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A thermodynamic and kinetic method based on the selective distribution and migration of multi-walled
carbon nanotubes (MWCNTs) in polyoxyethylene (PEO)/ethylene-a-octene random copolymer (ORC)
composite system was reported to improve the dispersion of MWCNTs in ORC. Scanning electron mi-
crographs and transmission electron micrographs confirmed that MWCNTs could almost completely
migrate from the PEO phase to the ORC phase during melt compounding and lead to tremendously
improved dispersion of MWCNTs in ORC, compared with traditional melt compounded ORC/MWCNT
composites. Rheological analysis revealed that better MWCNTs network was developed at a lower
content of MWCNTs with an improved dispersion of MWCNTs in ORC. The percolation threshold was
drastically reduced from 3.82 to 0.35 vol % and the electrical conductivity was tremendously improved.
The mechanical properties were also fully enhanced in comparison with traditional melt compounded
ORC/MWCNT composites owing to the homogeneous dispersion of MWCNTSs. These results manifest that,
by proper selection of components with a selective distribution of MWCNTs and controlling the
migration process of MWCNTs in the composites, the dispersion of MWCNTs in polymer matrix and

resulting performance of the nanocomposites can be greatly improved.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Electrically conductive polymer composites (CPCs) have
demonstrated unique properties including low density, good pro-
cessability, corrosion resistance and adjustable electrical conduc-
tivity [1—4] and have been applied in the fields of sensors,
capacitors, stretchable electronics and conductive adhesives [5—8].
One of the most commonly studied and applied methods to fabri-
cate CPCs is introducing electrically conductive ingredients such as
carbon black (CB), carbon nanotubes (CNTs) or graphene into a
polymer matrix [9—12]. CNT is an ideal conductive ingredient
because of its unprecedented physical and chemical properties,
excellent conductive and mechanical performance [13]. However,
homogenous dispersion of CNTs in polymer matrix is generally
hard to be achieved because of their strong interactions and en-
tanglements resulting from the large specific surface area and high

* Corresponding author.
** Corresponding author.
E-mail addresses: weiyang@scu.edu.cn (W. Yang), zguo10@utk.edu (Z. Guo).

http://dx.doi.org/10.1016/j.polymer.2016.12.056
0032-3861/© 2016 Elsevier Ltd. All rights reserved.

aspect ratio of CNTs [14—16].

Numerous studies have been carried out for improving the
dispersion of CNTs in polymer matrix via a variety of approaches
[17,18], by ways of using special mixing methods [19,20] (e.g. ul-
trasonic treatment, high speed shearing, coagulation method, etc.),
functionalization of CNTs [21,22] (e.g. purification, chemical func-
tionalization, activation treatment, etc.), modification of polymer
matrix [14], utilization of surfactant and compatibilizer [23], in situ
polymerization [24] and other sophisticated methods [17,25,26].
For example, Bryning et al. [19] developed a methodology to
disperse purified single-walled carbon nanotubes (SWCNTs) into
epoxy with ultrasonic treatment and significantly reduced the
percolation threshold. Roy et al. [21] reported a highly homoge-
neous dispersion of multi-walled carbon nanotubes (MWCNTS) in
nylon 12 matrix by grafting 2-acrylamido-2-methylpropane sul-
fonic acid (AMPS) onto MWCNTs via ultraviolet/ozone (UV/O3)
assisted polymer grafting and the dispersion of MWCNTs was
improved to a certain extent. Nevertheless, due to the complicated
operations, harsh reaction conditions, high cost or the utilization of
toxic solvents, most of these methods cannot be deployed for
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industrial productions.

The introduction of conductive fillers into polymer blends offers
a way for the development of conductive composites with lower
filler concentrations [27,28]. The localization of fillers in polymer
blends is determined by the interplay between thermodynamic
driving force and kinetic factors [29—31]. Therefore, nonequilib-
rium filler localization states can be obtained, especially if the
particle is initially localized within the thermodynamically less
favorable phase of the blends. As a result, the migration of fillers
such as CNTs in polymer blends was frequently observed during
melt compounding [30,32,33]. For instance, Goldel et al. [34—36]
reported the migration process of CNTs in polycarbonate/
poly(styrene-acrylonitrile) (PC/SAN) blends during melt mixing in
terms of both thermodynamics and kinetics and found that because
of the high aspect ratio, CNTs were more likely to migrate into a
more thermodynamically favorable phase rather than distribute at
the interface of the blend. Although the migration method has led
to greatly improved electrical performance of polymer composites
based on polymer blends and CNTs, the homogenous dispersion of
CNTs in polymer via a migration strategy has not been reported.

Elastomeric conductive composites have attracted enormous
attention recently because of their high and reversible deform-
ability and persistent conductive pathways when stretched,
twisted or folded [37—40]. With well-defined structures, homoge-
neous comonomer distribution, narrow molecular weight distri-
bution and adjustable molecular weight, ethylene-a-octene
copolymers (EOCs) are considered as one of the most widely used
elastomeric polymers [41—43]. However, in our previous work on
polyolefin elastomer composites, the dispersion of MWCNTs was
found to be greatly different in EOCs with different chain archi-
tectures (ethylene-o-octene random copolymer (ORC) and
ethylene-a-octene block copolymers (OBC)). We found that
MWCNTs were dispersed extremely uniform in OBC and seriously
aggregated in ORC, and the electrically conductive performance of
ORC/MWCNT composites was poor and the percolation threshold
was up to 9 vol% [44]. Aiming at improving the conductive per-
formance of ORC/MWCNT composites, a novel segregated structure
with the chemically cross-linked ORC particles working as the
segregating particles was constructed for ORC/MWCNT composites
[4] and the percolation threshold was significantly decreased
together with greatly enhanced electrical conductivity and me-
chanical performance. However, the dispersion of MWCNTs in ORC
matrix is still not improved. Furthermore, the porous structure
arising from the removal the assisted polymer phase has not been
reported yet.

In this work, an effective thermodynamic and kinetic method
was developed to improve the dispersion of MWCNTSs in polymer
matrix with ORC as a model polymer. A water soluble polymer,
polyoxyethylene (PEO) was adopted as an assistant phase. MWCNTs
were found to be uniformly dispersed in PEO and in PEO/ORC blend,
MWCNTs tend to be distributed in the ORC phase thermodynami-
cally. First, PEO/ORC/MWCNT composites with a double percolation
structure, in which MWCNTs were selectively distributed in PEO
phase, were fabricated by melt compounding. With further melt
compounding, MWCNTs migrated from the PEO phase to ORC
phase. After a sufficient time and the finish of migration process,
almost all MWCNTs migrated into the ORC phase from the PEO
phase and uniform dispersion of MWCNTs in the PEO phase was
transferred to the ORC phase. After the PEO phase was removed by
deionized water, porous ORC/MWCNT composites were obtained.
Then the porous ORC/MWCNT composites were melt processed
again and a uniform dispersion of MWCNTs in ORC matrix was
acquired and maintained. The uniformly dispersed MWCNTs can
effectively construct an electrical conducting network in ORC ma-
trix, leading to a significantly decreased percolation threshold,

tremendously improved conductivity, and simultaneously
enhanced mechanical performance of the composites, compared
with conventional melt compounded ORC/MWCNT composites.

2. Experimental
2.1. Materials

ORC (ENGAGE 8150), with the weight average molecular weight
of 162, 700 and a polydispersity of 2.1, was purchased from Dow
Chemical Co. (Midland, MI, USA). PEO (P101340), with the number-
average molecular weight of 300, 000, was purchased from Aladdin
Biochemical Technology Co. Ltd. (Shanghai, China). MWCNTs
(NC7000), with the average diameter of 9.5 nm and length of
1.5 pm, were purchased from Nanocyl SA Co. (Sambreville,
Belgium). The density of MWCNT is 1.8 g/cm® and the TEM
micrograph is shown in Fig. S1.

2.2. Sample preparation

Before melt compounding, the polymers were dried in a vacuum
oven at 40 °C for 12 h. The melt compounding was conducted in a
torque rheometer (XSS-300, Shanghai Kechuang rubber Plastics
Machinery Set Ltd., China) at 140 °C. To ensure that MWCNTs
migrate from the PEO phase to the ORC phase during melt com-
pounding, the PEO pellets and MWCNTs were melt compounded in
the torque rheometer at 50 rpm for 3 min firstly, and then ORC
pellets were added and the mixture was continued to compound
for another 15 min. After mixing, the blends were rapidly quenched
in cold water to freeze the phase morphology. To obtain a co-
continuous structure, the weight ratio of PEO and ORC was
controlled to be 50/50 for all the blends and the obtained samples
were named as PEO/ORC/MWCNT-X, where X represents the vol-
ume fraction of MWCNTs in the composites.

For completely removing the PEO phase in PEO/ORC/MWCNT-X,
selective solvent extraction of the PEO phase in deionized water
was performed in a beaker for one week. During the selective sol-
vent extraction, the deionized water was changed and a 30 min
ultrasonic treatment was carried out every 12 h. The energy input
of sonication was fixed at 400 W. Then the samples were dried in a
vacuum oven at 40 °C for 24 h to remove any residual deionized
water.

After the PEO phase was selectively removed, the samples were
compression molded again at 140 °C and 10 MPa for 5 min. The
obtained samples were named as R-ORC/MWCNT-X, where X rep-
resents the volume fraction of MWCNT content in the R-ORC/
MWOCNT composites.

For comparison, conventional melt compounded ORC/MWCNT
composites and PEO/MWCNT composites with different content of
MWCNTs were also prepared by melt compounding in the same
torque rheometer at 140 °C and 50 rpm for 15 min and these
samples were marked as ORC/MWCNT-X, where X represents the
volume fraction of MWCNTs in ORC/MWCNT composites.

2.3. Characterization

2.3.1. Contact angle measurements

Contact angle measurement were conducted with a drop shape
analyzer (DSA100, KRUSS Ltd., Hamburg, Germany). The measure-
ments were performed in sessile drop mold at 25 °C with water and
diiodomethane as the wetting solvents. PEO and ORC samples were
compression-molded sheets at 140 °C for 5 min, and then cooled
down to 25 °C under pressure for 2 min. Contact angles were
measured on 3 pl wetting solvent at 25 °C, and the results were the
average values of at least five replicates.
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2.3.2. Morphology investigation

After the samples were cryo-fractured in liquid nitrogen and the
fractured surface was coated with a thin layer of gold to avoid
charge accumulation, the morphology of the samples was exam-
ined using a scanning electron microscopy (SEM, JEOL JSM-5900LV,
Japan) operating at 20 kV. Furthermore, the dispersion states of
MWCNTs at the microcosmic scale were also observed with a
transmission electron microscope (TEM, Tecnai G2 F20s-TWIN,
Germany) equipped with a field emission gun operating at
200 kV. The ultrathin samples with a thickness of 50—100 nm were
cut on a Leica EM UC6 ultramicrotome (Leica Microsystems, Wet-
zlar, Germany) at —120 °C.

2.3.3. Rheological analysis

Rheological measurements were performed on a stress
controlled dynamic rheometer (AR2000ex, TA Instruments, USA)
equipped with 25 mm parallel plates. Disk samples for rheological
analysis were compression-molded at 140 °C and 10 MPa for 5 min.
The thickness and diameter of the samples were 1.5 and 25 mm,
respectively. Dynamic frequency sweep was performed from 0.01
to 100 Hz at a strain of 0.1% within the linear viscoelastic region at
140 °C. To prevent thermal and oxidative degradation, all the tests
were carried out under nitrogen atmosphere.

2.3.4. Resistivity measurements

Room temperature resistance (R) measurements were per-
formed at 25 °C. When the R below 1 x 10° Q, rectangular sheets of
30 mm in length, 10 mm in width and 2 mm in thickness for all
samples were compression molded at 140 °C and 10 MPa for 5 min.
Then the samples were measured by using a two-probe method
with a digital multimeter (Keithley 6517B, Keithley, Ohio, USA).
When the R was above 1 x 10° Q, circular sheets of 100 mm in
diameter and 1 mm in thickness for all samples were also prepared
under the same condition. Then the samples were measured with a
high-resistance meter (ZC360, Shanghai, China). For the sake of
providing stable values of the resistivity, silver paste was evenly
painted onto the surface of samples in contact with the probes of
digital multimeter, to ensure good electrical contact.

2.3.5. Mechanical properties

The mechanical performance was determined on an AGS-]
universal materials testing machine (the maximum capacity of
the load cell was limited to 10 kN) at 25 °C with a gauge length of
20 mm. All the samples used for mechanical performance testing
were dumb-bell samples with dimensions of
20 mm x 4 mm x 1 mm which were tailored from the circular
sheets prepared previously. The uniaxial tensile fracture test was
carried out at a crosshead speed of 100 mm/min. At least five
samples were tested and the average results were reported.

3. Results and discussion
3.1. The dispersion of MWCNTs in PEO and ORC matrix

The dispersion of MWCNTs in PEO and ORC matrix were
examined by SEM. Fig. 1 shows the SEM micrographs of the PEO/
MWCNT composites and ORC/MWCNT composites. Obviously,
extremely uniform dispersion of MWCNTs in the PEO matrix and no
agglomeration are observed at low magnification, Fig. 1a, similar to
the PEO/MWCNT composites in previous reports [45,46]. A great
amount of individual MWCNTs are visible as indicated in Fig. 1c. In
stark contrast, as shown in Fig. 1b and d, the aggregation of
MWCNTs is serious in the ORC/MWCNT composites with huge
MWCNT clusters randomly dispersed in the ORC matrix and there is
almost no tiny MWCNT cluster in the MWCNTs sparse regions.

Undoubtedly, ameliorating the awful dispersion of MWCNTs is the
key to acquire high performance ORC/MWCNT composites.

When WMCNTs are introduced into immiscible polymer blends,
they are usually distributed in one phase or at the interphase rather
than homogeneously distributed in the whole polymer blends,
depending upon the affinity to the polymer components [31,47,48].
Normally, the location of MWCNTs can be predicted by a wetting
parameter (w) proposed by Sumita et al. [49] and Fenouillot et al.
[30]:

g = Yfiller—B — Yfiller—A 1)
YA-B

where Yfier-4 and Yfier-p are the interfacial tensions between the
filler and polymer A and B, respectively, while v4_p is the interfacial
tension between polymer A and polymer B. If ws > 1, the filler
distributes in polymer A; if wa < —1, the filler locates in polymer B;
and if —1 < w4 < 1, the filler distributes at the interface.

The interfacial tension between two phases can be estimated
from Equation (2) [50]:

Y12 =71+ 72— 2¢/v$vd — 2¢/¥EYh (2)

where v is the surface tension, y=y? + y”, v is the dispersion
component of surface tension, and ~” is the polar component. The
surface tension of the materials and interfacial tension between
materials are listed in Table 1 and Table 2, respectively.

Taking PEO as polymer A, the calculated value of wg is —1.14<—1,
indicating that MWCNTs prefer to distribute in ORC phase of PEO/
ORC blend thermodynamically.

3.2. The strategy to improve the dispersion of MWCNTs in ORC
matrix

Fig. 2 gives a schematic diagram for improving the dispersion of
MWCNTs in ORC matrix by using the uniform dispersion of
MWCNTs in the PEO phase and the migration process of MWCNTSs
in the PEO/ORC blends. As shown in Fig. 2a, MWCNTs disperse
uniformly in PEO and seriously aggregate in ORC. To obtain PEO/
MWCNT composites with MWCNTs uniformly dispersed in PEO,
MWCNTs were melt compounded with PEO first. Then the PEO/
MW(CNT composites were mixed with ORC by melt compounding.
So, at the beginning of the melt compounding process, Fig. 2b,
MWCNTs are selectively distributed and uniformly dispersed in the
PEO phase of PEO/ORC blends and a double percolation structure
can be obtained by controlling the content of components. Ac-
cording to the results of Equations (1) and (2), during melt com-
pounding, MWCNTSs tend to migrate from the PEO phase to the ORC
phase [28,29,34,35], as illustrated in Fig. 2c. In the migration pro-
cess, MWCNTSs can maintain the form of isolated nanotubes from
the PEO phase to the ORC phase. After a sufficient time and the
finish of the migration process, almost all MWCNTSs can migrate to
the ORC phase from the PEO phase [34], as shown in Fig. 2d.
Because MWCNTSs can hold the form of isolated nanotubes during
the whole migration process due to the weak interactions between
MW(CNTs with no functional groups on the tube surface, a uniform
dispersion of MWCNTs in the ORC phase can be eventually ach-
ieved. According to literature reports [53—55], one phase in this co-
continuous structure can be completely removed by using a suit-
able solvent. In this work, PEO is a water-soluble polymer and ORC
cannot dissolve in water. As the PEO phase is selectively removed
by water, in Fig. 2e, continuous porous PEO/MWCNT conductive
composites can be acquired. Then the continuous porous ORC/
MWCNT composites are compressed again on a compression
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Fig. 1. SEM micrographs of (a) PEO/MWCNT-3.06 vol% and (b) ORC/MWCNT-2.20 vol%. Image (c) and (d) are the amplification of image (a) and (b) respectively, and the insert in (c)

is the local amplification.

Table 1
Surface tension values of PEO, ORC and MWCNT.

Sample Surface tension (mN/m)

Y '8 P
PEO 46.5 423 4.2
ORC 314 29.5 1.9
MWCNT? 27.8 17.6 10.2

2 According to Romain et al. [51] and Baudouin et al. [52] and Taguet et al. [29].

Table 2

Interfacial tension values between each possible pair calculated by equation (2).
Possible pairs PEO/MWCNT ORC/MWCNT PEO/ORC
Interfacial tension (mN/m) 6.64 4.82 1.60

molding machine at 140 °C. Finally, the R-ORC/MWCNT composites
with an extremely uniform dispersion of MWCNTs in ORC matrix
can be obtained as indicated in Fig. 2f.

3.3. The dispersion and migration of MWCNTSs in PEO/ORC blends

The SEM micrographs of PEO/ORC/MWCNT composites experi-
enced different time of melt compounding are shown in Fig. 3 to
illustrate the migration of MWCNTs during melt compounding.
Fig. 3a, c and e reveal the distribution of MWCNTs in PEO/ORC/
MWCNTs composites after melt compounding for 1 min. The
composites are not very homogenous at the initial stage of melt
compounding, because the blending process has not reached the

equilibrium state yet. Compared with the morphologies of PEO/
ORC/MWCNT composites and the etched composites, it can be
confirmed that MWCNTs are selectively distributed in the PEO
phase and only a few single carbon nanotubes have migrated into
the ORC phase. It is worth noting that there are many individual
MWCNTs distributed at the interface and form a plurality of bridge
between the two phases as shown in Fig. 3c. This indicates that
MWCNTs tend to migrate from the PEO phase to the ORC phase,
consistent with the thermodynamic prediction. The morphologies
of PEO/ORC/MWCNT composites experienced 5 min melt com-
pounding can be observed in Fig. 3b and d and f. After melt mixing
for 5 min, the composites showed a co-continuous structure and
MWCNTs were present in both the PEO phase and the ORC phase.
Comparing Fig. 3¢ and f, the number of MWCNTs in the ORC phase
significantly increased. This result clearly shows that MWCNTSs can
migrate from the PEO phase to the ORC phase during melt com-
pounding. Because MWCNTs were initially localized in the PEO
phase but revealed a comparable higher affinity toward the ORC
phase. So, during the melt compounding, MWCNTSs experienced a
thermodynamic driving force toward the ORC phase. Hence, the
thermodynamic driving force impelled MWCNTSs to migrate from
the PEO phase to the ORC phase.

Fig. 4a, c and e are the SEM micrographs of PEOJORC/MWCNT
composites experienced 15 min melt compounding. As can be seen
in Fig. 4a, after melt compounded for 15 min at 140 °C, PEO/ORC/
MWCNTs composites maintained a typical co-continuous structure
and no aggregation of MWCNTs occurred. Fig. 4c and e are the
partial enlarged view of Fig. 4a, where both the PEO phase and the
ORC phase are included. It is worth noting that, the interface
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Fig. 2. Schematic diagram for improving the dispersion of MWCNTs in ORC matrix. (a) the dispersion of MWCNTs in PEO and ORC matrix; (b) MWCNTs uniformly disperse in the
PEO phase of PEO/ORC blends; (c) MWCNT migrates from the PEO phase to the ORC phase one by one; (d) migration of MWCNTs completes; (e) the PEO phase is selectively removed
using water; (f) R-ORC/MWCNT composites with a homogenous dispersion of MWCNTs in ORC matrix obtained by re-melting process.

Fig. 3. The SEM micrographs of PEO/ORC/MWCNT-2.04 vol% composite experienced a melt compounding time of (a) 1 min and (b) 5 min. Image (c) and (d) are the amplification of
image (a) and (b), respectively. Image (e) and (f) are the SEM micrographs of PEO/ORC/MWCNT-2.04 vol% with the PEO phase etched by deionized water after melt compounding for

1 min and 5 min, respectively.

between PEO and ORC becomes more and more blurry due to the
improved compatibility and the interaction between the two pha-
ses during migration. It is clear that the fracture surface of the PEO
phase is smooth and no MWCNTs can be found. Inversely, many
single MWCNTs can be distinctly observed and homogeneously
dispersed in the ORC phase. This result indicates that, as expected,
MW(CNTs can completely migrate from the PEO phase to the ORC
phase after melt compounding for 15min.

In order to confirm the distribution and dispersion of MWCNTs
in PEO/ORC/MWCNT composites, the SEM micrographs of PEO/
ORC/MWCNT composites with PEO etched by water were taken and
shown in Fig. 4b, d and f. After the PEO phase was selectively
removed, there were only MWCNTs and ORC in the composites, and
the composites showed a continuous porous structure. Compared
with conventional melt compounded ORC/MWCNT composites
shown in Fig. 1, it is obvious that no huge MWCNTs aggregation
exists in the ORC matrix of the porous ORC/MWCNT composites as
shown in Fig. 4b. What is more, in Fig. 4d and f, an extremely ho-
mogenous dispersion of MWCNTs in ORC can be observed and
many single MWCNTs are visible. Combined with Fig. 4e and f, it
can be confirmed that, consistent with the designed strategy shown

in Fig. 2, MWCNTSs can completely migrated from the PEO phase to
the ORC phase during melt compounding and the extremely ho-
mogenous of MWCNTs in the PEO phase can be transferred to the
ORC phase by this migration process. At last, a uniform dispersion
of MWCNTs in the ORC phase can be achieved through the migra-
tion process of MWCNTs in PEO/ORC blends.

Thus, R-ORC/MWCNT composites with homogenously dispersed
MWNCTs can be obtained by compressing the porous ORC/MWCNT
composites at 140 °C for 5 min and the SEM micrographs of these
samples are given in Fig. 5. Compared with conventional melt
compounded ORC/MWCNT composites in Fig. 1, many single
MW(CNTs are visible at high magnification and no visible MWCNTs
clusters can be observed at low magnification in R-ORC/MWCNT
composites. As expected, after re-melting process, MWCNTs did not
reunite into aggregates but maintained the homogenous dispersion
state in R-ORC/MWCNT composites. All of these results manifest
that the dispersion of MWCNTs in ORC matrix can be significantly
improved by controlling the migration process of MWCNTSs in PEO/
ORC/MWCNT composites.

TEM observation was carried out to reveal the dispersion of
MW(CNTs visually at a more microcosmic scale. Fig. 6 shows the
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Fig. 4. SEM micrographs of (a) PEO/JORC/MWCNT-2.04 vol% experienced 15 min melt compounding and (b) PEO/ORC/MWCNT-2.04 vol% with PEO etched by water after 15 min melt
compounding. Image (c), (e) and (d), (f) are the amplification of image (a) and (b), respectively.

Fig. 5. The SEM micrographs of R-ORC/MWCNT composites. (a) R-ORC/MWCNT-1.75 vol% and (b) R-ORC/MWCNT-5.51 vol%. The inserts are the magnified images of each

micrograph.

TEM micrographs of ORC/MWCNT and R-ORC/MWCNT composites
with a MWCNT content of 1.75 vol% and the dark line represents
MWCNTs distributed in the matrix. As shown in Fig. 6a, c and e,
MWCNTs in ORC/MWCNT composites are not well dispersed and
serious aggregations of MWCNTs can be observed. Besides, only
very few MWCNTs can be found in the MWCNTSs sparse regions.
However, in R-ORC/MWCNT composites, homogenous dispersion of
MWCNTs can be observed in the whole scope and almost all
MWCNTSs can maintain the form of isolated nanotubes, as shown in
Fig. 6b, d and f. These results agree well with SEM observation and
suggest that it is an effective approach to improve the dispersion of
MWCNTs in ORC matrix by controlling the migration process of
MW(CNTs in PEO/ORC/MWCNT composites.

3.4. Rheological properties

Rheological measurements have been used to analyze the
nanoparticle network in polymer/nano-filler system due to the

suppression of nanoparticles network on the large-scale polymer
relaxations [56]. To determine the existence and microstructure of
the MWCNT network in both ORC/MWCNT and R-ORC/MWCNT
composites, oscillatory shear rheological measurements were car-
ried out at 140 °C and the results are shown in Fig. 7.

In Fig. 7a, it can be observed that the storage modulus (G’) of
pure ORC increases with the increase of frequency and shows a
typical frequency dependence. With increasing the content of
MWCNTs, the storage modulus increases and the slopes of the
storage modulus curve at low frequencies decrease for both ORC/
MWCNT and R-ORC/MWCNT composites. This distinct nonterminal
behavior (At low frequencies, neat polymer chains can relax fully
and exhibit the typical terminal behavior with the scaling law of
approximate G/« w? and G”«w. With the forming of rheological
network, the relaxation of polymer chains will be suppressed and
the slopes of the modulus curves of the samples at low frequency
will decrease. This behavior is called nonterminal behavior.) for the
two kinds of composites can be ascribed to the formed MWCNT
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Fig. 6. The TEM micrographs of (a) ORC/MWCNT-1.75 vol% and (b) R-ORC/MWCNT-1.75 vol%. Image (c), (e) and (d), (f) are the amplification of image (a) and (b), respectively.

network, which significantly restrains the long-range motion of the
polymer chains. When the loading of MWCNTs is relatively high
(7.53 vol%), the storage modulus of both series of composites is
almost independent of the frequency at low frequencies, indicating
that the viscoelasticity of the materials has transformed to solid-
like from liquid-like behavior because of the high intensity of
MWCNT network.

It is worth noting that the storage modulus of R-ORC/MWCNT
composites is always higher than that of ORC/MWCNT composites
at the same content of MWCNTs and the same frequency, and the
storage modulus plateau at low frequency is more evident in R-
ORC/MWCNT composites. When the MWCNT concentration is only
0.86 vol%, for R-ORC/MWCNT composites, an obvious increase of
storage modulus at low frequency can be observed and the slope
derived in the low frequency terminal region of the 1gG-lgw curve
is 0.45. Nevertheless, the storage modulus of ORC/MWCNT-0.86 is
only a little higher than that of pure ORC, and the slope of the IgG'-
lgw curve in the low frequency is 0.82. These results expressly
reflect a more effective restraint of the large-scale polymer relax-
ation in R-ORC/MWCNT composites, indicating that the network of
nanotubes is better developed due to the homogenous dispersion
of MWCNTSs in R-ORC/MWCNT composites.

The loss tangent (tan ¢ = G”/G’) is an essential parameter to
characterize the viscoelasticity of a material and is regarded more
sensitive to the relaxation changes than G’ and G” [57]. A lower
value of tan ¢ means that the viscoelasticity behavior of materials
performs relatively more solid like [58]. Fig. 7b gives the relation-
ship between tan ¢ for both series of composites with different
contents of MWCNT and frequency. It can be seen that tan ¢ of pure
ORC decreases with increasing the frequency, which is a typical
behavior for viscoelastic liquid. Compared with pure ORC, both
ORC/MWCNT and R-ORC/MWCNT composites exhibit a lower tan 6.

In addition, at the same MWCNT concentration, the tan ¢ of R-ORC/
MWCNT composites is always lower than that of ORC/MWCNT
composites. Particularly, the tan ¢ of R-ORC/MWCNT-0.86 is almost
lower than 1, while the tan 6 of ORC/MWCNT-0.86 is much higher
than 1 and only slightly lower than that of pure ORC in the low
frequency range, suggesting a more densely packed MWCNT
network in the R-ORC/MWCNT composites. These results also
indicate that the MWCNT network of R-ORC/MWCNT composites is
better developed at a lower content of MWCNT due to a homoge-
nous dispersion of MWCNTs.

3.5. Electrical properties

Fig. 8a depicts the electrical conductivity of ORC/MWCNT com-
posites and R-ORC/MWCNT composites as a function of volume
content of MWCNTs. The conductivity for both ORC and R-ORC
composites increases with increasing the content of MWCNTSs. In
comparison to ORC/MWCNT composites, R-ORC/MWCNT compos-
ites display a significantly higher electrical conductivity throughout
the whole testing range.

Usually, the conductivity of filled polymer composites can be
rationalized in terms of modified classical percolation theory [59],
shown in equation (3):

0:00((9_‘Pc)t (3)

where ¢ is the conductivity of the composites, g¢ is a scaling factor,
¢ is the volume fraction of the filler, ¢, is the threshold of the
electrical conductivity percolation, t is the critical exponent
revealing the dimensionality of the conductive networks.

The electrical conductivity percolation threshold, ¢., of both
series composites can be determined by fitting with the classical
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Fig. 7. Logarithmic plots of the (a) storage modulus and (b) loss tangent (tan d) of pure
ORC, ORC/MWCNT composites and R-ORC/MWCNT composites as a function of fre-
quency at 140 °C.

percolation theory [18] to the experimentally obtained conductiv-
ity, as shown in Fig. 8b. The percolation threshold of ORC/MWCNT
composites was calculated to be about 3.82 vol%, consistent with
literature report [60]. Nevertheless, in R-ORC/MWCNT composites,
the electrical conductivity percolation threshold is only about
0.35 vol%, approximately ten times lower than that of ORC/MWCNT
composites.

As is known, factors including the aspect ratio of CNTs, disen-
tanglement of CNT agglomerates, and the dispersion level of indi-
vidual CNTs or CNT agglomerates, determine the percolation
threshold of polymer/CNT nanocomposites [17,44]. When
comparing Figs. 1 and 5, the percolation threshold of R-ORC/
MWCNT composites is significantly decreased and the conductivity
is tremendously improved, due to the uniform dispersion of
MWCNTs in R-ORC/MWCNT composites, acquired by controlling
the migration process of MWCNTs in PEO/ORC/MWCNT composites.

3.6. Mechanical properties

Many factors influence the mechanical properties of polymer/
MWCNT composites, such as the aspect ratio of CNTs, dispersion
states and the interfacial adhesion between CNTs and polymer
matrix [61]. Since the matrix and MWCNTSs in these two series of
elastomeric composites are the same, so the dispersion level of

10°

(a)
@.=0.35 vol.%

-
o
[

—
o
-

-
o
&

0,=3.82 vol.%

—
o
&

Conductivity (S'm™)

—&— ORC/MWCNT
—&—R-ORC/MWCNT

-
S
H

r
.
.
-
r
.
.
v
.
r
r
v
-
4

1044 IR SR U S| IR U SR N | -
-1 0 1 2 3 4 5 6 7 8 9 10 1
MWCNT content (vol.%)

Log o (Sm”)

= ORC/MWCNT
® R-ORC/MWCNT

5+ Linear fit of ORC/MWCNT
Linear fit of R-ORC/MWCNT
_6 1 L 1 L 1 i 1 L 1 L 1 L 1
0.2 0.0 0.2 04 0.6 0.8 1.0

LOg ((P—(Pc)

Fig. 8. (a) Dependence of resistivity on the content of MWCNT for ORC/MWCNT
composites and R-ORC/MWCNT composites and (b) the fitted results of experimental
results according to percolation theory.

MWCNTs is the pivotal influential factor. The SEM micrographs and
representative uniaxial tensile stress-strain curves for both ORC/
MWCNT composites and R-ORC/MWCNT composites were shown
in Figs. S2 and S3.

The average values of important mechanical parameters are
plotted versus the content of MWCNTs in Fig. 9. The tensile stress at
100% and 300% stretching of ORC/MWCNT composites and R-ORC/
MWCNT composites at different MWCNT loadings was illustrated in
Fig. 9a and b. Apparently, the tensile stress at 100% and 300%
stretching is considerably improved for both series of elastomeric
composites with increasing the content of MWCNTs. Moreover, due
to the more uniform dispersion [44], the enhancement effect of
MWCNTs on R-ORC/MWCNT composites is obviously better than
that on ORC/MWCNT composites, and more effective reinforcing
effect of MWCNTs. Fig. 9c shows the tensile modulus of ORC/
MWCNT composites and R-ORC/MWCNT composites. The rein-
forcement of MWCNTSs on the stiffness of composites is evident.
What is more, compared with ORC/MWCNT composites at the same
content of MWCNTSs, the tensile modulus of R-ORC/MWCNT com-
posites was increased by more than 25%, after improving the
dispersion of MWCNT.

Fig. 9d displays the tensile elongation at break of the composites
with different MWCNT contents. For the ORC/MWCNT composites,
there is a sharp decrease of the elongation at break with increasing
the content of MWCNT because of the existence of MWCNT
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MWCNT composites.

agglomerations which can lead to serious stress concentration
when the material was subjected to an external force. Conversely,
the elongation of R-ORC/MWCNT composites is at least 24% larger
than that of ORC/MWCNT composites with the same content of
MWCNTs. This is because the uniform dispersion of MWCNTs is
beneficial for the efficient load transfer to the nanotube network
[62] and this also results in a more uniform stress distribution and
minimizes the presence of stress concentration centers [57].

4. Conclusion

A homogenous dispersion of MWCNTs in ORC matrix was ob-
tained by thermodynamically and kinetically controlled migration
of MWCNTs in PEO/ORC blends. The SEM micrographs showed that
MWCNTs can completely migrate from the PEO phase to the ORC
phase during melt compounding. Besides, MWCNTs can hold the
form of isolated nanotubes during the whole migration process and
a uniform dispersion of MWCNTs in ORC matrix can be eventually
achieved after selectively removing the PEO phase. The rheological
analysis revealed that after improving the dispersion of MWCNTSs in
ORC matrix, the MWCNTSs network is better developed with a lower
nanotube content due to a more uniform dispersion. As a result, the

percolation threshold of ORC/MWCNT composites is significantly
decreased and the electrical conductivity is tremendously
improved. At the same time, due to the uniform MWCNTSs disper-
sion, the mechanical properties were also fully enhanced compared
with traditional melt compounded ORC/MWCNT composites. In
summary, these results show that the dispersion of MWCNTs in the
polymer matrix (especially for those generally get a poor dispersion
of MWCNTSs) can be significantly improved by proper selection of
components with a selective distribution of MWCNTs and con-
trolling the migration process of MWCNTs in the composites, and
thus enhance the electrical and mechanical performance of poly-
mer composites.
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