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ABSTRACT: Polymers with superior mechanical proper-
ties are desirable in many applications. In this work,
polyethylene (PE) films reinforced with exfoliated ther-
mally reduced graphene oxide (TrGO) fabricated using a
roll-to-roll hot-drawing process are shown to have out-
standing mechanical properties. The specific ultimate
tensile strength and Young’s modulus of PE/TrGO films
increased monotonically with the drawing ratio and TrGO
filler fraction, reaching up to 3.2 ± 0.5 and 109.3 ± 12.7
GPa, respectively, with a drawing ratio of 60× and a very
low TrGO weight fraction of 1%. These values represent by far the highest reported to date for a polymer/graphene
composite. Experimental characterizations indicate that as the polymer films are drawn, TrGO fillers are exfoliated, which
is further confirmed by molecular dynamics (MD) simulations. Exfoliation increases the specific area of the TrGO fillers
in contact with the PE matrix molecules. Molecular dynamics simulations show that the PE−TrGO interaction is stronger
than the PE−PE intermolecular van der Waals interaction, which enhances load transfer from PE to TrGO and leverages
the ultrahigh mechanical properties of TrGO.
KEYWORDS: graphene, polyethylene, nanocomposite, drawing ratio, mechanical strength

Lightweight polymers with superior mechanical properties
are desirable in many applications, such as structural
materials, ballistic protection, and packaging.1−3 Ultra-

high tensile strength (∼1.5−4.5 GPa) has been realized in
different polymer fibers, primarily by changing the molecular
structure from amorphous to highly aligned crystalline fibers
using spinning and drawing processes. These are exemplified by
commercial products such as Dyneema, Spectra, Kevlar, and
Zylon fibers (Figure 1a, data are collected from refs 2 and 4).

The crystalline fibers leverage strong intramolecular covalent
bonds along the polymer chains to transfer load. In contrast,
amorphous fibers have defects, and load is transferred mainly by
weak intermolecular van derWaals (vdW) interactions. Polymer
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films can be fabricated in a higher mass production rate than
fibers, but usually exhibit lower crystallinity and much lower
mechanical properties5,6 compared with the more confined
fibers, where the chain alignment is much better (see Figure 1b).
Reinforcing polymers with strong inorganic fillers, especially
carbon nanotubes (CNTs), has led to significant improvement
in mechanical properties7,8 with fiber strength up to ∼4.2 GPa
and Young’s modulus up to 137.0 GPa.9 Graphene has similar
mechanical properties as CNTs,10−12 and graphene composites
have also attracted tremendous interest.13−15 However,
graphene fillers in composites do not enhance mechanical
properties as effectively as CNT composites.16−19 A comparison
of different polymer/CNT and polymer/graphene fibers shows
this disparity (Figure 1b).9,20−30

In this work, lightweight polyethylene/thermally reduced
graphene oxide (PE/TrGO) composite films are fabricated from
a roll-to-roll drawing process and shown to exhibit superior
mechanical properties, up to 3.2 ± 0.5 GPa in specific tensile
strength and 109.3 ± 12.7 GPa in specific Young’s modulus (or
3.1± 0.5 GPa in absolute tensile strength and 106.0± 12.3 GPa
in absolute Young’s modulus). These values represent by far the
highest properties reported for polymer/graphene composites
and are comparable to the best commercially available polymer
fibers (Figure 1a) and polymer/CNT composites (Figure 1b).
Our results also indicate that the weight fraction of the TrGO
filler and the drawing ratio can significantly impact the
mechanical properties of the nanocomposite films. Experimental
characterization [e.g., wide-angle X-ray diffraction (WAXD),
Raman microscopy, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), polarized Fourier trans-
form infrared (FTIR)] and molecular dynamics (MD)
simulations indicate that the achieved mechanical properties
are due to (1) highly aligned PE molecular chains from the
drawing process such that axial load is largely carried by the
strong intramolecular covalent bonds along the backbone, (2)
exfoliation of TrGO dispersed in the polymer matrix during the
drawing process such that the specific surface area is increased,
and (3) PE−TrGO interactions that are stronger than the PE−
PE intermolecular vdW interaction such that load is transferred
from PE to TrGO and thus leverage the ultrahigh mechanical
properties of TrGO.
Polymers are used in a wide range of applications due to their

low density, low cost, ease of processing, nontoxicity,

biocompatibility, and chemical resistance.31 However, since
polymers in the bulk amorphous phase have entangled
molecular chains, voids, and other defects, they usually have
very low stiffness and strength.32 Studies have shown that
aligned crystalline polymer fibers can exhibit much greater
mechanical properties because the load is carried by the strong
covalent bonds along the polymer chains.33−35 Recent
studies32,36 on PE nanofibers (70−260 nm in diameter)
fabricated using multistep ultradrawing reported the tensile
strength can reach up to 11.4 GPa and Young’s modulus of 312
GPa due to a near 100% crystallinity. However, these nanofibers
have a low production rate, and the small fiber diameters pose
challenges for their practical applications.
Polymer films are more amenable to large-scale production

than fibers, and thus promise to expand applications of polymers
and make existing applications more advantageous and cost-
effective. To improve the mechanical performance of neat
polymer films, strategies like zone annealing and melt/drawing
have been implemented.37,38 However, the drawing ratio cannot
reach the same level as polymer fibers. The crystallinity of these
films is usually <40%, and the mechanical properties are much
lower than those of most high strength fibers.39 Loomis et al.40

recently developed a process of combining chain disentangle-
ment extrusion and hot-drawing to achieve very high
crystallinity PE films (>99%), which has enabled ultrahigh
thermal conductivity of 62 W/mK.41 This process may also
provide an ideal platform for producing high strength neat PE
films.
The addition of nanoscale reinforcements in polymers is also a

well-knownmethod to significantly enhance mechanical proper-
ties. CNTs have been the primary nanoscale reinforcement
investigated over the past two decades. Polymer/CNT
composite films indeed exhibit high strength (∼1.0 GPa in
specific tensile strength, Figure 1b).20,21 Graphene and its
derivatives, which have been extensively explored in many fields,
such as electrochemical energy storage,42 water purification,43,44

and as a media to improve the utilization of other materials,45

have gained interest as nanoscale polymer reinforcement in
recent years due to similar intrinsic mechanical properties46 to
CNTs with easier mass production.13,47−50 However, polymer/
graphene composite fibers have not lived up to their expect-
ations, with inferior mechanical properties compared with
polymer/CNT composites (Figure 1b). A high strength

Figure 1. Ashby charts of specific tensile strength and specific Young’s modulus for the PE/TrGO films from this work compared to (a) different
commercial high strength, and (b) different polymer carbon nanomaterial [e.g., single- and multiwalled carbon nanotubes (SWNT and
MWCNT), graphene derivatives] composites. Note: for better comparison among different materials, specificmechanical properties, which are
the measured properties divided by density, are plotted. Absolute mechanical property values are included in the SI.
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polymer/graphene composite film has not been previously
reported to our knowledge.
Therefore, in this study, we integrate nanoscale reinforce-

ments into the extrusion-drawing process40 to fabricate PE/
TrGO composite films with superior mechanical properties.

Briefly, TrGO powder (see the Supporting Information (SI) for
TrGO characterization) is added to a PE/decalin solution
(Figure 2a), which is then extruded at a high shear rate to
disentangle the polymer chains and exfoliate the TrGO (Figure
2b). The extruded composite solution is then frozen at low

Figure 2. Schematic diagram of the PE/TrGO film fabrication process involving (a) PE/TrGOmixture solution preparation, (b) high shear rate
extrusion for chain disentanglement and TrGO exfoliation, (c) low temperature freezing and drying of the microstructure in the gel, and (d)
mechanical hot-drawing to form the eventual PE/TrGO nanocomposite film.

Figure 3. (a) Typical strain−stress curves of PE/TrGO composite films with 60× drawing ratios and different filler fractions. (b) Tensile
strength and Young’s modulus of neat and composite films (60× drawing ratio) with different filler fractions. (c) Tensile strength of neat and
composite films (0.75% and 1% filler fraction) with different drawing ratios. (d) Tensile strength and Young’s modulus of composite films
(0.75% filler fraction) with different drawing ratios. (b−d) Error bars show one standard deviation of mean measurement for each group.
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temperature and dried to obtain a solid film (Figure 2c). This
film is then drawn at elevated temperature to form the final
composite films (Figure 2d). The high internal shear stress in the
drawing process also helps further exfoliate the TrGO. Different
drawing ratios (10× , 30×, and 60×) and TrGOweight fractions
(0.5%, 0.75%, and 1%) are investigated. Note that higher
concentrations of TrGO were attempted, but the high viscosity
prevented successful extrusion of the solution. As-prepared
samples are then characterized using the optical microscope,
WAXD, Raman spectroscopy, TEM, SEM, and polarized FTIR.
The mechanical properties of films are measured in uniaxial
tension. Details of the composite film fabrication, material
characterization, and mechanical testing are included in the
Experimental Section.

RESULTS AND DISCUSSION

Representative strain−stress curves of the PE/TrGO composite
films with 60× drawing ratios and different filler fractions are
shown in Figure 3a. The tensile strength and Young’s modulus
increase with an increase in TrGO fraction (Figure 3b), as
expected due to the higher intrinsic strength and stiffness of
TrGO compared with the PE matrix. This trend is consistent
with previous measurements for other PE/CNT and PE/
graphene fiber composites.21,23−25 Interestingly, even at very

low TrGO filler fractions (<1%), the mechanical property
enhancements are significant. For example, with only 1 wt % of
TrGO, the tensile strength of the PE film with 60× drawing
ratios is increased from 1.1 to 3.1 GPaa 182% enhancement,
andmeanwhile, themodulus is increased bymore than 3-fold (in
the following text, we use absolute strength andmodulus instead
of specific ones since comparisons are made among the same PE
composites). Such significant improvements in mechanical
properties with low filler fractions have also been observed
previously in bulk polymer/graphene composites48 and
polymer/CNT composite fibers,22,24 which were largely
attributed to the good dispersion of the fillers and their very
high specific surface areas that help distribute load from the
polymer matrix to the strong fillers.51

We further note that the level of mechanical property
enhancement is more significant than those achieved in high
strength polymer/CNT composite fibers (e.g., enhancement is
less than 100% with up to 5 wt % CNT),9,22,23 which may be
attributed to the fact that graphene, as a 2D sheet, has a larger
specific surface area than CNTs.48,51 In general, the specific area
of the TrGO fillers is further increased when they are fully
exfoliated. In our film preparation process, there are two steps
that progressively enhance the exfoliation, including the high
shear rate extrusion and mechanical drawing. Previous experi-

Figure 4. (a) Schematic of the cross-sections exposed for the TEM and SEM images of samples with 1 wt % TrGO. (b−d) TEM images of TrGO
fillers within the PEmatrix at different drawing ratios (λ). As the film is drawn, the filler clusters obviously align along the drawing direction. As
the drawing ratio increases, the sizes of TrGO filler clusters also appear to be smaller, which may suggest that TrGO clusters are gradually
separated. (e−g) SEM images of TrGO fillers within the PE matrix at different drawing ratios (λ). The drawn films display better aligned filler
clusters along the drawing direction. (h) Top: schematic of drawing-induced exfoliation of TrGO fillers and the location of micro-Raman
detection spots. Bottom: the Raman shifts measured at each of the three detection spots reveal that the number of graphene layers becomes
progressively smaller as the spot approaches the edge of the cluster, consistent with the exfoliation mechanism illustrated in the schematic.
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ments have shown that drawing is very effective in exfoliating
layered fillers embedded in polymer matrices.20,52 In a previous
study, hexagonal-BN (h-BN) filler was found to be exfoliated
into even single layers when a PE/h-BN composite fiber is
drawn.52 It is known that the interlayer interaction between h-
BN layers is stronger than that between graphite layers.53,54

Thus, the exfoliation of TrGO should have happened more
easily in our drawing process. Additionally, the TrGO particles
are already partially exfoliated during the first few material
preparation steps (sonication and extrusion). When the
composite films are drawn, the different layers in an aggregated
TrGO clustermove with the adjacent polymer chains, expanding
the spatial extent of the cluster (Figure 2d). This process
increases the specific surface area of the fillers so that there is
more contact with the surrounding polymer chains.
The conformation of TrGO fillers during the drawing process

is characterized by cross-sectional TEM, SEM (see Figure 4a for
the imaging cross-section), and Raman spectroscopy on selected
samples. TEM images (Figure 4b−d) show the conformation of
TrGO fillers within the PE matrix. When the composite film is
not drawn (Figure 4b), the TrGO fillers are aggregated and
randomly oriented. As the drawing ratio increases, filler clusters
expand such that TrGO flakes align along the drawing direction.
There is also the decrease in the size of clusters, which suggests
that the TrGO flakes are being exfoliated (Figure 4c,d). SEM
images (Figure 4e−g) show TrGO fillers within the film samples
with three different drawing ratios. As the film is drawn, the
TrGO fillers become aligned with the drawing direction. We
should note that since the filler distributions are random, and the
cross-sections are also exposed at random locations, it is
impossible to monitor the conformation change of the same
filler cluster. While the above observations are only qualitative,
the general trend that the fillers become aligned along the
drawing direction is valid. SEM is also employed to image the
top surface of composite films (Figure S8), which also indicates
that TrGO clusters become more separated. We have also used
micro-Raman to probe the graphene peaks around a visually less

transparent spot in a film with 30× drawing ratio and 0.75%
TrGO fraction. As the Raman laser (∼1 μm in diameter) moves
from approximately the center of the dark spot toward the edge,
with a total distance of 10 μm along the drawing direction, the
intensity of the G peak decreases while that of the 2D peak
increases (Figure 4h and Figure S9). Since it is known that the
ratio of I2D/IG is strongly correlated to the number of graphene
layers,55 according to the comparison between the I2D/IG ratios
at points A, B, and C, we can conclude that the number of layers
in the graphene cluster is decreasing along the testing track,
which may be attributed to the drawing-induced exfoliation as
schematically illustrated at the top of Figure 4h.
To further confirm that the hot-drawing process can indeed

lead to graphene exfoliation, we performed MD simulations to
simulate the shearing phenomenon of PE in contact with a few
layers of graphene. The simulation domain consists of a polymer
block in contact with a stack of graphene layers with the bottom
layer fixed (Figure 5a). As the polymer is collectively sheared in
parallel to the graphene layers, the graphene layers displace
relative to each other. These results suggest that, during the
drawing process, as polymer chains are subject to relative
movements inside the film, the graphene stacks can be
exfoliated. These observations also suggest that the interaction
between the polymer and graphene is stronger than that
between graphene layers, and thus provide an atomistic level
mechanism for drawing-induced exfoliation.
The theoretical strength and modulus of a perfect crystalline

PE (strength >11 GPa and modulus >370 GPa)36,56 are still
much larger than the ones measured here for the PE/TrGO
composite films, since the mechanical behaviors of our films are
still limited by the intermolecular vdW interactions (i.e., aligned
chains can still slide relative to one another when subject to
strain). In this scenario, for the TrGO filler to enhance the
already high mechanical property of PE films, it is important that
the interactions between PE molecules and graphene are
stronger than those among the PE molecules themselves.
Here, we calculate the real-time forces on the graphene layer in

Figure 5. (a)MD simulation of a PE/multiple layer graphene junction, where the bottom graphene layer is fixed, and PE is sheared using steered
MD. The snapshot shows the relative displacement increase of graphene layers indicating that the shearing PE can lead to exfoliation of
graphene stacks. (b) Force as a function of displacement of graphene obtained from the steered MD simulations shown in parts c and d. As a
comparison, the force to pull two graphene layers apart is also shown. The inset schematic shows exfoliated graphene overlaps with a large
number of aligned PE chains to effectively transfer load from the PE matrix to the graphene filler. (c) A graphene layer is pulled away from the
contacting PE junction by steered MD with the whole PE part fixed. (d) A graphene layer is pulled away from the contacting PE junction by
steered MD with the top half of the PE fixed.
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steered MD simulations, where we pull the graphene layer away
from the polymer block. In one case, we fixed all the polymer
molecules, and in another case, we fixed half of the polymer
block (Figure 5c,d). In the second case, when the graphene is
pulled away from the polymer, the breakage of the structure
happens within the polymer block, and a few polymer chains
adhered to the graphene surface (Figure 5d), suggesting that the
interaction between the graphene and polymer is stronger than
that within polymer. As seen from Figure 5b, the force needed to
break the graphene away from the polymer (Figure 5c) is indeed
much larger than that needed to break the polymer apart (Figure
5d), which is consistent with the observation in Figure 5d and a
previous simulation study.57 These results suggest that the
interaction between the polymer and the contacting graphene
layer is strong, and thus load transfer from the polymer matrix to
the TrGO fillers will be efficient and beneficial to the overall
mechanical properties. From the SEM images in Figure S8
(bright arrows), the lateral sizes of the exfoliated TrGO are
estimated in the range 1−5 μm, which are much larger than the
intermolecular lattice constants of the PE crystal (0.74 and 0.49
nm).58 The size of TrGO flakes estimated from the SEM images
is similar to our previous AFM measurements59 and other
reports.60,61 This allows the dispersed TrGO fillers, especially
when exfoliated, to have significant spatial overlap with a large
number of PE chains (Figure 5b, inset).
This will not only replace many weaker vdW interchain

interactions with relatively stronger graphene−PE interactions,
but also help maximize the effect of TrGO since the load can be
efficiently transferred from the matrix to the filler. In addition,
according to previous studies, the extremely small thickness
compared to the lateral dimensions of exfoliated TrGO can

easily lead to a wrinkled topology,62−64 which is also believed to
improve the mechanical interlocking with polymer chains and
thus further enhance adhesion at the PE−TrGO interface.65 We
also note that the peak forces needed to pull graphene away from
polymers in both cases (i.e., Figure 5c,d) are larger than that
needed to pull two graphene layers apart (see Figure 5b), which
suggests that the exfoliation of graphene stacks can happen even
before chain disentanglement. This implies that the extrusion
process can also contribute to exfoliating the TrGO clusters in
our experiments.
Another important observation is that the tensile strength and

Young’s modulus of both neat PE and PE/TrGO composite
films increase with a higher drawing ratio (Figure 3c,d). This is
directly related to the crystallinity of the drawn films, as it is well-
known that higher crystallinity can lead to greater mechanical
properties.32,36,66,67 WAXD measurements (Figure 6a) con-
firmed that the signature PE peaks (2θ = 21.5° and 24°),
corresponding to the (110) and (200) Bragg reflections of the
PE crystalline structure, are enhanced significantly as the
drawing ratio increases. The crystallinities of the neat films
with 0×, 10×, 30×, and 60× drawing ratios are respectively 4%,
30%, 67%, and 97% as calculated from the percentage of
crystalline PE scattering peak intensity with respect to the total
scattering intensity (see the SI for more details).68 This result
indicates that, as the drawing ratio increases, the film is gradually
transformed from the amorphous to the crystalline phase. It is
worth noting that, for the as-extruded polymer film (i.e., 0×
drawing ratio), the peaks are very weak, and the crystallinity is
much lower than the PE powder (40%, Figure 6a) which has
dispersed lamellar structures. This suggests that the high shear
extrusion is effective in disentangling the PE chains. The as-

Figure 6. (a)WAXD spectra of neat PE. From top to bottom: neat PE films with 60×, 30×, 10×, and 0× drawing. The bottom-most panel shows
the spectrum of the as-purchased PE powder. Inside each panel, the calculated crystallinities are shown. (b) WAXD spectra of PE/TrGO
composite films with different drawing ratios. The table shows the ratio between the (200) and the (110) peaks for both neat and composite
samples. (c) Polarized FTIR spectra and the calculated orientation functions (F) of PE/TrGO composite films with different drawing ratios.
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extruded film also exhibits lower mechanical properties than
nonextruded, nondrawn PE films (Table S3 in the Supporting
Information).
WAXD measurements are also performed on the PE/TrGO

composite films with 0.75% filler fraction and various drawing
ratios (Figure 6b). Like the neat films, the intensities of both PE
peaks increase as drawing ratio increases. The overall
crystallinities of the composite films are also slightly increased
compared to those of the neat films with the same drawing ratios,
which agree well with previous studies showing enhanced
crystallization of PE with the presence of graphene fillers.22,69−71

We note that TrGO should also have aWAXD peak around 24°,
overlapping with the PE (200) peak. However, since the TrGO
fraction is small (0.75%), we do not expect that its existence has
contributed significantly to the overall peak intensity used to
calculate the PE crystallinity.
Polarized FTIR testing can help us learn that such high

crystallinities are strongly related to the fact that the orientations
of polymer chains gradually become uniform during the drawing
processing, and similar findings have also been discussed in
other studies.72−74 In our work, the orientation functions, which
are used to evaluate the orientation characteristic of the polymer
chains, of the composite films (0.75 wt %) with 0×, 30×, and
60× drawing ratios can be estimated, respectively, to be 0.37,
0.77, and 0.85 according to the intensity ratios between the
shown A∥ and A⊥ around the peaks of 720 and 730 cm−1 in
Figure 6c (see the SI for the details of the calculation method).
Thus, the drawing process can be proven once again to have a
positive influence on the mechanical properties for the
composite films by aligning the polymer chains.
Another important observation is on the ratios of the two PE

peaks (S200/S110) in the WAXD spectra, which stay almost
unchanged for the neat PE films when drawn but increase
significantly when the PE/TrGO composite films are drawn
(Figure 6, table). It is likely that the PE order in the (200) plane
is related to the preferential crystallization orientation at the
vicinity of the TrGO fillers. As the drawing ratio increases, more
TrGO surfaces become available for PE preferential crystal-
lization, and thus the PE (200) peak intensity increases. This
observation provides additional proof for the drawing-induced
filler exfoliation as it can provide larger specific surface areas for
PE crystallization. Moreover, the dramatically increased PE
(200) peak has also been claimed to result in further mechanical
enhancement within the polymer phase.75 Thus, for the drawn
composite films, the property improvements may be a
combination of the filler enhancement from the TrGO fillers
and the enhancement within the PE matrix itself. If we use a
simple mixing rule (Ec = f Ef + (1 − f)Em, where f is the volume
fraction of the filler, Ef is the property of the filler, and Em is the
property of the matrix) to express the composite properties, we
can back out the PE matrix strength and modulus to be ∼2.55
and ∼101.7 GPa, respectively, for the 60× drawing ratio. These
aremuch improved over the neat PE films with the same drawing
ratio but are lower than recently measured ultrahigh crystalline
PE fibers (strength, 11.4 GPa; and modulus, 312 GPa).32,36

CONCLUSIONS
In summary, we have demonstrated ultrahigh mechanical
properties in PE/TrGO nanocomposite films fabricated from
high shear rate extrusion and mechanical drawing. The highest
average tensile strength and Young’s modulus achieved are 3.1±
0.5 and 106.0± 12.3 GPa, respectively, which are comparable to
some of the best high strength polymer fibers known (Figure

1a). These also represent by far the highest values reported for
any polymer/graphene composite (Figure 1b). Such an
enhancement is partially from the effect of PE crystallization
after drawing. In addition, the high shear rate extrusion and
mechanical drawing also help exfoliate the TrGO fillers in the PE
matrix, which significantly increases the specific area of the
fillers. Due to the strong PE−graphene interaction, mechanical
load can efficiently transfer from the polymermatrix to the fillers,
taking full advantage of the superior intrinsic strength of
graphene (TrGO). These results provide useful insights for
understanding the mechanism of strength improvement in PE/
TrGO composites and offer guidance for further improvement.
The same strategy may be transferable to design other, new high
strength polymer composite materials. Due to the advantage of
the larger dimension compared to fibers, the nanocomposite
films of this study can potentially substitute for fiber-reinforced
polymers in applications requiring lightweight structural
materials.

EXPERIMENTAL SECTION
Material Synthesis.A four-step process is implemented to produce

nanocomposite films, including (1) PE/TGO mixing, (2) high shear
rate sol−gel extrusion, (3) structural freezing and drying, and (4)
mechanical drawing. The extrusion and film drawing process are
performed on a continuous fabrication system similar to the one
employed by Loomis et al.40 The schematics of the procedures are
shown in Figure 2.

TrGO powder is prepared using the methods previously reported by
Yang et al.59 Thermal reduction helps significantly reduce the oxygen
groups (see the SI for XPS characterization),63,64,76 which increases the
mechanical properties, and also helps expand the graphene layers,59,77

which is beneficial for further exfoliation during drawing. The TrGO
flakes are measured to be as thin as ∼0.6 nm.59 To prepare the PE/
TrGO mixture solution (Figure 2a), ultrahigh molecular weight PE
powder of 3−6 × 106 g/mol is added to the decahydronaphthalene
solvent (both from Sigma-Aldrich) to form a dilute solution with 3 wt %
PE. Different amounts of TrGO powder are added to the PE solution to
achieve different weight fractions (0%, 0.5%, 0.75%, and 1%) in the final
composite. To facilitate TrGO dispersion in the solution, ultrasonic
stirring is performed for 30 min. The solution is then uniformly heated
to 150 °C in an oil bath and maintained at this temperature for 24 h.
Antioxidant (2,6-di-tert-butyl-4-methyl-phenol, Sigma-Aldrich) with a
concentration of 0.5 wt % to PE is added to prevent oxidation during the
dissolution process. The mixture is magnetically stirred for 24 h to
ensure complete dissolution.

The PE/TrGO solution is then fed into an extrusion machine
(Figure 2b), where the whole flow channel is heated and maintained at
120 °C. The solution is pressed through the extrusion chamber by
pressurized air with a constant pressure of 140 kPa. A solid cylinder
inside the cylindrical extrusion chamber is driven by a DC motor at a
speed of 1900 rpm to generate a Couette flow to initiate a uniform high
shear rate to the PE/TrGO solution when it passes through a 1 mm gap
between the two cylinder surfaces. The high shear rate can significantly
disentangle the PE polymer chains40 and help further disperse and
exfoliate the TrGO. The extruded solution exits the chamber onto a
liquid N2-cooled substrate to freeze the internal microstructure (Figure
2c). The solvent is then evaporated at ambient conditions over 24 h,
forming a stable film.

The dried film is then fed into a mechanical drawing system which is
heated and maintained at 85 °C to soften the film and ensure
drawability (Figure 2d). Different drawing ratios (10×, 30×, and 60×)
are applied. The disentangled polymer chains become increasingly
aligned and crystallized as the drawing ratio increases. Because of the
high internal strain during the drawing process, further TrGO
exfoliation is also achieved.

Characterization Methods. TrGO fillers within the PE matrix are
imaged by TEM (FEI Tecnai F30) (Figure 4b−d) and SEM (EVO 50
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LEO, Carl Zeiss) (Figure 4e−g) using the sample preparation methods
provided in the SI. Themorphology of TrGO fillers (Figure S2) and the
dimensions of the composite films (e.g., Figure S3a) are also
characterized by SEM. A typical plot of the thickness reduction as a
function of drawing ratio is included in Figure S4. WAXD (Bruker D8
Advance Davinci) is performed at room temperature using Cu Kα
radiation (λ = 1.5418 Å) over 9−60° 2θ using a step size of 12° and a
step time of 0.5 s. Detailed WAXD analysis data are included in Table
S2 of the Supporting Information. The orientation of polymer chains
for the drawn composite film is monitored by polarized FTIR (Nicolet
6700 spectrometer). At each drawing ratio, polarized infrared spectra
(by rotating a ZnSe polarizer), parallel and perpendicular to the
drawing direction, respectively, are collected with a resolution of 2 cm−1

in reflection mode. Micro-Raman spectroscopy (NRS-5100, Jasco) is
employed to characterize the structure of the TrGO filler in the PE
matrix. A Nikon Eclipse Ti−E inverted optical microscope is used to
observe the film surface optically (Figure S5).
Tensile tests are conducted under ambient conditions using an

electromechanical load frame (Bose Electro Force 3300). The drawn
film is split into narrow ribbons which are mounted with a 14mm gauge
length for testing using methods described elsewhere.78 Polymer film
ribbons are loaded at a crosshead speed of 0.1 mm/s until failure
(Figure S3c). Young’s modulus and the ultimate tensile strength are
calculated from the measured force−displacement data, gauge length,
and cross-sectional area of ribbons. Measurements are reported as the
mean (±standard deviation) of replicates (n = 3−10 specimens/
group). Load and displacement data were collected at 10Hz using a 5 lb
load cell (MBP-5, Interface) and linear variable displacement
transducer (LVDT), respectively. Apparent stress and strain were
calculated based upon the dimensions of the rehydrated scaffolds
measured prior to loading using digital calipers (±0.01 mm). The zero
strain point was set at first region of the stress−strain curve exhibiting a
slope of 5 kPa or higher within a 2% strain range. The scaffold
compressive modulus was measured as the maximum slope of the
stress−strain curve over a 5% strain range within 0−20% strain.
MD Simulations. All MD simulations are performed using the

large-scale atomic/molecular massively parallel simulator (LAMMPS).
The Tersoff potential, which has been shown to predict reasonable
values for the thermomechanical properties of graphene,79,80 is used to
describe the graphene interactions in this work. For PE, the polymer
consistent force field (PCFF) potential81 is employed, since the PCFF
potential is widely used to study the physical properties of polymers.82

The interactions between graphene and PE are vdW interactions, which
are modeled by Lennard−Jones (L−J) potentials.83 Lorentz−Berthelot
mixing rules are used to obtain the L−J parameters across different
species of atoms. The L−J parameters of different atoms used in this
study are listed in the SI, Table S1. An L−J force cutoff of 10 Å is used.
The amorphous PE (C60H122) is constructed using the Material Studio
software in this study. After several iterations of annealing (heating and
slow cooling) processes, which are used to release any stress inside the
PE block, the density is found to be 0.90 g/cm3 at 300 K and 1 atm,
which matches experimental data of 0.88−0.96 g/cm3.84

For the PE/graphene interface simulation, graphene layers are placed
beneath the PE block to form interfaces (Figure 5a,c,d). Five different
cases (Figure S6) are studied to simulate the exfoliation process and
calculate different interactions (polymer−graphene, polymer−poly-
mer, and graphene−graphene). For the simulation of the graphene
layer exfoliation, the simulation domain size is 30 Å × 30 Å × 50 Å. A
periodic boundary condition is used along the y-direction, and the
amorphous polymer is built with the same periodicity as the graphene
layers. Free boundary condition is used in the x-direction to visualize
sheering in this direction. Also, a periodic boundary condition is used in
the z-direction, and a vacuum is left above the polymer top to avoid
interactions between the polymer and the periodic image of graphene.
However, before the production run, the polymer structure is optimized
at 300 K with periodic boundary conditions applied to both the x- and
y-directions and a constant volume. After optimization, the polymer
block is then sheared collectively with respect to the graphene layers,
during which the bottom layer graphene is fixed. To calculate the three
types of interactions, simulation cells with the dimension of 30 Å× 30 Å

× 100 Å are constructed (e.g., Figure 5c,d). Periodic boundary
conditions are used along three directions, while a vacuum space is
intentionally reserved at the top and bottom along the pulling direction.
The graphene layer is pulled away from the polymer block in the
direction perpendicular to the graphene. The separation is realized by
displacing the graphene at a constant speed. The z-component
(perpendicular to graphene) of the total force acting on the moving
graphene layer is recorded and plotted in Figure 5b. Depending on the
force of interest, different parts of the simulation cells (e.g., polymer,
graphene, or half of polymer) are fixed during the pulling simulations as
indicated in the corresponding figures. Figure S6 summarize all
simulated molecule structures.
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