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ABSTRACT: The viscoelastic behavior of graphite oxide-loaded PDMS suspen- w

sions showed, at low frequencies, a dominant elastic behavior with the 0] v,

appearance of a secondary plateau above 1.5 wt %. Within the investigated e T,

concentrations, such behavior was not observed for the graphite and functio- | _ . 1nas’ + g,
[4] 2wt 9 R

nalized graphite oxide/PDMS suspensions. This low percolation threshold of [o o 25w% N

GO sheets was attributed to a macroscale aggregation. Furthermore, the critical . . iws

strain (transition between the linear and nonlinear regime) was observed to slightly ) D St

depend on the particle concentration (. o< ¢ '=°?). Consequently, the exponent | AR s

x (x = 0.4), related to the filler volume fraction and the aggregate structure, is e

lower than 1. This result means that a fractal structure cannot be associated with

the aggregation of GO sheets. Actually, GO sheets aggregate into agglomerates that span through the gap between the plates of the
rheometer. Agglomeration of GO sheets without any fractal structure explains this particular behavior. Furthermore, recovery tests
consisting of subsequent strain sweep tests proved that the initial equilibrium network can be totally and rapidly restored. This
particular behavior originates from the low viscosity of the PDMS suspension allowing Brownian motion of graphene oxide sheets to

occur within only a few seconds.

B INTRODUCTION

Polymer nanocomposites have attracted considerable indus-
trial and academic interest over the past few years because they
often exhibit remarkable mechanical, thermal, electrical, and gas
barrier properties.' > Property enhancements originate from the
nature of the nanofiller, e.g, their small size and their high aspect
ratio, and have been attributed to the large interface areas between
the nanofiller and the host polymer matrix. However, as the
nanofillers are held together into stacky agglomerates, efforts have
been done to separate the original stacks into individual layers and
disperse them into polymers."”” Recently, graphene-based mate-
rials have attracted much interest due to their remarkable proper-
ties and promising applications.® This great interest has been
made obvious by the significant number of recent scientific papers
and by the 2010 Nobel Prize in Physics, which was awarded to
Andre Geim and Konstantin Novoselov for their pioneer work on
isolated graphene sheets. Graphene is a two-dimensional sheet
composed of sp> carbon atoms and is expected to have tensile
modulus and ultimate strength values similar to those of single-
walled carbon nanotubes (SWCNTs). The production of graphene
sheets has been achieved in the literature by micromechanical cleavage
of graphite,' sonication in the presence of N-methylpyrrolidone,''
electrochemical functionalization of graphite,12 and dissolution
of graphite in chlorosulfonic acid."

From an industrial application point of view, the most
promising method for large-scale production of graphene is based
on the oxidation of graphite leading to graphite oxide (GO), which
can subsequently be functionalized, followed by its reduction to
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restore electrical conductivity. For example, Stankovich et al.'*
prepared graphene/polystyrene-based nanocomposites by solution
mixing of exfoliated functionalized GO sheets. The electrical
conductivity was restored by in situ chemical reduction of GO with
dimethylhydrazine, leading to an electrical percolation threshold
close to 0.1 vol %. However, a potential large-scale development of
GO and graphene/polymer nanocomposites depends on the ability
to homogeneously disperse these fillers in polymer matrices and to
ensure strong GO— and graphene—polymer interfacial adhesion.

Indeed, GO and graphene sheets have a strong tendency to
stack into dense clusters or scroll into tubes. Different strategies have
then been developed to optimize their dispersions in thermoplastic
polymers. For example, Kim et al." showed that graphite exfoliation
can be achieved from GO via thermal expansion or surface
treatment with isocyanate, leading to the successful preparation of
graphene and graphite oxide sheets/polyurethane nanocomposites
with improved gas barrier properties and electrical conductivity. In
fact, many different functional groups can be introduced onto the
graphene oxide sheets by chemical modification of hydroxyl and
epoxy groups created during the oxidation step.'®"” Furthermore,
polymer chain grafting onto graphene oxide sheets has also been
investigated. For example, Yang et al."® prepared exfoliated graphene
oxide sheets decorated with poly(2-(dimethylamino)ethyl metha-
crylate chains by using a grafting from ATRP procedure.
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A direct consequence of incorporating GO in molten polymers
is the significant change in viscoelastic and electrical properties.
Compared with common microparticles, the 2D large aspect ratio
of GO is expected to lead to the formation of a solidlike material at
a relatively low GO concentration. The concentration onset, at
which the viscoelastic and electrical properties dramatically change,
is defined as the percolation threshold. Viscoelastic properties
including the percolation threshold are extremely sensitive to
how the nanofillers are dispersed.'”*® The dispersion and the
anisotropy (alignment or packing) of nanoparticles of high aspect
ratio such as CNTs have a strong influence on the rheological,
electrical, and mechanical properties of the nanocomposites.
Actually, it is expected that the high aspect ratio of nanoparticles
combined with intensive flows lead to the anisotropy of particle
suspensions. Under flow, the particle orientation eliminates the
particle—particle contacts breaking down the continuous net-
work and leading to a decrease of electrical conduction and/or
elastic behavior of nanocomposites as the particle orientation
becomes more and more anisotropic. Such behavior for CNTs
under polymeric flow has been recently described in detail by
Bauhofer et al*' and Abbasi et al** Regarding low-viscosity
suspensions, a CNT aggregation mechanism was clearly evidenced.
Such a phenomenon in Brownian suspensions has been recently
reviewed by Hobbie.”* Low shear deformations are well-known to
induce an aggregation mechanism whereas high shear leads to a
breakdown of the aggregates forming less entanglement.”* Conse-
quently, the viscoelastic behavior drastically changes depending on
the aggregation state of the CNTs. However, can the GO suspen-
sions obey the general trends observed for CNTs? Kim and
Macosko™ studied the processing—property relationships of poly-
carbonate/graphene nanocomposites. For injection and compres-
sion-molded samples, they observed flow-induced orientation of
GO sheets. However, long-term annealing of the aforementioned
samples allowed the GO sheets to recover a more random orienta-
tion. Furthermore, the viscoelastic behavior was observed to
strongly depend on the nature of the particle. From the viscoelastic
curves reported in this paper, it is clear that the percolation threshold
of the functionalized graphene sheets is lower than the graphite one.
However, as far as we know, no work has been reported on the
suspension of graphite and GO in low-viscosity liquids. In fact,
acknowledging that the diffusion coefficient of nanoparticles is
inversely proportional to the fluid viscosity, low-viscosity fluid
polymers should be selected if one wishes to observe aggregation/
disaggregation phenomena in a short time scale.

In this paper, we report the rheology of PDMS-based suspen-
sions with solvent-dispersed graphite oxide (GO) and decorated
GO with 3-(acryloxypropyl)trimethoxysilane (GO-M) sheets.
The aim is to study both the dispersion of these carbon
nanofillers in PDMS fluids from viscoelastic measurements
(Rouse regime) and their rearrangement in terms of complex
shear modulus recovery under nonlinear deformation. Finally,
the dispersion stability and aggregation/agglomeration structural
formation of such 2D sheets are discussed.

B EXPERIMENTAL SECTION

Materials. The polymer matrix is a poly(dimethyl-co-vinylmethyl)-
siloxane trimethoxy-terminated, subsequently noted PDMS, purchased
from ABCR. At room temperature, the low viscosity of this PDMS
(e.g, 170 = 0.6 Pa-s) allows the following PDMS/filler blends to be
designated as suspensions.

The PDMS molar mass (M~ 10 000 g mol 1) is much lower than the
viscosity critical molar mass (M, & 30000 g mol™").*® Furthermore, in a
recent paper, Gordon et al.*” showed that from zero shear viscosity measur-
ements on PDMS/polysilicate suspensions the critical molar mass M.
increases with particle loadings from M. = 27 kg mol ' to M. =33 kg mol .
Thus, one can assert that the low molar mass PDMS chains used in this
current study are not entangled and obey the Rouse regime of relaxation.

Graphite powder was kindly provided by TIMCAL Graphite &
Carbon (40 um in size). Graphite oxide (GO) was synthesized from
graphite powder using the Hummers’ method.”® A C/O atomic ratio of
2.22 was determined by elemental analysis. Potassium permanganate
(KMnO,), sodium nitrate (NaNOs), concentrated sulfuric acid
(H,S0,), and N-methylpyrrolidone (NMP) were all purchased from
Aldrich. 3-(Acryloxypropyl)trimethoxysilane (APTMS) was purchased
from ABCR.

Preparation of Functionalized Graphite Oxide with 3-
(Acryloxypropyl)trimethoxysilane (GO-M). Graphite oxide (130 mg)
was dispersed in 3-(acryloxypropyl)trimethoxysilane (1.25 mg, 5.3
mmol) using an ultrasound bath (15 min). 6.5 mL of N-methylpyrro-
lidone was then added. The mixture underwent a second dispersion
cycle of 30 min in an ultrasound bath. The dispersion was then allowed
to stir and to heat for 4 h at 110 °C. The product was purified by
centrifugation in methanol, water, and acetone. The product was then
dried overnight at 80 °C under vacuum.

Preparation of PDMS/Graphene Oxide-Based Suspensions.
PDMS was dissolved in THF and in toluene for GO and GO-M-based
suspensions respectively in order to prepare loaded suspensions of 1—
6.5 wt %. A predetermined amount of GO and of GO-M was dispersed in
THE at 0.6 wt % and toluene at 0.3 wt %, respectively, by sonication and
then mixed with the corresponding PDMS solution. The resulting mixtures
were mechanically stirred for 1 h and then poured in a Petri dish to dry. The
targeted loading of the blend (filler—PDMS—solvent) was 10 wt %. The
graphite-based suspensions were prepared following the same procedure.

Characterizations. FTIR spectra were recorded on a Nicolet FTIR
460 spectrometer using powder-pressed KBr pellets. Specimens for the
measurements were prepared by mixing 1 mg of the sample powder with
150 mg of KBr and by pressing the mixture into pellets. FTIR spectra
were obtained at a resolution of 6.0 cm™ " at room temperature in a
wavenumber range between 4000 and 400 cm ' and averaged over
S0 scans.

The powder X-ray diffraction (XRD) measurements were performed on
a Siemens D300 diffractometer (Ni-filtered Cu KR radiation, 1.5405 A).
The d(02) basal spacings were calculated from the 26 values using the EVA
software.

TGA was carried out with a Mettler TG 50/TA 3000 thermobalance,
controlled by a TC10A microprocessor. Samples were heated at 5 °C min ™~ *
under helium flow (20 mL min™!).

TEM analysis was performed on a Philips CM120 electron micro-
scope operating at 80 kV in the “Centre Technologique des Micro-
structures de I'Université Lyon 1”. In a typical experiment, one drop of
the colloidal dispersion was deposited on a carbon film supported by a
copper grid and allowed to air-dry before observation.

The viscoelastic measurements were carried out on the dynamic
rheometer (RMS 800 from Rheometrics) at room temperature (T &
22 °C). Most of the rheological measurements were performed in an
oscillatory shear mode (0.1 <  (rad s~ ') < 100). The gap between the
plates was fixed at 0.8 mm. The testing of nonlinear behavior of all the
suspensions was performed using the strain rheometer in the range of
deformation from 0.02 to 200%.

B RESULTS AND DISCUSSION

Grafting of APTMS onto GO (GO-M). Using flake graphite as
a starting material to synthesize GO requires strong chemical
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Figure 1. Characterization and titration of APTMS grafting onto GO (GO-M). (a) FTIR spectra of GO before and after APTMS grafting (GO-M).

(b) TGA curves of pristine graphite, unmodified GO and GO-M.
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Figure 2. X-ray patterns of graphite, GO, and GO-M: (a) dry powders, (b) in PDMS suspensions (particle weight fraction: 4 wt %). Intensity profiles are

vertically shifted for clarity.

oxidants such as potassium permanganate and sulfuric acid,
according to the experimental procedure of Tung*® Graphite
oxide is composed of graphene oxide sheets stacked with an
interlayer spacing between 6 and 10 A depending on the water
content.* Its structure is mostly described as built of pristine
aromatic islands separated from each other by aliphatic regions
containing epoxide and hydroxyl groups and double bonds with
carbonyl functional groups at the edges.”

The treatment of GO with organic alkoxysilanes (e.g, acryloxy-
propyltrimethoxysilane (APTMS)) can lead to the derivatization of
both the edge carboxyl and surface hydroxyl functional groups.
Indeed, it is well-known that the trimethoxysilyl group of APTMS, a
commercially available monomer, is very sensitive to water moisture
and hydrolyzes very easily.>"*> Therefore, it can be grafted onto
edge carboxyl and surface hydroxyl functional groups of graphite
oxide by hydrolysis/condensation reactions according to the
sol—gel process. Moreover, the acryloxy group of APTMS may
react with radical initiators and monomers to graft polymer chains
from the graphite oxide surface or with polymethylhydrogenosilox-
ane by a catalytic hydrosilylation reaction. First of all, we qualitatively
evidenced the grafting of APTMS onto graphite oxide by FTIR
analysis. Figure la compares the FTIR spectra of GO before and
after the grafting reaction with APTMS (GO-M). Characteristic
vibrations of the carbonyl (vc—o, 1730 cm™ ') and the aliphatic
(ve_p 2900—2800 cm™ ') groups of the APTMS compound
clearly attest for the presence of APTMS on the graphite oxide
surface. Moreover, the FTIR spectrum of the hydroxyl region of GO
exhibits a strong and wide OH stretching vibration band in the range
3600—3100 cm™~ ' due to physisorbed water whereas the GO-M

one displays a less stronger OH stretching vibration band due to
grafting.

A quantitative approach by thermal gravimetric analysis
(TGA) allowed us to accurately determine the grafting density
of the APTMS units on the surface. TGA curves of unmodified
GO and GO-M were recorded in the helium atmosphere
(Figure 1b). GO shows decomposition peaks at 200 and
500 °C representing decomposition of oxygen functionality
and sp?, sp> carbon atoms, respectively. Organic compounds
are well-known to decompose before 500 °C; therefore, the
amount of grafted APTMS on GO-M can be calculated from the
TGA data by measuring the weight loss observed in the
temperature range 200—S500 °C (Figure 1b). The decomposition
temperature of the grafted APTMS, corresponding to the max-
imum of the derivative, is observed at 410 °C.

We obtained a weight loss of 15% which corresponds to
0.8 mmol of grafted silane per gram of GO-M or in other words
one silane group per 89 carbon atoms which is close to the values
given in the literature for the grafting of a series of azide compounds.™
For example, He et al.*® reported a value of around 1 mmol g~ for
the grafting of an azide-terminated ATRP initiator. However, grafting
reactions of silane are very sensitive to experimental conditions
(moisture content, silane chemical composition and functionality,
washing procedures and curing treatments, etc.),>”*> making it
difficult to ensure reproducible results which may account for
the large disparity of literature data (eg, 3.8 mmol g ' for
3-aminopropyldiethoxymethylsilane).*

The X-ray diffraction patterns of pristine graphite, GO, and
GO-M are plotted in Figure 2a. A sharp peak centered around
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Figure 3. TEM images of dried particles: (a) graphite, (b) graphite oxide, and (c) graphite oxide decorated with 3-(acryloxypropyl)trimethoxysilane.

- 8 @

Figure 4. Visual observation of PDMS-based droplets (upper pictures: ¢
=0 h) after a 24 h rest period: (a) graphite, (b) graphite oxide, and (c)
graphite oxide decorated with 3-(acryloxypropyl)trimethoxysilane. The
scheme is a representation of the filler morphology (see hereinafter
discussion).

20 = 26.4° attributable to a high degree of ordering is observed
for pristine graphite. This peak originates from the interlayer
(002) spacing (d = 3.4 A) according to Bragg’s law. Upon
oxidation of graphite (GO) and post-modification of GO (GO-
M), the diffraction peak shifted toward lower angles (26 = 11.7°
and 12.9°, respectively) which asserts for an increase of the
interlayer distance of the graphene oxide sheets of ~4 A. GO
exhibits an hygroscopic behavior generated by the presence of
oxygen functions on its surface (atomic ratio C/O = 2.22,
determined by elemental analysis). Thus, its interlayer distance
strongly depends on its level of hydration.***® The modified GO
(GO-M) is less hydrophilic leading to a decrease of the interlayer
distance. This interlamellar spacing is of the same order of
magnitude as that reported in the literature for the grafting of
aniline into graphite oxide.”’

Beigbeder et al.*® have recently reported a particular behavior
of multiwall carbon nanotubes (MWCNTs) dispersed in low-
viscosity PDMS (Rouse regime). On the basis of molecular
dynamic simulations, the authors accessed the adsorption prop-
erties of polydimethylsiloxane chains (PDMS) on the external
walled surface of MWNT' at the microscopic level. It was found

that the physical adsorption of PDMS chains onto the CNT walls
is mostly triggered by CH— interactions between part of the
PDMS methyl groups and the sr-electron-rich surface of CNTs.
Such interactions may lead to an individual separation of CNT's
in PDMS which is equivalent to an exfoliation process.””> CNT
and graphite display similar chemical compositions; therefore,
the stabilization of graphite sheets in PDMS suspensions can be
assumed from specific interactions between PDMS methyl
groups and the sr-electron-rich surface of graphite according to
the work of Biegbeder et al.>® However, no exfoliation of graphite
to graphene sheets from PDMS chains diffusion has been
observed. Yet, the intercalation of graphite via oxidative treat-
ment and exfoliation in PDMS suspension is expected. Never-
theless, in PDMS, the high hydrophilicity of GO, caused by the
presence of oxygen functions on its surface, leads to the
agglomeration of GO sheets. Unfortunately and according to
Figure 2b, the X-ray noise of pure PDMS in the range 10° < 20 <
15° does not allow us to conclude precisely about the exfoliation
extent of GO and GO-M in liquid PDMS.

Morphological Characterization. Figure 3 shows the TEM
images of the original graphite particles, GO, and GO-M samples
cast from dilute THF, water, and toluene suspensions, respec-
tively. The TEM micrograph of graphite shows thick stacked
sheets of different sizes (Figure 3a). These agglomerates are
partly destroyed after oxidation (Figure 3b), and GO appears
partially transparent with typical large crumpled thin flakes, as
already described by He.>* After functionalization, the morphol-
ogy of GO-M does not significantly change.

The visual observation of droplets (V'=26.5 £ 7.1 uL, at 3.9 wt %)
deposited on a horizontal glass slide leads to some relevant conclu-
sions about these suspensions (Figure 4). After a 24 h rest period, it
can be observed in Figure 4c that the GO-M/PDMS droplet spreads
over the glass slide, whereas the GO/PDMS one shows a yield stress
liquid behavior (Figure 4b). The latter droplet is slightly deformed
and the aggregation of GO particles can be clearly observed inside the
droplet (Figure 4b).

Linear Viscoelasticity. As pointed out by many authors, linear
viscoelasticity is an effective tool for understanding the particle
dispersion and/or aggregation in filled polymer systems under
molten conditions. Figure 5 shows the variation of the shear
storage modulus and absolute complex viscosity of the different
PDMS-based suspensions as a function of frequency. The stora%e
modulus is extremely noisy at low frequencies (w < 1 rads )
due to the low value of the applied linear deformation. However,
it can be clearly observed that the linear viscoelastic behavior of
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Figure 5. Absolute complex viscosity of PDMS suspensions at different weight fractions: (a) graphite, (b) graphite oxide decorated with
3-(acryloxypropyl)trimethoxysilane; (c1) graphite oxide; (c2) storage modulus variation of GO/PDMS suspensions.

graphite/PDMS and GO-M/PDMS suspensions (Figure S,aand
b, respectively) is not influenced by the frequency (the suspension
is still Newtonian). In addition, this behavior stays valid for all
particle concentrations. This result means that the interactions
between graphite particles or GO-M particles are too low owing to
their microsize scale. The graphite particles in the PDMS suspen-
sions mainly undergo the force of gravity explaining their decanta-
tion, which was visually observed after a few days rest. On the
contrary, the GO-M suspensions are totally stable. Indeed, no
decantation or agglomeration was observed. A priori, the char-
acteristic size of the GO-M particles determined from TEM
analysis is at the submicrometer scale. Therefore, the surface
functionalization with 3-(acryloxypropyl)trimethoxysilane of these
submicrometer particles prevents their aggregation by screening
the depletion forces. The dominant force in the present case is the
repulsion force between the submicrometer particles.

Unlike the graphite/PDMS and GO-M/PDMS suspensions,
the GO/PDMS ones show a drastic change in the viscoelastic
properties. In other words, the GO/PDMS suspensions show a
solid-like behavior response which includes a non-terminal zone of
relaxation leading to apparent yield stress, as already visually
observed from the non-deformation of a droplet (Figure 4b).
More precisely, Figure Scl shows a yield stress behavior
(|7*(w)| o< @™ "), and Figure 5c2 hence reveals that the terminal
relaxation zone (variation of the storage modulus G') of the
suspensions has been strongly altered. Actually, for GO concen-
trations higher than 1.5 wt %, the viscoelastic behavior does not
show any terminal flow zone, unlike the suspensions with lower
filler loading (<1.5 wt %). Moreover, at low frequencies, the
elastic character of these suspensions becomes dominant with
the appearance of a secondary plateau (Go = lim,,—oG (®))

which obeys the following power law dependence on particle concen-
tration, Gy o< ¢2'Sio'2.

Note that this viscoelastic transition does not occur for
graphite/PDMS (Figure Sa) and GO-M/PDMS (Figure Sb)
suspensions at least with weight fractions not higher than 7 and
6.3 wt %, respectively. Such behavior at low particle concentration
has been extensively reported for polymer nanocomposites.
Compared with spherical particles, particles with shape anisotropy
and high aspect ratio (platelets, sheets, rods) percolate at smaller
weight fractions. Furthermore, it is generally admitted that the
association of particles into a fractal structure seems more
compatible for low percolation threshold than the random dis-
tribution of isolated particles finely dispersed and stabilized in
the liquid medium. Such behavior is well-known for carbon
nanotubes™** in their semidilute regime. Note that a general
review was addressed by Hobbie® on the aggregation mechanisms
under shear for carbon nanotube suspensions. Regarding rheology
of disk suspensions, Mongondry et al.** and Loiseau and Tassin""
first reported a possible aggregation mechanism of disk particles,
ie, laponite. For example, they observed that five hours were
necessary to achieve an equilibrium behavior of the suspension,*"
i.e., a constant value of the complex shear modulus. More recently,
Kim and Macosko™ observed that the storage modulus of poly-
carbonate/graphene nanocomposites increases with annealing
time over a few hours. The authors explained this phenomenon
by the increased effective volume of rotating disk and the restora-
tion of an elastic network which was broken down by the squeezing
flow during sample loading. However, Kim and Macosko> did not
suspect any aggregation effect of graphene particles.

Assuming that graphene sheets behave as Brownian particles,
the rotary diffusivity D, of a circular Brownian disk (diameter: d)
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can be expressed from the Stokes—Einstein law according to
kT
— (1)
nd
Using the same figures than Kim and Macosko™ for graphene
sheets and a viscosity of 0.6 Pa-s for the PDMS matrix, the
rotational relaxation time is 1/D, & 15 s. This oversimplified
calculation means that the graphene particles are able to recover
their random orientation in a few seconds after their anisotropic
orientation under flow. Finally, our results suggest an aggregation
mechanism of GO sheets in PDMS as suspected by Loiseau and
Tassin*' for laponite in low molecular mass poly(ethylene oxide).
Furthermore, as visually observed in Figure 4b, this aggregation
develops at a large scale with a magnitude order of millimeter.
Actually, this aggregation network spans through the gap between
the parallel plates of the rheometer. To conclude, the low
percolation threshold of GO sheets is due to their aggregation at
a macroscale under the driving force of their Brownian motion.
Such mechanism is the dominant one in low viscous suspensions
in the dilute regime for which the relaxation Brownian time is in
the same order of the characteristic time of the experiment. On the
contrary, for high viscous systems (7 > 100 Pas) a randomization
mechanism such as aging colloidal glasses can be investigated in
polystyrene/layers silicates** and  polycarbonate/graphene
nanocomposites.”> However, this type of experiment in molten
conditions is constrained by the thermal stability of the polymer.
According to Ren et al,* the weight fraction of layered
particles at the percolation threshold can be calculated from
the basis of percolating spheres. The expression derived by Ren
et al.*® can be simplified when considering low weight fraction of
particles (eq 2)*'

3¢pech P
wy A pe 3
4R Pppps

where @y, (=0.3) is the volume fraction at the percolation
concentration of randomly distributed spheres and / and R are
the thickness and the particle radius, respectively. p, and pppis
are the densities of graphite and PDMS, respectively. According
to Kim and Macosko,”” the particle aspect ratio A¢= 2R/h of GO
particles in PDMS can then be calculated from the weight
fraction at the percolation wy (eq 3).

Af — 3(I)per pg

(2)

(3)

2wy Pppms

Herein, assuming w, ~ 0.015 and pg/ pppms ~ 2, we finally found
A¢ = 60. This value is close to the value calculated by Kim and
Macosko™ for functionalized graphene sheets dispersed in
polycarbonate (Af &~ 90). However, this value is overestimated
in our present work since the GO sheets aggregate resulting in a
lower percolation threshold.

Nonlinear Viscoelasticity. Only few works have recently
been reported on the nonlinearity of polymer nanocomposites."”
Regardin§ graphene-based polymer nanocomposites, Kim and
Macosko™ studied the variation of the storage modulus versus
strain in order to determine the transition between the linear and
nonlinear regime. As expected, the decrease in yield strain
becomes more pronounced from a critical weight fraction (e.g.,
3 and 5 wt % for graphite and between 1 and 1.5 wt % for
functionalized graphite oxide). Actually, this critical weight
fraction depends on the graphene surface treatment and conse-
quently on the particle aspect ratio Ap In our present work,

10 4
Ve
. \'\. R GO-M
14 ..K“/.\A_,.A/F. AAAAAAA - .\fﬁsé.éﬂ“a,g.g.g,g.% ......
= 1 " a o . Graphite
£ N
< 4 -
o 7 —=—GO N
] e Graphite o
£ GOoM . GO
0,01 4 .
o E \
1 T T T T
0,1 1 10 100
Y (%)

Figure 6. Variation of the normalized loss modulus (G’/G,'") versus
strain for a weight concentration of 4 wt % (w = 1 rad s~ ). Graphite and
GO-M suspensions do not show any nonlinear effect in this strain range.
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Figure 7. Variation of the normalized storage modulus (G'/Gy') versus
strain for different GO weight fractions: 2, 2.5, 3, 4, 5, and 6.5% (w = 1
rads ).

Figure 6 shows that the graphite and GO-M suspensions are
linear throughout the entire investigated strain domain (from 0.1
to 600% at 1 rad s~ '). It must be pointed out that the variation of
the loss modulus has been plotted because the variation of the
storage modulus is too noisy, in particular for graphite and GO-
M suspensions. Regarding the GO/PDMS suspension, the
deviation from the linear viscoelastic behavior starts at low strains
(Y. ~ 0.2% at the highest concentration in GO), showing a
strong nonlinear effect for this suspension. Furthermore, it can be
observed that loss modulus goes through a maximum as generally
observed for filled polymer systems. Aranguren et al.** assumed
that the maximum in G” is related to the energy dissipation
produced by the breaking down of filler aggregates (in their case
silica). This maximum thus depends on the dispersion state.

Furthermore, Figure 7 shows that the transition between the
nonlinear and linear regime slightly depends on GO concentra-
tion. This transition obeys the following power law dependence
Ve o< ¢ '*°2 a5 shown in Figure 7.

Actually, many works in the literature showed that two power
laws can be distinguished . o< ¢ *andy o< ¢ for fumed silica
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Figure 8. Experiment of moduli recovery evidenced by a subsequent
strain sweep test preceded by an identical nonlinear test (@ = 1 rads ™).
GO weight fraction: 4 wt %. Full line: first strain sweep. Symbols:
subsequent nonlinear test.

and organo-clays nanocomposites, respectively. However, note
that these power exponents are extremely sensitive to the experi-
mental criteria used by the authors. To our knowledge, regarding
graphene nanocomposites, only Kim and Macosko™ explored the
limit of linearity graphene/polycarbonate composites. From their
results we can derive the following power law: y. o< ¢~ *. Generally
speaking, the decrease of linear viscoelastic properties in nano-
composite polymers originates from the difference in the degree of
dispersion and more precisely the degree of layer exfoliation. From
a physical point of view, this result is of importance as it shows that
the linear viscoelastic properties of nanocomposites are governed
by the particle—particle interaction of the physical network.
According to the work of Shih and co-workers** focusing on
fractal systems, the value of the plateau modulus and critical strain
can be predicted b)r the following power laws: Gq o< PO/ =D
and y, o< P~ /A respectively. In these equations dy is the
fractal dimension of the aggregate network and x is an exponent
related to the filler volume fraction and the aggregate structure.
The exponent x depends on the number of layer particles per
aggregate and is thus related to the degree of exfoliation. According
to our experimental results, we obtained the following power laws:
Go o< ¢*>*°2 (Figure 5¢2) and y. o< 9= (Figure 7), leading to
de=1.7 0.3 and x = 0.4 &= 0.4. These denominations (dgand x)
have been used in the literature*®*” to discuss clay dispersion with
various fractal structures. It should be noted that these values have
considerable uncertainty due to the experimental determination of
the power laws on Gy and .. Low values of d; suggest better
particle dispersion with a more open fractal structure. However, for
spherical spheres, the exponent x must exceed 1 for percolation to
occur. The conclusions of Vermant et al.** can be extrapolated to
graphene-layered nanocomposites: x is representative of a local
aggregate structure, which is not fractal. According to this discus-
sion and more generally from the linear and nonlinear behavior of
the viscoelastic behavior of PDMS suspensions, a 2D scheme of
graphite, GO, and GO-M based PDMS suspensions has been
drawn in Figure 4.

Finally, another important aspect in the mechanisms involved
in the nonlinear viscoelasticity of nanocomposites is the moduli
restoration following the network destruction by a large strain

perturbation. Different kinds of rheological experiments were
used to quantify this thixotropic effects resulting from the
presence of nanofillers. For example, Figure 8 shows a subse-
quent strain sweep experiment immediately performed on GO/
PDMS suspensions right after the first nonlinear test. Then, the
complex shear modulus behavior in the linear domain evidence a
network structure of GO sheets. We demonstrated that this
network was formed by the agglomeration of nonfractal GO
sheets. The increase of the strain amplitude, up to 100%, leads to
a high modification of this network structure out of this
equilibrium state. Furthermore, this figure clearly shows that
the nonlinear effect is a reversible process, and the GO/PDMS
suspension undergoes a total renewal of its original equilibrium
structure. This phenomenon, generally called thixotropy, can
actually be considered as a kind of viscoelasticity but with typical
relaxation times of a few hours for polymeric system of high
viscosity.* However, in the present case, the recovery time is on
the magnitude order of a few seconds according to the rotary
diffusion of GO sheets in low viscous PDMS. Furthermore, it can
be concluded that the nonlinearity effect of GO/PDMS suspen-
sions is governed by the network breakdown of agglomerated
GO particles (particle—particle interaction).

B CONCLUSION

Graphite, graphite oxide (GO), and graphite oxide functiona-
lized with 3-(acryloxypropyl)trimethoxysilane (GO-M) were
dispersed in low molar mass PDMS (no entangled chains,
viscosity: 77 = 0.6 Pa-s). These suspensions have been character-
ized from a linear and nonlinear viscoelasticity point of view. First
of all, transmission electron microscopy and X-ray diffraction
showed an intercalated morphology of graphite oxide potentially
exfoliated in the PDMS suspension. Furthermore, it was noticed
in this study that the grafting of APTMS onto GO sheets
prevents their particle—particle interaction and consequently
their agglomeration.

Only the PDMS suspension filled with the graphite oxide
showed a drastic change in the viscoelastic properties for weight
fractions up to 6.5 wt %. Actually, for GO concentrations higher
than 1.5 wt %, the viscoelastic behavior does not show any terminal
flow zone and the elastic character of this suspension becomes
dominant at low frequencies with the appearance of a secondary
plateau. Furthermore, the low percolation threshold of GO sheets
is attributed to their macroscale aggregation/agglomeration driven
by their Brownian motion in these low-viscosity PDMS suspen-
sions. It was further concluded that the surface modification of
graphite oxide by 3-(acryloxypropyl)trimethoxysilane prevents the
aggregation of GO sheets.

The nonlinear behavior of the GO/PDMS suspensions re-
vealed that the increase of strain amplitude leads to a high
modification of the network structure out of the equilibrium
state. Moreover, the critical strain (transition between the linear
and nonlinear regime) was observed to slightly depend on the
particle concentration (. o< ¢~ '=*%). Consequently, the ex-
ponent x related to the filler volume fraction and the aggregate
structure is lower than 1 (x = 0.4 = 0.4). This result means that a
fractal structure cannot be associated with the aggregation of GO
sheets. Actually, GO sheets aggregate into agglomerates that
span through the gap between the plates of the rheometer.
Finally, recovery tests carried out by subsequent strain sweep
proved that the initial equilibrium network structure can be
completely and instantaneously restored, and this within the time
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necessary to start the subsequent nonlinear test, ie, a few
seconds. Compared with literature works, this particular behavior
originates from the low viscosity of the suspension that allows
Brownian motion of graphite oxide sheets within the magnitude
order of a few seconds.

Future work will consist in grafting polymethylhydrogen-
osiloxane onto APTMS-grafted GO sheets in order to check if
functionalization with a polysiloxane backbone offers the
possibility to tailor the viscoelastic properties of GO/PDMS
suspensions.
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