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Abstract- Measurements are reported of the fracture toughness of graphene oxide (GO) papers. The concept of
Linear Elastic fracture mechanics (LEFM) is applied to measure the fracture toughness of GO papers. The effects of
GO sizes on fracture toughness are studied. GO sheets prepared by modified Hummers method are sorted into four
different groups by centrifugation and through vacuum filtration, GO papers of different sheet sizes are prepared.
GO papers made from large sheets give higher fracture toughness than those made from small GO sheets. About
66% enhancement of fracture toughness are observed. The failure mechanisms taking place during the fracture
toughness tests are identified from the microscopic examination of the fracture surfaces. Cleavage failure is the
dominant failure mechanisms under mode-I loading of GO papers.
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1. INTRODUCTION

Since its discovery in 2004 [1], graphene - the parents of all
graphitic materials has become one of the most exciting topics of
research in the last few years. Graphene consists of one atom
thick sp? bonded carbon atoms arranged in a honeycomb lattice
structure, and have exceptionally high in-plane electronic
mobility, mechanical strength and thermal conductivity [2—6].
Among different methods for the fabrication of graphene based
materials, graphene oxide (GO) synthesized from oxidation of
graphite is the most versatile method [7]. GO is an atomic sheet
of graphite containing several oxygenated functional groups on
its basal planes and at its edges, which form a hybrid structure of
sp? and sp* hybridized carbon atoms [8]. Both the basal plane
and edges of GO oxygenated functional groups are covalently
bonded, namely hydroxyl and epoxy groups on the basal plane
and carboxylic, carbonyl acid groups are at the edges [9]
provide well dispersed individual GO sheets in water and
organic solvents [10,11]. It is widely used as a building block in
composites, mechanical actuators, nano-robots and paper like
materials, energy related materials, biological and medical
applications [12,13]. In recent years, graphene-based paper
materials have attracted much interest because of their
outstanding strength, stiffness and high degree of flexibility
[8,14]. This paper-like material may be used as sealants,

actuators, bio-compatible substrates, flexible substrates with
high chemical and thermal stability. GO paper, a free standing
layer by layer hierarchical structure is fabricated from aqueous
GO dispersion via vacuum-assisted self-assembly technique.
The mechanical properties of GO papers like tensile strength and
Young’s modulus have been extensively studied [8,13]. The
lateral dimensions of GO sheets have significant impact in
controlling their properties and applications. Large and small
GO sheets are ideally suited in a variety of applications. For
example, for bio sensing and drug delivery [15,16] small GO
sheets and polymer based composites [17], optoelectronic
devices [18] large GO sheets with controlled sizes are preferable.
Various methods are proposed and used in literature for the size
controlled synthesized of GO sheets [19[20]20]. In this study
repeated centrifugation is used to sort as produced GO sheets
into four different sizes.

Fracture toughness is the ability of a material to resist the
propagation of a pre-existing flaw or crack. It is a generic term
which measured the resistance to propagation of a crack. It is a
fundamental material property like elastic modulus, tensile
strength etc. For bulk materials and relatively thick films
fracture toughness can be measured using ASTM standards [21].
In case of thin films, fracture toughness evaluation is quiet
difficult due to thickness limitation using ASTM standards [22].
However, until now, there is no standard procedure for
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evaluation of fracture toughness under plane stress condition.
Free-standing paper or foil like materials are used in various
engineering applications and their fracture toughness evaluation
becomes essential. The concept of Linear Elastic fracture
mechanics (LEFM) is applied to measure the fracture toughness
of GO paper. The linear elastic fracture mechanics approach
based on the hypothesis that material will behave as a pure linear
elastic materials. It has two main approaches. One is based on
Griffith fracture theory and the other approach is based on
mathematical characterization of the crack tip stress field- stress
intensity factor approach. The stress intensity factor describes
the state of the stress at the vicinity of the crack tip while
considering the applied load, specimen geometry and crack
geometry. This works aims the evaluation of the fracture
properties of GO papers in mode-I loading. Experiments were
performed to determine the fracture toughness of GO papers. In
addition, the study specially focuses on the effect of GO sheet
sizes on the fracture properties of GO papers.

2. EXPERIMENTAL

2.1 Synthesis of GO

GO was prepared from purified natural graphite flakes
(Asbury Graphite Mills) based on modified chemical method
[23,24]. In a typical experiment 5 g of natural graphite flakes
(Asbury Graphite Mills, US) and 150 ml sulfuric acid (H,SOq,
95.5-96.5%, General Chemical) were first mixed and stirred in a
round bottom flask at a speed of 200 rpm. 50 ml of fuming nitric
acid (HNOj, Fisher) was then added into the mixture. The
mixture was kept at room temperature and stirred for 24 h. 200
ml of de-ionized water was then poured slowly into the mixture.
The resultant mixture was washed using DI water three times
and centrifugation, which was then dried at 60°C for 24 hr to
obtain GIC. The dry GIC powder was thermally expanded at
1050 °C for 15sec. The expanded graphite (EG) was then used
for the production of GO sheets. 0.5 g of EG and 100 ml of
sulfuric acid (H,SO,4, 95.5-96.5%, General Chemical) were
mixed and stirred in a three neck flask. Next, 5 g of KMnO,4 was
drop-wise added to the mixture while stirring. The mixture was
then stirred at 60°C for 24 h. The solution was transferred into an
ice bath, and 100 ml of de-ionized water and 25ml of H,O, were
poured slowly into the mixture to find the colour of the
suspension to change into light brown. Having stirred for
another 30 min, the GO particles were then washed and
centrifuged with HCI solution (9:1 Vol. water: HCI) three times,
then centrifuged again and washed with de-ionized water until
the pH of the solution became about 5 to 6. The obtained GO
particles were then diluted using DI water (~1 mg/ml) and then
sonicated for 20min using a bath sonicator.

2.2 Sorting of GO sheets into large GO and small GO

The as prepared GO dispersion in water has different sizes
of monolayer GO sheets. Unsorted GO solution was separated
into four different groups with uniform sizes through three-step
centrifugation on a table-top centrifuge (SIGMA 2-16P) as
shown in Fig. 1.

At first the unsorted GO dispersion was centrifuged at 8000
rpm for 40 min producing supernatant and precipitate. The
supernatant and precipitate was collected. This supernatant was
marked as small GO and the precipitate was dispersed in water
and centrifuged at 6000 rpm for 50 min, again producing
supernatant (large GO) and precipitate. The precipitate was
dispersed in water again and centrifuged at 4000 rpm for 60 min
producing supernatant (very large GO) and precipitate (ULGO).
In this study only ultra large GO (ULGO) and small GO were
used for the fabrication of Large GO and Small GO papers.
According to our recent report the sizes of small GO and ULGO
ranging from several to a couple of hundreds of pm [25].
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Fig. 1: Flow charts for separation of unsorted GO into four grade:
ULGO, very large GO, large GO and small GO hy three steps
centrifugation.

2.3 Fabrication of GO papers

GO paper was fabricated by flow-directed vacuum
filtration of aqueous GO dispersions through a Millipore filter
membrane (90 mm in diameter and 0.22 um pore size) followed
by air drying and peeling off from the filter paper as shown in
Fig. 2. The thickness of each paper is controlled by adjusting
volume of the aqueous GO dispersions. For the fracture
toughness testing specimen, the thickness of the paper was about
20 = 0.001pm. All the specimens were dried in an oven at 60°C
for seven days to achieve low moisture content before testing.
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Fig. 2: Process flow chart for the fabrication of GO paper.
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2.4 Characterization and mechanical tests

There is no standard procedure or commonly accepted
methodology for evaluation of fracture toughness under plane
stress condition but two conditions are necessary. Firstly when
materials fail, the stress acting over the un-cracked region
should be less than the yield stress of the material [26]. Secondly
appropriate dimensions of the specimen so that boundaries do
not interfere with the crack tip stress distribution [27]. By using
a desirable crack length and large enough specimen these
condition can be met. For different materials and specimen
geometry, these dimensions are different. A DENT specimen
was prepared for the fracture toughness testing of different paper
materials as shown in Fig. 3. The width of the specimen was
varied from 2b = 5 to 30mm, height to width ratio h/b = 2 and
crack length to width ratio a/b = 0.15 to 0.69. The edge cracks
were made with a sharp surgical blade. The testing was
conducted on a universal testing machine (Alliance RT/5) at a
cross head speed of 1mm/min. The fracture toughness was
calculated using the following Egs. (1) and (2). For an elastic
specimen containing a crack and under a critical tensile stress o,
(at which instability occurs) the critical stress intensity factor K,
in the plane stress mode-I is given by [28]

Ke = ocma F(%/,) &)
Where, crack length at instability is a, F(a/b) is a finite-width

correction factor and for an infinite plates its unity. According to
Brown (1966) for a double edge notch tension specimen this
geometric correction factor is

F(3) = 112 +0203(2,) - 1197(34 ) +193(3,) @

The peak load from the load-extension curve and initial crack
length were used for the calculation of K. as there was no
substantial crack growth occurs before catastrophic failure of
different types of paper materials studied here.
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Fig. 3: Double edge notched tension specimen.

The cross-sectional morphology of the fracture surfaces
were examined on a scanning electron microscope (SEM, JEOL
6700F, JSM).The Raman spectroscopy (Reinshaw Micro
Raman/ Photoluminescence System) was used to analyze the
structure of GO papers using 633 nm He-Ne laser. X-ray
diffraction measurements were conducted using a high
resolution X-ray diffraction system (XRD, PW1825, Philips)

operating with Cu K, radiation (1 = 1.5406 A) in the 2-theta (26)
range from 5-40° at a scanning rate of 2° min*.

3. RESULTS AND DISCUSSION

3.1 Surface chemistry

Figure 4 shows the Raman spectra of Small GO, unsorted
GO and Large GO papers and the corresponding Ip/lg intensity
ratio. The G band (at ~1590 m™) is Raman active for
sp>-hybridized carbon-carbon bonds in graphene [29-31]. While
D band (at ~1354 cm™) is associated with the presence of defects
in the graphite material such as bond-angle disorder,
bond-length disorder, vacancies, edge defects, etc. [32]. The
intensity ratio Ip/lg is widely used to measure the defects
quantity in graphitic materials [33]. The Raman spectra shows
an increase in the D/G intensity ratio from 2.02 for Large GO to
2.43 for small GO paper, clearly indicate the increased defects
quantity in small GO sheets.

The XRD pattern (Fig.5) of Small, unsorted and Large GO
papers exhibits a characteristic XRD peak at 26 = 10.53°, 11.03°
and 11.35° corresponding to a distance of 8.4 A, 8.0 A and 7.7A
between the stacked GO sheets. Small GO papers have higher
layer to layer distance than Large GO papers. Large GO sheets
have higher C/O ratio and Small GO contained more oxygenated
functional groups for a given area of materials [25]. Thus, Small
GO with more oxygenated functional groups absorbing more
water through hydrogen bonding leading higher layer to layer
distance (d-spacing).
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Fig. 4: Raman spectra of Small, unsorted and Large GO papers (a) D-
and G-band peaks and (b) Ip/lg intensity ratio of Small, unsorted and
Large GO papers.
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3.2 Fracture properties of unsorted GO papers
The effect of initial crack length on fracture toughness was

investigated. The width of the specimen is constant (13mm) and
the crack length is varied between 2 mm and 9 mm. Fig. 6.
shows the effect of the ratio of initial crack length to specimen
width, a/b on fracture toughness of unsorted GO paper for
constant specimen width.

Fracture toughness appears to maximum for a/b in the

range of 0.38 and 0.46. This follows the theoretical predicted
optimum a/b of 1/3. Theoretically release of strain energy with

crack extension to be maximum for a/b of 1/3 [34]. Fracture
toughness values decreases with increasing initial crack length
to specimen width ratio especially for a/b of 0.61, 0.69. This is
because for complete fracture strain energy in the system in not
adequate due to narrow un-cracked width. For constant initial
crack length to width ratio a/b of 0.38 and 0.46, the effect of

specimen width 2b, on fracture toughness are shown in Fig. 7.
Fracture toughness appears to be level off at a specimen width of
about 10mm. Using molecular-dynamics simulation the fracture
toughness of single layer graphite sheet was found to be 4.7

MPaVm [35].
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Fig. 5: X-ray diffraction patterns of Small, unsorted and Large GO
papers.
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Fig. 6: Effect of initial crack length to specimen width, ab, (width 13mm)
on fracture toughness of GO paper.
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Fig. 7: Effect of specimen width 2b on fracture toughness of GO paper,
(a) crack length to width ratio b = 0.38 and (b) @b = 0.46.

3.3 Morphology and effect of GO sheets sizes on fracture
properties of GO papers

GO sheets were sorted as Small GO and Large GO sheets
and the effect of GO sheets size on fracture properties were
investigated. Representative load-extension curves obtained
from the fracture toughness tests of three different kinds of GO
papers are shown in Fig. 8.(a). From Fig. 8(a) load increased
almost linearly with extension when crack initiated until it
reached the maximum where catastrophic failure occur. This
means that fracture of GO paper like a brittle material. From the
load-extension curves of three different types of GO paper, it
shows that comparatively higher load is necessary for the failure
occurs in case of Large paper as compared to unsorted GO and
Small GO paper. Figure 8(b) exhibits the comparison of the
fracture toughness of Small, unsorted and Large GO papers for
constant initial crack length to width ratio a/b of 0.38 for
different specimen width. It appears that about 66%
enhancement of the fracture toughness as paper made from
Large GO sheets than those from Small GO sheets. There are
several factors that enhance the fracture toughness of GO paper
i.e. GO sheet size, stacking order of GO layer, defects and voids
in the GO, overlapping size of GO layers, layer-by-layer
hierarchy [36]. From the Raman spectra (Fig. 4) it is found that
Large GO sheets contain fewer defects than small GO sheets as
Ip/lg intensity ratio are lower for the Large GO paper than small
GO paper. Also from X-ray diffraction analysis (Fig. 5) the
interlayer distance of Large GO paper are lower than the Small
GO paper. Small GO sheets contain more oxygenated functional
group and through hydrogen bonding it could absorb more water
leading higher layer to layer distance (d-spacing). The GO paper
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prepared from Large GO sheets exhibit more compact structure
and better alignment during self-assembly process [37].
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Fig. 8: (a) Load- extension curves and (b) Comparison of the fracture
toughness; of Small, unsorted and Large GO papers crack length to
width ratio ab = 0.38, width 13mm.

GO paper assembled in a layer-by-layer hierarchy where
GO sheets are bridged on the edges (interlayer) and adjacent
graphene sheets (interlayer) through sp2 carbon-carbon covalent
bonds, hydrogen bonds, van der Waals forces. The failure
mechanisms taking place during the fracture toughness test were
evaluated for three different types of GO papers from the
cross-sectional fracture surface. The fracture surfaces were
examined using SEM and typical photographs taken halfway to
the specimen edge are presented in Fig. 9. From which typical
failure mechanism can be identified. From observations of
fracture surfaces of three different types of GO papers, a well
packed layer structure was clearly demonstrated. It is interesting
to note that when tensile load is applied to GO paper having
pre-crack, once the load reaches a certain critical level fracture
of the sheet was initiated by cleavage of the GO sheets and crack
propagates perpendicular to the loading direction indicating a
brittle, catastrophic failure. Crack followed a straight path
without any deflection. The sp2 carbon-carbon covalent bonds
are short-ranged and the deformation of GO sheets generally
involves the localized processes of bond breaking. The fracture
surfaces of unsorted GO and Large GO paper displayed a
smooth and featureless surface and well bonded GO sheets while
small GO paper exhibits some sort of pullout (de-bonding) of
small GO sheets. This means that fracture mechanisms of
unsorted GO and Large GO papers are dominated by cleavage
failure under mode-I loading while in Small GO paper both
cleavage and de-bonding of the GO sheets.

4. CONCLUSIONS

The fracture toughness of GO papers was measured. The
effects of GO sheets sizes on fracture toughness were evaluated.
An easy and efficient centrifugation based sorting process was
used to separate large GO and small GO sheets. GO paper made
from Large GO sheet gives higher fracture toughness than those
from small GO sheets. About 66% enhancement of fracture was
observed. The failure mechanisms taking place during the
fracture toughness tests are identified from the microscopic
examination of the fracture surfaces. Cleavage failure is the
dominant failure mechanisms under mode-I loading of GO
papers.

Fig. 9: SEM photographs of the fracture surfaces of GO paper (A-B)
unsorted GO, (C-D) Large GO and (E-F) Small GO at low and high
magnification.
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