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ABSTRACT: We present the first report of polymer composites using
microwave-exfoliated graphite oxide (MEGO) as filler, a high surface area
carbon material that resembles graphene on a local scale. MEGO has a
“wormlike” layered structure which can be sheared apart during melt mixing
with a polymer host. In this study, we produced MEGO/polycarbonate
(PC) composites at various loadings and evaluated their morphology and ‘
properties. Transmission electron microscopy and X-ray scattering studies microwave-exfoliated
suggested an exfoliated morphology, with wrinkled platelets of approxi- graphite oxide (MEGO)

—

dispersion by

I \ \ 3 melt mixing

MEGO/polycarbonate
composite

mately 4—5 nm thickness evenly dispersed throughout the PC matrix.

Frequency scans of composite melts using shear rheology showed an onset of frequency-independent terminal behavior around
2.1 wt %, suggesting an effective aspect ratio of nearly S0 for the dispersed platelets, in agreement with TEM analysis. The composites
showed significant increases in electrical conductivity, with an onset of electrical percolation around 1.3 wt %, but only exhibited modest
improvements in thermal conductivity. Long-term thermal annealing was performed to promote disorientation of the dispersed
platelets, which further improved the electrical conductivity but had little effect on the thermal conductivity. Dynamic mechanical
analysis showed reinforcement by MEGO; however, very little change in the glass transition temperature and in the thermal stability

was observed in the composites versus neat PC.

1. INTRODUCTION

There is great interest in using graphene-based materials as
fillers for polymer composites owing to the significant multi-
functional property enhancements observed in these systems."”
In recent studies, most graphene-based composite filler materials
have been derived from graphite oxide (GO). GO can be
produced by several different methods,” all of which generate a
product that has a larger interlayer spacing than graphite (varying
between 0.6 and 1.2 nm for GO, depending on humidity,
compared to 0.34 nm for graphite) along with several oxygen-
based functional groups decorating the basal planes and edges of
the platelets (e.g, carboxylic acids, epoxides, alcohols)™ in
addition to the reported existence of strongly bound “oxidative
debris”.> These structural features act in tandem to facilitate the
exfoliation of GO into individual graphene oxide sheets in water
and, at lower concentrations, certain polar organic solvents. Once
dispersed in a solvent, treatment with chemical reductants such
as hydrazine or sodium borohydride can afford single-layer
dispersions of reduced graphene oxide with the aid of electronic
or steric stabilization.%” It has also been shown that GO can be
exfoliated and reduced via thermal shockings’g (i.e., rapid heating
under inert gas) or microwave treatment'® to create loosely
stacked, “wormlike” structures with a high specific surface area.

Solvent-exfoliated graphene oxide platelets (and associated chem-
ically modified graphenes, such as reduced graphene oxide) as well
as thermally exfoliated graphite oxide (TEGO) particles have been
widely investigated as fillers for polymer composites.' In particular,
TEGO can be dispersed into a polymer matrix via melt mixing
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operations which are highly compatible with industrial practice."' ~*°

Microwave-exfoliated graphite oxide (MEGO) has a similar struc-
ture to TEGO,” which suggests MEGO may also disperse using melt
mixing and might afford property enhancements comparable to
TEGO." However, the procedure for making MEGO is less time
and energy intensive than the typical TEGO synthesis;"'® moreover,
there are some differences in the reported physical properties of
TEGO and MEGO, such as different C:O ratios (ie., a generally
lower C:O ratio for MEGO compared to TEGO) and different
values of electrical conductivity (with TEGO generally being higher
than MEGO), which could possibly affect dispersion or the final
composite properties.' In light of these differences, we thus sought
to investigate the property enhancements afforded by MEGO, using
bisphenol A polycarbonate (PC) as a “model” matrix polymer, by
using melt mixing to mix dry MEGO powder with PC to create well-
dispersed MEGO/PC composites without the aid of solvents.
Herein, we present the first report, to our knowledge, on the
morphology and properties of a MEGO-filled polymer composite.

2. MATERIALS AND METHODS

2.1. Materials. SP-1 graphite (Bay Carbon), bisphenol A poly-
carbonate (M,, =45 000 Da; Scientific Polymer), and all reagents used in
the synthesis of GO were used as received.
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2.2. Production of Composites. Graphite oxide (GO) was
prepared via a modified Hummers method'® and dried for 48 h under
vacuum. The GO was loaded into a glass beaker, put into a domestic
microwave oven (General Electric), and heated for ~20 s to cause rapid
exfoliation and reduction of the material (the yield of MEGO relative to
the starting amount of GO was ~20%). The black, fluffy powder was
collected and compressed by hand to facilitate weighing and loading into
the processing equipment. The polymer and MEGO powder were fed
into a twin-screw DSM Xplore microcompounder with a mixing
chamber volume of S mL. The composites were mixed with MEGO at
the following weight percent loadings: 0.1, 0.5, 0.8, 1.3, 2.1, and 3.0 wt %,
as confirmed by thermogravimetric analysis of the extrudates. Nominal
loadings were higher than the values reported here; however, since
MEGO has alow bulk density and some MEGO powder was lost during
handling and particularly during the mixing step, actual loadings were
found to be as much as 25% lower than the nominal values. For the
microcompounding step, the melt mixing temperature was 250 °C, with
a screw speed of 100 rpm and a residence time of 9 min. The extrudates
were retrieved directly from the mixer and placed in a desicciator at room
temperature for 24 h prior to molding. The dried extrudates were then
pressed using a hydraulic hot press (Wabash) at 67 kN and 250 °C for
S min and then cooled in the mold under pressure for S min (the mold
temperature was below 100 °C after cooling), resulting in uniform films
of ~0.3 mm thickness.

2.3. Characterization of MEGO. Elemental analysis by combus-
tion was performed by Atlantic Microlabs in Norcross, GA. XPS analysis
was performed using a Kratos AXIS Ultra DLD spectrometer (mono-
chromated Al K emission at 1486.6 eV with an operating power of 150 W).
A FEI Quanta-600 environmental scanning electron microscope (SEM)
was used to image the morphology of the “wormlike” MEGO particles,
which were pressed directly into carbon tape for imaging. A 30 kV
accelerating voltage at ~10~ ¢ Torr was used to image the dry powders.
Determination of specific surface area using the Brunauer—Emmett—
Teller (BET) equation'” was carried out on a Quantachrome Instruments
Nova 2000 using nitrogen as the adsorbent at 77 K.

2.4. Thermomechanical Analysis. The linear viscoelastic re-
sponse of the composites was measured using dynamic mechanical
analysis (DMA Q800, TA Instruments). Strips of composite of uniform
width (~S mm) were cut from the hot-pressed film (thickness of roughly
0.3 mm) using a razor blade. For fixed-frequency temperature scans,
dynamic loading was applied in a tensile geometry at 1 Hz at 0.02% strain
witha 0.01 N tensile force preload. A temperature ramp rate of 3 °C/min
was used to obtain storage and loss modulus values as a function of
temperature, and the tan delta peak was used to determine the glass
transition temperature, T, Thermogravimetric analysis (TGA4000,
Perkin-Elmer) was used to observe changes in nonoxidative thermal
degradation behavior versus the neat polymer, using a ramp rate of
10 °C/min with N, as the sample purge gas.

2.5. Impact Testing. The impact strength of neat PC and the
composites were measured according to ASTM D256. Samples were com-
pression-molded into bars of specified dimensions (6.4 X 1.27 x 0.32 cm).
Notched Izod impact tests were then performed at room temperature using a
TMI Izod impact tester, with an impact velocity of 3.5 m/s.

2.6. Rheology. Rheological characterization of the composites was
performed using a TA Instruments AR 2000EX rheometer. All samples
were tested at 230 °C under flowing nitrogen. Approximately 0.75 g of
the extrudates was loaded onto a 25 mm parallel plate fixture and subse-
quently squeezed to a disk of approximately 0.9—1 mm thickness for
testing. For each sample loading tested, a dynamic strain sweep at 1 rad/s
was performed to find the limit of linear viscoelasticity. The maximum
strain before the drop in storage modulus (G') with increasing strain
(before G’ had decreased to ~95% of its limiting value) was recorded and
used as the constant strain for the frequency sweep test. A frequency
sweep at constant strain was then performed from 100 to 0.0S rad/s.

2.7. Composite Morphological Characterization. X-ray dif-
fraction studies were performed using a Philips X-PERT diffractometer
using Cu Ka radiation. A generating voltage of 40 kV and a current of
30 mA was used, with a 2 s dwell time. For transmission electron micro-
scopy (TEM) imaging, the extrudates were microtomed (Leica Ultracut
UCT, Reichert Inc.) at a direction perpendicular to the axis of extrusion
to slices of approximately 75 nm thickness using an ultra4S diamond
blade, then placed onto copper TEM grids (Ted Pella 300 mesh). The
TEM images were acquired on a JEOL 2010F at 200 keV.

2.8. Electrical Conductivity Measurements and Annealing
Treatment. Hot-pressed composite samples having ~0.3 mm thickness
were cut into strips (roughly 3 mm wide and S mm long). A thin “skin”
layer deficient in the microwave-exfoliated graphite oxide platelets was
removed by oxygen plasma etching (Plasma-Preen II-862, Plasmatic
Systems; 2 Torr of O,, 3 min, 350 W) to reduce the contact resistance
between the metal leads and sample tested. After etching, the small
amounts of silver paste (SPI) were dropped onto the surface to lower
the contact resistance of the probes, and the samples were then allowed to
sit at room temperature for 24 h before measurement. Conductivity
measurements were performed with a four-probe conductivity apparatus
(Keithley 6514 electrometers and Keithley 6221 ac/dc source); the values
were checked against a dc multimeter (Keithley 2410) with a threshold
detection limit of ~0.2 G. To calculate the conductivity, the thickness ¢ of
the sample was measured with calipers, and from the sheet resistance R
measured by the four-probe measurement, the resistivity was calculated as
p =tR, and then the conductivity was calculated as 0= 1/ p (units of S/m).

Long-term annealing treatments were performed on the composites
in an attempt to randomize the orientations of the dispersed platelets
with the goal of lowering the conductivity percolation threshold and
raising the conductivity of the composites. For the annealing treatment,
the samples were treated in a vacuum oven at 230 °C for 24 h. The
conductivity measurements on the annealed samples were then per-
formed identically to those samples which were not annealed.

2.9. Thermal Conductivity Measurements and Annealing
Treatment. A symmetric, “guarded hot plate” thermal conductivity
apparatus was assembled, and measurements were taken according to a
previous report.'® Briefly, two composite specimens of equivalent size
(25 cm x 2.5 cm X 0.3 cm) were compression-molded at 250 °C and
67 kN for 3 min, then cooled inside the mold under pressure, and retrieved.
After conditioning for 24 h, the faces of the specimens were coated in zinc
oxide thermal grease, and a flexible polyimide heater (Minco, HKS951) of
equivalent lateral dimensions to the specimens was sandwiched between
them. Thermocouple contacts (of 0.08 mm diameter; Omega, CHAL-003)
were placed on each face of the specimens. Two identical aluminum heat sinks
were pressed on the outer faces of the specimens, and the whole apparatus was
subsequently pressed together firmly with a spring clamp and covered with
foil to provide radiation and convective shielding. A constant voltage and
current was supplied (dc voltage source, Extech), and V and I were read from
a display on the source (and independently measured using a multimeter) to
calculate Q = VI to obtain the heat flow, from which the thermal conductance
and thus thermal conductivity could be calculated based on the sample
geometry. Measurements at a given Q value were taken at regular intervals
until the temperature readings were constant (typically 3—4 h). The accuracy
of the setup was verified with neat samples of nylon-6 and polycarbonate by
comparison against tabulated thermal conductivity values. For the annealing
treatment, the samples were placed inside a mold (to maintain the sample
geometry) and heated in a hot press (Fred S. Carver, Inc.) at 230 °C and ~1
kN for 14 h. The conductivity measurements on the annealed samples were
then performed identically to those samples which were not annealed.

3. RESULTS AND DISCUSSION

3.1.Fillerand Composite Morphology. Microwave-exfoliated
graphite oxide has a fluffy, lightly stacked structure of wrinkled
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Figure 1. (a) C 1s XPS spectrum of MEGO with peak deconvolution
shown. (b) SEM image of MEGO particles. (c) Image showing the loss
of optical clarity in polycarbonate as a function of loading. From left to
right: neat PC (barely visible; marked with arrow), 0.1 wt % MEGO/PC,
and 0.5 wt % MEGO/PC. All samples shown are 0.27—0.30 mm thick.
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Figure 2. Normalized wide-angle X-ray scattering plots of GO, MEGO,
neat PC, and MEGO/PC composites.

platelets as shown in Figure la. The particles appear “wormlike”
at lower magnification due to the large c-axis expansion that
results from the microwave treatment. As-prepared GO was deter-
mined to have a C:O ratio of 1.4:1, while MEGO was found to
have a C:O ratio of 3.2:1 (approximately 2:1 according to XPS),
roughly consistent with our earlier report on the synthesis
and properties of MEGO." XPS measurements indicated the
presence of oxygen-based functional groups on the platelets,
although in much lower concentration than GO. BET surface area
measurements revealed a specific surface area of 432 m*/g for the
platelets. Upon dispersion of MEGO into PC, the composites
become black in color and thin films (~0.3 mm) of composite
become completely opaque at and above 0.5 wt % loading, as shown
in Figure 1c.

Wide-angle X-ray scattering and TEM were used to probe
the dispersion of MEGO in the composites. X-ray scattering

Figure 3. Representative TEM images of microtomed cross sections of
3.0 wt % MEGO/PC composites, showing the presence of crumpled,
multilayered MEGO platelets dispersed throughout the PC matrix.

plots are shown for MEGO, neat PC, and MEGO/PC compo-
sites in Figure 2. The scattering intensity profile for MEGO is
nearly featureless relative to GO, except for a slight, broad
peak between 24° and 26° corresponding to a d-spacing of
~0.35 nm. Since MEGO is largely exfoliated (relative to GO)
before mixing into the PC matrix, it was expected that the
composites would exhibit an exfoliated morphology according
to X-ray scattering analysis. Figure 2 shows that no change in the
scattering profile was observed even at the highest loadings of
MEGO, suggesting that the composites have an exfoliated
morphology and that no significant restacking occurs upon
dispersion.

Microtomed cross sections of 3.0 wt % MEGO/PC composites
were analyzed by TEM. The MEGO platelets show adequate
contrast against the PC matrix to allow imaging without staining,
although thinner platelets (particularly at lower magnifications)
were difficult to clearly resolve. As evident from Figure 3, the
platelets were largely multilayered and exhibited wrinkled con-
formations. The platelets were evenly dispersed throughout the
matrix along with a low concentration of agglomerated platelets.
Many of the platelets appear to be in contact in the images,
suggesting that the MEGO particles have formed a percolating
network at this loading, consistent with our electrical and
rheological measurements.

Several images of the composite cross section were analyzed in
attempt to quantify the dispersion of the MEGO/PC composite.
On the basis of an analysis of platelet size in several TEM images,
the platelets were estimated to have an average lateral dimension
of 202 nm with an average thickness of roughly 4.5 nm, translating
to an average platelet aspect ratio of ~45. However, there is a
possibility that few-layer or monolayer platelets—which may be
“invisible” by TEM-—were dispersed in the matrix, sug-
gesting the actual average aspect ratio of the dispersed MEGO
platelets may be higher than our estimation. Also, complications
with analyzing dispersion from these two-dimensional projections
could also affect this analysis."

3.2. Rheological Properties. Melt rheological studies on
the composites were performed to quantify dispersion.”® For
each loading tested, a strain sweep was first performed to identify
the limit of linear viscoelasticity, followed by a constant-amplitude
frequency sweep. The transition from liquidlike (G’ ~ @* and G”
~ o) to solidlike (G’ and G” ~ ®°) terminal behavior can
provide a measure of the rheological percolation threshold for the
composites®' and can be used to calculate an effective aspect ratio
(Ag) of the platelets, based on the idealized assumption of rigid,
ellipsoidal tactoids.”* Ren and co-workers’"** showed with a
volume-filling calculation that the filler loading corresponding to
the onset of percolation can be used to estimate the aspect ratio of
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Figure 4. Frequency sweeps of MEGO/PC composite melts at 230 °C.

the platelets according to the equation'

3¢sphere
2¢perc

Af =

where §gphere is the percolation threshold for randomly dispersed
spheres (=0.29) and ¢erc is the observed percolation threshold
for this composite system. As shown in Figure 4, the onset of
terminal behavior appears around 2.1 wt % (~0.92 vol %, based
on the density of graphite, 2.28 g/cm®), suggesting A¢ = 47, in
good agreement with the TEM observations—particularly con-
sidering that some few- or single-layer platelets may have been
“invisible” by TEM, which would tend to decrease the Af
estimated from that analysis.

3.3. Mechanical Properties. The high aspect ratio and rela-
tively high modulus of graphene-based materials**** allows them
to be the primary load-bearing component when dispersed into a
polymer,” and thus significant remforcement by graphene-based
fillers has been previously reported.”® In this study, dynamic
mechanical analysis (DMA) was used to probe the mechanical
properties of the composites; Figure S provides representative
plots of the storage moduli (E') and tan delta of the composites as
afunction of temperature. E' was found to increase both below and
above the glass transition temperature, T,. Near room tempera-
ture, E' increased by over 30% versus neat PC at 3.0 wt %, while the
rubbery plateau modulus increased by nearly 400% at the same
loading. Additionally, the tan delta peak decreased in magnitude
with loading but the breadth of the peaks remained constant.

For polymer composites which are transverse isotropic, the
composite modulus can be approximated by analytical expres-
sions based on Mori—Tanaka theory.””® For this study, we
compared the normalized storage moduli of the composites near
room temperature to values predicted by Mori—Tanaka theory
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Figure S. Plots of (a, b) storage modulus (E’) and (c) tan delta versus
temperature for various loadings of MEGO in PC.

to arrive at a rough estimate of the modulus of the MEGO
platelets. The measured values of the composite moduli and
aspect ratio, along with tabulated values for the Poisson’s ratlo, 1/,
of graphite and PC (equal to 0.06 and 0.37, respectively' "),
were used to extract a value for the effective platelet modulus
according to the equation

En
1+ O(=2mAs + (1 —v)Ay + (1 + vin)AsA) /24

where E is the composite modulus, E,, is the matrix elastic
modulus, ¢ is the volume fraction of filler (converted from weight
percent based on the density of graphite, ~2.28 g/cm?), and the
A, are parameters that can be calculated from ¢ and v following
equations derived by Tandon and Weng.*® Using the average
platelet aspect ratio estimated from TEM analysis (A¢ = 45), we
calculated a value for the effective modulus of the MEGO platelets
of ~60 MPa based on the measured longitudinal moduli of the
composites (Figure 6). This value is con51derab1y lower than the
measured value for “pristine’ graphene and also lower than the
measured values for graphene oxide™ and reduced graphene
oxide,”* which may be a consequence of defects in the platelet
structure and also the wrinkled configuration of the platelets, in
addition to the multilayer structure of the platelets.’" In addition,
the DMA measurements revealed very little increase in the T,. of
the composites versus neat PC, consistent with other results on
TEGO/PC composites.'" In some other graphene-based compo-
site systems, large increases 1n T (10—15 °C and, in some cases,
higher) have been reported; "’ such large increases may be due to
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Figure 6. Comparison of experimental modulus data to calculations
using Mori—Tanaka theory (using the aspect ratio, A; determined by
TEM) provides an estimate of platelet modulus (E) of ~60 GPa.

Table 1. Rheological and Dynamic Mechanical Properties
and Impact Strengths of Neat PC and MEGO/PC Composites
at Various Loadings

loading E' (1 Hz, 40 °C; G (0.05rad/s, Izod impact

(wt %) GPa) T, (*C) 230 °C; Pa)  strength (J/m)
neat PC 1.74 4+ 0.03 156.8 £0.2 S.0 700.6

0.1 1.74 £ 0.04 156.6 £0.2

0.5 1.82£0.01 157.0+ 0.1 15.1 88.4

0.8 1.92£0.01 156.7£0.2

1.3 2.07 +0.02 1569 £0.1 44.4 41.4

2.1 2.23 £ 0.08 1569 £0.1 1331 39.6

3.0 2.27£0.03 1574£02 2921 20.0

comparatively better dispersion, resulting from more complete
exfoliation of the platelets prior to mixing or resulting from the
mixing step itself, or both.

The exceptional impact strength of PC is a major reason for its
widespread application. Previously, the inclusion of layered
silicate fillers into PC has been reported to compromise ductility
and cause significant decreases in the Izod impact strength.>***
In this study, the composites exhibited brittle fracture at room
temperature with significantly lower impact strength than neat
PC, as shown in Table 1. Thus, while MEGO can be used to
significantly improve the stiffness and conductivity properties of
PC, it comes at the cost of impact strength.

3.4. Electrical Properties. A variety of graphene-based poly-
mer composite systems have shown significant improvements in
electrical conductivity versus the neat polymer matrix," including
PC-matrix composites.'”"> In this study, we observed large
improvements in the electrical conductivity as tested by a four-
probe conductivity apparatus. For loadings below 1.3 wt %, the
resistances of the composites were sufficiently high to be out of
range of our test setup (~0.2 GRQ). However, Figure 7a shows
that a large increase in the conductivity of the composites began
at 1.3 wt % (and increased further as the loading increased), thus
suggesting an onset of conductivity percolation below that of
rheological percolation. On the basis of the MEGO loading at the
conductivity percolation threshold, A = 74, considerably higher
than estimated from melt rheology or TEM. The onset of
electrical percolation at a lower loading than rheological percola-
tion has been established in other composite systems; however,
our result stands in contrast to previous reports on TEGO-filled
composites.'>" It should also be noted this electrical percolation
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Figure 7. Measurements of electrical conductivity, 0, on neat PC and
MEGO/PC composites; annealed samples were treated at 230 °C for
24 h. (a) Electrical conductivity data suggest electrical percolation
around 1.3 wt %. At values below 1.3 wt %, the conductivity was
too low to be determined by our laboratory setup, even after annealing.
(b) Fitting of the conductivity power law above the percolation thresh-
old allowed estimation of the critical exponent t, which was found to
decrease on annealing.

threshold is comparable to or lower than what has been
previously reported for TEGO/PC composites.'>**

It has been well-established in rheological studies that pro-
longed large-amplitude shear or other externally applied flow can
suppress the terminal solidlike behavior in polymer composites
by destroying a percolated network of filler particles, if one
exists.”®*" Thus, the conductivity percolation threshold and
ultimate composite conductivity can be affected by such
large strain deformations." Previously, it has been reported that
long-term annealing treatments under quiescent conditions can
promote disorientation of dispersed, anisotropic fillers such
as layered silicates®® and, more recently, TEGO."* Prolonged
thermal annealing of TEGO-reinforced polymer composites
has been reported to improve electrical conductivity, by enhanc-
ing connectivity between filler particles (at sufficiently low
concentrations).”> The mechanisms for particle disorientation
are not fully understood, but rheological measurements on
layered silicate composites suggest the process may be non-
Brownian (i.e, not dependent upon matrix viscosity or particle
size) and has a power-law dependence on time.*®

We thus sought to investigate whether long-term thermal
annealing could further improve the conductivity of MEGO/PC
composites under the presumption that the ~0.3 mm thick
samples hot pressed for conductivity measurements contain
highly-aligned platelets as a consequence of the sample geome-
try. For their TEGO/PC composites (M, ~ S0 kDa), Kim and
co-workers™ calculated a rotational relaxation time of rigid,
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Figure 8. Data from thermal conductivity measurements on neat PC
and MEGO/PC composites. Q represents the heat flow from the heater
through the samples, while AT is the average temperature gradient
across the two samples. The slope of the trendlines were taken as
the thermal conductance, from which the thermal conductivity could
be calculated for each loading tested. The inset schematic illustrates
the construction of the “guarded hot plate” setup used to perform the
measurements.

200 nm Brownian platelets in the PC matrix to be ~60 000 s at
230 °C and observed good experimental agreement in the
modulus recovery with time, thus suggesting an appropriate time
scale for annealing of MEGO/PC composites. Indeed, the
electrical conductivities of the composite samples at 1.3 wt %
and above were found to increase after a 24 h annealing
treatment, as shown in Figure 7b. However, conductivity perco-
lation was not observed at lower loadings following the annealing
treatment (i.e, the resistances of the 0.8 and 0.5 wt %
samples were still too high to be measured by our test setup),
possibly because the concentration of platelets at these loadings is
too low to form a percolated network, regardless of platelet
orientation.

Above the conductivity percolation threshold, the electrical
conductivity, o, generally scales as a power law function:

0 o< 0o(¢—¢.)'

where ¢ is the volume fraction loading of MEGO, ¢. is the
conductivity percolation threshold (volume fraction), 0y is the
conductivity of the matrix, and t is a scaling exponent, which has
been suggested to depend on the dimensionality of the system.">*”
Fitting this expression to the data, as shown in Figure 7b with
¢~ 0.006, suggests t = 2.14 for the as-molded composite samples
and t = 1.80 for the 24 h-annealed samples. Both values of t are
close to the value of 2 predicted by percolation theory for a three-
dimensional conducting network.*®

3.5. Thermal Conductivity and Thermal Stability. Pristine
graphene has been reported to have a thermal conductivity as high
as 5000 W/(m K),**** and although no measurements have been
reported to date on the thermal conductivity of GO-derived
materials such as MEGO or reduced graphene oxide, it is expected
that such materials may also exhibit high thermal conductivities—
albeit much lower than pristine graphene due to the presence of
defects and residual functional groups. There have been several
reports on the use of graphite nanoplatelets to improve the
thermal conductivity of polymers; however, to date, there have
been few reports on the thermal conductivity of polymer

Table 2. Effect of Long-Term Thermal Annealing on the
Electrical and Thermal Conductivity of MEGO/PC
Composites

electrical conductivity (S/m) thermal conductivity (W/(m K))

loading

(wt %)  as-molded annealed” as-molded annealed”
neat PC 0.19 +0.02

0.5 0.18+£0.03

13 22x107°%  saxi107t

2.1 90x107*  50x107° 020003 0.22+0.04
3.0 25%x107° 0.036 0.23 +0.03 0.24£0.02

924 h at 230 °C. " 14 h at 230 °C.

composites with GO-derived fillers, particularly with amorphous
thermoplastic matrices such as PC.'

In this study, thermal conductivity measurements were made
at steady-state using a “guarded hot plate” setup as described in
section 2.9. According to a previous analysis, the total uncer-
tainty in the measurements with this setup and sample geome-
try is ~6%."® A sample set of results are shown in Figure 8 for
neat PC and a 3.0 wt % MEGO/PC composite. Taking the
thermal conductance, G, from the slope of a plot of Q versus T,
the thermal conductivity k was then calculated according to the
equation

Gt

k= —
2A

where t is the sample thickness and A is the sample area. We
measured the thermal conductivity of neat PC to be 0.19 £
0.02 W/(m K), while for the 3.0 wt % MEGO/PC composite, a
value of 0.23 £ 0.03 W/(m K) was obtained (see Table 2).

The improvement in thermal conductivity observed in this
study is well below the upper bound predicted by a simple rule
of mixtures;*! despite the onset of electrical percolation around
1.3 wt % leading to large increases in electrical conductivity, only
small increases in thermal conductivity were observed. Compar-
ably small improvements in thermal conductivity have also been
generally observed in carbon nanotube-filled composites,*"**
although it is expected that graphene-based fillers could ulti-
mately provide superior thermal conductivity enhancement
due to lower interparticle thermal resistance.”** However,
relative to the large (many orders of magnitude) improvements
observed in electrical conductivity, conductive fillers will
generally provide much smaller improvements in thermal con-
ductivity at equal loadings due to the considerably smaller
contrast between the thermal conductivity of the polymer matrix
and the filler, compared with the contrast in the electrical
conductivity.**

Relative to the thin films pressed for electrical conductivity
measurements, the 3 mm-thick samples pressed for thermal
conductivity measurements may have had less flow-induced filler
alignment and thus better filler connectivity."> Still, as our
measurements were made transversely to the flow direction,
we also sought to evaluate the effect of a long-term annealing
treatment (as described in section 2.9) on the composites’
thermal conductivity. However, as shown in Table 2, the
annealing process was found to have little effect on the thermal
conductivity of the composites, despite the significant increase
observed in the electrical conductivity.
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Figure 9. Comparison of thermal conductivity measurements to pre-
dictions of composite thermal conductivity from the Hatta and Taya
model. “Parallel” represents the model prediction of the composite
conductivity parallel to the plane of the aligned platelets, while “per-
pendicular” represents the conductivity out-of-plane. A filler thermal
conductivity of 100 W/(m K) was used for the calculation, along with a
matrix thermal conductivity of 0.19 W/(m K) and a platelet aspect
ratio of 4.
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Figure 10. TGA plots of neat PC versus a 3.0 wt % MEGO/PC
composite show a very small improvement in thermal stability of the
composites relative to neat PC.

Improvements in thermal conductivity can be used as a
measure of dispersion; several models for predicting the thermal
conductivity of polymer composites exist."”> The equivalent
inclusion method developed by Hatta and Taya allows for
estimation of composite thermal conductivity both parallel and
perpendicular to the plane of aligned, disk-shaped platelets in a
polymer matrix:*>*°

¢
S(1—=¢) + K/ (ki = ki)

ke = kn |l +

where k., k., and k¢ are the thermal conductivities of the
composite, matrix, and filler particles, respectively, ¢ is the
volume fraction of filler, and S is a shape factor that depends
on A¢and orientation according to S = 7/4A¢ for measurements
parallel to the plane of orientation or S = 1 — 7/2A¢ for
measurements perpendicular to the plane of orientation. For
an Ay of 45 (as estimated from TEM analysis), the composite
thermal conductivity was found to be nearly independent of the

intrinsic platelet conductivity above 100 W/(m K), according to
the model. Moreover, for any value of the filler conductivity
greater than the matrix, the composite thermal conductivity at 3.0
wt % and Af = 45 was calculated to be ~0.19 W/(m K)
perpendicular to the plane of orientation, thus suggesting some
level of disorientation in the as-molded composites (i.e., the
dispersed platelets were oriented at some range of angles to the
hot pressing direction) as suggested by Figure 9. While defects
and residual functional groups in the structure of MEGO may
limit its intrinsic thermal conductivity, our analysis suggests that
the dispersion (ie, Af) might be the more impor-
tant factor limiting the thermal conductivity of the composites,*’
particularly in light of recent work by Wang and co-workers
reporting a 400% improvement in the thermal conductivity of a
(unreduced) graphene oxide/epoxy composite at 5 wt %.**

Graphene-based fillers have been widely reported to improve
the thermal stability of polymer composites relative to the host
polymer."* Thermal degradation studies of the composites were
performed using thermogravimetric analysis. The results are
shown in Figure 10, where the shift in the onset of the thermal
degradation temperature is plotted against loading of MEGO.
Very little change in the nonoxidative thermal stability was
observed with higher weight percent loadings of MEGO filler
(data for other loadings not shown). Differences in the residual
mass between composites of different loadings were used to
assign “true” loading values, since some MEGO was lost during
handling and particularly the mixing step.

4. CONCLUSIONS

The dispersion of MEGO into PC via melt mixing results in
multifunctional property improvements versus neat PC. TEM
images of the composites showed multilayer platelets well-dis-
persed throughout the PC matrix, with an average aspect ratio of
~45. Rheological measurements suggested an onset of connec-
tivity percolation around 2.1 wt %, while electrical percolation was
observed around 1.3 wt %, and long-term thermal annealing of the
composites well above T, was found to improve the electrical
conductivity further. However, only modest increases in thermal
conductivity were observed in this study. Moreover, the improve-
ments in stiffness and conductivity came at the cost of diminished
transparency and decreased impact strength. But despite these
shortcomings, this study shows that MEGO can be easily
dispersed into a suitable polymer matrix via melt compounding,
while offering lower conductivity percolation thresholds and
comparable electrical conductivity improvements to thermallg
exfoliated graphite oxide and multiwalled carbon nanotubes.”
Moreover, the large electrical conductivity improvements
coupled with the small thermal conductivity gains observed in
this work suggests possible interesting new directions for gra-
phene-based polymer composites, such as thermoelectrics.*’
Given the facile synthesis of MEGO, this approach described
here may provide a highly attractive route to graphene-based
polymer composites.
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