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Abstract

Core-shell structure hybrids of CNTs/BaTiO3 (H-CNT-BT) and commercial
multi-wall carbon nanotubes (CNTSs) are respectively incorporated into polyvinylidene
fluoride (PVDF) for preparing the composites near the percolation thresholds. A
comprehensive investigation for CNT’s dispersion and composite’s conductivity is
conducted between H-CNT-BT/PVDF and CNT/PVDF at different depths vertical to
the injection’s direction. Gradual increases of the conductivity in two composites are
observed from the out-layer to the core part which infers an inhomogeneous CNT’s
dispersion in the interior of composites due to their migration under flow during the
injection. However, the use of H-CNT-BT fillers with core-shell structure enables to
reduce this inhomogeneous dispersion in the composite. Furthermore, the conductive
network of CNTs in H-CNT-BT/PVDF is less sensitive to the thermal treatment than
the one in CNT/PVDF composite, which infers the core-shell structure of hybrids can

ameliorate the sensitivity of the conductive network.

Key words: CNT’s dispersion, injection direction, sensitivity of the conductive

network



1. Introduction

Carbon nanotube (CNT), with one-dimensional structure and high electrical
conductivity (10* S/m) is a kind of excellent conductive fillers which can achieve
polymer composite with high electrical conductivity by low volume fractions
incorporation.t™> This outstanding performance is based on the percolation theory:*®!
namely, a continuous conductive network can be formed in the composite when the
volume fraction is approaching to a certain value, percolation threshold (f;), and then
a strong polarization by electron’s tunneling effect happens at the interfacial area of
CNT and polymer which significantly increases electrical conductivity at low
frequency (from 10 to 1000 Hz). However, this increase of the conductivity caused
by the interfacial polarization is sensitive to the external stimulation. Moreover, it also
strongly depends on the processing methods. °*! There are various processing
methods to prepare CNT reinforced composites including solution casting, melting
blending and in-situ polymerization, etc, but the most widely-used method for
manufacturing is melting blending as the result of numerous advantages such as high
speed, simplicity and easy integration into standard industrial facilities.' **! The
procedure of melting blending generally consists of two following steps: the molten
polymer is mixed with CNTs by the shear of screws, and afterwards the mixture is
shaped by extrusion-injection molding. Due to large aspect ratio of CNTs as well as
the shearing forces of mold surface, CNTs are unavoidably orientated under flow
during injection molding, which makes the dispersion of CNTs inhomogeneous in the
composite vertical to the injection’s direction. Large amounts of studies have been
focused on how to address this problem including optimizing the technique
parameters of the extrusion-injection such as adjusting mold’s shape and injection
parameters as well as increasing interaction between polymer and CNT by surface
modification etc.™*%"!

In this study, a novel hybrid of BaTiO; (BT) and CNT (H-CNT-BT) with
core-shell structure prepared by chemical vapor disposition (CVD) is used to modify

the inhomogeneous dispersion of CNTs in the composite by double dispersal of BT

carriers. The polymer matrix selected is polyvinylidene fluoride (PVDF), a kind of



semi-crystalline thermal plastic polymer with the crystallization temperature of 150
°C and the melting point of 170 °C. ¥ Meanwhile, commercial CNT and PVDF
composite (CNT/PVDF) is also prepared for comparing with H-CNT-BT/PVDF.
Frequency dependence of the conductivity (o) is measured at different depths of the
two composites by abrasive paper’s polishing in order to compare the o from
out-layer to core part vertical to the injection’s direction. In addition, a thermal
treatment at 150 °C is also conducted to study the sensitivity of CNT conductive
network near f; of the two samples. By analyzing the o at different depths, it can be
found that H-CNT-BT with core-shell structure can not only modify CNT’s dispersion

but also release the sensitivity of conductive network to the thermal treatment.

2. Experiment and characterization

2.1 Materials and methods: BT, iron nitride nonahydrate (Fe(NOs)3-9H,0) and
N,N-dimethylformamide (DMF) were purchased from Sigma Aldrich. BT particles
are with tetragonal crystal phase and the diameter range is about 1-2 um. PVDF
(Kynar 721) is provided from Arkema Group, France. Its melt volume-flow rate
(MVR) is 10 cm*10 min. CNTs used in the CNT/PVDF composite are multi-wall
carbon nanotubes provided by Shenzhen nanotech Port Company (China).

The H-CNT-BT hybrids were synthesized by CVD process at 650 °C for 30 min.
Acetylene (C,H,) and Fe(NO3)3-9H,0 were used as the carbon source and the catalyst
precursor, respectively. The detail of the synthesis can be found in previous papers.?*
23251 The weight content of CNTs in H-CNT-BT hybrids was around 0.11 which was
tested by a thermal analyser (NETZSCH STA 449 F3) from 30 to 800 °C, under N,
and O, flow rate of 60 : 60 ml/min and with the heat rate of 20 °C/min.”? The two
samples selected for this study were CNT/PVDF-8% and H-CNT-BT/PVDF-9.5%,
respectively. 8% and 9.5% indicated the volume fractions of CNTs and H-CNT-BT
used in PVDF matrix. Meanwhile, CNT’s volume fraction in H-CNT-BT/PVDF-9.5%
is 2.6%. The reason of selecting these two volume fractions is that they are
respectively near f; in the systems and the linear fittings by percolation theory for

these two composites could be found in pervious papers, respectively. 2% 2®1 The



preparation for the composite was divided into two steps which were shown in the
schematic diagram of Fig.1. Concretely, the pre-calculated fillers (CNT or H-CNT-BT)
were firstly disposed in DMF by an ultrasonic bath for 30 min in order to reduce
CNT’s agglomeration. Then PVDF powder was added into the mixture and stirred
magnetically for 2 h at 70 °C. The mixed slurry was coated on the glass substrate and
put into the oven at 70 °C for 2 h in order to evaporate DMF solvent. Secondly, the
obtained film was cut into pieces and put into a co-rotating, conical, two-screw
micro-extruder/compounder (Micro 5cc Twin Screw Compounder, DSM). The
blending was conducted at 230 'C for 1 h with the speed of 60 rpm under the Ar
protection atmosphere. Bone-shaped slabs with the thickness of 1.45 mm were
fabricated by the extrusion-injection way. The temperatures for the injection nozzle

and mold holder were set at 240 °C and 60 °C, respectively.
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Fig.1 Schematic diagram of the preparation of the composite

2.2 Characterization: The as-prepared samples were characterized by the following
techniques: The morphology characterizations for H-CNT-BT and composites were
conducted by the scanning electron microscope (SEM) (LEO Gemini 530). The
composites were broken after being impregnated in liquid nitrogen for at least 5 min,
and the fractured surfaces were coated with a thin layer of platinum to increase the

samples’ surface conductivity. An acceleration voltage of 5 kV was used for the



measurement. The composite’s ¢ at a wide range of frequencies was characterized by
an impedance analyzer (Solartron 1260) with the voltage of 1 V at room temperature
(23 °C). Before the measurement, the silver paste was applied on double faces of the
sample for reducing contacting resistance with the electrodes. Each sample is
considered as a plane capacitor and can be described by a parallel resistor-capacitor
(RC) circuit system. The complex conductivity (c) is calculated as follows:

0" =0 —jo, where ¢’ and ¢” correspond to the real and imaginary parts of the

x ) 1. . : . :
complex o respectively. j = (—1)z is the imaginary unit. For studying the influence
of the thermal treatment on CNT’s conductive network in the composite, the sample
was annealed at 150 °C for 30 min and then cooled naturally to the room temperature.

The measurement of the ¢ was conducted at room temperature.

3. Results and discussions

3.1 The morphology of H-BT-CNT and two composites: The SEM images for
synthesized H-CNT-BT are presented in Fig.2 (a) and (b). It can be found that the
core-shell structure is universal in the hybrids and as shown in Fig.2 (b), CNTs
directly grow on the surface of BT particles as marked by the white cycle. Some
CNTs are relatively straight while others are with curves. The average length of CNTs
is hard to be evaluated from the SEM image because parts of CNTs wrap around the
BT particle. Fig.2 (c) and (d) show the morphology of the fracture surface for
H-CNT-BT/PVDF-9.5% and the CNT/PVDF-8%, respectively. It can be seen that
CNTs are well dispersed by micro-compounder, but as shown in Fig.2 (c), the
core-shell structure of H-CNT-BT is partially destroyed during the blending but some
remained structures can still be figured out as marked in white cycles. Actually, it is
hard to tell the difference between Fig.2 (c) and Fig.2 (d) since BT particles and
PVDF’s fracture area are resemble. Moreover, SEM images just present the
dispersion of CNTs in a partial and limited area, which is not comprehensive enough
for understanding the global dispersion of CNTs in the whole composite. Therefore,

in order to further study the different dispersion, measuring and analyzing the ¢ at



different depths vertical to injection’s direction can be a simple and efficient way

which will be discussed in the following sections.
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Fig.2 (a) and (b): SEM image for H-CNT-BT. (c) The fracture surface for the
H-CNT-BT/PVDF-9.5%. (d) The fracture surface for the CNT/PVDF-8%.

3.2 Frequency dependence of the conductivity: Due to the migration and
orientation of CNTs under the shearing force of mold’s surfaces during the injection,
CNT’s dispersions are various in the interior of the composite. Thus, the ¢ and the
sensitivity of conductive network to the thermal treatment will be compared at
different depths of the composite.

First, in the case of CNT/PVDF-8% composite: two samples from one slab are
selected for the study. One is for the measurement of the o without thermal treatment;
the other is for the measurement after thermal treatment. The selected samples should
have similar ¢ as presented in Fig.3. An abrasive paper is used to polish both faces of

the specimen simultaneously and the removed thickness is controlled by 0.1 mm each



time. After each polishing, the o is measured and the results are presented in Fig.4.
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Fig.3 Frequency dependence of the conductivity for two counterparts of

CNT/PVDF-8%.

For CNT/PVDF-8% without the thermal treatment, as shown in Fig.4, we find
that as the thickness reduces from the out-layer to the core part (1.44 mm — 0.3 mm),
the o increases gradually until to the core part where the value of o is several
magnitudes larger than that of the out-layer. Meanwhile, the ¢ at the core part also
shows less frequency-dependence than that at other depths. This obvious difference in
o in one specimen infers the inhomogeneous dispersion of CNTs in the composite
vertical to injection’s direction. A schematic diagram is presented in the right part of
Fig.5 to illustrate this variety of the o at 100 Hz. As mentioned before: when the
molten composite is injected into a mold by fast speed, two top surfaces of the
composite contact the mold directly which causes an orientated and aligned dispersion
of CNTs along the injection’s direction due to the shearing force of mold’s surface.
Instead, in the core part without the direct contact from the mold, the orientation is
weakened by the relatively high viscosity of molten composite so that the dispersion
of CNTs in the core part becomes more random. This random dispersion of CNTs will

increase the possibility of mutual contact between adjacent CNTs and strengthens the



interfacial polarization by the tunneling effect. Consequently, the o increases at the
low frequency. Therefore, after comparing the o at different depths, it can be found
that the extrusion-injection can cause an inhomogeneous dispersion of CNTs in the
composite which depends on the depth of the sample vertical to injection’s direction:
The CNT’s dispersion is more orientated at the top surface while more random in the

core part.
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In order to study the sensitivity of the conductive network to the thermal
treatment for CNT/PVDF-8%, the other sample is annealed for 30 min at 150 °C
which corresponds to PVDF’s crystallization temperature. After cooled naturally to
the room temperature, the same measurement is conducted for this sample and the
results are presented in the Fig.6. Comparing with Fig. 4, it can be found that the
thermal treatment can increase the o at each thickness, which infers that the
conductive network of CNT is sensitive to the thermal treatment. Meanwhile, this
sensitivity also depends on the dispersion of CNTs. In the core part, the conductive
network is even more sensitive than the out-layer since the value of the o increases
faster in the core part. Hence, CNT’s dispersion in a specimen processed by
extrusion-injection is not only inhomogeneous as reported by others papers 7 ?¢! and

but also aggravates the sensitivity of the conductive network to the thermal treatment.
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Fig.6 Frequency dependence of the conductivity for CNT/PVDF-8% at different

depths after the thermal treatment.

For the sample of H-CNT-BT/PVDF-9.5%, the similar measurements are
conducted: First, two counterparts from one slab with similar ¢ are selected and the

frequency dependence of the o is presented in Fig.7 for the reference.
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Fig.7 Frequency dependence of the conductivity for the two counterparts of

H-CNT-BT/PVDF-9.5%.

The results for the o of H-CNT-BT/PVDF-9.5% with and without the thermal
treatment are plotted in Fig.8 (a) and (b), respectively. As shown in Fig.8 (a), the
variety of CNT’s dispersion in H-CNT-BT/PVDF-9.5% only happens at the top
surface which is different from the case of CNT/PVDF-8%. When the
H-CNT-BT/PVDF-9.5% sample is abrased into 1.2 mm in the thickness, the o
becomes stable. Even though the thickness reduces further, the value of ¢ does not
change obviously. This infers that the existance of BT particles can effectively
improve the homogeneity of CNT’s dispersion in the interior of the composite. This
improvement is possibly attributed to the core-shell sctrcture of hybrids where the
CNTs is located individually on BT carriers instead of an initially entangled state
before being incorporated into PVDF matrix. After blending, CNTs can be detached
from the carriers and dispersed into the matrix in a more homogeneous state.
Furthermore, the results after thermal treatment in Fig.8 (b) indicate that the
sensitivity of CNT’s conductive network to the thermal treatment is not as
significantly as the case of CNT/PVDF-8% as shown in Fig 6. The increase of the ¢

after thermal treatment also just appears at the top surface. We plot the results of



H-CNT-BT/PVDF-9.5% and CNT/PVDF-8% together in Fig.9 for the compasion.
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Fig.8 Frequency dependence of the conductivity for H-CNT-BT/PVDF-9.5% at

different depths. (a) without thermal treatment and (b) after thermal treatment
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Fig.9 The comparison of the conductivities at different depths for
H-CNT-BT/PVDF-9.5% and CNT/PVDF-8% without and after thermal treatment,

respectively.

3.3 The sensitivty of conductive network to the thermal treatment: As shown in
Fig.9, we find that only at the top surface of H-CNT-BT/PVDF-9.5%, the conductive
network is sensitive to the thermal treatment. Instead, for the CNT/PVDF-8% it is
sensitive in all depths of the sample. This infers that the core-shell structure of hybrids
can help to decrease the sensitivity of CNT’s conductive network to the thermal
treatment. Besides improving CNT’s dispersion and effectively avoiding the
aggregations, the in-situ growth of CNTs on BT particles favors to stablizing CNTs in
the PVDF and sustaining CNT’s network during the extrusion-injection procedure.
After the thermal treatment, the conductive networks is more difficult to reform with
BT paticles supporting than the one in CNT/PVDF which helps to produce a more
stable conductive network in H-CNT-BT/PVDF composite. A sechematic diagram in
Fig.10 is used to illustrate the mentioned advantages of H-CNT-BT’s structure.
Therefore, after studying the o at different depths without and after thermal treatment,
it can be found that H-CNT-BT with core-shell structure can not only improve CNT’s
dispersion but also release the sensitivity of CNT’s conductive network to the thermal

treatment.
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4. Conclusion

The comprehensive investigation for frequency dependence of the conductivity
at different depths in the composite indicates that CNT’s dispersion is inhomogeneous
in the composite prepared by the extrusion-injection. At the out-layer, CNTs are more
orientated along the injection’s direction while in the core part, the dispersion is more
random. By designing the hybrids with core-shell structure, this inhomogeneous
dispersion caused by injection molding can be ameliorated. Moreover, the H-CNT-BT
not only favors to improve the dispersion of CNTs in PVDF matrix but also reduce
the sensitivty to the thermal treatment due to the sustainment of BT particles for the

conductive networks.
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