Effect of specific surface area on the rheological properties of graphene nanoplatelet/
poly(ethylene oxide) composites

Haritha Haridas, Marianna Kontopoulou*

Department of Chemical Engineering, Graphene Integrated Functional Technologies, Dupuis

Hall, Queen's University, 19 Division Street, Kingston, ON K7L 3N6, Canada

Synopsis
The rheological properties of poly(ethylene oxide) containing graphene nanoplatelets (GNPS) having
different specific surface areas (SSASs) are studied using steady shear and small amplitude oscillatory shear
experiments. A series of GNPs having SSAs ranging from 175 + 5 to 430 + 13 m?/g was prepared using a
thermomechanical exfoliation process. The complex viscosity, moduli and yield stress of the composites
increase with SSA, whereas the electrical and rheological percolation threshold concentrations decrease,
suggesting that higher SSAs promote filler network formation. Modeling of the small amplitude oscillatory
shear data using a two-phase model confirms that hydrodynamic effects dominate at low concentrations
below 8 wt.%, where the particles are non-interacting. At higher concentrations the response is dominated
by the filler-phase contributions. We demonstrate that the two-phase model parameters can be used to track
the exfoliation of graphite into GNPs. Fitting of the rheological percolation curves using the Utracki and
Lyngaae-Jargensen models at low concentrations (non-interacting regime) resulted in aspect ratios between
19-76. At high concentrations (interacting particles) the aspect ratios determined by the Krieger-Daugherty
model ranged between 5-24, due to aggregation. The highest aspect ratios (defined as ratio of major
dimension to minor dimension) were associated with GNPs that had the highest SSA of 430 m%g. Strain
sweeps revealed that the critical strain for the onset of non-linear viscoelasticity scaled with SSA above the
percolation threshold. The scaling relationships of the critical strain and storage modulus with volume

fraction were used to infer the fractal dimensions of the filler networks.
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. INTRODUCTION

Carbonaceous nanoparticles such as carbon nanotubes (CNTSs), graphene, and graphene nanoplatelets
(GNPs) have gained significant interest through the last decade, due to their superior properties and multiple
functionalities. Large surface areas, high aspect ratios, along with high modulus, and inherent thermal and
electrical conductivity make these materials forerunners as additives in polymer composites, and as
components in formulations of conductive inks, anticorrosion coatings, supercapacitors, heat spreaders, and
in electronics and photonics applications [Zhu et al. (2018)]. Specifically, the demand for high quality,
defect-free, few- and multi-layered (FLG and MLG respectively) GNPs has risen over the recent years due
to their lower costs and ease of production compared to CNTs [King et al. (2011), Su et al. (2021), Yang
etal. (2012)]. GNPs can be manufactured in large quantities using top-down approaches [Zhu et al. (2018)],
which are suitable for large volume applications [Zurutuza and Marinelli (2014)]. There are several top-
down methods in which GNPs are derived from graphite, which has a sheet-like structure. The graphite
layers have strong bonding between the atoms on a hexagonal plane, but weak bonding in the normal plane,
and therefore they can be delaminated to produce few- and multi-layered GNPs [Mardlin et al. (2022a),

Yasmin et al. (2006)].

GNPs manufactured using top-down approaches generally have a broad particle size and thickness
distribution and contain fractions of unexfoliated micro-graphite particles in the final product [Lin et al.
(2019), Zurutuza and Marinelli (2014)] causing large discrepancies in the quality and performance [Kong
et al. (2019), Lin et al. (2019), Ye and Tour (2019)]. Hence, there is a need for rigorous and convenient
characterization techniques that can adequately describe the properties of the GNPs, and determine their
suitability in various applications [Kong et al. (2019), Lin et al. (2019), Ren and Cheng (2014), Ye and
Tour (2019)]. The common characterization techniques include Brunauer-Emmett-Teller (BET), X-ray
diffraction (XRD), and small angle X-ray scattering (SAXS); imaging techniques such as scanning electron
microscopy (SEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM);

spectroscopy techniques such as X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy [Aram



et al. (2016), Hernandez et al. (2008), Ye and Tour (2019), Rahmanian and Galeski (2021), Ferreira et al.
(2019)]. Some of these techniques such as TEM, AFM and Raman spectroscopy only analyse a small part
of the sample and therefore they are not representative of the bulk material [Ghanbari et al. (2013), Kong
et al. (2019)], whereas Raman spectroscopy, XPS and SAXS require specialized equipment and are
expensive and time consuming. Recently Buzaglo et al. (2017) used a bulk characterization technique,

thermogravimetric analysis (TGA), to detect and quantify the conversion of graphite into graphene sheets.

In comparison to other analytical techniques, rheological characterization of dispersions and
nanocomposites is fairly simple, reproducible and advantageous as it probes the bulk properties of these
materials [Ghanbari et al. (2013)]. Small amplitude oscillatory shear (SAOS) characterization has been
previously used to quantify levels of exfoliation in layered nanofillers, as well as the level of polymer/filler
and filler/filler interactions in nanocomposites [Abdel-Goad et al. (2007), Bailly and Kontopoulou (2013),
Vergnes (2011), Zohrevand et al. (2014)]. Nanofillers generate unique rheological signatures related to
their microstructure when dispersed in fluids or when mixed with polymer melts depending on the extent
of exfoliation, orientation, and particle-particle interactions [Abdel-Goad et al. (2007), Barwich et al.
(2015), Song and Zheng (2015), Vergnes (2011), Vermant et al. (2007)]. Rheology is therefore a very
versatile method to supplement the microstructural characterization of nanofillers [Bailly et al. (2010),

Beuguel et al. (2018), Song (2006), Vergnes (2011), Vermant et al. (2007), Baeza et al. (2016)].

The mesoscale structure and strength of polymer-nanoparticle interactions can also be investigated using
viscoelastic measurements [Krishnamoorti and Yurekli (2001), Chen et al. (2015), Baeza et al. (2016)].
The effect of particle size, shape/aspect ratio, specific surface areas, interface in the dispersion/matrix and
level of dispersion on the rheology can be successfully differentiated and quantified with controlled

rheological experiments.

The surface area and aspect ratio are the two important geometric features of the nanoparticles that are of

particular interest [Akpan et al. (2019), Aoyama et al. (2020), Joseph et al. (2002)]. Typically, rod shaped



particles, followed by platelet shaped fillers, lead to much higher increase in viscosities in comparison to
spherical fillers in dispersions [Joseph et al. (2002), Nutz et al. (1997), Yuan and Murray (1997)].
Increasing the specific SSAs of the fillers has also shown a noteworthy increase in viscosities in both
dispersions and melts [Graziano et al. (1979), Joseph et al. (2002)]. The SSA and aspect ratio directly affect
the interfacial area of the fillers in the dispersions and melts, and also determine the level of interaction
between the particles [Abdel-Goad et al. (2007), Akpan et al. (2019)]. A study on the rheology of carbon
black dispersions in low molecular weight Newtonian liquids by Graziano et al. (1979) showed that the
viscosity of these dispersions increased with increasing SSA of the carbon black; the strength of the
aggregate network formed at high concentrations due to the filler-filler interactions was dependent on the
surface area of the carbon black. The average size of the particles and their size distribution are also
important parameters affecting suspension rheology [Barnes (2003), Metzner (1985)]. Chen et al. (2015)
showed that smaller sized nanoparticles in poly(2-vinylpyridine)/silica nanocomposites led to rheological
percolation at lower concentrations and stronger reinforcement arising from glassy polymer bridges

between neighbouring nanoparticles, as opposed to rubbery (flexible) bridges for larger sized nanoparticles.

Although the rheological properties of graphene oxide (GO) dispersions have been widely reported, studies
on dispersions and composites containing GNPs are relatively scarce. One of the reasons is that GNPs are
difficult to disperse within many common solvents and polymer matrices, due to their aggregating nature
arising from the n-n stacking interactions, and the absence of specific interactions with the solvent or
polymer matrix, stemming from the lack of functional groups on the GNP surface [Sabzi et al. (2013)]. On
the other hand, the absence of surface charges in GNPs makes it easier to interpret their effects on the

rheological properties of dispersions and composites [Barwich et al. (2015)].

Several studies on the SAOS rheology of GNPs dispersed in organic solvents and polymer matrices have
been previously reported [EIl Achaby et al. (2012), Hadaeghnia et al. (2020), Li et al. (2011), Mayoral et
al. (2015), Mohamadi et al. (2019), Yang et. al (2012)]. Barwich et al. (2015) demonstrated rheological
percolation (defined as the divergence of the zero-shear viscosity and elastic modulus G) at 0.2 vol.% for
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GNP dispersions in n-methyl-pyrrolidine. The melt rheology of GNPs dispersed in poly(propylene) (PP)
and poly(amide) (PA) 6 matrices was studied by Li et al. (2011) and Mayoral et al. (2015), with both studies
reporting rheological percolation around 15 wt.% (~ 8.5 vol.%) GNP concentrations. The effect of GNP
particle size was explored by Beuguel et al. (2018) in a PP matrix. Sabzi et al. (2013) studied the effect of
two types of GNPs, varying in SSA, aspect ratios and oxygen containing surface groups when dispersed in
poly(lactic acid). GNPs with the higher SSA, larger aspect ratio and higher oxygen content resulted in the
formation of a percolated filler network at a lower concentration (0.39 vol.% as opposed to 4.4 vol.%) and
had a stronger filler network in comparison to the other GNPs, due to their good dispersion within the PLA
matrix. We note that a wide range of values for the rheological percolation thresholds has been reported in
the literature for GNP systems and no consensus has emerged yet. Although typically fillers with higher
aspect ratio demonstrate lower rheological percolation thresholds [Aoyama et al. (2020)], research by
Kalaitzidou et al. (2007) for GNPs in PP nanocomposites showed that the aspect ratio of fillers did not

significantly affect the rheology at filler concentrations up to 20 vol.%.

A possible explanation for this discrepancy is that the SSA of the GNPs varies widely in these studies.
However, a systematic study on the effect of the SSA on the properties of composites containing GNPs,
including their rheological properties, has not been undertaken yet. The aim of this work is to establish
systematic relationships between the SSA of the GNPs and the rheological properties of their dispersions.
To accomplish this goal, we produced a series of well-characterized GNPs having varying SSAs in a
controlled manner, using a newly developed thermomechanical process, which exfoliates graphite [Mardlin
et al. (2022a)]. This top-down thermomechanical exfoliation (TME) process controls the SSA through the
energy input in the device during graphite exfoliation. As mentioned previously, GNPs prepared by top-
down processes typically have a broad range of size distributions and surface characteristics. They are also

prone to aggregation during specimen preparation, making image analysis challenging.

For such systems, including particulate-based (i.e., silica [Papadopoulou et al. (2020)], calcium carbonate
[Osman and Attalah (2006)]) and platelet based [Vdovic et al. (2010), Gantenbein et al. (2011)], the SSA
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can be used as a representative quantity, because the particle size distributions and aspect ratios are
correlated to the SSA [Samoilov (2010)]. In this work we demonstrate that the SSA can be used as a
parameter to correlate the properties of the particles to their rheological properties. We begin by reporting
the effect of the SSA on the rheology of PEO nanocomposites, and on the rheological and electrical
percolation thresholds. We estimate the aspect ratio (defined as the ratio of its major dimension to minor
dimension [Gantenbein et al. (2011)]) of the GNP platelets using rheological models and we compare them
with the values obtained from TEM image analysis. Furthermore, we use a two-phase model to quantify
the polymer-filler and filler-filler interactions and to study the effect of filler content and SSA on the
polymer chain dynamics and the strength of the filler network evaluated for the composite melts. Finally,
we trace the conversion of graphite to the final GNP product produced from the TME process, by studying
the rheological properties of the intermediates and we propose suitable rheological parameters to correlate

the GNP SSA with its rheology.

Il. EXPERIMENTAL METHODS

A. Materials and composite preparation

PEO with an average molecular weight of 20,000 g/mol, having a melting point of 62 °C, according to the
manufacturer’s specifications, and flake graphite (-325 mesh) were purchased from Sigma Aldrich and used
as received. GNPs were produced from graphite using a patent pending TME process [Mardlin et al.
(2022a)], which utilizes shear forces through mechanical means to exfoliate flake graphite prior to
incorporation into the polymer. The delamination of graphite during the TME process has been
demonstrated by XRD and TGA, and the products have been characterized in detail elsewhere [Ho and

Kontopoulou (2021), Ho et al. (2019), Mardlin et al. (2022a)].

The specific surface areas of graphite and the resulting GNP powders were determined using the BET
method. Samples weighing 0.2 g were degassed at 150 °C for 3 h, followed by multipoint BET physisorption

analysis (Micrometrics ASAP 2010) using nitrogen at 77.35 K with relative vapour pressure varying from



0.06 to 0.9. Considering 95% confidence intervals, the error margin in the BET measurements is estimated

at 3%.

The starting batch of flake graphite had an SSA of 7 m?/g and is thus noted in the following as G7. Three
different batches of GNPs having final SSAs of 175 + 5, 300 + 9, and 430 + 13 m%g, were produced by
TME using a torque range of 30-35 N'm. The samples are designated as GNP# x%, where # indicates the
SSA and x indicates the wt.% of the filler. Another batch of GNPs, having SSA of 330 (+ 10 m?/g) was
produced under a torque range of 20-25 N.m. It was previously demonstrated by Mardlin et al. (2022a),
that lower torque values result in larger amounts of unexfoliated material and thus a larger average particle

size, and wider particle size distribution.

Previous work on polyamide-based composites containing graphite, expanded graphite and GNP
demonstrated that the high stresses generated during melt compounding result in some in situ delamination
of these fillers [Ho et al. (2019), Ho and Kontopoulou (2021)]. Given that the aim of this work is to assess
the SSA of the as prepared GNPs, it was important to avoid further delamination. Therefore, PEO/graphite
and PEO/GNP composites were prepared by mixing weighted amounts of the fillers in the low viscosity
molten PEO at 70 °C and stirring by hand for approximately 5 min to avoid the generation of high stresses.
Composite films containing fillers from 1 to 33 wt.% (corresponding to a vol.% of 0.53 to 20.6 vol.%,
according to Eq. (1)) were cast onto heated glass petri dishes, allowed to cool to room temperature and used
for further analysis.

— PmWy
¢= (Pm=pf )W+ pf )

where ¢ is the filler volume fraction, pm is the density of the PEO matrix (1.2 g/cm?®), ps is the density of

graphite and GNP filler (taken as 2.3 g/cm®) and W is the weight fraction of filler.



B. Contact angle measurements

The surface energy of the GNPs was measured using the contact angle method using water, diiodomethane
and formamide as probe liquids. A thin film of GNPs was prepared by spray coating a 5 mg/ml GNP
dispersion in dichloromethane on a Si/SiO, substrate, using a Paasche VL handheld airbrush at a nozzle
pressure of 3 bar. The dispersion was sprayed 20 times on a substrate, which was heated on a hotplate at
100 °C to obtain maximum coverage and to facilitate solvent evaporation. Contact angle measurements of
the sessile drops were carried out at 25 °C with a goniometer (OCA 15EC, DataPhysics Instruments,
Germany), equipped with a video camera and data analysis software. The Lifshitz-van der Waals or
dispersive component y:%, and the acid and base interactions y}yp and yzyp, respectively, of the surface

energy were calculated using the Young-Dupré equation [Van Oss (2002)]:

(1+ cosB)y, = 2 ( VGLI‘\%’VL{‘W + \/VGJrNPVL_ + \/ygNPyL+> 3

where @ is the contact angle measured at the triple point, y,, is the total surface energy, y:% is the Lifshitz-
van der Waals or dispersive component and y;" and y; are the acid and base interactions respectively of
the probe liquids, the values of which are available in literature [Van Oss (2002)].

C. Dynamic light scattering (DLS)

Particle size analysis was carried out via DLS measurements performed using a Zetasizer Nano ZS
instrument from Malvern. Measurements were performed on dilute dispersions in dimethyl formamide
(viscosity 0.92 mPa.s & refractive index 1.43) obtained by adding up to 5 drops of 5 mg/ml dispersion of
the GNPs in dimethyl formamide, and sonicating for 15 min. All measurements were performed at a
temperature of 25 °C with a refractive index value of 3 for the particles; measurements were repeated three
times, and the average values were reported. The spherical equivalent hydrodynamic diameter of the
particles, Z-average diameter (Zp), was determined using the Stokes-Einstein equation (Eg. S1) by fitting
the correlation function to the cumulants analysis algorithm from the Zetasizer software. The intensity-
weighted particle size distribution was obtained from the Protein Analysis (non-negative least squares

analysis followed by (L-curve)) algorithm.



D. Morphological characterization

SEM imaging was done using an FEI Quanta 650 FEG (field emission gun) ESEM (environmental scanning
electron microscope) at an accelerating voltage of 5 kV and a working distance of ~8.5 mm. A gaseous
secondary electron detector (GSED) was used for imaging and was carried out under a chamber pressure
of 0.7 torr. Dispersions were prepared in dichloromethane at 0.5 mg/ml for graphite and 5 mg/ml for GNPs,
followed by sonication for 30 and 10 min respectively. The graphite dispersions were drop cast onto a
silicon wafer, whereas the GNP dispersions were centrifuged at 4500 rpm for 20 min, after which the
supernatant was spin coated onto the silicon wafers. Samples were prepared for imaging by cryo-fracturing

in liquid nitrogen.

TEM imaging was done using a FEI Tecnai G2 F20 S/TEM equipped with a Gatan Ultrascan 4000 CCD
camera Model 895 at an accelerating voltage of 200 keV. The hydrophilic nature of the PEO facilitated
imaging because it can be easily dissolved in water. Imaging for the low concentration samples was carried
out by first dissolving the 3 wt.% composites in water to prepare a dilute dispersion, which was deposited
on a Formvar-coated copper grid and allowed to dry overnight before imaging. For high concentration
composites, samples were sectioned using a Leica Microsystems EM UC7/RC7 cryo-ultramicrotome at -
90 °C to obtain ultrathin sections of ~ 70 to 100 nm thickness. The sections were collected in a sugar

solution, cleaned with water and transferred to 200-mesh Cu grids with Formvar support film for imaging.

E. Rheological properties

Rheological measurements were carried out in a Reologica StressTech stress-controlled rheometer using a
25 mm diameter parallel plate fixture. All measurements were carried out at 70 °C, which is above the
melting point of 62 °C. The measurement gap was varied between 0.5 mm to 1 mm to accommodate
measurements depending upon the composition. However, measurements were not possible on GNP430
containing 33 wt.% GNPs due to high normal stresses, suggesting that smaller diameter plates may be
needed for compositions containing high amounts of highly exfoliated GNPs. To ensure there is no wall

slip effects, some measurements were carried out three different measuring gaps. Steady shear and dynamic
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oscillatory measurements were performed on the samples. For steady shear measurements the applied stress
ranged from 5 Pa to 2000 Pa. Stress sweeps were carried out from 1 to 1000 Pa at a frequency of 0.1 Hz to
determine the linear viscoelastic region (LVE) of the samples. Frequency sweep measurements were carried
out from 0.1 rad/s to 100 rad/s. A variable stress profile was used for each sample (ranging from 5-50 Pa,
proportional to the frequency), to ensure that the measurements remained within the LVE region. SAOS
measurements on dried and undried samples confirmed that drying the samples did not affect the rheology.
The stability of the PEO samples was verified using time sweep measurements, along with time sweeps for
the composites at 0.1 Hz and 10% strain. Structural evolution was examined using time sweeps after

subjecting to pre-shear rates of 1, 10 and 100 s™ for 100 s.

F. Electrical conductivity

The electrical resistivity for samples with resistivities higher than 107 Q-cm was measured using a Keithly
8009 electrometer. Samples were compression molded into thin circular sheets before measurements.
Samples with resistivities lower than 10" Q-cm were measured using the Agilent 34401 A multimeter.
Samples were prepared via compression molding, and then cut into squares (1cm x1cm) followed by
coating with colloidal silver paint (supplied by Ted Pella Inc.) on both surfaces before measurement. This
was done to reduce the contact resistance with the probes of the multimeter. At least three samples were
measured for a given composition. Eq. 3 was used to calculate the volume conductivity ¢ (S/m) from the

measured resistivities and resistances:

_1_ L (m)
0= T R@xam? 3)

where p (Q'm) is the volume resistivity, R (Q) is the measured resistance, A (m?) is the area and | (m) is the

thickness of the sample.
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11l. RESULTS AND DISCUSSION

A. Selection of matrix

GNPs are highly prone to aggregation due to the =-rt stacking interactions [Li et al. (2008), Yang et al.
(2012)]. Hence choosing a compatible matrix was crucial for this study to ensure good polymer/filler
interactions which will facilitate the dispersion of the GNPs. PEO was chosen as the matrix based on surface

energy considerations and wetting behaviour, aiming at achieving a favourable spreading coefficient.

The surface energy components of the GNPs, which were determined using Eq. 2, are as follows: y5¥,=

40.1 mI/m?, y2yp= 0.7 mI/m? and yzyp= 10.9 mJ/m? The polar contribution of the surface energy y4sp=
5.5 mJ/m? was calculated using Eq. 4.
Yénp = 2 YenpYanp 4)

The total surface energy for GNPs y;yp = 45.6 mJ/m?was calculated as the sum of the dispersive and polar
contributions, and is similar to values reported in other studies [Ho and Kontopoulou (2021), Wang et al.
(2009)]. For PEO, the value of the total surface energy at 20 °C (42.8 mJ/m?) was obtained from the
literature [Mohamadi et al. (2019)] and was extrapolated to 70 °C to give ypzo= 38.2 mJ/m?, assuming a
linear relationship with a temperature co-efficient of 0.095 mJ/m? [Wu (1982)]. Using the polarity
contribution for the total surface energy of the PEO phase (y,f’EolypEo), x,’,’EO =0.28, the dispersive and the

polar contributions, y5%,= 27.5 mJ/m?and y#5,= 10.7 mJ/m? were determined respectively at 70 °C [Wu

(1978)].

The interfacial energy of the PEO/GNP interface ypgo/onp= 2.0 mJ/m? was calculated using Eq. 5 and the

spreading coefficient Speo/iene for PEO/GNP system was calculated using Eq. 6 [Texter (2014)].

Ypeo/oNP = YeNP T YPEO — 2 (J Vé]%yﬁ% + J V&qﬁpyﬁqgo> (5)

Speo/ene = YenP — YPEO — YPEO/GNP (6)
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A positive value for Spgo/gnp= 5.3 Was obtained indicating that spontaneous spreading or wetting of the
GNPs will occur by the PEO [Texter (2014)]. These theoretical findings were supported by experimental
observations of 0.5 wt.% GNP dispersions in low molecular weight (200 g/mol) PEO, which revealed that

the dispersions remained stable after standing for up to 1 week.

B. Particle size and morphology

The spherical equivalent Z-average diameter (Zp) and the corresponding particle diameter distributions for
the GNPs determined from the DLS measurements are shown in Table | and Figure 1 respectively. Zp
decreased with GNP SSA for all GNPs prepared at 35 N.m as seen from Table 1. We note that GNP330,
which was prepared at a torque of 25 N.m has higher values for Zp, along with wider particle diameter
distribution, compared to GNP300, which was prepared at 35 N.m (see Figure 1). This agrees with previous
observations by Mardlin et al. (2022a), who reported that lower torque, and thus low energy input during
the TME process resulted in higher amounts of unexfoliated material.

25

TABLE |I. Z-average diameter Zp, and — GNPI7S
polydispersity index (PD) 20 £ ---GNP300 A
- —GNP330 | \
=)
Zp (nm) PD 215 o GNP430 | \
GNP175* 812.8 0.6 2 \
210+
GNP300* 399.4 0.3 E \
GNP330** 529.5 0.5 5+
GNP430* 245.2 0.5
0

* processed at a torque of 35 N.m

1 2 3 3
** processed at a torque of 25 N.m 10 10 10 10

Z-average diameter (nm)

FIG. 1. GNP particle diameter distributions.

Figures 2(A) and (B) show the SEM images of the starting flake graphite and a representative GNP product
obtained after the TME process, respectively. The graphite particles have dimensions in the tens of
micrometers in length, whereas the flake-shaped GNP particles are much smaller (0.1 to 1.5 um in length)

and thinner as a result of the shear forces subjected during the exfoliation process. Previous characterization
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has shown that the GNP flakes produced by the TME process consist of 2-7 graphene layers, with the final
product also containing small amounts of residual micro graphitic material [Ho and Kontopoulou (2020),

Mardlin et al. (2022a)].

FIG. 2. SEM images of A) starting flake graphite B) GNP330.

The molecular weight of the PEO matrix is 20,000 g/mol, high enough for the chains to crystallize. Figure
3(A) shows the SEM image of the neat PEO matrix, which exhibits semi-crystalline structure made up of
large spherulites of the order of a 100 um. Figures 3(B) and 3(C) show GNP175 composites containing 8
wt.% and 15 wt.% GNPs. The GNPs are present both as individual flakes and as aggregates and are
distributed throughout matrix. A residual micrographite segment is also visible in Figure 3(B). The
incorporation of GNPs into the PEO matrix disrupts its crystalline structure, since the particles act as
barriers to the formation of large PEO crystals and may also serve as nucleating agents, thereby increasing
crystallisation rates and reducing crystal sizes. Similar observations were reported in GNP and MWCNT
nanocomposites in PP and PA matrices [Li et al. (2011), Bhattacharyya et al. (2003), Mardlin et al.
(2022b)]. From Figure 3(B), it is seen that at 8 wt.% filler content, the GNP175 fillers are present in small
clusters which are separated from each other. When the GNP content is increased to 15 wt.% in Figure

3(C), the GNP175 flakes become more concentrated. As the concentration increases further, conductive
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pathways are formed, leading to the manifestation of an electrical percolation threshold, as analyzed in the

section below.

FIG. 3. SEM images of cryo-fractured surfaces of A) neat PEO, B) 8 wt.% GNP175, C) 15 wt.% GNP175.

White circles show GNP flakes and the red box shows a piece of unexfoliated micrographite.

C. Electrical conductivity

Figure 4 shows the electrical conductivity, o, versus filler volume fraction, ¢, for the graphite and GNP
samples having different SSAs. Looking specifically at low ¢, it is worth noting that graphite samples
demonstrate higher conductivity values. This is attributed to the larger flake size of the graphite material
(as seen in Figure 2A), which results in lower intrinsic resistance per particle [Ruschau et al. (1998)],
favours direct contact between filler particles in the matrix, and therefore facilitates electron hopping
necessary for conductivity. Ho and Kontopoulou (2021) invoked the “island-bridge” model [He et al.

(2017)] to explain this behaviour in expanded graphite/polypropylene composites.

At low ¢, we observe an initial decrease in conductivity with filler content for all composites, which can be
attributed to the trapping of the free charge carriers present in the PEO due to the presence of filler particles
[Baeza et al. (2015)], while it appears that increasing the SSA of the fillers aggravates this phenomenon.
When comparing GNP175, GNP300 and GNP430, which were prepared at the higher torque of 35 N.m,

we observe that increasing SSA results in lower conductivity at low ¢, whereas GNP330, which was

14



produced using a lower torque is closer to GNP175, presumably because it contains larger average particle

sizes.

Above a critical concentration, defined as the electrical percolation threshold ¢, the electrical conductivity
of the composites increases by orders of magnitude with increasing ¢. This transition corresponds to the
formation of a conductive filler network, where electron transport can occur through electron hopping
across the graphite or GNP network and through electron tunneling [Ho and Kontopoulou (2021), Kota et

al. (2007)].

Quantitative comparisons can be provided by the empirical electrical percolation model given by Egs. 7a

and 7b respectively below and above this critical concentration ¢ [Vasileiou et al. (2013)]:

—#)—u . b < e (7a)

_ ¢
0= O_matrix( be

0 =BG ~BS-9)" . > (7b)

where ¢ and a,,4:ri, (S/M) are the electrical conductivities of the composite and the matrix respectively,
and u, £ (S/m) and v are fitting parameters to the electrical percolation model. The model fits are shown in
Figure 4, and the values of ¢. for each of the PEO composites, are summarized in Table Il. As a general
trend, it is observed that the filler SSA has a significant influence on both ¢.and the maximum conductivity,
with ¢ decreasing from 10.4 vol.% for graphite to 8.2 vol.% at SSAs above 300 m%g. Conversely, the
critical exponent, v, increases from 2.3 to 3.9 and levels off. While the theoretical values of the critical
exponent v range from 1.6 to 2.0 for three-dimensional percolating systems, several studies have reported
experimental values ranging from 1.32 to 5.35 for GNP composites [Sabzi et al. (2013), Kashi et al. (2018),
Mardlin et al. (2022b), Canales et al. (2016), Gao et al. (2018)]. The increase in the maximum conductivity
of the GNP composites with increasing GNP SSA can be attributed to the formation of a greater number of
conductive paths, and to lower particle-particle contact resistance (due to enhanced van der Waals

interactions) in the presence of the exfoliated GNP particles [Ruschau et al. (1998), Yang et al. (2011)].
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FIG. 4. Electrical conductivity o versus filler volume fraction ¢ for graphite and GNP fillers having

different SSAs. The lines are model fits to Eq. 7.

TABLE II. Electrical percolation threshold ¢, critical exponent v (from Eq. 7), maximum conductivity

omax, and rheological percolation threshold ¢per and critical exponent b (from Eq. 8)

Filler  (at 33wt%) de v Prer b
S/m vol.% wt.% vol.% wt.%

G7 1.2 x 101 10.4 17.9 2.3 124 21.0 0.2
GNP175 45x10°% 10.1 17.5 2.7 12.3 21.0 04
GNP300 1.3 x10* 8.2 144 3.9 104 18.0 34
GNP330 6.2 x 102 8.2 144 3.8 10.9 18.8 2.6
GNP430 1.2 x 10° 8.1 14.3 3.9 54 9.7 6.6

D. Steady shear viscosity and SAOS characterization

The steady shear viscosity measurements are shown in Figure 5 together with the complex viscosity data
obtained through SAOS experiments. The flow curves of the neat PEO matrix used in this work follow
Newtonian behaviour. Therefore, any deviations from this Newtonian plateau in the filled sample
measurements can be unambiguously attributed to the presence of the graphite or GNP particles. In all
cases, composites containing up to 8 wt.% filler follow a Newtonian behaviour, with very moderate increase
in the viscosity due to the hydrodynamic effect of the particles. Furthermore, SAOS time sweeps, shown in

Figure S1(A) show that the neat PEO and the composites have stable response as a function of time.
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As seen in Figure 5, the Cox-Merz rule is valid up to 8 wt.% for all composites, and it begins to fail for
samples containing 15 wt.% filler and above; this coincides with the onset of deviations from Newtonian
behaviour. The latter are attributed to the decrease in the interparticle distances at higher concentrations,
and to the formation of an elastic structure in the composites [Claypole et al. (2020)]. Failure of the Cox-
Merz rule is observed commonly in systems exhibiting structure formation that is typically preserved under
LVE measurements but is affected by shear [Shafiei-Sabet et al. (2012)]. Positive deviations of the steady
shear viscosities from the complex viscosities at low shear rates/frequencies have been observed in
particulate systems, including layered silicates, GNPs, CNT and glass microspheres [Kim et al. (2005),
Nazockdast et al. (2008), Becker et al. (2003), Claypole et al. (2020), Song et al. (2006), Kaully et al.
(2007), Carotenuto et al. (2021)]. It should be noted that GNP-containing composites (Figure 5B) showed

more pronounced deviations compared to their graphite containing counterparts (Figure 5A).
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FIG. 5. Plots of steady shear viscosity # versus shear rate (open data points) and complex viscosity |7*|

versus angular frequency (closed data points) for A) graphite and B) GNP300 composites measured at a

temperature of 70 °C.

As seen in Figure 5, the deviations from the Cox-Merz rule are pronounced at low shear rates, up to a shear
rate of 10 s, suggesting that shear rate affects the structure of the composites. Further insight on the effects
of shear rate can be gleaned by looking into time sweeps after preshearing. Figure S1(B), shows

pronounced time-dependency at a low pre-shearing rate of 1 s, presumably because of particle aggregation
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[Wang et al. (2016), Li et al. (2021), Zhang and Archer (2002), Helal et al. (2019)], which results in a
higher complex viscosity at the start of the time sweep. On the other hand, shear rates of 10 s™ and above

lead to an alignment of the platelets, resulting in lower viscosity, and a different response during the time

sweep.

SAOQOS experiments reveal significant deviations from terminal behaviour in the storage modulus G’ slope
along with loss of the Newtonian plateau above 15 wt.% filler is seen in Figure S3 and 6(A) respectively.
Representative plots for the GNP300 composites, are shown in Figures 6(A-B) (plots for graphite and other

GNP composites can be found in the S, Figures S2-S4).
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FIG. 6. A) Complex viscosity |*| versus angular frequency o (The data points represent measurements
whereas the solid lines represent the Cross model Eq. S2 and Berzin model Eq. 11 fits to data, at low and

high ¢ respectively), B) van Gurp-Palmen plots of phase angle ¢ versus complex modulus |G*| as a function
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of the filler concentration for GNP300 composites and C) reduced values of |5 * versus ¢ as a function of

SSA (The lines are the best fits obtained using Eq. 8). All measurements are conducted at 70 °C.

The van Gurp-Palmen plots (phase angle ¢ versus complex modulus |G*|) shown in Figure 6(B) also exhibit
a divergence above 15 wt.%. These plots are very sensitive to the formation of filler-network structures
within the melts. Neat PEO and composite melts at low concentrations exhibit 6(w,¢) close to 90°. At
concentrations higher than 15 wt.% the G7 and GNP composite melts exhibit a sizeable decrease in é(w,¢)
at low values of |G*|, demonstrating that the materials transition from viscoelastic liquid-like behaviour to
a viscoelastic solid-like response. This decrease in phase angle 6(w,¢) is ascribed to the evolution of the
filler network that imparts elasticity to composite melts [Kashi et al. (2018), Wu et al. (2010), Abdel-Goad

et al. (2007)], and coincides with the rheological percolation threshold.

The elastic properties of space filling aggregate networks formed above the rheological percolation
threshold can be described by the rheological percolation model (Eg. 8), which depicts the power-law
dependence of rheological properties on ¢ [Igbal et al. (2016), Vermant et al. (2007), Zohrevand et al.
(2014)]. The reduced complex viscosity at the lowest measured frequency of 0.1 rad/s given by |n* | =

In*1/Im*,,1 (In*,,| is the complex viscosity of the matrix) was used in Eq. 8a and 8b to fit data below and

above the rheological percolation threshold respectively as shown in Figure 6(C):

* 4’ er_(l) -
i~ () g < (82)
* ~ ¢_¢'per b > 8b
I, |~ a5 $ > drer (8)

where ¢ and b are power law scaling exponents below and above ¢per respectively and « is a fitting
parameter. The ¢per Values determined from Egs. 8a and 8b are reported in Table Il along with the scaling
exponent b. Consistent with the electrical percolation threshold ¢, the rheological percolation threshold
concentration @per and b also depend on the SSA; increasing SSA results in lower ¢per and higher b,

suggesting that higher SSAs facilitates the formation of elastic, space-filling networks at lower ¢. GNP300
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and 330, have similar ¢per Values, considering the statistical error margin in both the BET measurement,
and the rheological measurements. Furthermore, GNP300, was processed at a higher torque of 35 N.m and
has smaller average particle size compared to GNP330 (see also Table 1), thus promoting network formation

[Chen et al. (2015)].

The value of the exponent b gives critical insight into the stress bearing mechanisms of these percolated
systems. Sabzi et al. (2013), Gao et al. (2018) and Surve et al. (2006) reported that a critical exponent value
of b < 2.1, as seen for G7 and GNP175 composites, indicates that the stress bearing mechanism is mediated
via polymer bridging between the filler particles, whereas for b > 3.75, as is the case for GNP430
composites, direct particle-particle network serves as the stress bearing mechanism. Based on their
intermediate b values, we expect that GNP300 and GNP330 composites would have some polymer bridging

and some direct particle-particle networks responsible for the stress propagation.

Itis interesting to note that despite the high SSA and disc/platelet shaped nature of graphite and GNP fillers,
these nanocomposites exhibit a modest rheological response even at high ¢ compared to other
nanocomposite systems. The rheological percolation threshold values are also much higher compared to
CNTs (~0.6-2.5 vol.%) [Wu et al. (2010)], or other layered fillers such as nanosilicates (~1.35 vol.%)
[Eslami et al. (2010)]. This may be explained by a considerable lubrication effect seen for graphite and
GNP fillers facilitated by hydrodynamic slip and orientation of platelets in the direction of shear flow as
reported by Kotsilkova et al. (2021). The lubrication effect of graphite and GNPs have also been previously
reported in several tribological studies [Baptista et al. (2016), Kazemi-Khasragh et al. (2020), Nieto et al.
(2012)].

Based on the results presented above, we hypothesize that the filler SSA affects the polymer-filler
interactions at low loadings, and the filler-filler interactions at higher loadings. We therefore present the
rheological results on the effects of SSA in two sections: low filler concentrations (i.e. non-interacting
particles) and high filler concentrations (aggregated, or interacting particles, where filler-filler interactions

dominate).
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E. Low filler concentrations (non-interacting particles)

TEM images of graphite and GNP flakes deposited from low concentration dispersions of the composites
in water are shown in Figure 7. Figure 7(A) shows a micron-sized flake of graphite, together with the
presence of stacked platelets (Figure 7 B). Figures 7(C-D) show transparent GNPs made up of few layers
of graphene in the form of nano flakes, and irregular-shaped platelets, which are likely the result of
fragmentation and erosion during the TME process [Mardlin et al. (2022a)]. The particle size distribution
of the GNPs based on the lateral sizes obtained from these TEM images are shown in Figure S6. These
images are representative of the smaller particle size ranges that are present in these samples that contain

low concentrations of GNPs.

A

FIG. 7. TEM images of A) & B) graphite, C) GNP175 D) GNP330 E) GNP430.

The neat PEO, having a molecular weight of 20,000 g/mol, exhibits terminal flow behaviour (G’ « w? at

low w). The entanglement molecular weight M of PEO ranges from ~ 1730 - 2000 g/mol and the critical
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molecular weight for entanglements, M. ranges from ~ 4000 — 5,870 g/mol [Anderson and Zukoski (2009),
Fetters and Colby (2007)]. Therefore, the PEO used in this work is above the entanglement limit. At low
filler concentrations the hydrodynamic effects dominate the rheological response of the composites. Figures
8(A) shows the complex viscosity |#*| versus angular frequency w plot at concentrations up to 8 wt.% for
the GNP300 composites (see Figure S7 for graphite and other GNP composites and S8 for the G’ plots).
With the addition of fillers, the complex viscosity and the elastic modulus of the composites increase as
result of the filler hydrodynamic effects, and slight particle-particle interactions, which cause increased

friction [Baeza et al. (2015), Song and Zheng (2010), Vermant et al. (2007)].
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FIG. 8. A) Complex viscosity |p*| versus angular frequency w at 70 °C (The data points represent
measurements, and the solid lines represent the Cross model fit Eq. S2) and B) reduced zero-shear viscosity
no,r Versus ¢ for GNP samples at low concentrations (The dashed lines represent the Utracki and Lyngaae-

Jargensen (2002) model Eq. 9 fit to the relative viscosity data).

The effect of ¢ on |5*| becomes more pronounced with increasing SSA, as shown in Figure S7. This is also
summarised in Figure 8(B) in terms of the reduced zero-shear viscosity 7o, (ratio of the zero-shear viscosity
of composite to that of the matrix) obtained by fitting the Cross model (Eq. S2) to the complex viscosity
data of Figures 8(A) and S7. The Cross model parameters obtained from fitting compositions up to 8 wt.%

are given in Table S1.
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In this region where there are minimal interactions between the particles, the average aspect ratio of the
fillers can be estimated by considering the effect of the particles on the viscosity. The reduced zero-shear
viscosity 7o, in Figure 8(B) was fit to a second order Einstein-type equation proposed by Utracki and
Lyngaae-Jargensen (2002) given by Eq. 9 for low concentration suspensions of anisometric particles; a

similar equation was first proposed by Guth and Gold (1938):

nor =1+ [nl¢ + k(nl$)? 9)
where [#] is the intrinsic viscosity and Kk is the interaction constant. From the intrinsic viscosity values
determined above, the aspect ratio p of the GNP filler was predicted using Eq. 10, which is applicable for
disks or platelets [Beuguel et al. (2018), Utracki and Lyngaae-Jgrgensen (2002)]:
[n] = 2.5+ 0.025(1 + p**7) (10)

The [#], k, and p values determined for the GNP composites are shown in Table I11. The aspect ratio for the
GNPs, which for platelets is defined as the longest dimension of the particle to its thickness, varies between
19 to 76; this is within the range of aspect ratios estimated for GNPs in previous work [Ho and Kontopoulou
(2021), Ho et al. (2019)]. The filler concentrations ¢mpiae, Up t0 Which the platelets can rotate freely,
determined from Eq. S3 [Utracki and Lyngaae-Jgrgensen (2002)] are also shown in Table I11.

The values obtained from the model show that the aspect ratios of the GNP fillers generally increase with
GNP SSA, whereas the ¢m piate Values decrease with increasing GNP SSA. It should be noted however that
GNPs produced by top-down approaches have broad particle size distributions, and therefore these are only
general trends. As shown in Table 11I, GNP330, which was processed at a lower torque and therefore had
larger particle sizes and a broader particle size distribution, displays lower aspect ratio, and larger @mpiate

compared to GNP300.
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Table I11. Intrinsic viscosity [#], interaction constant k, aspect ratio p and ¢m piae Obtained by fitting Eq. 9,

10 and S3. GNP175, 300 and 430 were processed at a torque of 35 N'm and GNP 330 was processed at 25

N'm.
Sample [#] k /:;Stfl(:}(",)t ¢m,plate
GNP175 4.35 3.76 19 0.052
GNP300 12.21 0.38 58 0.017
GNP430 16.96 0.83 76 0.013
GNP330* 8.25 1.54 41 0.026

*processed at 25 N'm

200 nm

FIG. 9. TEM images of A) and B) GNP430 8 wt.%, C) GNP330 8 wt.%, D) and E) GNP430 21 wt.% and

F) GNP330 21 wt.% composites.
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As the concentration increases to 8 wt.%, the van der Waals interactions (specifically, n-n interactions)
between the particles lead to the formation of sub-micron sized stacks of layers (or tactoids) within the melt,
as seen in Figures 9(A-C). This results in more pronounced hydrodynamic effects, however the tactoids

remain relatively isolated, and the melt presents minimal shear thinning, as shown in Figure 8(A).

F. High filler concentrations (aggregated or interacting particles)

At filler concentrations above 15 wt.%, noticeable deviations from terminal flow behaviour appear in |5*|
and G’. These are attributed to the formation of larger tactoids, which begin to interact with neighboring
particles. The complex viscosity dependence on frequency in the low frequency region scales as |n*| «
w™ 1. The n values along with the terminal region slopes for the elastic modulus m and viscous modulus
0, are shown in Table S2 along with complex viscosity values at the lowest measured frequency | *|e=o. 1rads-
Deviation from Newtonian behavior (corresponding to n equal to 1) is seen with increasing ¢ along with

the decrease in the rest of the slopes, indicative of nonterminal behaviour.

As the interparticle distances decrease, at compositions above the percolation threshold (see Table 1), the
tactoids start to form 3-D interconnected networks, as shown in Figures 9(D-F) and exhibit pronounced
yielding behaviour, demonstrated by the complex viscosity data in Figures 6(A), 10(A), S2 and S9. To
obtain an estimate of the yield stress, the complex viscosity |5*| in Figure 6(C) is fit to the Berzin model

given by Eq. 11 (shown by the solid lines):

np—1
a

"l ==+ 1[1 + (A20)*] (11)

where w (rad/s) is the angular frequency, oo (Pa) is the yield stress, #o (Pa.s) is the zero-shear viscosity, 2,
(s) is the characteristic time or average relaxation time, n; is the power law index and a is the Yasuda
parameter [Sethy et al. (2020), Vergnes (2011)]. From the model fit, finite yield stress values were obtained

as shown in Table IV (see Table S3 for other Berzin model parameters).
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Table IV. Yield stress ao values determined from the Berzin model (Eg. 11)

Sample Yield Stress, oo (Pa)
8wt. % 15 wt.% 21 wt.% 33 wt.%
Graphite 0.0 0.0 0.5 6.8
GNP175 0.0 0.0 0.8 22.9
GNP300 0.0 0.0 8.4 5943.7
GNP330 0.0 0.0 10.0 3100.8
GNP430 0.0 1.9 1362.2 *
*measurement was not possible due to high normal forces
104 RN 10° B
OGNP300 0wt%
* GNP300 8wt% L - /+
A GNP300 15wt% - *GNP175 ’
© GNP300 21wt% e AGNP300 7
10> + ®GNP300 33wt% L 10% ¢ ) /
- '-.. X GNP330 J
. o, T .
é ...... *_;.: +GNP430 y
¥ ........ _— //
= 102 4+ ALY Y 101+ /’ ,;}x
AAAAAAAAAAAAAAAAALLL T
000000000000 0000000 ’;Ff’:/
O 0000000000000 00000 —_:::E’:;gf_’__ﬁ:’—ﬁ
10t " " ! " 10“.#‘0—5!;':’?£==: ____ } ! 4
10° 10! 102 103 104 10% 0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

|G| (Pa)

FIG. 10. A) Complex viscosity |*| versus complex modulus |G*| for GNP300 composites and B) reduced

complex viscosity |7 *| versus ¢ for graphite and GNP composites at high ¢. The dashed lines represent the

Krieger-Daugherty model (Eg. 12) fit to the reduced viscosity data.

Vergnes (2011) argued that the level of exfoliation of layered fillers could be traced by the yield stress

values, which represent the extent of interactions between the nanofillers. From Table IV it is apparent that

the yield stress values of the composites and the onset of yielding scales with the filler SSA, indicating that

GNPs with higher SSA are better exfoliated and form stronger filler networks of highly interacting particles.

The aspect ratios of the aggregated tactoids, determined from analysis of the TEM images of GNP

composites at high ¢, are shown in Table V. Here the aspect ratios are defined as the ratio of length to
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width of the aggregates, as they form 3D structures. The results from the image analysis reflect the large
distribution of particle sizes and aspect ratios.
The Krieger-Daugherty model (Eq. 12) was used to fit the reduced complex viscosity |7 */| data over the

entire range of ¢ (see Figure 10 B). The filler aspect ratio is then determined using Eq. 13 [Beuguel et al.

(2018)]:
. ® ~[1]9,,0x
el = (1= %) 12
[n] = 3.02 + 0.321p (13)

where ¢max is the maximum packing fraction. Here p represents the “hydrodynamic™ aspect ratio of the
tactoids [Vermant et al. (2007)]. The aspect ratios, shown in Table 1V, are in good agreement with the
average values determined from the TEM image analysis (defined as length/width). The increase in aspect
ratio and decrease in gmax With increasing GNP SSA are attributed to the higher surface area, which results
in enhanced filler network formation [Vermant et al. (2007)]. As seen with previous results, due to its

larger average particle size and distribution, GNP330 has lower aspect ratio, compared to GNP 300.

Table V. Intrinsic viscosity [5], maximum packing fraction ¢maxand aspect ratio p obtained by fitting Eq.

12 and 13. GNP175, 300 and 430 were processed at a torque of 35 N'm and GNP 330 was processed at 25

N'm.
Aspect ratio p
Sample [7] Pmax ASPECt from TEM
ratio p

Images

GNP175 4.6 0.15 5 7.1+6.6
GNP300 7.4 0.13 14 119+7.2
GNP430 10.6 0.12 24 15.7 £13.6
GNP330* 6.1 0.13 9 10.1+7.6

*processed at 25 N'm
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G. Two-phase model

As mentioned above, the rheological behaviour of the graphite and GNP dispersions in PEO can be
differentiated into two categories: low filler concentrations < 8 wt.% where particles are non-interacting
and higher filler concentrations > 15 wt.% where the particles are increasingly interacting with each other
and eventually form percolated networks. To better elucidate these regions, we use the two-phase model
proposed by Song and Zheng (2010, 2011) to quantitatively describe the rheological response of filled
polymer melts. According to the two-phase model, the nanocomposite melt consists of two phases: the filler
phase consisting of individual particles and/or aggregates including the interface consisting of immobilized
polymer (possibly due to physical adsorption or confinement between filler particles); and the bulk polymer
phase. Addition of hard and not very deformable particles into a polymer matrix which is soft and highly
deformable leads to an increase in the complex modulus |G'(w, ¢)| of the filled melt. At low filler
concentrations this can be attributed to hydrodynamic effects arising from the concentration of the global
straining motion in the polymer phase resulting in a so-called “strain amplification effect” which is

proportional to the filler volume fraction and is described by Eq. 14 [Song and Zheng (2010)]:

16" (w, §)| = Ar(w, §) |G (w)] (14)

where |G | is the complex modulus of the matrix and Ay is the strain amplification factor. Figure S10 A
shows the |G| versus |G| curves for the GNP300 composites. Up to 8 wt.%, the |G”| versus |G n| plotted
on a log-log scale has a power law exponent approximately equal to 1, indicating that Eq. 14 describes the

hydrodynamic effects well. As described earlier, this is the region of non-interacting particles.

At concentrations beyond 8 wt.%, there is an additional contribution of the filler phase |G’ (w,4)| to Eq.14
arising from direct contact between the filler domains or through polymer bridging between neighbouring
aggregates, which lead to formation of larger structures. These structures result in a more complicated
rheological response that can no longer be described by simple hydrodynamic equations. At higher

concentrations, the following equations apply:
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G' (¢p.w)

AN Ar(9) + Re(P) G (w)]™1 (15a)
CE) — A1)+ R @Gr(@)] ! (15)

where R¢” and Ry” are scaling factors that represent elastic and viscous contributions of the filler phase
respectively and exponent ns is an independent fitting parameter that depicts the transition from pure liquid
(n3 =1) to pure solid (n3 = 0) response. The G”/G”n curve is shifted horizontally by a factor z to allow Eqg.
15a and b be to be solved simultaneously to determine values of As, Rt and R”s and ns. The fits are shown

in Figure S10 B. All the fitted values for the graphite and GNP systems are reported in Figures 11 (A-B)

and S10 (C-D).
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FIG. 11. Two phase model parameters A) R’t and B) R”; obtained by fitting Eq. 14 and Eq.15.

In general, with increasing ¢, the hydrodynamic effects represented by the As values increase, with the effect
being strongly dependent the GNP SSA (Figure 11A) suggesting enhanced polymer-filler interactions in
GNPs with higher SSA. The increase in the R’ values with SSA indicates higher elastic contribution, due
to the strengthening of the filler network. At low SSAs, the filler network is mediated by the bridging of
the polymer chains between filler particles [Chen et al. (2015)], whereas at higher SSAs the stress bearing
mechanism transitions to a direct particle-particle network. This was also discussed in section 111.D with

respect to the critical exponent b of the rheological percolation model. The decrease in nz and the increase
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in the viscous contributions of the filler phase denoted by R”’s with GNP SSA suggests a larger interaction

zone made up of adsorbed/confined polymer between the interacting GNP tactoids and aggregates.

H. Correlation between rheological properties and SSA

One of the objectives of this research was to identify suitable parameters or rheological indicators that have
strong correlation with the SSA of the GNPs. Based on the results presented up to now, we propose that the
rheological signatures such as | *|o.1radis, G’o.1radss, Yield stress, and the two-phase model parameters, obtained
at modest to high ¢, correlate well with the SSA values. To further demonstrate this concept, intermediate
samples were collected at various time intervals during the TME process conducted at 35 N.m [Mardlin et
al. (2022a)]. As time progresses the graphite particles are delaminated and fragmented by the shear forces
and the SSA increases. Figure 12 and S11(A-B) show the evolution of rheology in terms of the complex
viscosity, storage modulus and the van Gurp-Palmen plots respectively for intermediate samples of GNP
in PEO at 21 wt.%, which was chosen as a value above the percolation threshold. Consistent with the results
demonstrated previously, the increase in SSA during the delamination process of graphite translates into
enhanced rheological response of the material as can be seen in the |y*|, G’ and ¢ frequency sweeps. For
the first two samples, GNP64 and GNP100, where the number refers to the SSA of the intermediate, the
rheology does not differ compared to the initial graphite sample, within statistical error. In these samples,
the increase in SSA is associated with the fragmentation of graphite into smaller sized particles, without
considerable exfoliation occurring [Mardlin et al. (2022a)]. As the graphite is exfoliated into GNPs, the
aspect ratios of fillers increase along with the contact sites for interaction with the matrix and neighbouring
particles, which results in noticeable increases in all the melt rheological properties as seen in Figure 12
and S11. These results demonstrate that SAOS characterization can successfully track the exfoliation of

graphite into GNPs.
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FIG. 12. Evolution of complex viscosity for composites containing 21wt.% intermediate GNP samples

obtained during the TME process. The number refers to the SSA of the intermediates, which increases as

the graphite (G7) is exfoliated for longer times.

In the figures below we combine the findings from the previous sections (noted using closed circles) with
the analysis obtained from the intermediates (noted using open symbols). As seen in Figures 13 and S12,
all parameters follow a similar coherent trend with increasing filler SSA. First we look at the yield stress.
Vergnes (2011) reported that the melt yield stress was an appropriate metric to quantify filler exfoliation
level as opposed to the commonly used metrics of zero shear viscosity or power law slope. The yield stress
values follow a linear increase up to SSA of 178 m?/g as seen in Figure 13(A), beyond which they increase
exponentially with SSA.

It is apparent that GNP composites with SSA < 200 m%/g have very small yield stress values, lower than 1
Pa. Beyond 200 m?/g the yield stress increases exponentially, as shown in Figure 13(A). Following a similar
trend, the complex viscosity |1 *|o.1raais (Figure S12A) and storage modulus G’ 1radss at the lowest measured
frequency (Figure S12B), and the two-phase model parameter A; (Figure 13A inset) increase exponentially
above the SSA of 200 m?/g, revealing that the increase in surface area has a significant effect on the

polymer/filler and filler/filler interactions. The elastic contribution of the filler phase, R’r and the viscous
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contribution, R”s correlate well with SSA according to the scaling relation shown in Figures 13(B). This

demonstrates the sensitivity of the two-phase model parameters as a predictive tool.
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FIG. 13. Effect of GNP SSA on rheological parameters A) yield stress oo (inset shows two-phase model
parameter A¢) with the scaling relation obtained from the exponential fitting above SSA of 200 m%g found
to be gp=10"xe®%S5A and B) R’ and R”;, where R’=2.3xe%"%5* and R”s =0.565xe%%*SA, Open circles
represent the intermediate samples and the closed circles represent the GNPs discussed in the previous

sections.

J. Limits of linear viscoelastic region

The strain sweep measurements performed to determine the LVE region for the graphite and GNP
composites are shown in Figure 14 and S13 and the critical strain y., defined as the % strain at which G’
reaches 90% of its low-strain value was determined. These values are reported in Table S4. y. decreases
with increase in ¢ as previously reported for several filled polymer systems [Aranguren et al. (1992), Bailly
etal. (2010), Sabzi et al. (2013), Zohrevand et al. (2014)]. y. shows a gradual decrease below the rheological
percolation threshold, whereas it decreases dramatically above ¢per as shown in Figure S14. An interesting
observation in the strain sweeps particularly for graphite and GNP175 composites is the appearance of an
intermediate strain softening regime accompanied by a two-stage yielding process as well as the occurrence
of strain hardening (G’ shows a maximum) at the second yield strain for high ¢ (strain sweep plots for 27

wt.% intermediate samples are shown in Figure S15). Anderson and Zukoski (2009) attributed the presence
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of two yield strains to secondary entanglements (entanglements between adsorbed polymer on two
neighbouring surfaces and non-adsorbed polymer) in nano silica filled PEO, whereas the origin of strain
hardening was attributed to the ordering of entangled polymer segments when confinement effects come
into play. In the present case, the phenomenon appears to be more pronounced in graphite, and GNPs having

lower SSAs (see also Figure S13 and S15).
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FIG. 14. Strain sweep plots showing elastic modulus G’ versus percent strain amplitude y for A) graphite

and B) GNP300 composites. All measurements were performed at 70 °C and at a frequency of 0.1 Hz.

J. Fractal gel model

The fractal gel model proposed by Shih et al. (1990) has been used to describe quantitatively the aggregate
network structure formed in nanocomposites [Vermant et al. (2007), Filippone et al. (2014), Bossler (2017),
Sabzi et al. (2013)]. Shih et al. (1990) debated that the particle network consisted of several aggregates/flocs
of fractal dimension d; that are bound together elastically, with the elasticity of the aggregate backbone
(where x is the dimension of the floc backbone) dictating the elastic behaviour of the aggregate filler
network. When the interfloc links are stronger than the intrafloc links, the elasticity of the macroscopic gel
is governed by the intralinks and this is called the “strong-link regime”. Conversely, when the intrafloc
links are stronger than the interfloc links in the “weak-link regime” the gel elasticity is governed by the
elasticity of the interfloc links. Shih’s model may lead to non realistic values for x when applied to
polymer/clay and polymer/GNP nanocomposites [Vermant et al. (2007), Sabzi et al. (2013)]. The modified

model proposed by Wu and Morbidelli (2001) accounts for the presence of a transition regime by
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introducing a parameter o, where both inter- and intrafloc links govern the gel elasticity [Filippone et al.

(2014)]. The scaling relations proposed by the Wu and Morbidelli model are as follows:

Gy~ ¢ﬁ/(3—df) (16)

Yor G=B-1D/G=dp) (17)
where =1+ (2 + X)(1 — &) and denotes relative strength of inter- and interfloc connections in the network
[Bossler (2017)], G’ is the storage modulus at the lowest measured frequency, y. is the critical strain, ¢ is
the filler volume fraction. a ranges between 0 (strong-link regime) to 1 (weak-link regime), with0 < g <1

indicating the transition regime.

Above the percolation threshold, G’ and y. scale with the volume fraction ¢, according to G’ ~ ¢° and y. ~
¢ respectively, as shown in Figures 15 (A-B). We can see that the s and t values increase as a function of
the SSA. Chatterjee and Krishnamoorti (2007) proposed that s values are governed by the floc-floc
interactions either through polymer bridges (mediated) or directly between the filler phase flocs. The higher
scaling exponent s for GNPs with higher SSA could indicate a larger number of inter-floc connections in
the percolated network. Upon reaching critical strains, these connections between neighbouring flocs get
disrupted and the materials begin to yield/ loose their linear viscoelastic response [Sabzi et al. (2013)]. On
the other hand, t values represent the sensitivity of the filled polymer melt to changing strain amplitude
[Vermant et al. (2007), Zohrevand et al. (2014)]. Therefore, increasing t values reveal that strain sensitivity

of the composites increases with filler SSA.

We equate the s and t values obtained for graphite and GNP composites with the respective exponents of
the fractal gel model given in Egs. 16 and 17. Taking into account the tortuosity of the network [Filippone
et al. (2014)], according to which the backbone fractal dimension, x ranges between 1-1.3 for percolated
systems, we assume X = 1.3. The parameters obtained by solving these equations are presented in Table VI.

The a values suggest that all systems belong to the transition regime. dr values range from 2.3 to 2.8 which
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are in the same range of values of obtained by Sabzi et al. (2013), and Vermant et al. (2007) for composites
containing GNPs (dr = 2.2 and 2.4) and nanoclays (df = 2.2 and 2.4) respectively. The higher f values
tending towards the limiting case of g ~ 4.3 for the strong-link regime suggest that the interfloc links are

stronger than the intra floc links in these systems that contain loosely aggregated particles.
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FIG. 15. A) ycand B) G’ versus ¢ as a function of GNP SSA at high concentrations.

Cassagnau (2008) warns that the accurate experimental determination of the exponents used in Egs. 16 and
17 is difficult and therefore the possibilities of error must be kept in mind while using these determinations
to directly quantify degree of exfoliation. For verification of ds values obtained from these empirical models
SAXS can be a useful technique in future work, as demonstrated by Baeza et al. (2013) for nanocomposite

silica/SBR systems.

Table V1. Values of d;, # and o determined from Eq. 16 and 17, assuming x = 1.3.

ds B a
Graphite 2.3 3.1 0.4
GNP175 2.5 34 0.3
GNP300 2.7 3.3 0.3
GNP330 2.8 2.8 0.5
GNP430 2.8 3.3 0.3
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IV. CONCLUSIONS

We used a series of well-characterized GNPs having varying SSAs, which were produced from graphite in
a controlled manner using a newly developed TME process, to study the effect of filler SSA on the
rheological properties of PEO/GNP composites. We verified the liquid-to-solid transition brought about by
the formation of the electrically conducting, space-filling filler network by examining the van Gurp-Palmen
plots and the appearance of yield stresses. The electrical and rheological percolation thresholds, ¢. and @per
respectively, decreased with increasing filler SSA, with ¢. ranging from 10.4 to 8.1 vol.% and ¢per ranging

from 12.4 to 5.4 vol.% for graphite to GNP430 composites.

The TEM images for graphite and GNP composites at low filler concentrations showed isolated, individual
platelets whereas at high filler concentrations they were aggregated into larger tactoids. We used the models
proposed by Utracki and Lyngaae-Jgrgensen (2002) and Krieger and Daugherty [Beuguel et al. (2018)] to
fit the reduced viscosity as a function of filler loading at low and high filler concentrations respectively. In
the non-interacting regime, the filler aspect ratio, defined as length/thickness ranged between 19 for the
lowest SSA to 76 for the higher SSA. In the interacting regime, the aspect ratio was defined as the

length/width of the tactoids/aggregates and ranged between 5-24.

The two-phase model revealed that the composite melt viscosity was governed by hydrodynamic effects up
to filler contents of 8 wt.%. Above this, as interparticle distances decreased, filler-filler interactions,
governed by direct contact between the filler domains, or mediated by polymer bridging played a significant
role in increasing the elasticity of the network. We demonstrated scaling relationships for the yield stress,
the two-phase model parameters, and the critical strain with the SSAs of the GNPs. The fractal gel model
was used in conjunction with stress sweep measurements to estimate the fractal dimensions of the

aggregates, which ranged from 2.3 to 2.8.

Using intermediate GNP samples having various SSAs, we demonstrated that various rheological

signatures can be used to successfully track the exfoliation of graphite into GNPs. The ability to correlate
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key rheological signatures to the SSA of the GNPs demonstrates that rheology can serve as a valuable bulk

characterization method for these systems.

Supplementary material
See supplementary material for the model equations, image analysis, rheological characterization of all

composites and the model fits.
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