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ABSTRACT: The natural availability of flake graphite and the
exceptional properties of graphene and graphene—polymer
composites create a demand for simple, cost-effective, and
scalable methods for top-down graphite exfoliation. This work
presents a novel method of few layer graphite nanocomposite
preparation directly from untreated flake graphite using a room
temperature ionic liquid and laminar shear processing regimen.
The ionic liquid serves both as a solvent and initiator for epoxy
polymerization and is incorporated chemically into the matrix.
This nanocomposite shows low electrical percolation (0.005 v/

v) and low thickness (1—3 layers) graphite/graphene flakes by
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TEM. Additionally, the effect of processing conditions by rheometry and comparison with solvent-free conditions reveal the
interactions between processing and matrix properties and provide insight into the theory of the chemical and physical exfoliation
of graphite crystals and the resulting polymer matrix dispersion. An interaction model that correlates the interlayer shear physics
of graphite flakes and processing parameters is proposed and tested.
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B INTRODUCTION

Once isolated, atomically thin graphene possesses exceptional
native properties. For composite applications, tensile modulus,
electrical conductivity, and thermal conductivity are of
particular interest." In addition to these intrinsic properties,
graphene is an outstanding secondary phase for composite
materials, providing a high specific surface area (2630 m?/g),
two-dimensional loadbearing capacity, high aspect ratio, and
low-cost promise,”® due to the ready availability of large
amounts of graphene in the form of natural graphite (>800 m
metric tons estimated worldwide).4 Thus, the scalable, top-
down exfoliation of graphite into its graphene layers without
disrupting the native sp>-hybridization remains a high priority
research target. Taking into account an understanding of
graphite crystal structure, shear forces, solvent selection,
dispersion, and polymer cure, this work proposes that well-
defined laminar shear can exfoliate natural graphite at high
yield. The approach provides a path to streamlined and scalable
processing; it also avoids limitations of other exfoliation
methods.

A variety of physicochemical strategies for graphite
exfoliation have shown trade-offs between purity of exfoliated
material, throughput, yield, and scalability for the exfoliation of
natural graphite.’ These approaches include covalent mod-
ification, graphite intercalation, electrochemical exfoliation, and
mechanically assisted direct solvent dispersion. Covalent
modification for graphite® provides for customizable surface
chemistry” at the expense of the pristine nature of the graphene
sheet. The most common graphite functionalization for
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exfoliation or further reaction is the oxidation® of graphite.
Graphite oxide shows an increased interlayer spacing (6—8 A,
vs 3.35 A for pristine, AB-stacked graphite), a disruption of sp*
hybridization, and hydroxyl and epoxide groups on the sheet
surfaces with a C:O ratio between 1.3:1 and 2.3:1.° These
defect sites allow for further modification for solvation or
further covalent linkages, and can be partially reduced to regain
some graphene properties. Reduced graphene oxide sheets
demonstrate a partially restored sp” hybridization, a C:O ratio
of 5:1 to 10:1,° the creation of 5- and 7-membered ring
defects,” and partially restored electrical conductivity.

Another strategy for the partial exfoliation of graphite is the
use of graphite intercalation compounds (GICs).* GICs
interact electronically with the graphitic carbon, penetrating
the interlayer galleries without covalently interacting with the
graphite sheets. The excitation of GICs by heating or
microwave irradiation produces a rapid expansion of the
graphite to hundreds of times its original volume. These
expanded graphite structures can be mechanically separated to
produce nanoplatelets of uniform dimensions, with thicknesses
as small as 20 layers.

Recently, direct liquid exfoliation methods have been
proposed involving a suitable graphene solvent and an effective
kinetic dispersion method. Experimental studies using physical
exfoliation methods followed by centrifugation have yielded a
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library of effective solvents.'”'> Additionally, theoretical

studies have identified specific 1nteract10ns between graphene
and a variety of solvent molecules,"® with 7—7 stacking and
ionic charge sharing as primary mechanisms for effective
graphene solvation. Moreover, a variety of solvent 1nteract10n
potentials have been proposed and experimentally verified."’

Of particular interest for this study, imidazolium-based room-
temperature ionic liquids (RTILs) form a class of compounds"*
with tunable’® reaction and solvent chemistries that offer
unique opportunities for graphite exfoliation and dispersion.
Previous research has shown direct exfoliation and dispersion of
graphene in such solvents electrochemically. 16=18 Theoretical
studies have shown that imidazolium-based RTILs interact with
graphene, carbon nanotubes, and other sp>-hybrided carbon
structures through cation— 7[ stacklng, interlayer intercalation,
and electrostatic shielding.’® Our work has also shown that
some imidazolium RTILs also initiate the polymerization of
epoxies”' and can therefore serve both as solvents and curing
agent eliminating the problematic and costly need to remove
solvents during processing.”™>*

Although an optimized chemistry provides for a thermody-
namically stable or metastable suspension, kinetic forces are
required to overcome interlayer attraction and achieve
exfoliation. Sonication is the most common kinetic treatment
presented in the literature, but potential applications are limited
by treatment time, cleavage, and oxidation. Ultrasonication
provides a variety of physical forces via frequency-modulated
compression/rarefication waves, featurmg turbulent fluid flow
and violent cavitation events.”> To the nanoparticle, these
processes result in extreme local conditions including pressure
up to 1000 bar, temperature up to 5000 K, li uld velocity
reaching 280 m/s, and cooling rate above 10 K/s. % Sonication
acts to peel the peripheral layers from the graphitic stack, and
requires significant treatment time to act on interior layers. 7
Further, sonication has a marked effect on particle size, cutting
sheet size in addition to interlayer exfoliation.”® Finally,
evidence also exists of altered surface chemistry for sonicated
particles.*”'®

A variety of methods for applying dlrect mechamcal shear,
includin §1‘1nd1ng,3 twin- screw extrusion, hlgh shear ball
milling, rotor-stator m1x1ng, + and impeller-driven m]xmg
have shown the ability to exfoliate graphite directly in an
appropriate solvent. Of special significance to this study,
laminar shear from a 3-roll mill is a physical approach that has
been successfully used for nanoparticle dispersion and nano-
composite preparation. Researchers have applied high-shear
milling separately to the exfoliation of graphite®® and the
dispersion of nanoclays,>” acid-expanded graphite nanoplate-
lets,”*®*" and carbon nanotubes®****~** for nanocomposites.

This work presents an alternative to chemical processing and
chaotic flow-fields for the direct exfoliation of graphite and the
single-pot preparaton of nanocomposites. In this approach,
exfoliation is accomplished by combining the application of a
high-shear laminar flow pattern using a 3-roll mill, and the use
of an RTIL solvent/initiator to minimize reaglomeration and
induce composite cure. Additionally, we develop a theoretical
approach to predict degree of exfoliation by combining the
physical understanding of laminar flow through a 3-roll mill the
latest understanding of graphite interlayer shear strength values.
When this understanding is combined with the RTIL solvent-
initiator processing previously demonstrated by our lab,*' 7** a
simple, integrated procedure for graphite exfoliation, graphene
dispersion, and polymer cure is presented here.

14871

Bl RESULTS AND DISCUSSION

Design of Experiment. Two critical factors are considered
for direct graphite nanocomposite preparation from flake
graphite: applied shear stress and dispersion chemistry. Shear
stress is required for exfoliation, whereas a good solvent
environment prevents restacking. With these considerations in
mind, flake graphite (nominal thickness 20—50 ym) is mixed
into a solution of Epon 828 and 1-ethyl-3-methyl imidazolium
dicyanamide (EMIM-DCN). This suspension is then processed
with a 3-roll mill, and thermally cured. As a control, the same
processing schedule is performed on a suspension of graphite
directly in Epon 828 with no solvent. Subsequent to processing,
this control suspension is mixed with and cured by Primaset
LECY curing agent.

For 3-roll mill processing, the maximum shear is encountered
in the regions between adjacent rollers, known as the nips. The
nip width can be adjusted to balance the need for throughput of
thick flakes (which require wide nips) and high applied shear
stresses (which require narrow nips). Thus, a variable nip-width
processing schedule, detailed in Table 1, was developed. In this

Table 1. 30-pass Variable Roll-Nip Procedure Showing the
Decrease in Nip Width, Corresponding to an Increase in
Applied Shear Stress

run number nip width (um)

1 550
2 300
3-10 NU
11-20 20
21-30 N

experiment, a suspension of flake graphite passes through the 3-
roll mill 30 times with successively narrowing nip widths and
correspondingly increasing shear. The application of shear at
the wide nips begins the process of exfoliation on large flakes,
with shear sliding occurring between their weakest planes. As
the nips narrow, thinner flakes with stronger interlayer
association are exposed to sufficient shear stress for complete
exfoliation.

Samples are removed at various stages of this processing
scheme for analysis and cure. While still in the liquid state,
solution rheology measures degree of exfoliation. For cured
samples, electrical conductivity measures the dispersion of the
percolating nanofiller network. Additionally, X-ray diffraction
(XRD) on the cured composite provides information on
deviation from graphite crystal structure, indicating exfoliation
effectiveness. Qualitatively, microscopy provides information
about the structure of the cured material, the exfoliated size of
the nanofiller material, and the effect of processing on
exfoliation and dispersion.

RTIL-Shear Processing. Figure 1 shows the viscosity of the
liquid 3 wt % graphite/RTIL/epoxy suspension before, during,
and after processing. Significantly, minimal viscosity increase
occurs upon the addition of unexfoliated graphite flakes.
Instead, two significant increases in solution viscosity are noted.
The first is between unprocessed graphite solution and the
graphite solution that has been processed S times, through 550,
300, and 50 um nip widths. This small viscosity increase
continues through additional 50 pm processing and 20 um
processing. The next large increase in viscosity occurs when the
shear was increased at the smallest nip width (S pm). Here, in
addition to the increase in viscosity, a strong shear-thinning
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Figure 1. Rheometry of graphite/epoxy/RTIL slurry during
processing. As graphite is exfoliated by shear processing, the solution
viscosity increases as well as showing the shear-thinning behavior
characteristic of high aspect ratio suspended particles. 15% RTIL/85%
EPON 828 solution without graphite (M), graphite/RTIL/epoxy with
no processing (purple A), and the graphite suspension after varying
degrees of 3-roll mill processing — 5 passes through the mill, SO ym
minimum nip width (blue A), 10 passes/50 ym nip (O), 15 passes/20
pum nip (#), 20 passes/20 pm nip (X), and 30 passes/S pm nip (@).

effect is noted. This is consistent with the behavior of colloidal
suspensions of high aspect ratio particles as a result of the
alignment of flakes within the stronger flow field.** This shear
thinning can be taken as a second indicator of the increased
aspect ratio of suspended particles, along with the viscosity
increase itself.

X-ray diffraction peaks of cured composite samples are
shown in Figure 2. The 002 peak of graphite (appearing here at

Diffracted Intensity Ratio (AU)
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Figure 2. X-ray diffraction of the cured composites of 3% graphite
processed through various degrees of 3-roll mill processing — 2 passes/
250um nip (purple —), 10 passes/S0 ym nip (green —), 20 passes/
20 pym nip (yellow —), and 30 passes/S ym nip (red —).

20 = 26.56°), which corresponds to interlayer stacking between
layers in the graphite crystal, disappears quickly with
processing. The 2-pass composite was chosen for the baseline
rather than the untreated sample to attempt to avoid the effects
of sedimentation on the measurement. The composite made
from material processed with the full 30-pass procedure had a
002 peak of less than 1% of the value of the composite made
after 2 passes of 3-roll processing. This is an indication of an
interruption of the native graphite interlayer stacking.

Electrical conductivity is both a desirable property for a
nanocomposite material and an excellent indicator of internal
structure through the measurement of bulk properties. Figure 3
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Figure 3. Conductivity versus processing and loading. 0, 0.5, 1, and 3
wt % graphite processed via a full 30-pass variable gap methodology
with conductivity measured horizontally (O) and vertically (+) with
respect to cure. For 3 wt % graphite, in addition to the final product,
samples were removed at select processing steps (numbers indicated
on the chart), cured, and measured for electrical conductivity (A).

shows the DC electrical conductivity of graphite, showing the
effect of graphite loading, the anisotropy of the cured material,
and the effect of processing for the 3 wt % loading. DC
conductivity increased monotonically with processing, and
showed the greatest improvements after the decreases in layer
thicknesses after the nip width reduction at 10 and 20 passes,
confirming the effect of shear stress on exfoliation and
dispersion state. The large increase in electrical conductivity
between 0.5 and 1 wt % (0.26 and 0.51 vol %) indicates the
formation of a percolating network of the conductive graphite
phase within the insulative matrix. This is lower than the
percolation threshold of graphite nanoplatelet composites
(between 0.5 and 1 vol %, depending on aspect ratio),”” and
indicates true nanoscale dispersion of graphene flakes.

For conductive particles with flake geometry, percolation
threshold has been shown to vary with aspect ratio:**

= 27

¢ 4a (1)
(where f. is the percolation threshold in volume fraction, and a
is the aspect ratio). Using this equation and the measured
percolation threshold, an effective aspect ratio for dispersed
graphite processed by this method can be found to be at least
1300, significantly higher than the initial aspect ratio of ~20
(given nominal 30 X 600 um flakes).

Additionally, electrical conductivity anisotropy was consid-
ered. In an unstable suspension, sedimentation causes
conductivity horizontal with respect to curing dimensions to
be significantly higher than vertical conductivity. Gel time
under the polymer cure conditions presented in this work is 8
h, giving time for sedimentation to occur if the suspension is
unstable. After full processing, the samples in this study showed
minimal anisotropy, well within the margin of measurement
error.

Figure 4 shows electron microscopy images before, during
and after processing, providing insight into the exfoliation
status, microstructure, and size of the particles after full
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Figure 4. Microscopic images of unmodified graphite flakes (A) and
fracture surfaces of cured graphite composites (B—F). (A) Unmodified
graphite flakes +100 mesh graphite flakes. (B,C) Fracture surfaces of
3% graphite processed with the full 30 pass processing at two length
scales. These show graphite uniformly distributed throughout the
composite, at significant reductions in both layer thickness and
diameter. (D) Graphite stack on the fracture surface of a 3% graphite
composite after 20 passes in the 3 roll mill shows a slipped-layer
morphology. (E,F) TEM images of 1% graphite at 30 passes shows
both folded graphene sheets (E) when the microtome cut is parallel to
the sheet, and thicknesses reaching less than 1 nm (1—3 graphite
layers) when the microtome is perpendicular to the graphene sheet

(F).

processing. Figure 4A shows a picture of the +100 mesh
graphite flakes without treatment. The starting material has
diameters in the range of 300—700 ym, and thicknesses from
20 to S0 um, corresponding to 60 000—150 000 individual
graphene layers. Figure 4B,C shows the fracture surface of a 3%
graphite composite material after 30 3-roll mill passes, with
thin, well-dispersed graphite/graphene plates throughout the
bulk of the polymer. Figure 4D (3% graphite, 20 mill passes/20
um nip width) shows a partially sheared graphite stack reveals
weaker/stronger layers as parts of the stack remain unsheared,
whereas other layers have experienced significant shearing.
Finally, Figure 4E,F shows TEM images of 1% graphite
composites after the full 30-pass milling schedule. Figure 4E
shows a bent face sheet of graphene/few layer graphite on the
surface of the microtomed region. The pleating and folding of
the sheet reveals a morphology typically shown by graphene,
rather than bulk graphite, the parallel structure of which resists
bending to high angles. Figure 4F shows a side view of a
graphite sheet in the cured epoxy, with a measured width of 1.0
nm, consisting of 1—3 layers. These TEM images indicate that
the distribution of graphite widths within the cured composite
includes very few layer graphite or graphene.

Figure S5 shows the mechanical results of graphite nano-
composites treated with 30 passes through the 3-roll mill. As
with many graphene nanocomposites, an increase in modulus is
found, along with a decrease in ultimate tensile strength. The
modulus increase due to the stiffer carbon stage is similar to
other graphite composites.”> The drop in strength is also
commonly reported in large aspect ratio plate composites as a
result of low interfacial strength along the graphitic surface.*

Solvent-free Processing. For comparison with the RTIL-
shear dispersed process, 3% graphite was milled directly in
EPON 828 with no solvent. The same 30-pass procedure, at the
same nip widths as the RTIL-shear processing method was
performed. The solvent-free dispersion had higher viscosity,
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Figure S. Mechanical performance of graphite nanocomposite

manufactured using the variable-gap size model and RTIL solvent.

With increased loading, an increase in tensile modulus and a decrease
in tensile strength are observed.

and thus higher shear forces, than the RTIL-dispersed graphite
solution. Figure 6 shows the viscosity increase for both the
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Figure 6. Viscosity increase at 25 °C and a shear rate of 2 s™' versus
processing for 3% RTIL-dispersed graphite (O) and 3% solvent free
(EPON 828) dispersed graphite (A).

RTIL-dispersion and the solvent free dispersion. Both showed
similar trends in viscosity increase, with the largest jumps in
viscosity happening upon initial processing and at the low roller
nip width. Further, for solvent-free processing, the viscosity
increase is higher at early processing steps, as a reflection of the
higher shear forces present due to the higher viscosity of the
solvent-free suspension.

Figure 7 shows the decrease in XRD peak heights of cured
epoxy composites made with solvent-free and RTIL-dispersed
graphite. As a baseline, composite made after 2-pass 3-roll mill
processing were used to minimize sedimentation and mixing
effects. Both series show an exponential decrease in the graphite
002 peak height (normalized with the amorphous polymer peak
at 20 = 18.2°). The solvent-free dispersion initially shows
greater exfoliation, but the results are similar after the full
processing range at narrow gap size. This data shows only the
effect of the shear processing, not dispersion. Once exfoliated,
graphite can either be dispersed throughout the composite
material or restack in amorphous agglomerates.

Despite the exfoliation indicated in rheometric and XRD
studies, poor dispersion was indicated by the lack of property
improvement of the solvent-free system. All solvent free
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Figure 7. XRD peak height ratios (graphite 002/amorphous polymer
peak) for 3% RTIL-dispersed graphite (O) and 3% solvent free
(EPON 828) dispersed graphite (A) in the cured composite for 2, 10,
20, and 30 3-roll mill passes. This shows the exfoliation behavior of the
graphite crystal in the composite material. For both situations, the
graphite peak decreases exponentially with processing, indicating the
exfoliation of graphite from its native crystal structure.

samples were tested for DC electrical conductivity with an
experimental setup with sensitivity to conductances as low as
1077 S/m (a level at which RTIL-dispersed graphite composites
showed significant conductivity after S passes, Figure 3). No
solvent-free sample surpassed this threshold of electrical
conductivity, indicating that whatever the exfoliation state
(indicated by rheometry and XRD), the dispersion state was
ineffective at forming a percolating network of the conductive
graphite phase.

Finally, a comparison of the visual dispersion of RTIL-
dispersed and solvent-free graphite composites in Figure 8
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Figure 8. Dispersion SEMs of RTIL-dispersed graphite flakes (A—C)
and solvent-free dispersed graphite flakes (D—F), at 10 (A,D), 20
(B,E), and 30 (C,F) passes through the 3-roll mill. At each stage, the
RTIL-dispersed graphene flakes show more uniform dispersion
throughout the material, despite the similarity of forces.

reveals differences in bulk dispersion. For the RTIL-dispersed
composite, further processing at higher shear decreases the
diameter of graphite particles (Figure 8A—C). Additionally,
because of the improved electrical conductivity (which goes as a
function of aspect ratio), we can also conclude that the decrease
in thickness occurs even faster than the decrease in particle
diameter. Significantly, even as this process occurs, the partially

exfoliated graphite is always well dispersed throughout the bulk
of the material.

This is not the case for the solvent-free dispersion (Figure
8D—F). Here, a reduction in diameter and thickness is also
directly observed. However, SEM reveals two significant
distinctions in the dispersion of graphite in the solvent-free
composite, relative to the RTIL-dispersed composite. First,
significant areas of material with no graphite exist in the
composite. Second, large, randomly associated graphite stacks
are noted at each length scale. This indicates graphite that
partially restacked to other graphite rather than exist in the
solvent environment of the bulk material.

On the basis of the SEM, rheometry, and XRD results, this
restacking is not a full restoration of native graphite with
pristine crystal structure. Rather than perfect sheet alignment,
exfoliated graphite flakes partially align and form amorphous
structures. This restacking reduces the effective aspect ratio of
the agglomerate, preventing the formation of a percolating
network, even at concentrations well above the percolation
threshold for similarly processed, but well-dispersed graphite
sheets. Taken together, the rheometric, electrical, and micro-
scopic comparison between the RTIL-shear dispersion and the
solvent free-shear dispersion reveal that although shear stresses
alone induces exfoliation in graphite sheets, a good solvent
environment is necessary for effective dispersion within a liquid
solution or a bulk composite.

Theory. To consider the effect of processing on a graphite
crystal, an integrated model is developed that incorporates the
physical parameters of a 3-roll mill, the fluid dynamics of the
suspension, and the internal resistance to shear of the graphite
flake. Figure 9 shows the path of the graphite suspension

Figure 9. 2-D schematic of a 3-roll mill. The sample is injected into
the feed region (A) between the feed roll (B) and the center roll (C).
Initially, the bulk of the material remains in the feed region while small
amounts pass through the first high-shear nip (D) and remain adhered
to the rollers as they are alternatively recirculated into the feed region
by the feed roll or advanced to the second nip (E) by the center roll.
After passing through the second nip, the material is again either
recirculated into the feed region by the center roll, or adheres to the
apron roll (F) and is removed by the apron (G) for collection and
further characterization.

through the 3 rolls of the mill The three rollers (Figure
9B,C,F) rotate at increasing speeds: 31, 84, and 174 rpm
(corresponding to surface velocities of 0.1, 0.27, and 0.57 m/s).
The velocity differential between consecutive rollers produces
high-shear environments between the rollers at their points of
closest approach. Starting in the feed region (Figure 9A), the
sample moves through these two high-shear nips (Figure 9
D,E), and either recirculates back to the feed region or is
deposited on the apron (Figure 9G).

Assuming static, isobaric, laminar flow between parallel
plates, the fluid shear stresses (z) of this 3-roll mill can be
approximated as a function of viscosity (i), roller surface
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velocities (#; and u,), and nip width (L) using the standard
equation for shear stress under Couette flow:

_ ﬂ(”z - ”1)
TTL @)

This approximated shear stress can then be compared with
literature values of graphite interlayer shear stresses (ISS).
Literature proposes a wide range of graphite ISS values, from
0.25* to 140 MPa.*’ This variability is due to deviations from
ideal, AB-stacked graphite crystal structure. Classical studies did
not account for variations in layer interactions, and thus
reported a low value for graphite ISS by shearing a graphite
crystal between the layers with weakest association.” Recent
theoretical studies have shown substantial variations in slidin
energies due to the thickness and number of gre})phene layers,*
orientation of sliding layers,* layer stacking*® and shearing
orientation. Moving from pristine crystals to real flakes, the
presence of impurities and grain boundaries will add additional
variables that affect the shear properties of a real graphite
crystal.

Liu et al™ provide strong experimental evidence that
interlayer stacking rotation is the key factor for variations
within a single crystal, finding a 4 orders of magnitude change
(0.5—140 MPa) in ISS from the same crystals before and after
rotational perturbation. In this case, a lower value represents
the shear required to induce sliding between randomly oriented
layers (and corresponds to the numbers reported in earlier
studies), whereas a higher number is required to induce sliding
motion between pristine, AB-stacked layers. On the basis of
this, it can be predicted that shear stresses above 0.5 MPa will
shear a graphite crystal along randomly aligned layers, whereas
stresses above 140 MPa will be required to induce shear
exfoliation in pristine, AB-stacked layers.

Equation 2 predicts that the shear stress will be determined
by the relative roller velocities, suspension viscosity, and nip
width. On the experimental setup used for this experiment,
roller velocities are fixed. Viscosity will increase over the length
of the experiment as exfoliated graphite thickens the
suspension. Thus, nip width is the primary experimental
control over the shear experienced by a graphite flake within
the mill.

Figure 10 plots shear against nip width for the viscosities
(42, 5.3, and 82 Pas) corresponding to solutions with
increasingly exfoliated graphite particles. Also depicted in
Figure 10 are the ISS values for randomly- and AB-stacked
graphite (horizontal dashed lines) and the nip widths used for
processing (vertical dashed lines). This approximate model
makes two predictions. First, shearing of randomly stacked-
layers will occur for any nip width for this experiment, because
all shear stresses are above 0.5 MPa. Finally, below 10—20 ym,
the liquid shear stress exceeds the ISS of AB-stacked graphite
for all experimentally relevant viscosities.

The predictions of this model reflect the experimental results
well. The viscosity increases (Figures 1 and 6) occur primarily
after initial shear processing, and after the nip width is set to §
pum. This dual exfoliation behavior supports graphite ISS
models that predict graphite to have tightly associated AB
oriented interlayers and more loosely associated interlayers
with a random rotational stacking. Additionally, electrical
conductivity results (Figure 3) show the largest increases in
conductivity after the gap thickness is narrowed at each
processing step.
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Figure 10. Applied stress seen by the surface of a suspended flake for
for yu = 4.2, 5.3, and 8.2 Pa-s and the geometric considerations of the
mill used in this study for a range of platelet thicknesses. Applied stress
increases as the nip narrows. With a small enough nip, AB-stacked
graphite layers can be successfully separated.

B CONCLUSIONS

The primary conclusion to this study is that by a combination
of mechanical shear and solvent selection, it is possible to make
excellent graphene/few layer graphite nanocomposites without
chemical treatment. Further, nanocomposite created by this
method showed high electrical conductivity (6 = 107> S/m at 3
wt %) a low electrical percolation threshold (¢. = 1 wt %/0.5
vol %), and excellent qualitative graphite dispersion by SEM.

A second conclusion to this study is that the mechanism of
exfoliation can be clearly understood from the anisotropic
physics of graphite crystals with differing interlayer interactions.
Significantly, a relationship between nanocomposite processing
and graphite crystal properties can be shown. Further
processing and application of higher shear forces increases
both the liquid suspension viscosity and the electrical
conductivity of the cured nanocomposite. This relationship
between processing and exfoliation also confirms previous work
on the shearing modes of a graphite crystal. The finding of
significant increases in viscosity as processing shear reaches
above the ISS of randomly oriented and AB-stacked graphene
interlayers supports fundamental findings on the dual shearing
modes of the graphite crystal.

Finally, this study shows that both effective application of
shear forces and a good solvent are required for effective
nanocomposite preparation. High shear forces were able to
dramatically decrease the thickness of the original bulk graphite
regardless of solvent presence. However, without a good
solvent, composite material properties and microscopy revealed
the spatial dispersion to be lacking and restacking to be a
significant event.

B MATERIALS AND METHODS

EMIM-DCN (EMD Sciences # 4.90163), DGEBA (Miller-Stephenson
EPON 828, EEW 188 g/equiv), +100 mesh Flake Graphite (Sigma-
Aldrich # 332461), (and 4,4-diaminodicyclohexylmethane (PACM
curing agent, AirProducts, CAS # 1761-71-3) were used as received.

Samples were prepared by a modified form of the procedure
previously presented by our group.”” Flake graphite (0.01—.03 w/w)
was mixed into a solution of ionic liquid and epoxy (17.6 phr EMIM-
DCN relative to EPON 828). The solution was passed through the 3-
roll mill 30 times through a variety of gap spacings, before the
composite slurry was degassed and thermally cured at 80 °C for 12 h/
120 °C for 2 h. Reference samples with PACM curing agent were
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processed with epoxy only, mixed with PACM, and cured at 80 °C for
4 h/160 °C for 2 h.

This mixture was milled in a 3-roll mill (Torrey Hills 2.5"" X §"’)
with a 2.5" roller diameter with roll speeds of 31, 84, and 174 rpm,
corresponding to surface velocities of 0.1, 0.27, and 0.57 m/s. Shear
was controlled by adjusting the thickness between rollers and the
viscosity of the liquid solution. For all experiments, the gap size listed
denotes the gap of both rollers. For larger roller thicknesses, the gap
between the middle and apron roller are narrowed further at the end
of a single run, to facilitate the full removal of material from the mill.
Roller nip width was controlled by moving the rollers together onto a
spacer of specified thickness. All thicknesses were verified by light
microscopy, and the numbers presented for nip width are microscope
measurements, not spacer thicknesses, which underreported the actual
gap. For the smallest gap size (S ym), a light was placed under the rolls
and the rolls were adjusted to the minimum gap that would allow light
through. This was determined by microscopy to correspond to a gap
of § ym.

Liquid samples were taken for rheometry during processing. A TA
Instruments AR 2000 EX rheometer measured viscosity of a sample
between a flat plate accessory and a Peltier plate maintained at 25 °C.
For DC electrical conductivity, samples were sanded into a rectangular
shape, two opposing ends painted with silver paint, and resistance
measured by a standard multimeter. For high resistance values,
electrical impedance spectroscopy at 5 V over a frequency range of 0.1
Hz to 1 MHz using a Gamry Potentiostat 3000. Scanning electron
microscopy (SEM) was performed with a Zeiss Supra SOVP SEM on
samples that had been sputter coated with a 7—9 nm platinum layer
prior to imaging. Transmission electron microscopy (TEM) was
performed by a FEI-Tecnai T12 operated at 120 kV. Samples were
prepared by microtoming sections at 100 nm nominal thickness and
placing them on a 300 X 300 copper grid. Samples for mechanical
testing were cast in dogbone shape molds and tested in the tensile
orientation for modulus and yield strength. Five samples for each
concentration were tested. X-ray diffraction was performed on a
polished side of a cured composite sample on a Rigaku Smartlab
diffractometer with a Cu anode X-ray tube at 30 mA/40 kV current
using Bragg—Brentano geometry.
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