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Rapid Communication
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Abstract A conductive polymeric composite containing in situ ultra-fine metal particles is prepared by melt blending.
Incorporation of elastomeric nano-particles and carbon nanotubes hinders the coalescing of metal particles and causes a shift
to the breakup direction in the breakup/coalescence equilibrium of metal particles. The prime metal particles (about 26 um)
are in situ converted into the ultra-fine metal particles (UFMP, about 932 nm). The network of carbon nanotubes has been
improved due to in situ ultra-fine metal particles and the percolation threshold of the composite with 1.96 vol% UFMP is
only 0.25 vol% carbon nanotubes.
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INTRODUCTION

The Nobel Prize in Chemistry 2000 was awarded jointly to Alan J. Heeger, Alan G. MacDiarmid, and Hideki
Shirakawa “for the discovery and development of conductive polymers™'™!. In fact, conductive polymers have
been the focus of considerable research interest over the past two decades because of its potential for broad
applications, including those in electronics such as stretchable electronic devices, biosensors and electromagnetic
interference (EMI) shielding*®. Among the conductive polymer materials, conductive polymer composite
(CPC) was found to be the most promising due to its tractability and low cost’'”. However, the electrical
properties of CPC are heavily dependent on the types of fillers!'"* ). Nanoscale conductive filler is one of the
best candidates for high performance CPC. The high aspect area ratio of the nanoscale conductive fillers,
however, easily causes aggregation or/and oxidization (especially for the nano-metal fillers); therefore,
polymer/nano-filler composites usually require high amount of fillers!®), which decreases the mechanical
properties of conductive polymer composites. It has been found extremely difficult to avoid the aggregation
and/or oxidization of conductive fillers!"*.

Low-melting point metal (LMPM) is a possible conductive filler without aggregation and oxidization
because its particles are in situ formed during blending with polymers!”). However, it is difficult to make a
conductive material with only polymer and LMPM. Because the amount of LMPM allowed to disperse in
polymer matrix is too little and the particle size of LMPM is too large to form a conductive network. The
conductivity of material containing LMPM particles can be achieved only if LMPM particles of ultra-fine size
disperse in polymer matrix.
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In current study, the elastomeric nano-particles (ENP)!'® and multi-walled carbon nanotubes (CNT) are
employed to assist the dispersion of LMPM in maleic anhydride grafted polypropylene (PPMA) matrix by
traditional blending process. Thanks to the tractability of LMPM, the in situ conversion of LMPM particles not
only results in ultra-fine metal particles but also avoids the oxidation and agglomeration of the metal particles.
Furthermore, the ultra-fine LMPM particles with CNT bridges can form excellent conductive network, therefore,
the composites of PPMA/ENP/LMPM/CNT with ultra-low percolation threshold is prepared. It is interesting to
understand why ENPs and CNTs can reduce the particle size of LMPM during blending.

EXPERIMENTAL

Maleic anhydride grafted polypropylene (PPMA, melting point = 150 °C, p = 0.91 g/cm’) was purchased from
Nengzhiguang Co., Ltd. (GPM200A, p = 0.91 g/cm®). The elastomeric nano-particles were carboxylic
acrylonitrile butadiene ultra-fine full-vulcanized powdered rubber (ENP, Narpow' ™, p = 0.91 g/cm’). Carbons
nanotubes (CNT) were obtained from CNano Technology (FloTubes™ 9000, p = 1.75 g/em’™™). The low-
melting point metal (LMPM) was an alloy of lead and tin (melting point = 183 °C, p = 8.78 g/cm’) with lead to
tin weight ratio of 63:37. PPMA/ENP/CNTs/LMPM composites were prepared by blending PPMA, ENP, CNT
and LMPM simultaneously in an internal mixer (HAAKE PolyLab) at 210 °C with 70 r/min for 10 min. Before
melt blending, all components were premixed. For comparison, the PPMA/CNT and the PPMA/CNT/LMPM
and the PPMA/ENP/CNTs composites were also prepared according to the above process. The volume fraction
of CNT varied from 0 vol% to 3.5 vol%. The volume fraction of ENP and LMPM was 68.6 vol% and 1.96 vol%
to obtain the best electrical conductivity.

Plates with diameter of 100 mm and thickness of 2 mm were prepared by melt-compression at 200 °C for
7 min with 10 kN and were subsequently cool-compressed at 25 °C for 3 min with 5 kN. For the measurement of
resistivity above 10" Q-cm, the plates were measured by using a PC68 Digital Teraohmmeter (Shanghai
Precision & Scientific Instrument Co., Ltd) according to the ASTM D257-2007. For the measurement of
resistivity below 107 Q-cm, the strips cut from the plate were measured by four-point test fixture combined with
a Resistivity Tester (Gibitre Instruments) according to the ASTM D991. The morphologies of the samples were
observed by using a scanning electron microscope (SEM, FEI XL-30) at 15 keV on the ultra-smooth surface of
samples, which were cut using a glass knife at —60 °C with a cut angle of 45°.

RESULTS AND DISCUSSION

When LMPM and PPMA are blended, the particle size distribution of LMPM particles with prime diameter of
about 26 um (see Fig. la and Fig. 2a) becomes much wider. There are much larger LMPM particles with
diameter of 60 um and much smaller LMPM particles with diameter of 5 um in the blend (see Fig. 1b), which
indicates the existence of breakup and coalescence processes among LMPM particles during blending. The size
of LMPM particles depends on not only the shear rate of blending, but also the breakup rate and coalescence
rate. The particle size distribution is a result of equilibrium between the breakup and the coalescence of LMPM
particles when the breakup rate equals to the coalescence rate during the blending of LMPM with PPMA
(see Fig. 3).

It is well known that the particle size of LMPM will reduce if the breakup/coalescence equilibrium shifts to
the breakup direction. Fortunately, the CNT or/and ENP form the railings around LMPM particles which hinder
the coalescing and cause the shift to breakup direction in the breakup/coalescence equilibrium of LMPM
particles in PPMA matrix. In the PPMA/LMPM/CNT composite, the average diameter of LMPM particles
decreases to about 25 um and the distribution of LMPM particles becomes narrower when compared with the
PPMA/LMPM composite (see Fig. 1c¢).
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Fig. 1 SEM pictures of the micro-morphologies of LMPM and PPMA composites: (a) prime LMPM particles,
(b) PPMA/LMPM composite with 1.96 vol% LMPM, (c) PPMA/CNTs/LMPM composite with 1.96 vol% LMPM
and 0.21 vol% CNTs, (d) PPMA/ENP/LMPM composite with 1.96 vol% LMPM and 68.6 vol% ENP and
(e) PPMA/ENP/CNTs/LMPM composite with 1.96 vol% LMPM, 0.21 vol% CNTs and 68.6 vol% ENP

The backscattering mode is used. The inset (d and ¢) shows a magnified morphology. The white circles represent
the LMPM particles in SEM images.
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Fig. 2 The diameter distribution of the LMPM particles for (a) prime LMPM particle, (b) the
PPMA/ENP/LMPM composites with 1.96 vol% LMPM and 68.6 vol% ENP and (c) the
PPMA/ENP/CNT/LMPM composites with 1.96 vol% LMPM, 0.21 vol% CNTs and 68.6 vol% ENP
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Fig. 3 Schematic illustration of the mechanism of ultra-fine metal particle formation: (a) the
breakup/coalescence equilibrium of LMPM particles in polymer/LMPM blends; (b) shift of
the breakup/coalescence equilibrium to the breakup direction due to the function of nano-filler
preventing the coalescence of LMPM particles during blending
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Fig. 4 The relationship of composite volume resistivity and CNT level

The LMPM content is 1.96 vol% in PPMA/CNTs/LMPM composite and PPMA/ENP/CNTs/LMPM
composite. The ENP content is 68.6 vol% in PPMA/ENP/CNTs composite and PPMA/ENP/CNTs/LMPM
composite. The percolation threshold of PPMA/CNT, PPMA/CNT/LMPM, PPMA/ENP/CNT and
PPMA/ENP/CNT/LMPM composites are 2.53 vol%, 2.0 vol%, 1.03 vol% and 0.25 vol% CNTs respectively.

Amazingly, the particle size of LMPM is reduced to 2.2 um in the PPMA/ENP/LMPM composites
(see Fig. 1d and Fig. 2b). Unfortunately, the distance between LMPM particles is still too far to form a
conductive network, thus the volume resistivity of PPMA/ENP/LMPM composite is still as high as 1.30 x 10"
Q-cm (see Fig. 4). When both ENP and CNT are incorporated into the PPMA/LMPM system, LMPM particle
size decreases and its distribution is further narrowed. The average diameter of LMPM is only 932 nm (see
Fig. 1e), and the particle size distribution becomes much narrower with 65% of the metal particles at diameters
less than 1 micron (see Fig. 2¢). The fresh surface of the ultra-fine LMPM particles bridged by CNTs results in
the obvious improvement of the electrical properties of PPMA/ENP/LMPM/CNT composites!'”. The percolation
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threshold of composite with 1.96 vol% LMPM is only 0.25 vol% CNT and the resistivity of the composite is
only 89 ©-cm when the CNT content reaches 1.0 vol% (see Fig. 4).

It is clear that the nano-particles, ENP and/or CNT, can hinder the coalescing of LMPM particles during
blending (see Fig. 3), therefore, it can cause a shift to the breakup direction in the breakup/coalescence
equilibrium of LMPM particles. The network of carbon nanotubes was improved due to in situ ultra-fine metal
particles!'® '/,

CONCLUSIONS

To summarize, a new method has been developed to make conductive polymer nanocomposites with low volume
fraction of conductive fillers, and consequently a new type of conductive polymer nanocomposites of
polymer/CNT/ENP/ultra-fine metal particle with low resistivity has been produced by this method. In addition to
volume exclusion effect, the nano-particles including ENPs and CNTs have been found to have the ability to
reduce the particle size of the conductive filler, the LMPM particles by causing shift to the breakup direction in
the breakup/coalescence equilibrium of LMPM particles during blending. Further, CNT can not only reduce the
particle size of LMPM particles, but also form bridges among LMPM particles to make a perfect conductive
network.
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