em™'GPa™)
00 , \ 00 It
0G r (9CD)Y 6000 cm”
(g) N—27OO cm \ e )r
T

Knowing the wavenumber shift we can resolve the inverse problem i.e.
to obtain the values of axial o and/or € in graphene composites through

the above relations.
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Strain maps of graphene flakes embedded into polymers

90

80+

704

60

50—

40-

30

20+

10+

0.74%

10pm

10

20

30

40

50

60

90

0.35
0.3

0.25 40+
0.2

0.15

0.1

0.05

0 20
-0.05

10—

0.0% released

10

20

30

40

50

60




Textbook stuff: Mechanisms of Stress Transfer in Composites
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Elastic transfer in polymer composites (1/2)

(shear-lag analysis)
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Elastic transfer in polymer composites (2/2)

(shear-lag analysis)
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Shear lag analysis of graphene flakes embedded into polymers

; d’o. H{o
\‘._ f= f_g
0N _
y N | dx wt| E,

Qdﬁ d o, - o, ( x) ~0, [1 _ exp(— /J)X)]‘

\ dx t and
RO G,

‘dxl — —tef,ooEf[))e_/))x




Shear lag analysis of a 1LG/ 2LG graphene flake in PMMA
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Axial & Interfacial shear stress distributions
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Conclusions

s* Experiments on purely axial loading of graphene in tension have not
been performed as yet.

** If no residual strain is present the phonon vs. strain relatinonship in
tension is linear at least up to ~1.5%.

¢ In compression, the observed phonon relaxation is indicative of
failure initiation. The obtained values of critical strain to failure for
monolayer graphene agree well with Euler buckling analysis.

*¢* The stress transfer from a polymer matrix to graphenes (1LG &2LG)
seems to proceed along macroscopic principles (shear-lag).

¢ Pristine graphenes exhibit poor interfacial strength in PMMA
matrices. Attention should be exercised when measurements are
gj made near the flake edges.
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Graphene bilayer under uniaxial tension — 2D band

A= 785 nm A= 633 nm
W,p dw,p/0€ W,p dw,p/0€
[cm?] [cm1/%] [cm?] [cm1/%]

2D,, 2637.9+2.5 -32.3+6.7 2688.0+2.2 -57.5+£7.3

2D,, 2621.3+2.7 -55.0+7.0 2671.0+2.5 -57.6+x8.4

2D,, 2596.8+2.8 -51.7+6.2 2651.0+1.3 -54.8+4.4

2D,, 2529.3+£2.6 -51.8+6.9 | 2603.1+1.6 -45.6+5.4
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