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Abstract

Conductive polymer composites enjoy specialized applications such as electrostatic discharge protection. In this work, we create interfacially
localized graphene nanoplatelets (GNPs) in a cocontinuous polymer blend of polylactide (PLA) and poly(ethylene-co-vinyl acetate) (EVA).
Based on the wetting coefficient analysis, GNPs favor localization in the EVA phase. A two-step compounding sequence is designed such
that a PLA/GNP masterbatch is first prepared via solution blending, and then melt compounded with the EVA. In the second step, GNPs
transfer from the PLA phase to the EVA phase but become kinetically trapped at the interface, as confirmed by electron microscopy. We
achieve an ultralow percolation threshold of 0.048 wt. % GNPs and obtain blends with electrical conductivities of ∼10−5 S/cm at 0.5 wt. %
GNP concentration. We systematically study the shear and extensional rheology of the ternary composite system. Cocontinuous blends with
interfacial GNPs exhibit higher shear and extensional viscosities compared to samples with GNPs localized entirely within the EVA phase.
Rheology, in situ dielectric measurements, and transmission electron microscopic imaging after nonlinear deformations all show the interfa-
cial GNP network undergoes structure recovery and largely remains at the PLA/EVA interface. Moreover, high electrical conductivity is
maintained during 2–10 min melt compounding and conductivity recovers with annealing after nonlinear deformations. These results suggest
that these robust GNP networks preserve their bulk electrical conductivity during subsequent melt processing. © 2021 The Society of
Rheology. https://doi.org/10.1122/8.0000294

I. INTRODUCTION

Polymer/graphene systems are potentially advantageous
for creating electrically conductive composites for industrial
applications such as electrostatic discharge protection and
electromagnetic interference shielding. Graphene nanoplate-
lets (GNPs) are two-dimensional nanomaterials consisting of
a few layers of stacked graphene sheets. GNPs exhibit supe-
rior material properties such as mechanical strength and high
thermal conductivity. Their inherently high electrical conduc-
tivity and aspect ratio allow the formation of well percolated
filler particle networks when loaded in a polymer matrix.
The feature allows dramatic reduction in particle loading and
improved melt processability in the production of electrically
conductive polymer composites as compared to using tradi-
tional fillers such as carbon black (CB) [1].

One main challenge that limits the use of GNPs to con-
struct conductive composites is their relatively high cost
compared to CB. To address this challenge, many recent
works have focused on controlling particle localization to
achieve enhancement in electrical conductivity with minimal
filler concentration. Mao et al. showed that blending
octadecylamine-functionalized graphene nanosheets into a
cocontinuous blend of polystyrene (PS)/poly (methyl methac-
rylate) (PMMA) in which graphene selectively locates and
percolates in the PS phase reduces the conductive percolation
threshold to 0.5 wt. %, compared to 2 wt. % for similarly

prepared homopolymer/graphene composites [2]. The locali-
zation of fillers in a cocontinuous polymer blend is deter-
mined by the surface energies of the fillers and the two
polymer components. When fillers are melt compounded
with most polymer pairs, they will selectively localize either
within a preferred polymer phase or at the interface to mini-
mize the overall system free energy. Similarly, many previ-
ous studies have demonstrated that selective GNP
localization within one of the two cocontinuous polymer
phases can result in a 2–4-fold decrease in the percolation
threshold using both immiscible blends [e.g., PS/polylactide
(PLA) [3], polycarbonate (PC)/poly(styrene-co-acrylonitrile)
(SAN) [4]] and miscible blends [e.g., PMMA/SAN [5],
PMMA/poly(α-methylstyrene-co-acrylonitrile) (PαMSAN) [6]].

Compared with selective localization within one phase,
localization of GNPs at the interface can further reduce the
percolation threshold and enhance the electrical conductivity
of the polymer composite. By either modifying the filler
surface energy [7] or designing compounding sequences [8,9],
individual graphene or graphene oxide sheets can effectively
tile at immiscible fluid interfaces and form particle network
assemblies, thereby achieving global percolation at lower par-
ticle concentration. Nevertheless, chemical functionalization
of GNPs is usually difficult to control, more labor intensive,
and creates defects on the delocalized π-electron system that
lower the filler electrical conductivity. Therefore, it is pref-
erable to use unmodified GNPs. We have shown that it is
possible to achieve interfacial filler localization through a
controlled two-step compounding sequence [9,10].

The general strategy is as follows: the fillers are initially
compounded with the thermodynamically unfavorable
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polymer component into a masterbatch. Then, the master-
batch is melt compounded with the favorable component.
Interfacial filler localization is achieved during the second
compounding step by either thermodynamic or kinetic trap-
ping. In thermodynamic trapping, surface wetting conditions
determine the interfacial localization of the fillers through the
minimization of global free energy. Therefore, during the
second compounding step, the fillers previously located in
the unfavorable polymer phase will transfer to the interface
due to neutral wetting conditions with the wetting coefficient
ω between −1 and 1 as discussed below [8,11]. In kinetic
trapping, even though the global free-energy minimum is
reached when the filler particles localize in the preferred
polymer phase, the interface can create a local energy well
deeper than the thermal energy of fillers and kinetic energy
of convective mixing. Therefore, interfacial filler localization
can be achieved by controlling kinetic parameters such as the
melt compounding time [9].

In Table I, we review the literature that has achieved
interfacially localized graphene sheets in cocontinuous
polymer blends using the two-step compounding sequence.
The two-step compounding sequence has been applied to
carbon-based fillers of different geometries, i.e., CB
(spheres, 3D) [12–16], graphene (platelets, 2D), and carbon
nanotube (CNT, rods, 1D) [17–22], to create conductive
blends with interfacially localized fillers. GNPs when local-
ized at the interface of polymer blends are preferred to CBs
or CNTs. CBs have much smaller lateral dimensions (tens of
nm) as compared to the lateral dimensions of GNPs or
lengths of CNTs (hundreds of nm). Thus, CBs require much
higher percolation thresholds as compared to CNTs or GNPs
in polymer blends: typical percolation thresholds of CBs
when selectively localized at the cocontinuous interface are
∼5–10 wt. % [16]. However, careful optimization of the par-
ticle dispersion, blend compounding, and post-processing
conditions such as annealing time and temperature can
further reduce the percolation threshold to ∼0.4 wt. % in a

polyethylene (PE)/PS system, achieving an electrical conduc-
tivity of ∼10−3 S/cm at 1 wt. % CB concentration [13]. On
the other hand, CNTs exhibit faster interfacial transfer char-
acteristics and lower interfacial stability as compared to CBs
or GNPs, according to the slim-fast mechanism proposed by
Göldel et al. [23]. In addition, CNTs are 1D rods and do not
tile interfaces as efficiently as 2D platelets. As such, typical
percolation threshold of interfacially localized CNTs is
∼0.7 wt. % [22]. A different approach by Chen et al. [19]
created interfacially localized CNTs in PC/
acrylonitrile-butadiene-styrene (ABS) immiscible blends by
adding 5 wt. % of a third polymer, maleic anhydride-grafted
ABS (ABS-g-MA), as compatibilizer. In their approach,
CNTs were predispersed with ABS-g-MA into a masterbatch,
then melt compounded with PC and ABS to obtain a quater-
nary composite. They achieved an ultralow, ∼0.05 wt. % per-
colation threshold, with an electrical conductivity of
∼10−7 S/cm at 1 wt. % CNT concentration.

Interfacially localized particles might be expected to be
unstable under flow, particularly when they are in nonequilib-
rium systems such as immiscible polymer blends. Nevertheless,
there has been no previous report that characterizes the process-
ing stability of the percolated conductive particle network local-
ized at the interface of cocontinuous polymer blends. In melt
processes such as extrusion, calendaring, and injection molding,
conductive polymer composites are subject to nonlinear shear
and extensional deformations. Therefore, understanding whether
interfacial GNP networks in cocontinuous polymer blends
are robust to withstand processing flows and maintain their
interfacial localization and electrical conductivity is impor-
tant for future applications of this class of polymer/GNP
composites.

In this work, we successfully achieve interfacial localization
of GNPs in an immiscible blend of commercial PLA and
poly(ethylene-co-vinyl acetate) (EVA). Our system exhibits
good melt processability and favorable mechanical properties
for practical applications; ductility of EVA compensates for

TABLE I. Blends with interfacial GNP or r-GO (reduced graphene oxide).

Material system and compounding sequence Year

Estimated percolation threshold

(wt. %)

Electrical conductivity (S/cm) at

0.5 wt. % filler concentrationd Reference

(SAN/GNP)/PC 2013 n/a n/a Liebscher et al. [4]
(PLA/GNP)/PCL 2016 0.23c n/a Huang et al. [24]
(PLA/r-GO)/EVAa 2017 0.18 ∼10−9 (25 °C) Shen et al. [25]
(PP/r-GO)/PEb 2017 1.81c n/a Tu et al. [26]
(PLA/r-GO)/PSb 2017 0.062c ∼10−6 (180 °C) Bai et al. [8]
(PLA/GNP)/PS 2018 <0.5 ∼10−4 (180 °C); ∼10−6 (25 °C) Bai et al. [9]
(PLA/GNP)/HDPE 2019 0.11–0.22c ∼10−8–10−7 (25 °C) Mun et al. [10]
(LLDPE/GNP)/EVA 2019 0.77c n/a Helal et al. [27]
(POE/GNP)/PA6 2020 0.66 n/a Hadaeghnia et al. [28]

(PLA/GNP)/EVA 2021 0.048 ∼10−5 (170 °C) this work

aChemically reduced graphene oxide.
bThermally reduced graphene oxide.
cWeight fraction (Wf) values are converted from volume fraction (Vf) in the original references, using Wf ¼ ρf Vf /(ρf Vf þ ρm(1� Vf )). The density of the gra-
phene filler and polymer matrix are assumed to be ρf ¼ 2:2 g/cm3 and ρm ¼ 1:0 g/cm3, respectively, which may be a potential source of error due to the
density difference between different polymer species and between GNPs and r-GO.
dMeasurement temperature noted in parentheses.
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the intrinsic brittleness of PLA. Wetting property analysis indi-
cates that the interfacial localization of GNPs results from
kinetic trapping in our system. Using the prescribed two-step
melt compounding sequence, we achieve an ultra-low GNP
percolation threshold of ∼0.048 wt. %. Interfacial GNP locali-
zation is confirmed by transmission electron microscopic
(TEM) imaging and rheology. The electrical conductivity
of our system at 0.10 wt. % GNP concentration reaches
∼10−7 S/cm when measured at 170 °C. The electrical conduc-
tivity demonstrated by the current system is one of the highest
compared to other published works at comparable filler con-
centrations (Table I) and falls in the range of electrostatic dis-
charge protection materials (10−4–10−11 S/cm) [29].

We also characterize the strength of the interfacial GNP
network in response to different processing flow condi-
tions using rheology in both linear and nonlinear regimes.
The rheological study is supported by TEM imaging that
compares system morphology before and after nonlinear
flows. Our results suggest that the interfacial GNP
network produced by kinetic trapping via controlled com-
pounding is robust against moderate shear and extensional
flow conditions typically encountered in conventional material
processing. Moreover, high conductivity is maintained during
2–10 min melt compounding. Taken together, our study dem-
onstrates the feasibility to kinetically trap graphene at the inter-
face of cocontinuous PLA/EVA blends, yielding electrically
conductive composites whose conductive particle network is
robust during melt processes. Such a method may potentially
be adapted to manufacture cocontinuous conductive polymer
composites of many other immiscible polymer blend systems.

II. EXPERIMENTS

A. Two-step compounding of the polymer
composites

1. Material

PLA (Ingeo 4032D, Mw = 117 500 g/mol, Đ = 1.86) and
EVA (Elvax 40W, 40wt. % vinyl acetate, Mw = 17 400 kg/mol,
Đ = 3.06) pellets were obtained from NatureWorks and DuPont,
respectively. Both polymers were dried in vacuo at 40 °C at
least overnight before compounding to remove residual
moisture. Molecular weight characterizations were per-
formed via size-exclusion chromatography (Fig. S1 and
Table S1 in the supplementary material [60]). GNPs
(N002-PDR, ρ = 2.2 g/cm3) were obtained from Angstron
Materials and used as received. According to previous
reports and our TEM observations, the average lateral
dimension of GNPs was ∼1.5 μm and the average thickness
was ∼1.0–1.2 nm, corresponding to an approximately three-
layer stack of graphene sheets [5,9,10,30].

2. Masterbatch preparation

The PLA/EVA/GNP ternary composites were prepared
using a two-step compounding sequence, for which a homo-
polymer/GNP masterbatch is prepared by solution blending
and probe sonication. GNPs were dispersed into tetrahydro-
furan (THF, reagent grade, Sigma-Aldrich) at a concentration
of <2 mg/ml. The suspension was probe sonicated (Branson

Digital Sonifier SFX 250, 1/4 in. diameter probe) continu-
ously for 1 h at 75W in an ice-water bath to break up large
aggregates of GNPs. In a separate beaker, the homopolymer
was dissolved in THF at a concentration of 1 g/10 ml. The
polymer/THF solution was combined with the GNP/THF
suspension at the desired polymer/graphene concentration
and stirred for ∼5 min before co-precipitated into ∼500 ml of
methanol. The precipitate appeared homogeneous and gray in
color, and the supernatant solution was clear, suggesting all
GNPs transferred from the solvent into the polymer phase.
The product was collected and dried in vacuo at 60 °C
overnight and melt compressed for 5 min at 170 °C to form
∼3 mm thick sheets for subsequent compounding. The
current approach of masterbatch preparation is limited by
the batch size since it requires using large amounts of volatile
solvents (THF and methanol) to dissolve and precipitate
polymers. In addition, probe sonication in GNP/THF suspen-
sion was necessary to ensure good GNP dispersion in the
polymer matrix for high electrical conductivity. As a result,
the method may not be immediately viable for scaled-up
production.

3. Melt compounding

The ternary composites were prepared by melt compound-
ing using a 5 ml benchtop conical twin-screw micro-
compounder (DSM Xplore MC5). Nitrogen purge gas was
used during melt compounding to mitigate the effect of oxi-
dative degradation. During melt compounding, a total of
∼5 ml of polymer/GNP masterbatch and the other homopoly-
mer were loaded into the microcompounder at 180 °C operat-
ing at 100 rpm. The processing temperature of 180 °C is
chosen to ensure PLA is fully amorphous and not undergo
thermal degradation or molecular weight reduction during
melt compounding. The specific mechanical energy of the
melt compounding process is estimated to be at least
∼108 kJ/kg min (Fig. S2 in the supplementary material [60])
based on prior literature [31]. Typical loading times were
∼5 min, and the mixing time was varied between 1 and 20
min. Apart from the mixing time studies (see below), com-
pounding time was fixed at 2 min as it was sufficient to
produce blends with the highest electrical conductivity. The
ternary composite was then extruded from the compounder
in ∼3 min, and the morphology was frozen by rapidly
quenching in air.

B. Blends characterization

1. Transmission electron microscopy

Polymer composite samples for TEM were prepared by
ultramicrotomy (Leica EM UC6) at −140 °C with a diamond
knife. Ultrathin sections with nominal thicknesses of
65–85 nm were loaded onto copper grids carefully using an
eyelash. Bright-field TEM imaging was performed on a FEI
Tecnai G2 Spirit BioTWIN microscope equipped with a
LaB6 emission source and operating at an accelerating
voltage of 120 kV. Images were captured with an Eagle 4
megapixel CCD camera.
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2. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to verify
the cocontinuity of the polymer phases after melt compound-
ing. The EVA phase was chemically etched out using cyclo-
hexane (reagent grade, Sigma Aldrich) at 50 °C for 24 h.
Then, the remaining sample was carefully removed from the
solvent, allowed to air dry for 1 h, and sputter coated with
5 nm of Pt (Leica EM ACE600). The microstructure of the
remaining composite scaffold was characterized using a
Hitachi SU8230 SEM. Images were obtained at an accelerat-
ing voltage of 3.5–5.0 kV.

3. Rheology and electrical conductivity

Prior to the testing, the polymer composites were com-
pression molded into 0.75 mm thick sheets using a hot press
(Wabash Carver Press) at 180 °C and ∼9MPa pressure. To
prevent excessive domain coarsening prior to rheological
characterization, the compression molding time was con-
trolled to be no more than 2 min. Then, the samples were
rapidly quenched in a separate hydraulic press with cooling
water to freeze the morphology. Finally, samples were cut
using either a circular die or a razor blade into desired shapes
according to the type of rheological characterization of inter-
est. Shear rheology was measured with an ARES 2 rheometer
equipped with a dielectric thermal analysis accessory (TA
Instruments) and 25 mm-diameter dielectric parallel plates.
Dielectric shear rheology allowed the simultaneous measure-
ment of rheology and electrical conductivity during shear
deformation, as shown in our previous work [5,8,10]. Unless
specified, all electrical conductivities were measured at the
AC frequency ωAC ¼ 20Hz, which approximates the DC
conductivity (further discussion of AC frequency-dependent
conductivity data is provided in Fig. S3 in the supplementary
material [60]). Extensional rheology was measured with an
ARES-G2 rheometer (TA Instruments) with the extensional
viscosity fixture (EVF). Samples were cut into ∼120 × 10mm2

rectangular pieces, then loaded onto the test geometry whose
temperature was equilibrated at 170 °C in the convection oven.
After ∼30 s of temperature re-equilibration, samples were
subject to a constant extension rate until sample failure. Using
the liquid nitrogen-based cooling system in the convection
oven, samples were rapidly quenched immediately after either
startup of shear or extension. Sample regions with the highest
strain (i.e., around the edge of the circular disc in shear flow or
around the breaking point in extensional flow) were embedded
in an epoxy resin to allow TEM sample preparation.

III. RESULTS AND DISCUSSION

A. Controlled two-step compounding sequence
produces interfacial graphene

1. Wetting coefficient analysis

Localization of fillers in a polymer blend is determined by
the pairwise interfacial energies of the system, using Young’s
equation [5,8,9],

ω ¼ cos θ ¼ γPLA/GNP � γEVA/GNP
γPLA/EVA

: (1)

For the present system, thermodynamically GNP prefers
localization in the EVA phase if ω . 1, the PLA phase if
ω , �1, and at the PLA/EVA interface if �1 , ω , 1. The
pairwise interfacial energies in this study are calculated using
the Owens–Wendt equation with the dispersive and polar
components of the surface energy of pure components,

γA/B ¼ γA þ γB � 2
ffiffiffiffiffiffiffiffiffiffi
γdAγ

d
B

q
� 2

ffiffiffiffiffiffiffiffiffiffi
γpAγ

p
B

q
: (2)

The surface energies of EVA and PLA polymers are
obtained from the literature, based on sessile drop contact
angle measurements [32]. The values are further corrected to
the processing temperature at 180 °C. From experimentally
obtained surface energies of pure GO [33] and chemically
reduced GO [34], we extrapolate the surface energy of GNPs
under the assumption that γd is not significantly affected by
the C/O ratio while γd/γp is proportional to the C/O ratio.
Based on the manufacturer’s datasheet and consistent with
previous studies [5], the GNPs used in this study have a C/O
ratio of 50.7. We provide surface energies of the pure compo-
nents in Table S2 in the supplementary material [60]. Using
Eq. (2), we calculate γ, γd , and γp of GNP at 180 °C to be
29.4, 29.0, and 0.4 mN/m, respectively. Therefore, the calcu-
lated γPLA/EVA, γPLA/GNP, and γEVA/GNP at 180 °C are 4.1, 8.7,
and 1.4 mN/m, respectively. Based on Young’s equation, the
wetting coefficient ω ¼ 1:8. We repeated our calculation
using two additional references for the surface energy of
PLA (see Table S2 in the supplementary material [60]). The
calculated ω is found to range between 1.8 and 3.1. Since the
analysis based on each set of surface energy values yields
ω . 1, GNPs should thermodynamically localize in the EVA
phase. Informed by the analysis, the two-step melt compound-
ing sequence is designed such that we initially prepare a
PLA/GNP masterbatch, followed by melt compounding it
with the EVA homopolymer. During the second compounding
step, GNPs that transfer from the thermodynamically less
favorable PLA phase to the more favorable EVA phase
become kinetically trapped at the PLA/EVA interface.

2. Blend morphology obtained by kinetic trapping

GNP localization is demonstrated via TEM (Fig. 1).
In TEM images, GNPs are shown as thin, dark lines which
reflect their high geometric aspect ratio and high electron
density. The light gray and dark gray phases are attributed to
PLA and EVA domains, respectively, from mass-thickness
contrast. Previous reports show that PLA undergoes degrada-
tion under electron beam irradiation [35], whereas EVA is
known to be resistant to electron beam damage [36]. For all
three images, GNP concentration is fixed at 0.5 wt. %.
Figures 1(a) and 1(b) show the morphology of the (PLA/
GNP)/EVA blend created using the two-step compounding
sequence that enables kinetic trapping of GNP at the PLA/
EVA interface. Based on low magnification images
[Fig. 1(b) and Figs. S4(a) and S4(b) in the supplementary
material [60]], the overall blend morphology is cocontinuous.
A large number of GNPs localize at and align with the PLA/
EVA interface, forming an interconnected particle network.
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Some GNPs have fully migrated into the EVA phase,
whereas very few GNPs remain in the PLA phase. In these
images, GNPs appear randomly dispersed and the PLA/EVA
interfaces do not show anisotropy.

In contrast, blends created from either the reversed
two-step compounding sequence [i.e., PLA/(EVA/GNP),
Fig. 1(c)] or one-step compounding sequence [i.e., PLA/
EVA/GNP, Fig. 1(d)] show droplet-matrix morphologies
where GNPs localize exclusively in the EVA phase. No GNP
is observed in either the PLA phase or at the interface. These
results agree with the wetting coefficient calculations with
ω . 1. Furthermore, in (PLA/GNP)/EVA systems, GNPs
localized at the PLA/EVA interface result in irregular
domains and nonuniform interfacial curvatures. This is in
contrast with the PLA/(EVA/GNP) or PLA/EVA/GNP
systems, where the PLA droplets have regular spheroidal
shapes and uniform interfacial curvatures.

The bulk cocontinuity of the composite is further demon-
strated by SEM imaging, complementing the 2D TEM
images. The EVA phase is selectively extracted using cyclo-
hexane at 50 °C for 24 h. Figure 2 shows the 3D morphology
of the remaining 50/50 (PLA/GNP)/EVA blends with
0.5 wt. % GNPs and 2 min melt compounding time. After
solvent extraction, the structure of the remaining blend
remained intact. Low magnification images show the remain-
ing PLA phase is continuous throughout the field of view
[Figs. 2(a) and 2(b)], supporting our conclusion based on the
TEM images. After solvent extraction, some GNPs were
found in the cyclohexane phase as they were previously
localized EVA phase. Nonetheless, high magnification SEM

image shows the presence of interfacially localized GNPs at
the surface of PLA domains [Fig. 2(c)], which act to stabilize
the cocontinuous blend morphology.

3. The effect of compounding time on the blend
morphology

Controlling the time of the second melt compounding step
is essential for kinetically trapping GNPs at the PLA/EVA
interface during melt processing. Thermal energy alone is
insufficient to induce GNP migration over significant dis-
tances. Following prior work [5], we assume the hydrody-
namic radius (Rh) of GNPs in this study to be ∼450 nm.
Thus, the typical diffusion length (d) of individual GNP
sheet over 10 min of compounding time (t) can be estimated
using Einstein’s equation,

d ¼ tkT

πηRh

� �1
2

, (3)

where k is the Boltzmann constant, T ¼ 180 �C is the pro-
cessing temperature, and η is the melt viscosity of the
polymer (ηPLA ¼ 6500 Pa s and ηEVA ¼ 300 Pa s at 180 °C).
According to our estimation, dPLA ¼ 20 nm and
dEVA ¼ 95 nm, both of which are well below the average
domain size of either the PLA or EVA phase. Instead, GNPs
are driven to interfaces by the high shear and extension rates
encountered during twin screw microcompounding [37].

However, longer compounding flow times can further
drive kinetically trapped GNP sheets at the interface into the
thermodynamically preferred phase. The PLA/EVA interface
is constantly pinched off and folded over itself due to com-
pounding flow. Thus, interfacial GNP sheets can be fully
encapsulated in the EVA phase due to the constant stretching
and folding of the interface during longer compounding times
[9]. Therefore, determining the appropriate time window for
the second melt compounding step is necessary to achieve the
optimal interfacial localization. We measure the electrical con-
ductivity of the 50/50 (PLA/GNP)/EVA_0.5 wt. % system
after different melt compounding times (tcmpd:) (Fig. 3). Our
data show that when tcmpd: � 1min, the electrical conductivity
is low, suggesting that the melt compounding time is not suffi-
cient to drive most of the GNPs to the PLA/EVA interface.
This is confirmed by both selective solvent extraction experi-
ments and TEM imaging. After performing solvent extraction
of the EVA phase on a sample with identical blend composi-
tion and GNP concentration but prepared with tcmpd: ¼ 1min,
the blend disintegrated completely. TEM imaging shows that
the overall blend morphology was droplet-matrix with EVA
being the matrix phase (Fig. S5 in the supplementary material
[60]). Even though a small fraction of GNPs has migrated to
the interface, a large fraction of GNPs remained in the PLA
phase. These results suggest that tcmpd: � 1min is insufficient
to create cocontinuous morphology where a large fraction of
GNPs transfer to the interface. When 2min � tcmpd: � 10min,
the electrical conductivity is high, suggesting that most of the
GNPs have already been kinetically trapped at the interface
forming a percolated conducting network. This is consistent
with TEM observations [Fig. 1(a)], as GNPs are largely absent

FIG. 1. TEM images of ternary composite samples obtained from different
processing sequences, showing direct contrast among the components: PLA
(light gray domains), EVA (dark gray domains), and GNP (thin, black lines).
Two-step melt compounding: (a) and (b) (PLA/GNP)/EVA; (c) PLA/(EVA/
GNP). Single-step melt compounding: (d) PLA/EVA/GNP. Interfacial GNP
localization is achieved only in the (PLA/GNP)/EVA system. For all blends,
the PLA/EVA compositions are 50/50 wt. % and GNP concentrations are
0.5 wt. %.
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in the PLA phase when tcmpd: ¼ 2min. SEM imaging of a
sample with tcmpd: ¼ 5min after selective EVA phase removal
further demonstrates the bulk morphology of the polymer
blend is cocontinuous [Figs. 2(d) and 2(e)] and GNPs achieve
good interfacial coverage [Fig. 2(f)]. Finally, when
tcmpd: ¼ 5min, the electrical conductivity decreased, suggest-
ing that a significant number of GNPs have migrated into the
EVA phase. This is confirmed in Fig. S6 in the supplementary
material [60]: after applying shear for 120 s at 1 s−1 shear rate,
some GNPs previously localized at the interface have trans-
ferred to the EVA phase. The blend morphology after shear is
less cocontinuous since the polymer domains are broken into
droplets by applied shear. For the above reasons, we select
tcmpd: ¼ 2min as the optimal compounding time, which is

already sufficient for most GNPs to be kinetically trapped at
the interface. Furthermore, the electrical conductivity shows
only a slight increase over 1 h of isothermal annealing for all
samples (Fig. S7 in the supplementary material [60]). Since an
increase in electrical conductivity is usually attributed to
microscopic structural recovery of the elastic GNP network
[38], our results further suggest that thermal energy alone does
not significantly affect the GNP localization after kinetic trap-
ping has occurred.

Even though the blends are subject to high rates of
deformation during melt compounding, GNPs remain
trapped at the interface as confirmed by nonlinear rheology
and TEM imaging (see below). As shown in Fig. 3, electri-
cal conductivities remain high for a range of compounding

FIG. 2. SEM image of 50/50 (PLA/GNP)/EVA_0.5 wt. % with 2 min [(a)–(c)] and 5 min [(d)–(f )] melt compounding time. The EVA phase was selectively
extracted by cyclohexane. The remaining PLA phase was continuous. GNPs were found at the surface of the remaining PLA domains, suggesting the kinetic
trapping of GNP at the PLA/EVA interface. GNPs on the surface of PLA domains are marked by yellow arrows in (c) and (f ).
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times of 2–10 min. The PLA/EVA system shows higher
stability of interfacial GNPs compared with our previous
studies of kinetic trapping using other polymer blends: the
optimal compounding time was only 30 s for PLA/PS
blends [9] and 5 min for HDPE/PLA blends [10]. Kinetic
factors provide energy barriers that prevent the full GNP
migration from the PLA/EVA interface to the EVA phase.
These factors could include the rate of adsorption-
desorption of polymer chains on the GNP surface [24,39],
the resistance of adjacent graphene sheets from the particle
network [8], and the low rate of migration of GNPs oriented
parallel to the interface [9]. Since these kinetic factors
depend on specific polymer systems, this could explain
why the optimal compounding time for the PLA/EVA
system is different from our previously studied systems.

The morphology created by kinetic trapping of GNPs at
the interface is stable. Fillers suitable for kinetic trapping
need to exhibit a local energy barrier, which prevents indi-
vidual graphene sheets from leaving the interface [9,10].
Figure 4 is a schematic that illustrates the four key stages
of filler migration from one phase to another phase: (1)

bulk migration far from the interface, (2) film drainage of
the departing phase at the interface, (3) the displacement
of the three-phase contact line at the filler surface, and (4)
eventual particle migration across the interface and fully
into the thermodynamically preferred phase [40]. The first
two stages are not rate-limiting steps of kinetic trapping.
For (1), convective flow by melt compounding is suffi-
cient to transfer GNPs from the PLA phase toward the
interface. For (2), since TEM images [Figs. 1(a) and 1(b)]
already indicate the presence of interfacial GNPs after 2 min
of melt compounding, the film drainage time on the filler
surface is much shorter than their contact time at the interface.
The rate of filler migration across the interface, which is deter-
mined by (3), is the rate-limiting step that determines the effec-
tiveness of kinetic trapping. When the filler contacts with the
interface and forms the three-phase contact line, the rate of par-
ticle migration across the interface is equal to the displacement
velocity (V) of the three-phase contact line,

V ¼ F

ξL
: (4)

Here, F is the thermodynamic driving force to minimize the
overall interfacial energy, ξ is the friction coefficient which
scales with the viscosities of the two polymer phases [41,42],
and L is the length of the three-phase contact line. Equation
(4) shows that the rate of GNPs migration near the interface
is orientation dependent. While both F and ξ are the same for
GNPs regardless of orientation, L � 1 μm for GNPs oriented
parallel with the interface while L � 1 nm for GNPs oriented
perpendicular to the interface. Therefore, the migration rate
of GNPs oriented parallel with the interface is ∼103 slower
than the rate of those oriented perpendicular to the interface.
Consequentially, the migration of interfacial GNPs oriented
parallel with the interface will be arrested upon cessation of
processing flow. We believe kinetic trapping is most effective
for nanoparticles with platelet-type geometries such as GNPs
to create blends with stable interfacial particles: GNPs’ high
aspect ratio allows them to tile interfaces efficiently and
achieve a lower percolation threshold than low aspect ratio
fillers such as CB. Compared to 1D nanorods such as CNTs,
the 2D platelet geometry of GNPs implies a slower rate of
filler migration and higher interfacial stability according to
the slim-fast mechanism [23].

FIG. 3. The effect of different melt compounding times on the electrical
conductivity of 50/50 (PLA/GNP)/EVA_0.50 wt. % blends. The electrical
conductivities are measured continuously with the dielectric rheology acces-
sory during isothermal annealing at 180 °C. The electrical conductivities of
blends with 2–10 min of compounding time are substantially higher than
those with either smaller or longer compound times, suggesting GNPs
formed well-connected interfacial networks within the 2–10 min compound
time window. One hour annealing slightly improves the electrical conductivi-
ties of blends.

FIG. 4. Schematic showing the four stages of GNP migration from the PLA phase to the EVA phase: (a) bulk migration far from the interface, due to convec-
tion by the compounding flow with the background PLA matrix, (b) film drainage of the departing phase at the interface, induced by the attractive interactions
between GNP and EVA, (c) the displacement of the three-phase contact line at the filler surface, and (d) eventual particle migration across the interface into the
preferred EVA phase.
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B. Interfacial graphene affects rheology and
conductivity

As shown from TEM, the interfacial GNP networks
formed by the two-step compounding sequence cover the
cocontinuous PLA/EVA interface. Rheological and conduc-
tivity measurements of the ternary composite confirm these
observations. Specifically, we study the effects of the interfa-
cial GNP network on the composite’s elastic modulus (G0)
and real part of the complex electrical conductivity (σ 0) when
either linear or nonlinear deformation is applied.

1. Linear viscoelasticity

Measuring G0 using small amplitude oscillatory shear in
the linear viscoelastic region provides insights into the state
of nanoparticle dispersion and localization within polymer
blends. For a ternary polymer/graphene composite, there are
three components that contribute to the overall G0,

G0 ¼ G0
mat þ G0

int þ G0
GNP, (5)

where G0
mat, G0

int, and G0
GNP represent the contribution from

the polymer matrix, interface, and GNPs respectively. As
shown in Fig. 5(a), G0

mat of either PLA or EVA homopoly-
mers at 170 °C shows classic terminal behavior, G0 � ω2,
where ω is the oscillation frequency. In the case of the PLA/
EVA homopolymer blend, the interface contributes to addi-
tional elasticity of G0

int, which results in an apparent flatten-
ing of the G0 vs ω profile in the terminal region. Finally,
when GNPs are added to the polymer blend system, the filler
particles contribute further to the overall elasticity in the ter-
minal flow region.

We compare G0 of two ternary composite samples with
the same polymer composition (50/50 wt. %) and GNP con-
centration (0.5 wt. %) but with the reverse compounding
sequence. Results show that the (PLA/GNP)/EVA sample
exhibits ∼4 times higher G0 as compared to the PLA/(EVA/
GNP) sample, suggesting that the bulk connectivity of GNPs
is better in the (PLA/GNP)/EVA sample as compared to the

PLA/(EVA/GNP) sample. Specifically, the (PLA/GNP)/EVA
sample displays a clear plateau (i.e., G0 � ω0) in the terminal
flow region, suggesting the formation of a solid-like, inter-
connected GNP network that percolates throughout the entire
composite. Rheological percolation is also detected by replot-
ting the dynamic frequency sweep data as Cole-Cole plots
(i.e., imaginary part vs real part of complex viscosity, η00 vs
η0). In Fig. 5(b), Cole-Cole plots of the homopolymers show
a single relaxation spectrum in the shape of a circular arc.
The PLA/EVA neat blend shows a slight uptick, representing
the additional relaxation of dispersed PLA droplet phase. For
the blends containing GNPs, the Cole-Cole plots reflect the
rheological percolation of the GNP network, which is formed
either at the PLA/EVA interface for the (PLA/GNP)/EVA
system or in the continuous EVA phase for the PLA/(EVA/
GNP) system. The effect of particle percolation is much
stronger than either the relaxation of polymer chains or the
dispersed droplets [43]. Finally, the small amplitude oscilla-
tory shear results are consistent with TEM observations
[Figs. 1(a) and 1(b)], in which a large fraction of GNPs local-
ize at the PLA/EVA interface forming a percolating particle
network.

The dielectric accessory enables measurements of the
composites’ electrical conductivity, which further elucidate
the characteristics of the GNP network formed as a result of
different compounding sequences. In Fig. 6, the real part of
the complex conductivity is plotted as a function of GNP
concentration for both homopolymer/GNP blends and the
two ternary composites. Two key observations are drawn
from these results. First, below 1 wt. % GNP concentration
the conductivity of the ternary composites is higher than the
homopolymer/GNP composites. The selective localization of
GNP in the EVA phase or at the interface of the cocontinu-
ous blend reduces the percolation volume of the fillers [5,6].
Second, the (PLA/GNP)/EVA composites with interfacial
GNPs have the highest electrical conductivity. Since the
GNPs have a two-dimensional planar geometry, interfacially
localized GNPs cover the cocontinuous polymer interface and
result in a much lower percolation threshold as compared to

FIG. 5. Dynamic frequency sweep results shown as (a) elastic moduli vs oscillation frequency and (b) Cole-Cole plots for homopolymers, 50/50 wt. % PLA/
EVA neat blends, and 50/50 PLA/EVA/GNP blends produced with different compounding sequences.
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GNPs localizing in a three-dimensional polymer matrix phase.
We conduct measurements at 170 °C immediately after the
conclusion of the dynamic frequency sweep experiments
(∼20 min) so that the annealing times across samples are consis-
tent and any residual stress from prior processing is fully relaxed.

The percolation threshold refers to the minimum concen-
tration of GNPs in the system to form a fully connected parti-
cle network spanning throughout the composite. Above the
threshold, a sharp insulator-to-conductor transition is
expected. The transition can be estimated from the classical
percolation theory model given by

σ ¼ A (fGNP � fc)
n, (6)

where σ is the electrical conductivity of the composite, f is
the GNP concentration, fc is the percolation threshold of
GNP, n is the critical exponent that relates to the aspect ratio
and spatial distribution of the fillers [44], and A is the expo-
nential prefactor. The percolation thresholds of each set of
polymer/GNP composites are calculated by fitting the results
to Eq. (6). The power law fitting curve for the (PLA/GNP)/
EVA blend is shown in the inset of Fig. 6; similar plots for
the control samples are provided in Fig. S8 in the supplemen-
tary material [60]. The results are summarized in Table II.
The percolation threshold of PLA/(EVA/GNP) where GNPs
localized in only the EVA phase sees a roughly twofold
decrease from either homopolymer/GNP composite, which

agrees with our hypothesis that the GNP percolation volume
is approximately halved. More notably, in the (PLA/GNP)/
EVA samples where a majority of GNPs localize at the PLA/
EVA interface, an ultralow percolation threshold of
0.048 wt. % (∼0.022 vol. %) GNPs is attained, representing a
ninefold reduction from the systems consisting of homopoly-
mer/GNP composites.

2. Transient shear rheometry

While the linear viscoelastic behavior of the composites
demonstrates that a connected interfacially localized GNP
particle network can be formed by the two-step compound-
ing sequence, these measurements do not offer insights into
the robustness of the GNP network when subject to stronger
flows. Conductive polymer composites are usually melt pro-
cessed by extrusion, calendaring, or injection molding, all of
which produce much higher strains and strain rates in both
shear and extension. Therefore, we studied whether the GNP
network at the cocontinuous PLA/EVA interface maintains
good particle interconnectivity and preserves the bulk elec-
trical conductivity when the composite is subject to large
deformations. To address this question, we utilized a series
of nonlinear shear and extensional rheology coupled with
either dielectric measurements or TEM imaging to under-
stand how the interfacial GNP network responds to nonlin-
ear deformation.

For nonlinear shear deformations, we perform a series of
startup shear measurements with increasing shear rates for a
fixed time of 120 s for both (PLA/GNP)/EVA and
PLA/(EVA/GNP) blends. Both PLA/EVA composition
(50/50 wt. %) and GNP concentration (0.5 wt. %) are fixed.
In Fig. 7(a), the growth of the shear stress is plotted as a
function of shear strain. In both systems, the stress overshoot
increases with the applied shear rate. It is notable that
stress overshoots are visible even at the lowest shear rate
of 0.01 s−1; at extremely low shear rates, polymer chains
are assumed to maintain their equilibrium entanglement
density and do not produce stress overshoots during
startup shear. The observed overshoot originates from the
presence of GNPs, indicating the presence of a well-
connected GNP particle network. This is also seen in pre-
vious studies of polymer/layered silicate [45] and polymer/
nanoclay [46].

Our results show that (PLA/GNP)/EVA produces a higher
stress overshoot as compared to PLA/(EVA/GNP) across the
entire range of transient shear rates between 0.01 and 1 s−1

(higher shear rates are not studied due to edge failure and
sample ejection from the test geometry). The interfacial
GNPs produce a more robust three-dimensional percolating
particle network to resist transient shear deformations, in
addition to showing higher blend electrical conductivity and
higher critical percolation coefficient as previously discussed.
The difference in stress overshoots between two systems
decreases with increasing shear rates. The peak of the stress
overshoot occurs at similar shear strains (1.5–2 for the
current system) regardless of shear rates, which is indicative
of the filler particle network [47,48]. Lower shear rates
require a longer time to reach the shear strain corresponding

FIG. 6. Electrical conductivity as a function of GNP concentration for
various polymer composite systems measured at 170 °C. The inset shows a
sample power law fitting of the percolation threshold of the (PLA/GNP)/
EVA blend.

TABLE II. Percolation thresholds of polymer/GNP composites of different
polymer composition and compounding sequences.

Sample fc (wt. %) n

50/50 (PLA/GNP)/EVA 0.048 2.12
50/50 PLA/(EVA/GNP) 0.229 1.18
PLA/GNP 0.436 0.73
EVA/GNP 0.601 0.82
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to the maximum shear stress. This is because low shear rate
flows can exfoliate GNP agglomerates and help adjacent par-
ticles establish contact with each other, thereby improving
the GNP network structure [49]. Higher shear rates require a
shorter time to reach the maximum shear stress, during
which structure build-up can occur. Therefore, at higher
shear rates, the filler network becomes more deformed due to
shear flow irrespective of GNP localization, and the stress
growth profiles of (PLA/GNP)/EVA and PLA/(EVA/GNP)
blends are more similar. In Fig. S9 in the supplementary
material [60], we provide the transient viscosity as a function
of time for startup shear. Like the stress growth profiles, at
lower shear rates (0.01–0.1 s−1), the transient shear viscos-
ities of the (PLA/GNP)/EVA sample are significantly higher
than those of the PLA/(EVA/GNP) sample at corresponding
shear rates. At high shear rates (>0.5 s−1), the transient shear
viscosities between the two samples are comparable regard-
less of GNP localization.

Upon cessation of startup shear, we immediately perform
dielectric measurements to characterize the state of the conduc-
tive GNP network and to determine whether the conductive

filler network has been permanently disrupted by nonlinear
shearing. In Fig. 7(b), we plot the evolution of the real part of
the complex conductivity as a function of imposed shear rates
for both (PLA/GNP)/EVA and PLA/(EVA/GNP) samples.
Electrical conductivities of the samples are measured prior to
the first transient shear step; after loading, samples are quies-
cently annealed at 170 °C for ∼1 h [49]. The initial electrical
conductivities of the two sets of samples with different GNP
localizations are nearly identical at ∼1.5 × 10−5 S/cm. Given
that low shear rates result in little change in electrical conduc-
tivity, the microstructure of the composite must be little dis-
rupted. At high shear rates (≥0.1 s−1), the electrical
conductivity of both (PLA/GNP)/EVA and PLA/(EVA/GNP)
samples is lowered by up to one order of magnitude. In
response to high shear strains and strain rates, the GNP
network breaks down and individual GNP sheets orient in the
direction of the shear gradient [5,6,50,51].

However, the electrical conductivities of both sets of com-
posites immediately start to improve within the first minute
after cessation of each transient shear step [Fig. 7(b)]. Blends
with interfacial GNPs better recover electrical conductivity

FIG. 7. (a) Startup shear experimental results for both (PLA/GNP)/EVA and PLA/(EVA/GNP) systems with 0.5 wt. % GNP for different shear rates, plotted as
the growth of shear stress as a function of shear strain; (b) electrical conductivity of both (PLA/GNP)/EVA and PLA/(GNP/EVA) systems prior to or after each
step of startup shear; (c) and (d) morphology of the (PLA/GNP)/EVA system immediately quenched after the 1.0 s−1 startup shear rate, at a final shear strain of
120. In (c), scale bar = 2 μm. The center portion of (c) is taken at a higher magnification shown in (d), with scale bar = 1 μm.
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after shearing. Within 60 s of annealing, the electrical
conductivity of (PLA/GNP)/EVA with 0.5 wt. % GNP con-
centration sheared at 1 s−1 recovers to ∼30% of the initial
conductivity prior to startup shear, whereas the conductivity
of PLA/(EVA/GNP) with identical GNP concentration only
recovers to ∼13% of its initial value. Postprocessing anneal-
ing allows previously perturbed and aligned particle net-
works to recover via unbending of bent GNP sheets during
earlier processing, attractive interactions between adjacent
graphene sheets, and Brownian diffusion of individual GNP
sheet [49,52]. Additionally, due to viscoelasticity of the
polymer matrix, the stretched-out polymer phases will recoil,
reducing interfacial area and bringing back the interfacial
contacts between GNP sheets. Moreover, the reduction of
surface area in recoiled polymers can also lead to leaching
out of interfacial GNPs into the EVA phase, thereby provid-
ing additional contact points in the interphase connectivity of
GNPs within EVA [Figs. 7(c) and 7(d)]. Thus, the electrical
conductivity of the polymer/graphene composites continues
to improve with increasing annealing time after shear. The
(PLA/GNP)/EVA system exhibits faster recovery in electrical
conductivity as compared to the PLA/(EVA/GNP) system,
indicating that the interfacial GNP network is still largely
intact. The interfacial GNP network preserves electrical con-
ductivity more significantly than when GNPs localize in the
EVA phase. In Fig. S10 in the supplementary material [60],
(PLA/GNP)/EVA blends consistently exhibit higher electrical
conductivity and faster recovery when compared to
PLA/(EVA/GNP) blends following a range of startup shear
rates (0.01–1.0 s−1) and GNP concentrations (0.1–1.0 wt. %).
Most notably, the (PLA/GNP)/EVA blends with 1.0 wt. %
GNP show almost no loss of electrical conductivity up to a
final shear strain of 120.

From TEM imaging of the (PLA/GNP)/EVA system
quenched immediately after shearing at 1.0 s−1 reaching a
final strain of 120, a large number of GNPs are seen to
remain at the polymer blend interface, preserving the conduc-
tive filler network and electrical conductivity [Figs. 7(c)
and 7(d)]. Further recovery in G0 is also observed after shear-
ing (Fig. S11 in the supplementary material [60]). These
results suggest that moderately high shear rates during process-
ing do not significantly change the localization of the interfa-
cial GNP network. The reduction in electrical conductivity
may also be attributed to the partial breakup of the cocontinu-
ous blend morphology as well as encapsulation of GNP, as
shown in lower magnification images such as Fig. 7(c) and
Fig. S6 in the supplementary material [60]. Nonetheless, a
large fraction of interfacial area is covered with GNPs,
showing the robustness of interfacial GNP network.

3. Extensional rheometry

In addition to nonlinear shear deformations, we perform a
series of extensional rheology measurements for both sets of
ternary polymer composites and the PLA/EVA neat blend to
study the effect of extensional deformation on the interfacial
GNP network formed by the two-step compounding
sequence. The extensional stress is plotted as a function of
the Hencky strain in Fig. 8(a). The extensional viscosities of

the polymer/GNP composites are higher than that of the neat
polymer blend due to the additional elasticity imparted
by the filler particles. Similar to transient shear, at a low
extensional rate of 0.01 s−1, the extensional stress of the
(PLA/GNP)/EVA blend is about twice that of the
PLA/(EVA/GNP) blend for the duration of the experiments.
Additionally, the (PLA/GNP)/EVA blend achieve a much
higher strain at break, reaching a final Hencky strain of ∼1.0
while both the PLA/(EVA/GNP) and the neat PLA/EVA
blend have a similar strain at breaks at a Hencky strain of
∼0.2. These results further show that the highly connected
interfacial GNP network present in the (PLA/GNP)/EVA
blends resists extensional deformation at low Hencky strains,
showing enhanced melt strength. On the other hand, at a
high extensional rate of 0.1 s−1, there is no pronounced dif-
ference between the extensional stresses or strain at breaks
between (PLA/GNP)/EVA and PLA/(EVA/GNP).

While dielectric measurements are not available for exten-
sional rheology, TEM imaging provides insights into the
blend morphology as well as the state of GNP networks fol-
lowing extensional deformation. Immediately upon the end
of the extensional rheology measurements, samples are
quickly removed from the test fixture and quenched in liquid
nitrogen to freeze the morphology. Then, we embed parts of
the remaining sample close to the point of breakage into a
liquid epoxy for TEM sample preparation. Each specimen is
oriented parallel with the direction of extensional deforma-
tion, and thin sections are obtained by cryo-microtomy.
Figures 8(b)–8(d) show the resulting morphologies of the
(PLA/GNP)/EVA, PLA/(EVA/GNP), and PLA/EVA neat
blends, respectively; lower magnification images are pro-
vided in Fig. S12 in the supplementary material [60]. Despite
reaching a final Hencky strain of ∼1, Fig. 8(b) shows that in
(PLA/GNP)/EVA blends a large number of GNP sheets
remain on the PLA/EVA interface after extensional deforma-
tion. At this Hencky strain, the total interfacial area will have
increased by a factor of e (∼2.7), which requires GNPs to
spread out and cover the newly generated interface. TEM
imaging shows that the interfacial GNP sheets form good
contacts with adjacent sheets after extensional deformation.
In several local regions, interfacial GNP forms particle-
jammed, irregularly shaped droplets. This is in contrast with
Figs. 8(c) and 8(d): when GNPs are absent from the
PLA/EVA interface, the blend assumes a droplet-matrix mor-
phology upon extensional deformation with the lighter PLA
phase appearing as rounded spherical droplets.

Mei et al. studied hydrophobic silica particles that thermo-
dynamically localize at the interface of a poly(isobutylene)/
poly(dimethylsiloxane) (PIB/PDMS) suspension [53].
They proposed a mechanism that produces irregularly shaped,
particle-covered droplets from shear deformations. When the
capillary number exceeds a critical value for which either shear
or extensional deformation overcomes the interfacial tension,
large droplets in polymer blends break up into two smaller
droplets due to capillary instability. However, when particles
cover the fluid interface, localized interfacial roughness is pre-
served by the elastic particle network. The numerous bends
and protrusions arising from fluid deformation will eventually
evolve into buckled interfaces and irregularly shaped droplets
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stabilized by interfacial particles [8,54–58]. The interfacial
GNP network is stable with stronger extensional flow.
While the final extensional stresses at break (Hencky strain
∼1) are similar for both (PLA/GNP)/EVA and PLA/(EVA/
GNP) under the higher extensional rate of 0.1 s−1, TEM
images [Fig. 8(e)] show that GNP network remains at the
interface and produces irregularly shaped droplets. As twin-
screw microcompounding imparts strong extensional
mixing forces, the fact that electrical conductivities of
(PLA/GNP)/EVA remain high after 10 min of compounding
(Fig. 3) indicate that interfacial GNP network will remain
present at even higher Hencky strains.

In summary, our kinetic trapping method to localize GNPs
at the PLA/EVA interface produces robust interfacial networks
of GNP showing high stability under nonlinear shear or exten-
sional flows. Interfacial GNPs preserve the nonequilibrium
morphology by forming adjacent particle-to-particle contacts,
suppressing domain coarsening, and maintaining high levels
of electrical conductivity [8]. We can further correlate results
from rheological measurement with the melt compounding
time studies shown in Fig. 3. The electrical conductivity of the
(PLA/GNP)/EVA blend begins to show decrease only when
compouding exceeds 10 min. Therefore, assuming the

microcompounder operating at 100 rpm has an effective shear
rate of 270 s−1 [8], the minimum shear strain required to
remove trapped GNPs at the interface into the EVA phase is
∼1.6 × 105 strain units, which is significantly higher than the
total shear strain of ∼120 or a total Hencky strain of ∼2
imparted in our rheological measurements. We anticipate that
the GNP localization will remain at the interface under typical
processing times, yielding highly electrically conductive
blends. Moreover, the conductivity of the interfacial GNP
network can improve via postprocessing annealing. While
extensional deformation may also remove some GNPs from
the interface into the EVA phase, the recoil of polymer chains
after extensional deformation may also impart additional intra-
phase connectivity of GNPs in the EVA phase [Figs. 8(b) and
8(e) and Figs. S12(a) and S12(b) in the supplementary mate-
rial [60]]. Similar to post-startup shear experiments, post-
processing annealing can further restore the electrical conduc-
tivity of these composites after extensional deformations.

IV. CONCLUSIONS

In this work, we create a cocontinuous polymer composite
where GNPs are interfacially localized at the PLA/EVA

FIG. 8. (a) Extensional stress profiles as a function of Hencky strain for constant extensional rates for (PLA/GNP)/EVA, PLA/(GNP/EVA), and unfilled PLA/
EVA systems. (b)–(d) the TEM morphology of the three systems taken at strain to break (∼1) after an extension rate of 0.01 s−1, respectively. (e) The TEM mor-
phology of the (PLA/GNP)/EVA system taken at strain of break (∼1) after an extension rate of 0.1 s−1. In both (b) and (e), GNPs are seen to fully cover the
PLA/EVA interface. Scale bar = 2 μm for all images.
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interface by kinetic trapping: GNPs are initially mixed with
PLA, the thermodynamically unfavored component, and then
melt compounded with EVA. The two-step compounding
sequence is determined based on a wetting coefficient analy-
sis: GNPs prefer EVA over PLA with the wetting coefficient
ω . 1. TEM and SEM results support the wetting coefficient
analysis and confirm the interfacial localization of GNPs.
Small amplitude shear and dielectric rheology both show
GNPs form a percolated network at the interface of cocontin-
uous polymer blends, enhancing both the elastic modulus
and electrical conductivity. Controlling the time of the
second compounding step is essential to promote effective
GNP migration from the PLA phase to the EVA phase.
In the current system, to achieve effective kinetic trapping of
GNPs at the interface, the optimal time of the second mixing
step has a wide window of 2–10 min, based on improvement
in the electrical conductivity. While GNPs leave PLA
quickly during initial compounding, they are trapped for a
long time at the interface. After long mixing, they eventually
move to the EVA phase. Setting 2 min as the duration of the
second mixing step, we are able to produce highly conduc-
tive (PLA/GNP)/EVA composites with an ultralow percola-
tion threshold of 0.048 wt. %, one of the lowest values
reported for GNPs in current literature (Table I).

The fact that high conductivity is maintained during 2–10
min melt compounding is strong evidence for robustness of
the interfacial GNP network. Its strength is also verified via
transient shear and extensional rheology. Blends with interfa-
cially localized GNP networks are more resistant to nonlinear
shear deformation, showing higher shear stress and increased
transient shear viscosity. While startup shear up to 1.0 s−1

could disrupt the GNP network by temporarily aligning
nearby fillers and therefore reducing electrical conductivity,
upon cessation of shear flow the system quickly recovers its
electrical conductivity during annealing. TEM imaging
shows a large number of GNPs preserve their interfacial
localization in (PLA/GNP)/EVA, leading to faster conductiv-
ity recovery. Similarly, interfacial GNPs are effective at
resisting extensional flow, resulting in enhanced melt exten-
sional viscosity and strain at break. TEM imaging after exten-
sional deformation further shows that the elastic particle
network formed at the PLA/EVA interface produces irregu-
larly shaped interfaces, which indicates GNP filler coverage.

In combination with our previous studies [9,10], we have
demonstrated kinetic trapping as an effective general strategy
of driving GNPs to the interface for different cocontinuous
polymer blends. With proper control of compounding
sequence and time, we successfully reduce the percolation
threshold of GNPs in PLA/EVA blends to 0.048 wt. %. Our
polymer/GNP composites with 0.5 wt. % filler concentration
had an electrical conductivity of ∼10−5 S/cm when measured
at 170 °C. The robust interfacial particle networks formed by
kinetic trapping resist significant nonlinear shear and exten-
sional deformations and remain electrically conductive.
Further annealing after nonlinear deformation causes the
interfacial particle network to undergo structural and electri-
cal conductivity recovery. Therefore, our study illustrates
advantageous features for the formulation of polymer/

graphene composites for practical applications in electrostatic
discharge protection [59].
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