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Ultra-High Loading of Coal-Derived Flash Graphene

Additives in Epoxy Composites

Paul A. Advincula, Wei Meng, Lucas J. Eddy, Jacob L. Beckham, Ivan R. Siqueira,*
Duy Xuan Luong, Weiyin Chen, Matteo Pasquali,* Satish Nagarajaiah,*

and James M. Tour*

Graphene has proved to be an exceptional reinforcing additive

for composites, but the high cost of its synthesis has largely prevented its
addition on industrial scales. Flash Joule heating provides a rapid, bulk-scale
method for graphene synthesis from coal materials, such as metallurgical
coke (MC), into metallurgical coke-derived flash graphene (MCFG). Here, this
work investigates the properties of graphene-epoxy composites in a higher
nanofiller content regime than has previously been reported in literature.
Composites with 20 to 50 wt% loading of MCFG are prepared by combining
MCFG with diglycidyl ether bisphenol A epoxy precursor (DGEBA) and
1,5-diamino-2-methylpentane. With a 1:2 ratio of MCFG:DGEBA, the Young’s
modulus increases by 92% and with a 1:3 ratio, hardness increases by 140%.
At a 1:4 ratio of MCFG:DGEBA, compressive strength and maximum strain
increase by 145% and 61%, respectively. At a 1:3 ratio of MCFG:DGEBA,
toughness increases by 496%. Finally, at a 1:1 ratio of MCFG:DGEBA,

GHG emissions, water consumption, and energy consumption are reduced by
33%, 47%, and 34%, respectively. As the cost of FG plummets, since it can be
produced from very low cost materials like MC, in milliseconds with no solvent
or water, the prospects are promising for its high-loading use in composites.

1. Introduction

Epoxy resins are a commonly used class of
thermosetting polymeric materials with a
wide variety of applications, such as coat-
ings, adhesives, and composites. This is
due to their ease of processability, high me-
chanical strength, chemical and corrosion
resistance, and thermal stability.'!! Epox-
ies exhibit a high degree of crosslinking,
which give them high rigidity and strength.
However, this same phenomenon makes
them brittle and vulnerable to cracks.[?!
Diglycidyl ether bisphenol A (DGEBA) is
one of the most popular epoxy resins
due to its outstanding chemical and me-
chanical properties, including processabil-
ity at low temperatures and good wet-
tability to reinforcing additives.>*! The
properties of such materials can often
be enhanced through addition of car-
bon nanomaterialsl>®! since these nano-
materials possess outstanding mechanical,
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thermal, and electrical properties.””] This can improve the tough-
ness of the epoxies, making them less brittle. Carbon fibers
have been used in previous reports to obtain high filler content
in epoxy composites. However, the high cost of carbon fibers
has slowed their widespread use.[®l Other methods for obtaining
high loadings of nanofillers include use of buckypapers!®! and
aerogels,['% which are limited by their high cost and difficulty of
production.

One such nanomaterial, graphene, has been shown to be an
effective reinforcing additive for epoxies. Consisting of a honey-
comb sheet of carbon atoms, graphene was disclosed in 2004 by
Novoselov and Geim through micromechanical graphite cleav-
age using adhesive tape.l"!l The unique structure of graphene
imparts it with outstanding thermal, electrical, and mechanical
properties.l'>1*] However, the high cost of producing graphene
using traditional energy- or chemical-intensive processes has
prevented its use on an industrial scale.’! Techniques such
as mechanical and chemical exfoliation,!'") chemical oxidation
or reduction,['®'7] shear exfoliation,!'®! and others!*! produce
graphene that costs between $60 000 to $200 000 per ton, de-
pending on the quality of the product.[?*2!l No technique has
yet been able to provide ton-scale bulk-scale production of high-
quality graphene.

Additionally, the loading of the filler is often limited by several
factors. Higher loadings lead to increased viscosity of the pre-
curing mixture, resulting in a decrease in mechanical strength
of the final composite due to insufficient dispersion of the filler
in the composite. The decrease in mechanical properties can
also be attributed to the lack of interfacial interactions between
the matrix and filler.”2] Without further functionalization, such
as treatment with O,/H, 0, van der Waals forces tend to domi-
nate the interface between graphene and the surrounding poly-
mer matrix.?3] This native interface creates weak points in the
mechanical transfer of stress from the matrix to the nanofiller.
As such, for most graphene-type materials, the optimal range of
loading is as low as 0.1 to 0.5 wit%, with some reports reach-
ing as high as 8 wt%.22432] The high aspect ratio of graphene
(between 500 and 2000)(33] means that mechanical property en-
hancements can be obtained at relatively small loadings, which
is advantageous due to the high cost of conventionally produced
graphene.?*l Addition of graphene materials has been shown to
enhance mechanical properties,!3>3¢] EMI shielding,*”! and elec-
trical propertiest®! of epoxy composites.

Recently, our group demonstrated that flash Joule heating
(FJTH) could be used to synthesize flash graphene (FG) from a
variety of different feedstocks, including plastic waste,[?! coffee
grounds,*! rubber tires,!*! and carbon black.[***3] The resulting
FG is turbostratic/*l and more thermally stable than comparable
reduced graphene oxide materials produced from conventional
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techniques, such as the Hummer’s method.[**! These properties
make FG ideal for use as an additive to composites.

Different grades of coal have been found to be ready feedstocks
for conversion into graphene using flash Joule heating. Annual
consumption of coal is estimated to fall from 5.25 billion tons in
2020 to 600 million tons by 2050, due to the growth of renewable
energy sources, such as solar and wind power.[*’] Hence, the coal
industry and coal-producing locales are continually searching for
alternative applications of coal materials. Composition and prop-
erties of carbon sources vary according to type, such as anthracitic
coal, charcoal, calcined coke, and petroleum coke. Each of these
examples have been successfully converted into FG.[*°] Addition-
ally, metallurgical coke (MC) has been found to be one of the best
feedstocks for FJH, due to its high carbon content, conductivity,
and purity.[*8]

The aim of this study is to incorporate metallurgical coke-
derived flash graphene (MCFG) into DGEBA epoxy at high load-
ing ratios, ranging from 20-50%, and prepare a graphene-epoxy
composite with improved mechanical properties. Until recently,
such high loadings of graphene were impractical due to the cost
and availability of graphene, but FG has changed that metric.
While other nanomaterials have also been shown to be effective
additives to epoxies, MCFG is used due to the low cost of materi-
als and conversion relative to current alternatives, which enables
its use on an industrial scale, as well as its efficacy as a reinforcing
additive. The optimum loading of MCFG, where the ratio of me-
chanical property enhancement to loading is maximized, likely
occurs at lower loadings, but here we explore the use of MCFG as
both a reinforcing and filling additive to reduce the cost and envi-
ronmental impacts of the matrix material, hence the high loading
ratios. Conventionally produced graphene is limited to low wt%
loadings due to its high cost, whereas MCFG could later become
free of such restrictions.

MCEG is prepared by FJH of MC using a flash Joule heater.
This MCFG is then mechanically stirred, and shear mixed with
DGEBA epoxy and 1,5-diamino-2-methylpentane curing agent in
a single vial. After curing, micro- and macro-scale mechanical
testing of the composites shows significant improvement in the
materials’ Young’s modulus, hardness, maximum strain, com-
pressive strength, and toughness. Due to the low cost of produc-
ing MCFG through FJH, MCFG can act as both a reinforcing
additive and as a filler material to strengthen and replace epoxy
in a composite material, as well as provide an alternative, envi-
ronmentally friendly application of coal materials as determined
here by a preliminary life cycle analysis.

2. Results and Discussion

DGEBA, MCFG, and curing agent (1,5-diamino-2-
methylpentane) are combined in a 20 mL scintillation vial,
as shown in Figure 1. A magnetic stir bar is then used to stir the
solution. To enhance the shearing and dispersion of the MCFG
in the resin, high shear mixing is then applied to the solution.
Finally, the epoxy resin is cured and crosslinked by heating the
solution at 70 °C for 2 h without a cap. This process ensures that
the MCFG is well-dispersed throughout the epoxy resin, without
use of solvents.

To ensure that the graphene used in this composite material
was good quality, the MCFG was characterized using Raman
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Figure 1. Schematic illustration of the preparation of MCFG:DGEBA composites.

spectroscopy and X-ray diffraction (XRD). Analysis of graphene
usually depends on three prominent active phonon modes. These
include the 2D (~2700 cm™!), G (%1580 cm™'), and D bands
(~1350 cm™!). The 2D mode appears because of an overtone of
the in-plane transverse optic branch (iTO). The G band usually
appears in graphitic carbon as a response to an in-plane phonon
mode. The D peak is seen when there are graphene edges or
structural defects present in the sample. The ratio of I,/ I; peaks
is indicative of the quality and number of layers of graphene
in AB-stacked graphene. The FJH process produces turbostratic
graphene, meaning that the interlayer spacing between sheets
increases and the sheets of graphene are rotated about the axis
normal to the sheets.*!l As such, the intensity of the 2D peak
increases as the number of graphene layers increases. Normally,
in the case of AB-stacked graphene, more layers result in loss of
desirable 2D material properties as interlayer electron transport
increases. Turbostratic graphene retains its 2D properties, even
with more layers, because interlayer electron transportis reduced
by the increased interlayer spacing. Examining the I/I; ratio
also yields useful information about the degree of disorder in the
sample, where a higher ratio is indicative of a greater amount of
disorder.

Figure 2a,c compares the average Raman spectra and mapping
data of the MC feedstock and MCFG. FJH of the MC into MCFG
results in a rise in average I, /I ratio from 0.109 to 0.596. Addi-
tionally, the Ip,/I; ratio is reduced from 0.835 to 0.551. Together,
these indicate that the amorphous carbon of MC is converted into
MCEFG. FG yield is calculated by finding the percentage of spectra
that meet the following criteria: 1) minimum I, /I, ratio of >0.3,
2) signal-to-noise ratio of >5 in the 2D band region, and 3) 2D
band with a FWHM of <100 cm™". Prior to FJH, none of the MC
spectra qualify as graphene, but after FJH, 95.9% of the spectra
qualify as graphene, indicating the high conversion of MC into
MCEFG. Process yield, calculated as the mass after FJH divided
by the mass prior to FJH, is also high for MC, being ~95%. This
is consistent with the high carbon content of MC (Figures S2—
S4, Supporting Information). The resulting flakes are also quite
large, being up to ~0.75 um on average in size (Figure S5, Sup-
porting Information).
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XRD is also useful for verifying the type of stacking in
the graphene sheets. Typical AB-stacked graphene, such as in
graphite nanoplatelets, often have a narrow (002) peak at 26.4°.1*1]
Turbostratic graphene has increased interlayer spacing as a re-
sult of the rotation of graphene layers. As such, MCFG (Fig-
ure 2b) has a (002) peak that shifts to a lower diffraction angle
(26.1°) and increases in FWHM.! The much larger FWHM
of MC indicates that MC is amorphous. The increased inten-
sity and narrower (002) peak of MCFG relative to MC indi-
cates that the MCFG is converted to graphene. The low inten-
sity of 3D peaks, such as the (101) and (102), which appear at
45° and 50°, respectively, are also indicative that MCFG lacks
three-dimensionality. Raman spectroscopy and XRD definitively
show the conversion of MC into high-quality, turbostratic MCFG,
respectively.

Composites of MCFG and liquid epoxy resin (DGEBA) were
blended with a 1,5-diamino-2-methylpentane curing agent in a
single 20 mL scintillation vial. After stirring, high shear mixing,
and curing, the vial was cut with a diamond saw blade and broken
to extract the composite material before sanding (Figure 3a,b).
Raman spectroscopy was used to determine whether the MCFG
is well dispersed throughout the epoxy matrix. Each sample of
MCFG:DGEBA showed that >85% of spectra could be identified
as graphene (Figure 3c¢), indicating the good dispersion of MCFG
in the epoxy.

Thermogravimetric analysis (TGA) is used to confirm the up-
take of MCFG in DGEBA (Figure 3d). Degradation of the epoxy
appears to occur in two main stages. Between 350 and 450 °C,
~75% of the epoxy degrades, corresponding presumably to unre-
acted curing agent, dehydration of hydroxyl groups, and pyrolysis
of crosslinked epoxy resin. Between 450 and 600 °C, degradation
of the remaining 25% is likely the decomposition of cyclized or
aromatic byproducts.52l When MCFG is added to the epoxy sys-
tem, a third stage is introduced, corresponding to the degradation
of MCFG, beginning between 528 to 567 °C, with this tempera-
ture increasing as the proportion of MCFG increases. Degrada-
tion of the epoxy follows the same trend as before, with ~75%
of the epoxy degrading between 350 to 450 °C and the remain-
ing ~25% degrading between 450 °C and the onset degradation
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Figure 2. Characterization of the MC and MCFG. a) Average Raman spectra with standard deviation shown by shaded regions (N = 100), b) XRD spectra
with dashed lines indicating the positions of the (002), (101), and (102) peaks, and c) yield and intensity ratios of the MC and MCFG, as determined by

Raman spectroscopic analysis.

temperature of the MCFG in that sample. This decrease in degra-
dation temperature for the cyclized or aromatic byproducts is
likely due to decreased crosslinking because of the presence of
MCFG nanofillers. At a 1:1 ratio of MCFG:DGEBA, 50% of the
total mass remains at the onset of MCFG degradation. At a 1:2
ratio, ~#33% of the mass remains. These are consistent with the
initial loadings of MCFG in the epoxy. This trend continues in
the 1:3 and 1:4 ratios of MCFG:DGEBA.

The densities of three samples at each ratio were calculated
(Figure 3e). Compared to the neat epoxy, the density of 1:4
MCFG:DGEBA is 0.06 g cm™ higher. The density continues to
increase as the loading of MCFG increases, with a maximum
density increase of 0.23 g cm™ for the 1:1 MCFG:DGEBA com-
posite. Finally, the viscosity of each sample was analyzed as a
function of shear rate (N = 2), as seen in Figure 3f. Moderate
increases in viscosity are observed as the ratio of MCFG:DGEBA
is increased from 0:1 to 1:2. However, the viscosity of these slur-
ries is still low enough to be stirred with a magnetic stir bar,
even with a 1:2 ratio of MCFG:DGEBA. Viscosity increases with
particle loading, which is to be expected for general particu-
late systems.[?] This increase is still substantially small com-
pared to carbon nanotube solutions, likely because MCFG has
a lower aspect ratio of ~482 (see Section 4).°* At a ratio of 1:1
MCFG:DGEBA, the viscosity significantly increases, resulting in
decreasing workability of the slurry. Fitting the data with the
power-law model, the power-law index (n) is found to be 0.90
and 0.76 for the 1:2 and 1:1 ratios, respectively, indicating weak
shear-thinning behavior. “Average” viscosities of each slurry can
be found in Table S1, Supporting Information, where the aver-
age of all measurements across the range of tested shear rates is
calculated.
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Triboindentation was used to characterize the microscale me-
chanical properties of the MCFG:DGEBA composites. When
compared to neat epoxy, the surface of 1:1 MCFG:DGEBA has
clearly visible areas which are graphene-rich (Figure 4a,b). These
flakes can potentially be responsible for variation in the mea-
surements, an effect described by Han et al.”l Each sample of
MCFG:DGEBA, including the neat epoxy, was indented to a con-
tact depth of 1000 nm. The maximum load for neat epoxy was
~2.7 mN. This load increased as the loading of MCFG increased,
to a maximum of 6.1 mN for the 1:2 composite (Figure 4c). Fur-
ther increases in MCFG loading to a ratio of 1:1 led to a decrease
in maximum load to 4.5 mN. This could be due to decreasing
crosslinking density in the composite because of rising viscos-
ity from increasing MCFG loading. The average triboindentation
curves indicate that at the same contact depth, the composites
with MCFG required more force to achieve the same depth than
the neat epoxy. Analysis of these results demonstrates that addi-
tion of MCFG to the epoxy matrix results in significant increases
to the mechanical properties of the resin (Figure 4d). The maxi-
mum increase in hardness of 140% is obtained at a 1:3 ratio of
MCFG:DGEBA. A 92% increase in Young’s modulus is observed
ata 1:2 ratio of MCFG:DGEBA. At a 1:1 ratio of MCFG:DGEBA,
both Young’s modulus and hardness begin to decrease, likely due
to the increased viscosity of the 1:1 ratio slurry which leads to re-
duced crosslinking of the epoxy and aggregation of MCFG.

Compressive testing demonstrates that the addition of MCFG
to the epoxy resin results in improved mechanical properties.
Similar or improved Young’s moduli are observed for each com-
posite material, as well as significantly increased maximum com-
pressive strengths and strains to failure. The roughness in the re-
gion after the linear portion of the stress—strain curves for higher
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Figure 3. Optical images of a) top and b) side view of a typical MCFG:DGEBA composite. c) Average Raman spectra with standard deviation shown by
shaded regions (N = 100) and d) TGA profiles of MCFG:DGEBA composites. The temperature was ramped from 50 to 900 °C with a heating rate of 15
°C min~'. All samples were run under an atmosphere of air. e) Density measurements of MCFG:DGEBA composites (N = 3). f) Viscosity flow curve of
MCFG:DGEBA composites (N = 2). The shear thinning index, n, for the 1:2 and 1:1 MCFG:DGEBA slurries is indicated. Ratios denote the proportion of

MCFG to DGEBA.

ratio composites is likely due to the formation of pores and holes
within the epoxy, because of the increased viscosity of the higher
ratio composites before curing (Figure 5a).

Compressive strength is increased by 145% and the maximum
strain is increased by 61% in the 1:4 ratio of MCFG:DGEBA (Fig-
ure 5b). Toughness of the composites is optimized in the 1:3 ratio
of MCFG:DGEBA, with an increase of 496%. Further addition of
MCEFG decreases the toughness, with the 1:1 ratio being almost
the same as the neat epoxy. Addition of MCFG particularly af-
fects the toughness, maximum stress, and strain in tensile test-
ing, where significant decreases are observed (Figure S6, Sup-
porting Information). This is likely due to the increasing in solu-
tion viscosity which arises as FG proportion is increased, leading
to entrapment of air bubbles and voids, which can be observed

Macromol. Mater. Eng. 2022, 2200640 2200640 (5 of 10)

under scanning electron microscopy (SEM) (Figure S7, Support-
ing Information).

Finally, the environmental impact of nanofiller addition to a
matrix should be considered. Use of a reinforcing additive to
strengthen a composite means that less material is required for a
given application, thereby reducing cost and environmental im-
pact. Filler additives can achieve the same effect if production of
the filler is less expensive and less resource-intensive to produce.
MCFG has shown potential to fulfill both roles. In addition to
enhancement of mechanical properties, replacing DGEBA with
MCEFG results in a significant decrease in GHG emissions, wa-
ter consumption, and energy consumption (Figure 6). At a 1:1
ratio, GHG emissions are reduced by 33%, water consumption
is reduced by 47%, and energy consumption is reduced by 34%.
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(MPa) () Wm?)

(a) 300 (b) 300 70
8000

_ 250, 250 60
!E.‘Z 200 50 6000

s 200 -

g1 40 14000

& 100, 180 /. Comp. Strength 30
50 // -=— Max. Strain +20 2000

/ 100+ - Toughness
10 Lo

0 B
0 10 20 30 40 50 60 70
Strain (g)

0:1 1:4 1:3 1:2 11
Composite Ratio (MCFG:DGEBA)

Figure 5. Characterization of macroscale mechanical properties. a) Compressive stress—strain curves and b) mechanical property measurements for
MCFG:DGEBA composites (N = 3). Toughness measurements were evaluated by calculating the area under the stress—strain curve of each samples.

Ratios denote the proportion of MCFG:DGEBA.

At the best performing ratio of 1:3, GHG emissions, water con-
sumption, and energy consumption are reduced by 17%, 23%,
and 17%, respectively. Improvements in the FJH process, such
as increased batch size and decreased energy density might fur-
ther reduce GHG commissions, water consumption, and energy
consumption.

Process input and output data for epoxy production, metal-
lurgical coke production, and electricity usage for the FJH pro-
cess were based on literature.>>! Transportation of material and
waste stream disposal/remediation were defined as being outside
the scope of this study. Background data was sourced primar-
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ily from Argonne National Laboratory’s GREET model includ-
ing GREET.Net software and spreadsheet models. References,
sources, and detailed tables of the processes are shown in Tables
S2 and S3, Supporting Information.

3. Conclusions

Composites made from MCFG and DGEBA epoxy resin have
been successfully prepared through a simple, one-pot process in-
volving shear mixing and mechanical stirring. The high MCFG
uptake of the matrix material enables replacement of between

© 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. Flow chart of production of equivalent masses of a) neat epoxy, b) 1:4, ¢) 1:3, d) 1:2, and e) 1:1 MCFG:DGEBA composites. Comparison of f)
GHG emissions, g) water consumption, and h) energy consumption for neat epoxy and MCFG:DGEBA composites.

20 to 50% of the epoxy resin with high-quality, turbostratic
graphene. Addition of MCFG as a reinforcing additive increases
the mechanical properties of the material. Young’s modulus,
hardness, maximum compressive strength, and maximum strain
can be increased by 92%, 140%, 145%, and 61%, respectively,
under optimized conditions. Toughness can also be improved
by 496%. The low cost of MCFG production through FJH also
enables it to act as a filler replacement for the epoxy resin,

with only an increase in density between 0.06 to 0.23 g cm™.  fall.
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This technology could result in increased usage of FG as both
a reinforcing additive and a filler in epoxy composite appli-
cations, reducing costs and emissions because of the mate-
rial’s improved performance and because of MCFG’s lower en-
ergy consumption, water consumption, and GHG emissions,
compared to neat epoxy. This technique also provides an en-
vironmentally friendly alternative application for coal and coal-
derived materials as their annual consumption is predicted to
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4. Experimental Section

Materials:  MC was obtained from SunCoke Energy and ground into
various sizes. MCFG was prepared by sieving ground MC with a #12 and
#20 sieve. The portion of MC that was smaller than #12 and larger than
#20, corresponding to particles 1.68-0.841 mm in diameter, was then sub-
jected to a variable FJH pulse with duty cycles of 10%, 20%, and 50%, for
1,0.5, and 5 s, respectively. A pulse of 370 V and 1000 Hz frequency was
used to produce MCFG. The MCFG was then ball-milled with steel balls at
a weight ratio of 100:15 steel balls:MCFG for 2 h at 400 rpom. DGEBA was
obtained from Millipore-Sigma (Lot #: MKCK4566) and used as received.
1,5-diamino-2-methylpentane was obtained from Millipore-Sigma (Lot #:
SHBG9920V) and used as received.

Composite Preparation: MCFG:DGEBA composites were prepared by
combining 6.0 g of DGEBA with 0.9 g of 1,5-diamino-2-methylpentane in a
20 mL scintillation vial. The solution was mixed with a magnetic stir bar for
30 min at 300 rpm. During this mixing, 0.0 to 6.0 g of MCFG was slowly
poured into the vial, depending on the desired loading ratio of MCFG.
After stirring, the solution was then shear mixed with homogenizer ob-
tained from Cole-Parmer (Tissue Tearor 986370-07 Homogenizer; 120
VAC, 1.2A) for 5 min at 210 000 rpm. The solution was then placed in
a vacuum desiccator for 1 h to remove any remaining air bubbles. Once
degassed, the composite was cured on a hot plate for 2 h at 70 °C, then
allowed to cure at room temperature overnight. After curing was complete,
the scintillation vial was broken and the remaining composite was ground
with an abrasive wheel, then with 100, 800, 1000, 1200, and 2500 grit sand-
paper to remove the remaining glass and shape the composite to the ap-
propriate dimensions for mechanical testing.

Raman Spectroscopy: Raman spectra were collected with a Renishaw
inVia confocal Raman microscope using a 532 nm laser. A 50x objective
lens was used with a laser power of 5 mW to scan the samples from 1300
t0 2800 cm™. Large-area Raman mapping was used to determine the crys-
tallinity and morphology of the graphene by analysis of the spectra with a
custom-written Python script using the RamPy package. Collected spec-
tra were background-corrected, and a Savitsky—Golay filter was used to
smooth the spectra before quantification of graphene yield and peak ra-
tios. To qualify as graphene, three criteria were used to assess individual
spectra: 1) a minimum I, /I ratio of >0.3, 2) a signal-to-noise ratio of >5
in the 2D band region, and 3) a 2D band with a full width at half-maximum
(FWHM) of <100 cm™".

XRD: XRD data of ball-milled MCFG was collected and analyzed on
a Rigaku SmartLab Il instrument with zero background sample holders.
Collection was carried out with a scan width of 0.02° step™' and a scan
rate of 2° min~!. The X-ray wavelength was 0.154 nm. Thickness of FG
was calculated using the Scherrer equation (Equation (1)):[4°]

. 0.894
pcos O

M

Here, t is the out of plane crystallite thickness, 4 is the x-ray wavelength,
p is the FWHM of the (002) peak in radians, and @ is the diffraction angle
of the (002) peak. Aspect ratio is calculated by dividing the lateral flake
size (obtained through transmission electron microscopy; TEM) by the
thickness of the flakes.

X-Ray Photoelectron Spectroscopy: X-Ray Photoelectron Spectroscopy
(XPS) data of ball-milled MCFG were collected using a PHI Quantera SXM
Scanning X-ray microprobe maintained at 5 x 107° Torr. Survey spectra
were recorded with a step size of 0.5 eV at a pass energy of 140 eV. Ele-
mental spectra were collected using a 0.1 eV step size at a pass energy of
26 eV. Peak fitting was carried out using a Shirley baseline collection.

TGA: TGA was carried out using alumina pans in a Mettler Toledo
TGA/DSC 3+ system. The temperature was ramped from 50 to 900 °C with
a heating rate of 15 °C min~". All samples were run under an atmosphere
of air.

Triboindentation: Nanoindentation was carried out using a Hysitron
TI 980 Triboindenter equipped with a Berkovich tip with a pyramidal ge-
ometry. To calculate the indentation modulus and hardness, at least five
different indentations were performed for each sample with a maximum
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displacement of 1000 nm and a displacement rate of 10 nm s~'. Elastic
modulus and hardness were calculated using the Oliver Pharr approach,
employing Equations (2)—(4).17°0]

_ﬁi )
r— 2 ,—AP
112 1-2
1 3
E, E E, @)
P
H= o )

where E, is the reduced elastic modulus; S is the stiffness of the initial part
of the unloading curve; Ap is the projected area of contact; E and v are the
elastic modulus and Poisson’s ratio of the sample, respectively; E; and v;
are the elastic modulus and Poisson’s ratio of the indenter, respectively;
H is the hardness; and finally, P is the applied load.

Compressive Testing: Stress—strain curves were obtained through uni-
axial compressive tests at room temperature with a standard compres-
sive testing machine (MTS Model 312.21). Samples of varying thick-
ness (10 to 16 mm) and similar diameter (%25 mm) were held be-
tween two crossheads, checked to avoid misalignment, and then com-
pressed at a constant rate of 2 mm min~". Three samples of each ratio
of MCFG:DGEBA were tested to ensure consistency of the results. Strain
was calculated based on the individual thickness of each sample, given the
varying thicknesses.

Tensile Testing: Tensile stress—strain curves were obtained by testing
samples on a uniaxial tension machine (MTS 858 Material Testing Sys-
tem) with a 0.4 mm min~' loading rate. Load and displacement were
recorded by loading cell and linear variable differential transformer, respec-
tively. Three samples of each ratio of MCFG:DGEBA were tested to ensure
consistency of the results. Stress was calculated by dividing the force by
the cross-section of each sample. Dimensions of the tensile samples are
shown in Figure S1, Supporting Information. The thickness of each sample
was ~0.18 cm.

TEM: Dilute solutions (=1 mg mL™") of MCFG in ethanol were son-
icated (Cole—Parmer 750 watt ultrasonic processor with a cup horn) for
15 min prior to drop-casting onto a 200 mesh Cu grid with lacey carbon
film. A JEOL 2100F field-emission gun TEM at 200 kV was used to image
the sample.

SEM: The fracture surfaces of the tensile samples were attached to
SEM stubs using double-sided carbon tape and imaged using a FEI Helios
NanoLab 660 DualBeam SEM system at 500 V with a current of 0.1 pA.

Viscosity Measurements: Viscosity was measured with an Ares G2
Rheometer (TA Instruments) using a parallel plate fixture (25 mm diam-
eter, 0.9 mm gap). Samples were tested immediately after mixing. Shear
rate was varied between 1to 100 s~ (a range over which the measured
torque was safely within the transducer resolution) and no hysteresis was
observed. Slurries with loading ratios of 1:1 and 1:2 MCFG:DGEBA were
fitted using the power-law model shown in Equation (5).

n=Ky"" (5)

Here, n is viscosity, K the consistency index, 7 the shear rate, and n is the
power-law index. If n =1, the material is Newtonian. If n < 1, the material is
shear-thinning, with stronger shear-thinning behavior observed at smaller
values of n.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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