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Abstract

Epoxidized natural rubber/graphene (ENR/GE) composites with segregated GE
networks were successfully fabricated using latex mixing combined in situ reduced
technology. The rheological behavior and electrical conductivity of ENR/GE
composites were investigated. At low frequencies, storage modulus (G') became
frequency-independent suggesting a solid-like rheological behavior and the formation
of GE networks. According to the percolation theory, the rheological threshold of
ENR/GE composites was calculated to be 0.17 vol.%, which was lower than the
electrical threshold of 0.23 vol.%. Both percolation thresholds depended on the
evolution of the GE networks in the composites. At low GE concentrations (< 0.17
vol.%), GE existed as individual units, while a “polymer-bridged GE network™ was
constructed in the composites when GE concentrations exceeded 0.17 vol.%. Finally,
a “three—dimensional GE network™ with percolation conductive paths was formed
with a GE concentration of 0.23 vol.%, where remarkable increase in conductivity of
ENR/GE composites was observed. The effect of GE on the atom scale free-volume
properties of composites were further studied by positron annihilation lifetime
spectroscopy and positron age momentum correlation measurements. The motion of
ENR chains were retarded by the geometric confinement of “GE networks”’,
producing a high-density interfacial region in the vicinity of GE nanoplatelets, which

led to a lower ortho-positronium lifetime intensity and smaller free-volume hole size.
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1. Introduction

Graphene (GE), a two-dimensional single-atom thick honey-comb lattice with
electrical conductivity up to 6000 S/cm, has attracted enormous scientific interest
since its discovery by Novoselov et al [1]. Recently, studies have been conducted on
elastomer/GE composites owing to their potential applications in stretchable
conductors, electromagnetic shielding devices and many other fields [2-4]. Generally,
insulating rubber matrices can be changed into electrical conductor by loading
conductive fillers such as GE [5-9], carbon nanotube [10-16], carbon fiber [17-18]
and carbon black [19-21]. However, compared to other conductive fillers, GE is
superior as a lower loading of GE can lead to a great conductivity of elastomer/GE
composites, especially when the GE nanoplatelets are finely dispersed in the matrix

with strong interfacial interactions.

The electrical percolation threshold of GE composites strongly depends on the state of
GE dispersion, the interactions between GE and polymer chains [22-25]. For example,
a lower threshold of 0.17 vol.% was reported by Yu et al. [26-27] for polystyrene/GE
composites, where styrene maleic anhydride copolymer was utilized as a
compatibilizer. The very low threshold was attributed to the well-dispersed GE sheets
and strong interfacial interactions between GE sheets and the polystyrene. More
interestingly, Xia et al. [28-29] have found that a “segregated” GE network structure
can lead to a low conductivity threshold (0.62 vol.%) of natural rubber/GE composites

that synthesized via a latex mixing technology. Similar observations were also
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reported by Ruoffs et al. [30-31]. Therefore, in addition to the dispersion status and
the interfacial interaction, the structure of GE networks is also very important for

revealing the conductive properties of GE composites.

Dynamic rheological properties can provide insights into the evolution of the structure
of GE networks, interactions between GE and polymer chains, and the dispersion of
GE sheets. Based on this, some interesting rheological properties of elastomer/GE
composites were reported, for example, the transition from liquid-like to solid-like
rheological behavior, transition from Newtonian to non-Newtonian behavior and
strong shear thinning behavior [26-27, 32-34]. In spite of the attention received by
this field, the electric conductivity and viscoelastic properties of elastomer/GE
composites have been often studied separately. It is of profound importance to
systematically reveal the relationship between conductivity and viscoelastic

properties.

On the other hand, a precise analysis and characterization of the polymer-filler
interface structure at microscopic scale or molecular level is strongly required for the
rational design of high performance composite materials. The presence of interfacial
interactions between GE and polymer matrix have been well-studied by neutron
scattering, nuclear magnetic resonance (NMR), and differential scanning calorimetry
(DSC) techniques. Transmission electron microscopy (TEM) and X-ray diffraction

(XRD) have been widely used to characterize the dispersion of GE nanoplatelets [2,
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35-36]. Notwithstanding numerous experimental and theoretical investigations focus
on the characterization of the polymer-filler interface structure, few reports study the
effect of dispersed GE nanoplatelets on the chain motions and atom scale free-volume
properties of GE based polymer composites, due to the short time scale for dynamic
chain motions and the lack of suitable probes for subnanometer molecular dimensions.
Recently, positron annihilation lifetime spectroscopy (PALS) as one of the most
powerful molecular-scale probes has been employed to characterize the free-volume
properties of composites due to its high sensitivity at the subnanometer and

subnanosecond ranges [10, 37-40].

In this paper, the evolution of GE networks in epoxidized natural rubber (ENR) and
its influence on the mobility of macromolecular chains were systematic investigated.
The relationship between rheological percolation, electrical percolation and the
structure of GE networks were well elucidated. Furthermore, the atom-scale
microstructure of ENR/GE composites was investigated by PALS and Positron age

momentum correlation (AMOC) measurements.

2. Experimental

2.1 Materials

Natural rubber latex (NRL) was supplied by Qianjin State Rubber Farm (Zhanjiang,
PR China). Flake graphite (average particle size<20 pum, purity>99.9%) was

purchased from Qingdao Graphite Co. Ltd (Qingdao, PR China). The reagents
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including concentrated sulfuric acid, potassium permanganate, formic acid, hydrazine
hydrate, hydrogen peroxide, sodium nitrate and ethyl alcohol were all analytical grade

and purchased from Shanghai Chemical Co. Ltd. (Shanghai, PR China).

2.2 Preparation of ENR/GE composites

Graphene oxide (GO) and epoxidized natrual rubber latex (ENRL) were prepared
according to our previous published works [5, 41], and the experimental details were
fully illustrated in the Supporting Information (SI). A certain amount of GO
dispersion was added into the ENR latex under mechanical stirring and ultrasonic
irradiation for 4 h to obtain ENR/GO latex (mechanical stirring and ultrasonic
irradiation were applied alternately every 30 min). The light brown ENR/GO latex
was then in situ reduced by hydrazine hydrate (the weight ratio of hydrazine hydrate
to GO was 1:1 ) under mechanical stirring and ultrasonic irradiation alternately every
30 min for 4 h to obtain black ENR/GE latex. The ENR/GE latex was co-coagulated
with ethyl alcohol and the precipitate was soaked in deionized water for 24 hours.
Finally the precipitate was dried in a vacuum oven under nitrogen (N;) atmosphere at
70 °C until equilibrated weight was obtained. During this step, the hydrazine hydrate
was removed. The static hot-press samples (with a thickness of 1 mm) were prepared
by a vacuum hot-press mold at 155 °C under a pressure of 12 MPa for 15 min and
quenched by ice water. The ENR/GE composites with different GE concentration
were abbreviated as ENR/GE-0.07, ENR/GE-0.14, ENR/GE-0.28, ENR/GE-0.56,

ENR/GE-1.12, ENR/GE-2.24 and ENR/GE-3.36 corresponding to a GE content of
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0.07 vol.%, 0.14 vol.%, 0.28 vol.%, 0.56 vol.%, 1.12 vol.%, 2.24 vol.% and 3.36

vol.%, respectively.

2.3 Characterization

TEM digital micrographs were obtained with a JEOL 2010F (JEOL Ltd., Japan) at
200 kV. For solid samples, thin sections (about 70 nm) were cut with an
EM-UC6+FC6 cryoultramicrotome (Leica Microsystems, Germany) using a diamond
knife (Biel, Switzerland). The chamber temperature is -120 °C and the knife
temperature is -95 °C. Sections were collected onto 300 mesh gilder grids from Ted
Pella. For latex samples, the composite latex was diluted 22 times and coated onto a

copper grid.

Rheological measurements were conducted with a strain-controlled rheometer
(ARES-G2, TA instruments, USA) at 180 °C under N, protection. The frequency (o)
sweep was measured from 0.01 to 100 rad/s at stress amplitude within linear
viscoelastic region of 0.3%. The dynamic time sweep was performed with a frequency

of 10 rad/s.

Electrical conductivities were measured with a programmable electrometer (Keithley
617, Keithley Instrucments Inc., USA) via volume resistivity method. Two copper
electrodes (Filssynflex Thernko 300H, d=0.3 mm) were attached to sample surfaces.

The electric conductivity ¢ were calculated from the following equation,
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o=1/,=d/RS
where p is the electrical resistivity, d is the thickness of the samples, R is the electrical

resistance, and S is the cross section area of the sample.

Positron annihilation lifetime spectroscopy (PALS) measurements were tested by a
conventional fast—fast coincidence spectrometer which consists of plastic scintillation
detectors with a time resolution of about 290 ps at room temperature. The positron
source “*Na (20 nuCi) was deposited on a 6um thick kapton foils and then sandwiched
between pieces of identical samples (with a diameter of 1 cm and a thickness of 0.15
cm). Analysis of positron lifetime spectra were performed using finite-term lifetime
analysis PATFIT program [42] and continuous-lifetime analysis CONTIN program
[43]. Positron age momentum correlation (AMOC) measurements were conducted by
acquiring the Doppler broadening and positron lifetime data coincidently [44]. The
positron source **Na (40 uCi) was deposited on a 6 pum thick kapton foils and then
sandwiched between samples. The birth signal and the annihilation signal were
acquired using a coincidence set-up having two BaF, scintillation detectors placed at
90. A high-purity HPGe detector was placed opposite to the BaF, detector. A time
resolution of 250 ps FWHM was obtained. The data analysis were fully illustrated in

the Supporting Information (SI)

3. Results and Discussion

3.1 Dispersion of GE nanoplatelets within composites
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In our provious work [41], a molecular-level dispersion of GO within epoxidied
natural rubber matrix was achieved by enhancing the interfacial interaction between
GO and the rubber matrix. In particular, restacking and agglomeration of GO sheets
were successful depressed via hydrogen bonding between the epoxy, hydroxyl groups
of ENR and oxygenous groups of GO. Therefore, in order to preserve the
homogeneous dispersion of the fillers within the rubber matrix, the ENR/GO
composites were in situ reduced by hydrazine hydrate to obtain highly stretchable and

electrical conductive ENR/GE composites.

The morphology and dispersion of the GE nanoplatelets in ENR are revealed by TEM
micrography. At low GE concentrations, monolayer GE nanoplatelets were attached
onto the surface of ENR particles, and the wrinkled GE nanoplatelets were
homogeneously dispersed throughout the ENR matrix as shown in Fig. 1a and a’. The
wrinkled structure will help to increase the inter-plate connectivity to form a
three-dimensional conductive GE network and is valuable in reducing reaggregations
[32, 45]. With an increase in the concentration of GE, a “core-shell” structure, where
compactly interconnected GE shell coated on the surface of the ENR particles, was
found (Fig. 1b and c). In addition, “segregated GE networks” was observed within the
composites (Fig. 1b’ and c’). The interstitial areas between ENR particles act as a
template for the formation of the “segregated networks”. As demonstrated by Xia et
al.[28] and Ruoff et al.[30], the “segregated structure” is important for the formation

of conducting networks with a lower content of fillers.
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Fig. 1 TEM micrography of ENR/GE latex (a—c) and ENR/GE solid composites
(a’—c’) with different GE loadings. (a, a’) ENR/GE-0.07, (b, b’) ENR/GE-0.28 and

(¢, ¢’) ENR/GE-0.56.
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3.2 Rheological networks

It is accepted that complex viscosity (| #*|) and dynamic storage modulus (G’) are
extremely sensitive to the microstructure variation of nanofiller reinforced polymer
composites. As shown in Fig. 2a and b, the addition of GE leads to the appreciable
enhancements in both | #*| and G' of ENR/GE composites in comparison to those of
neat ENR. This effect is most pronounced at low frequencies and diminishes with an
increase in the frequency. It is worthy notice that the viscosity curves of ENR/GE
composites with a GE loading of 0.07 and 0.14 vol.% significantly show Newtonian
plateau at low frequencies, while this plateau moves to lower frequencies when the
GE loading exceeds 0.14 vol.%. This observation is due to the strong shear thinning
behavior, which is accordance with observations found within the layered
silicates/polymer systems [46-51] and carbon nanotube/polymer systems [10-12,

52-54].

The increase of the | #*| of ENR/GE composites is due to the increase of G' and loss
modulus (G") [10, 53]. The low frequency slopes of G' and G” are listed in Table 1. It
is found that for neat ENR, G'e< o'* and G" == »**% which greatly follow the linear
rheological theory (G'e< ®” and G"°< ®'). This result demonstrates that the ENR
molecular chains are fully relaxed and exhibit a terminal behavior. Nevertheless, the
low frequency slopes of G’ and G” decrease monotonically with increasing GE
content. When the GE loadings exceeds 0.14 vol.%, there is a sharp falling from 1.56
to 0.56 for G’ and from 0.89 to 0.53 for G”, indicating that the ENR/GE composites

11
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exhibit a non-terminal solid-like viscoelastic behavior. This phenomenon can be
attributed to the formation of GE networks which restricts the long-range motion of
the ENR chains. At high frequencies, the effect of the GE loading on the rheological
behavior is relatively weak, suggesting that GE nanoplatelets do not exert an

significant influence on the short-range dynamics of the ENR chains [12, 52].

Table 1 Rheological fitting results of ENR/GE composites

Low-freq slope  Low-freq slope = Time-dependent

of G'vs ® of G" vs ® exponent 3
ENR 1.87 0.92 -
ENR/GE-0.07 1.64 0.89 0.046
ENR/GE-0.14 1.56 0.89 0.054
ENR/GE-0.28 0.56 0.53 0.167
ENR/GE-0.56 0.51 0.47 0.221
ENR/GE-1.12 0.38 0.45 0.223
ENR/GE-2.24 0.27 0.38 0.334
ENR/GE-3.36 0.19 0.32 0.351

It was proposed that curves of log G’ versus log G” can be used to indicate
microstructure changes between the matrix and filler at a given temperature[10, 55].
As shown in Fig. 2d, when the GE content exceeds 0.14 vol.%, the slopes of the

curves change drastically, indicating the significant variation of the microstructure of

12
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composites. Furthermore, Fig. 2e shows the dynamic time sweeps of ENR and
ENR/GE composites at a fixed frequency of 10 rad/s. It is appeared that the neat ENR
exhibits a good thermal stability during the rheological measurement. At longer time
scale (t>7500 s), the storage modulus almost linearly increase with time, implying a
power-law scaling, G'o< t* [56-60] and the power-law exponent B evaluated at
t=7500~11,000 is listed in Table 1. It is notable from Fig. le and Table 1 that the
storage modulus G" and P change significantly when the GE content exceeds 0.14

vol.%, proving the formation and improvement of the GE networks.

13
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Fig. 2 (a) Complex viscosity | #*|, (b) storage modulus G’ and (c) loss modulus G" of

the ENR/GE composites as a function of frequency at 180 °C, (d) G’ as a function of

G" of the ENR/GE composites, (¢) dynamic time sweeps of ENR/GE composites at a

fixed frequency of 10 rad/s.
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Based on the above analysis, there should be a critical GE concentration that is
attributed to the sudden change in the material microstructure when the GE loading
exceed 0.14 vol.%. According to the percolation theory, a power-law relation can be
used to determine the rheological percolation threshold [12, 45, 57, 61-62]:
G o (¢ = 9D (1)

where G’ is the low frequency storage modulus, ¢ is the GE volume fraction, ¢.g is
the threshold fraction and 75 is the critical exponent. According to the
double-logarithmic plot, the rheological percolation threshold and critical exponent
can be calculated to be 0.17 vol. % and 1.857 (Fig. 3a inset), respectively. Ren[63]
and Kim[12, 56]demonstrated that the relationship between the percolation threshold

and the aspect ratio (4¢) can be constructed as follow:
A=p=mes )

where @gpnere=0.29 is the percolation threshold of random packed three-dimensional
interpenetrating spheres [64] and ¢,=0.0017 is the onsets of rheological threshold. The
average aspect ratio of GE nanoplatelets is calculated to be 255. Due to such a high
aspect ratio and length range of 0.5~4 1 m (obtained from AFM measurements in
Supporting Information, Fig. S1) which is much larger than the entanglement distance
of ENR molecular chains and average diameters of the random coils, GE

nanoplatelets can act as “obstacles” to block the long-range segmental motions that

was also evidenced by the low-frequency non-terminal rheological behavior.
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Fig. 3 (a) Storage modulus G’ of the ENR/GE composites as a function of GE loading,
the inset is a log-log plot of G’ versus reduced mass fraction, (b) electrical
conductivity @, of the ENR/GE composites as a function of GE loading, the inset is

a log-log plot of electrical conductivity versus reduced mass fraction.

3.3 Electrical Conductive networks
The electrical conductivity of the composites strongly depends on the GE loading (Fig.
3b). Particularly, a significant increase between ENR/GE-0.14 and ENR/GE-0.28 is
observed. The electrical conductivity percolation threshold (¢.s) can be determine by
a power law relation [65-66].

cx(p—0 )7 (3)
Where o represents the electrical conductivity, ¢ is the GE volume fraction and 1, is

the critical exponent. The best fitting to the log-log plot of conductivity curve is Q.=

0.23 vol. % and =4.25 (Fig. 3b inset).

It has been demonstrated that the critical exponent z only depends on the

dimensionality of composites [67]. Particularly, < 2.1 indicates the matrix with a
16
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polymer-bridged particle network, whereas 7> 3.75 corresponds to the establishment
of a direct particle—particle interaction network within the matrix [32, 61, 68-70].
Therefore, a 7 value of 1.86 for ENR/GE composites indicates the formation of a
polymer-bridged GE network, which is sensitively detected by dynamical rheological
test. On the other hand, a 1, value of 4.25 indicates the existence of a compactly

interconnected GE networks.

It is found that the rheological percolation thresholds (0.17 vol.%) is lower than the
electrical thresholds (0.23 vol.%) since the percolation mechanisms are different. In
general, rheological percolation requires a larger inter-particle distance (tens of
nanometers) while electrical percolation need ~5 nm to achieve electron hopping. In
GE/polymer composites, there could be three kinds of networks: (i) temporary
entangled polymer network, (ii) combined GE-polymer-GE network and (iii)

interconnected GE network. These are schematically illustrated in Fig. 4.

-~  Free chain -4/ Adsorbed chain

Graphene nanoplatelets @S Adsorbed layer

Fig. 4 A simplified scheme for the GE networks evolution and its role on the

alteration of chain dynamics in ENR/GE composites.
17
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At low GE concentrations (<<0.17 vol.%), GE sheets exist as individual units rather
than connected networks, due to the average distance between them is larger than
their own size range (Fig. 4a). This is the reason why the conductivity of the
nanocomposites is very close to that of the pure ENR and no significant increase is
found in G’ of the composites. When the GE concentration reaches the rheological
percolation threshold (GE concentration> 0.17 vol.%), a ‘‘polymer-bridged GE
network’ is constructed in the composites, where polymer chains attach on the
surface of GE nanoplatelets and act as ”bridges” to connect the GE sheets, causing the
depression of the motion of the polymer chains (Fig. 4b). As a result, the rheological
properties begin to exhibit a pseudo-solid-like behavior. On the other hand, because
only few electrons can be dictated by the thin “polymer bridge layers” surrounding
the GE sheets, the electrical conductivity of composites is still very low. When the GE
concentration is high enough (= 0.23 vol.%) to form a percolation conductive path
along the network via directly contact between GE sheets, a “three-dimensional GE
network” structure is constructed and the onset of electrical conductivity percolation
threshold is observed. Within this network, the free rotation of GE nanoplatelets is
hindered by adjacent ones. Meanwhile, the motion of ENR chains are retarded by the
geometric confinement of “three-dimensional GE networks”’, forming a high-density

interfacial region in the vicinity of GE nanoplatelets as shown in Fig. 4c.

It is found from some representative results shown in Table S1, the electrical behavior

18
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of ENR/GE composites presented here is better than those reported in the literatures.
Such a low electrical threshold and high value of critical exponent can be attributed to
the wrinkled structure and high aspect ratio of GE nanaplatelets, well designed
“three-dimensional segregated GE networks” in ENR matrix, and the strong

interfacial interaction between GE and ENR matrix.

3.4 The influence of GE networks on the free-volume properties

Dynamical rheological and electrical conductivity measurements illustrate that GE
nanoplatelets exert a considerable effect on the microstructure of ENR/GE composites.
PALS is certainly a useful technique to study local segmental motion and packing at
the molecular level [37]. The variation of ortho-positronium (o-Ps) lifetime (t3) and
0-Ps intensity (I3) of ENR/GE composites as a function of GE loading are showed in

Fig. 5.

The o-Ps lifetime 13 monotonously decreases with the increasing GE loading. This
decrease in 13 mirrors the decrease of the average size of free volume cavities where
0-Ps localized and annihilated. This may be interpreted by two reasons. Firstly, as
mentioned above, the strong interfacial interactions between GO and ENR matrix and
the “obstacles effect” caused by GE nanoplatelets can effectively restrain the motion
of ENR chains. Secondly, the introduction of monolayer GE nanosheets into ENR
matrix results in an occupancy of a significant fraction of pores [10, 71]. It is more
intriguing to observe a sharp falling of I3 between ENR/GE-0.14 and ENR/GE-0.28,

19



indicating that there is a change in the microstructure of composites [72-73]. This
observation is greatly corroborated with the rheological and electrical conductivity
measurements. When GE network is constructed, the mobility and relaxation of
macromolecular chains are restricted within the mesoscopic GE networks and this
produces a high-density interfacial region in the vicinity of GE, leading to the
dramatically decrease in the free-volume concentration. At the same time, owning to
the construction of the GE network,

pseudo-solid-like behavior and a better electrical conductivity of the composites was

found.
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Fig. 5 The effect of GE loading on (a) o-Ps lifetime t3 and (b) o-Ps intensity I5 of
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transformed into free-volume hole distributions according to equation (4) and (5)
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2nR

Ve(pdf) = —3.32 {COS [R+1'66

] - 1} a(V)/{(R + 1.66)2K (R)4R?} (5)

Where t,.p represents o-Ps lifetime, R is the size of free volume holes and AR =
1.66A is the fitted empirical electron-layer thickness [75-77]. The free-volume hole
probability density function V{(pdf) is shown in Fig. 6a. The Gaussian-like
distributions becomes border and the peak position shifts to a lower value with
increasing GE content. The full width at half maximum (FWHM) is 47.3, 49.4, 53.7,
68.4, 73.6 and 82.13 for ENR, ENR/GE-0.07, ENR/GE-0.14, ENR/GE-0.28,
ENR/GE-0.56 and ENR/GE-1.12, respectively. It is accepted that ENR/GE
composites are multiphase systems providing new possible annihilation sites for
positron/Ps, such as, polymer—nanophase interface layers and nanophase (GE). The
appearance of lower size free-volume hole can be attributed to the formation of GE

networks which provides a high density interfacial region that is missing in the neat

ENR.

Positron age-momentum correlation (AMOC) was carried out to elucidate how the
positron/Ps annihilation sites were influenced by GE in ENR/GE composites[44, 75].
As shown in Fig. 6b, the changes of S(t) parameter value with the positron age
undergo three stages, the self-annihilation of para-positronium (p-Ps, 0~0.6ns), the
“free” positron annihilation (0.6~2ns) and 0-Ps pick-off annihilation (above 2ns). It is
well accepted that the positron age of 0-Ps (corresponding to 13) can be used to track
the variation of free-volume holes [75-76]. Within the positron age of 0-Ps, the S(t) of
ENR/GE composites is lower than that of the pure ENR and decreases with an
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increase in the GE loading. This observation demonstrates that the addition of GE
affects the microstructure of ENR/GE composites which leads to the variation of
free-volume holes. In addition, this effect is enhanced with the increasing GE
concentration because the formation of GE networks at higher GE concentrations
remarkably changes the microstructure of ENR/GE composites. This is the reason

why significant changes were observed in the rheological and electrical conductivity

properties.

= ENR
0.68-(b) e ENR/GE-0.07
. ENR/GE-0.56
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— — °
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Fig. 6 (a) Free-volume hole distribution for ENR/GE composites evaluated from the
CONTIN analysis, (b) Positron-age dependence of the S(t) parameter for ENR/GE

composites evaluated from AMOC measurements.

4. Conclusions

Epoxidized natural rubber/graphene (ENR/GE) composites with segregated GE
networks were successfully fabricated. The distinct segregated GE networks with
wrinkled structure were evidenced by TEM microscopy. The formation of GE

networks in the composites had a strong influence on the viscoelastic behavior and
22
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electrical conductivity of ENR/GE composites. According to the threshold theory, the
rheological threshold and the electric threshold were determined to be 0.17 vol.%
and 0.23 vol.%, respectively. The long-range segmental motion of the ENR chains
was suppressed by the addition of GE nanoplatelets, because they have an average
aspect ratio of 255 and a length range of 0.5~4 um which was much larger than the
average diameter of the entanglement distance of ENR molecular chains. Furthermore,
when the GE loading exceeded 0.23 vol.%, a “three-dimensional GE network’’
structure with strong interconnected GE sheets was constructed in the composites.
Within these networks, the free rotation of GE nanoplatelets was hindered by adjacent
ones. Meanwhile, the motion of ENR chains are retarded by the geometric
confinement of “GE networks’’, producing a high-density interfacial region in the
vicinity of GE nanoplatelets. The higher GE nanoplatelets loading, the more restraint
on the mobility of ENR chains was observed, which resulted in a larger G’ and
smaller low-frequency slope of G’ vs ® at low frequency. The PALS and AMOC
confirmed that the atom scale free-volume of ENR was dramatically influenced by the

formation of GE networks.
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