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in the samples of the carried away bed material (sand) that mainly consists of silicon dioxide
and aluminosilicate impurities.

Fig. 6. The microphotos of the sample of material from the cyclone-separator taken in
synthesis of CNTs from the products of PE pyrolysis (scale: 200 nm)

Fig. 7. The microphotos homogeneous carbon nanotubes, gained from the products of
pyrolysis of PE waste (scale: 200 nm)
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On annealing the samples taken from the cyclone-separator in the muffle furnace at a
temperature of 300°C for 15 hours, the following spectral composition of them was obtained:
C —98.41 at.%, Fe — 1.59 at.%. Apparently, sand impurities have been taken away from the
samples by melted gums. The annealed CNTs samples synthesized from the products of
pyrolysis of PE wastes in the fluidized bed are shown in Fig. 7.

In Fig. 7, a strongly magnified massif of homogeneous nanotubes is shown. The given
CNTs samples possess the best morphological properties from all previous data: diameter D =
15+40 nm, length of visible horizontal projections not less than 1000 nm, and a maximum
ratio L/D = 250+700.

4. CONCLUSIONS

A possibility of obtaining carbon nanomaterials by pyrolysis of biomass and polymer
materials in a fluidized bed of an inert material is confirmed experimentally. There are all
bases to assume that this will allow one to raise the quality of CNTs obtained from biomass
and polymers. We have submitted the application for a patent for the given way of obtaining
CNTs. The patent pending No. a20091704 as of 01.12.2009.
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ABSTRACT

ZnO is an abundant and low cost material and its electrical conductivity can be varied in wide range
by doping with suitable elements. ZnO thin films are extensively used as window layers in solar cells,
for example in amorphous silicon solar cells and thin film solar cells based on chalcopyrite absorbers.
ZnO is one potential candidate to substitute indium tin oxide (ITO; In,0;:Sn) and fluorine doped tin
oxide (FTO; SnO,:F) as transparent and conductive electrode for various applications if prepared
electrically highly conductive. In present study ZnO thin films were prepared by low cost chemical
spray pyrolysis method on glass substrates from solutions of Zn(CH3COO),2H,0 in a mixture of de-
ionized water and isopropyl alcohol. Doping material InCl; was added into the spray solution to obtain
conductive films. The films were grown at substrate temperatures between 350°C and 550°C in air.
The structural, optical, morphological and electrical properties of ZnO thin films were studied. These
properties depend on the deposition temperature, concentration of the doping material in solution and
solution spraying rate. According to XRD, undoped ZnO films are highly c-axis orientated, ZnO:In
films show preferential (101) orientation. ZnO:In films have smooth surface and show optical
transmittance of 80-85% in visible spectral region. Electrical resistivity as low as 4-10”° Qcm was
obtained in the films deposited from solutions with [In**]/[Zn*"]=2-4 at.% at tin bath temperatures
close to 450°C using spray rate of 3-4 ml/min.

Keywords: Zinc oxide; Spray pyrolysis; Thin films; Indium

1. INTRODUCTION

Zinc oxide (ZnO) is a widely used semiconductor material for many different
applications such as gas sensors, ultrasonic oscillators and transducers, reflecting coatings and
transparent and conductive layers in photovoltaic devices [1-3]. Its direct optical band gap
(3.3 eV) is wide enough to transmit most of the useful solar radiation in CulnSe; based solar
cells [2, 4]. Furthermore, ZnO is a good candidate to substitute indium tin oxide (ITO;
In;03:Sn) and fluorine doped tin oxide (FTO; SnO,:F) as transparent and conductive electrode
for various applications if prepared electrically highly conductive [2]. In present work ZnO
thin films are prepared by chemical spray pyrolysis which is found to be cheap and simple
method to produce large area thin films [1-2, 4].

It has been found in earlier studies that parameters such as zinc source, the
concentration of zinc in spray solutions, growth temperature, doping material and doping
concentration have strong effects on optical transmittance, structural and electrical properties
of sprayed ZnO thin films [1-2, 4]. The aim of this study is to give an overview of the
previous worldwide studies and our recent results on formation of uniform, optically
transparent and electrically conductive ZnO thin films by chemical spray pyrolysis. We
studied the effect of indium concentration in spray solution, growth temperature and spraying
rate to the structure, optical transmittance and electrical resistivity of the films.
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2. METHODOLOGY

Zinc oxide thin films were prepared by spraying of zinc acetate (Zn(CH3COO),-2H,0,
Merck, 99.5%) in a mixture of deionized water and isopropyl alcohol (2:3 by volume) onto
heated glass substrate (25mm x 25mm x 1lmm). The glass substrates were placed on a
soldered tin bath. Compressed air was used as carrier gas. The concentration of
Zn(CH3COO),2H,0 at spray solution was fixed to 0.2 mol/l for every series. A few
millilitres of acetic acid was added to the solution to avoid precipitation of zinc hydroxide.
Indium(III)chloride (InCls) prepared from indium (extra pure) and hydrochloric acid was used
as doping agent added to the spray solution. Indium to zinc concentration (in future as [In])
was varied from O up to 5 at. %. The tin bath temperature (Ts,) varied from 350°C up to
550°C. The growth temperature of thin films is approximately about 100°C lower that tin bath
temperature.

X-ray diffraction (XRD) patterns of sprayed thin films were recorded using a Rigaku
Ultima IV diffractometer with monochromatic Cu K, radiation. The optical transmittance
spectra were recorded in the wavelength range of 200-2000nm on a Jasco V-670 UV-VIS-
NIR spectrophotometer. The surface morphology of the films was examined by scanning
electron microscopy (Zeiss HR FESEM Ultra 55). Electrical resistivity of the thin films was
measured by Van der Pauw’s method.

3. RESULTS AND DISCUSSIONS

3.1. Summary of previous worldwide studies on deposition of transparent and
conductive ZnO thin films by chemical spray pyrolysis

Different spraying systems, set-ups and spray modes have been used by many research
groups to deposit ZnO thin films. The zinc source, doping material and solvent are also
different, not to mention precursor solution concentration, doping material level and growth
temperature. A summary of main film deposition parameters and properties of the films
obtained is presented in Table 1.

Table 1. Summary of literature survey on deposition doped ZnO thin films by spray pyrolysis.

CSP — Pneumatic chemical spray pyrolysis; USP — Ultrasonic spray pyrolysis; T, — substrate

temperature (°C); T — optical transmittance in visible region (%); XRD — preferred crystallite
orientation; p — resistivity (Qcm)

Film deposition parameters Film properties

Spray Zinc source Zinc Dopant source Dopant | Tsu, T,% | XRD | p, Qcm | Ref.
mode conc. conc. °C

CSP | Zn(C,H;0,), | 0.7M H;BO; 1 at.% 450 | >90 | (002) | 2.5:10° | [5]
CSP | Zn(C,H;0,), | 0.2M AIC;5H,,04 3at.% 475 | >85 [ (002) | 4.3:10° | [6]
CSP | Zn(C,H;0,), | 0.1M Al (NO3), 0.15at.% | 450 | >90 | (101) - [7]
CSP | Zn(C,H;0,), | 0.2M GaCsH,,0¢ 2 at.% 425 | >80 | (002) | 7.410° | [8]
CSP | Zn(C,H;0,), | 0.1M GaCl, 5at% 350 | >85 | (002) | 1.5-10° | [9]
CSP | Zn(C,H;0,), | 0.2M InCl; 1 at.% 350 - 002) | 10-10° | [2]
USP | Zn(C,H;0,), | 0.2M In(C,H;0,); 3at.% 370 | >80 | (101) | 2.9:10° | [10]
CSP | ZnC;H ;404 | 0.5M InCl; 3at.% 475 | >80 | (101) | 3.0-10° | [11]
USP | Zn(C,H;0,), | 0.2M In(C,H;0,); 3at.% 370 83 - 3.0.10° | [12]
CSP | ZnC;H;404 | 0.2M In(NO;); 25at% | 475 | >85 | (101) | 3.0-10° | [13]
CSP ZHC10H1404 0.5M ln(C2H302)3H20 3 at.% 475 77 (101) 21104 [14]
CSP | Zn(C,H;0,), | 0.1M In(NO;); 3 at.% 450 | >85 &1)83 4.0-10° | [15]
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According to literature review two main zinc sources such as zinc acetate and zinc
acetylacetonate and four main doping elements such as boron, aluminium, gallium and indium
were used to obtain conductive ZnO films. Zinc concentration varies from 0.1M up to 0.7M
and the most useful dopant concentrations altered from 0.15 at.% to 3 at.%. Doping of the
films was attained by adding salt of the dopant element into the spray solution. All thin films
presented in Table 1 are more than 80% optically transparent in visible spectral region and
their resistivity varies from 1.5-10° Qcm to 10-10° Qcm. It is noticeable that indium
compounds (InCls, In(NO3)s, etc.) are the most widely used dopant sources although there is
no matter what kind of In compound to use for doping with indium [14]. Indium doped ZnO
films show preferred orientation along (101) plane, however doping with gallium and boron
do not cause changes in the crystallites preferred orientation compared to undoped ZnO films
with c-axis orientated crystallites [5, 8—14]. Electrically conductive films were prepared at
substrate temperatures from 350°C up to 475°C. Usually the home-made set-up is used and
therefore every group has to find parameters which will work on their spraying system to
prepare optically transparent and electrically conductive ZnO thin films.

3.2. Our results

Studies on preparation of doped and undoped ZnO thin films by chemical spray
pyrolysis were initiated at Tallinn University of Technology (TUT) in 1995 [1]. It was found
that increasing substrate temperature increases optical transmittance of undoped and indium-
doped (up to 1 at.%) films [1]. The dopant concentration has also effect on optical
transmittance [4]. It has been shown that for the use of dopant in amount of 1 at% or less in
spray solution the preferred orientation is (002), otherwise it is (101) [2, 4].

Recently, the studies for deposition of zinc oxide thin films at TUT were reactivated
due to need to develop transparent conductive ZnO window layers for solar cells [16].

3.2.1. The effect of indium concentration in spray solution on properties of ZnO thin films

InCl; was used as indium source and the atomic percentage of indium in spray solution
was varied from 0 at.% to 5 at.%, other deposition parameters such as zinc concentration, tin
bath temperature and spraying rate were kept constant. The X-ray diffraction patterns of ZnO
and ZnO:In thin films grown at Ts,=450°C are shown in Fig. 1. All peaks in XRD spectra
belong to ZnO (JSCP file No.: 00-036-1451) and therefore no other compounds are in the
films. Undoped ZnO thin film shows very strong (002) peak, thus the film is c-axis oriented
(see Fig. 1). Doping with indium decreases the intensity of the (002) peak and increases
relative intensity of (100), (101), (102) and (110) peaks. At dopant concentration of 3 at.% in
spray solution the (101) peak is the most intense. The result obtained is in accordance with
earlier studies [2, 4, 10] and shows that crystallites in the film are grown (101) plane parallel
to the substrate.

It was found that ZnO thin films were milky and foggy while indium doped ZnO thin
films (ZnO:In) were clear and transparent. Optical transmittance spectra for ZnO and ZnO:In
indicate that the interference maxima of ZnO thin film are not as strongly formed as they are
for ZnO:In thin films (see Fig. 2). Similar tendency is characteristic of the films deposited at
Tsn=550°C. The optical transmittance of ZnO:In is higher than 80% in visible region of the
spectrum. The difference in optical transmittance between undoped and doped films is caused
by their different surface morphology. SEM pictures were done to study thin film surface (see
Fig. 3).
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Fig. 1. XRD patterns of sprayed undoped ZnO and indium doped ZnO thin films (In
concentration in solution 2 at.% and 3 at.%) deposited at Ts,=450°C with similar spraying
rate of ca. 3 ml/min.
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Fig. 2. Total transmittance spectra of sprayed ZnO and ZnO:In thin films deposited at
Tsn=450°C with similar spraying rate of ca. 3 ml/min.

b)

Fig. 3. SEM pictures of sprayed ZnO thin films. a) undoped ZnO thin film; b) ZnO:In thin
film ([In]=3 at.%). Films were deposited at Ts,=450°C
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Undoped ZnO thin films surface is not uniform and the crystallites on the ZnO thin film
surface resemble needles and roses-like crystals as shown in our recent study [17]. According
to SEM, ZnO:In thin film (Fig. 3b) is composed of tetragonal grains and is more
homogeneous.

The effect of indium concentration in spray solution on electrical resistivity of ZnO:In
thin films deposited at tin bath temperatures of 350°C, 450°C and 550°C is shown in Table 2.

Table 2. Electrical resistivity (in Qcm) of ZnO thin films depend on the indium concentration
in spray solution. The films were deposited at tin bath temperatures of 350°C, 450°C and
550°C using solution spraying rate 2.6—3.0 ml/min.

Indium concentration in spray solution
Ty °C 1 at.% 2 at.% 3 at.% 4 at.%
350 0.25 0.15 0.028 0.049
450 0.085 0.0044 0.0054 0.0049
550 0.069 0.014 0.014 0.012

Increase in In concentration in spray solution has effect on electrical resistivity of ZnO
deposited at 350°C, 450°C or 550°C. Independent of the growth temperature, the [In] = 1 at.%
was not sufficient to reduce electrical resistivity of ZnO. Doping effect becomes clearly
visible starting from 2 at.% using deposition temperature of 450°C. Undoped ZnO film has
high resistivity (p =50 Qcm). Addition of indium in amount of 1 at.% into the spray solution
results in resistivity of 0.085 Qcm. ZnO films with the lowest resistivity of 0.004—0.005 Qcm
were achieved when deposited at Ts,=450°C with 2—4 at.% of In in spray solution. Effect of
indium concentration is also observed in the films deposited at 550°C, where the lowest
resistivity (p = 0.01 Qcm) for this deposition temperature was obtained with [In]=2—4 at.% in
spray solution.

3.2.2. The effect of growth temperature on properties of indium doped ZnO thin films

To study the effect of the growth temperature on properties of ZnO:In thin films, the In
concentration in spray solution was selected to be 3 at.% and films were deposited at 400°C,
450°C, 500°C and 550°C. The X-ray diffraction profiles of ZnO:In thin films deposited at
different temperatures with 3 at.% in starting solution are presented in Fig. 4. According to
XRD, there are minor changes with the deposition temperature in the interval 400-500°C.
ZnO: In films show preferential growth along (101) plane, increase in deposition temperature
weakens the intensities of the (102) and (103) planes.

The UV-VIS transmittance spectra of ZnO: In thin films deposited at different
temperatures showed (not presented) that all films were more than 80% transparent in visible
spectral region. Hence, the optical transparency of ZnO:In thin films deposited at different
temperatures is similar.

The resistivity of ZnO: In films (3 at.% of In in solution) decreases from 0.28 Qcm to
0.004 Qcm when deposition temperature increases from 350°C to 450°C (see Fig. 5). Further
increase in deposition temperature leads to an increase in resistivity and the film deposited at
550°C shows resistivity in the order of 0.01 Qcm. According to the electrical resistivity
measurements Ts,=350°C is not sufficient to deposit electrically conductive ZnO:In thin
films. Deposition temperatures above 500°C are also not recommended as electrical resistivity
of the films is up to three times higher than in the films deposited at 450°C.
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Fig. 4. XRD patters of sprayed ZnO:In films deposited at different temperatures with similar
spraying rate of ca. 3 ml/min and constant indium concentration in spray solution (3 at.%)
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Fig. 5. Effect of deposition temperature on electrical resistivity of ZnO:In films. Indium
concentration in spray solution is 3 at.%, spray rate ca. 3 ml/min.

3.2.3. The effect of spraying rate on properties of indium doped ZnO thin films

To study the effect of spraying rate on properties of ZnO:In, the films were prepared at
Tsn=400, 450 and 550°C with indium concentration of 3 at.%, spray rate was varied from 1.8
to 4.2 ml/min. The X-ray diffraction patterns of ZnO:In thin films deposited at 450°C using
three different spray rates are presented in Fig. 6. With an increase in spraying rate the
intensity of the (102) peak is increasing and of the (110) is decreasing. Thus, the spray rate
has only some effect on orientation of the crystallites in the film deposited at 450°C with
different spray rate.

The optical transmittance spectra of ZnO:In thin films sprayed with different spraying
rate showed (not presented) that the optical transparency of all the films deposited at 450°C
was more than 80%.
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Fig. 6. XRD patterns of sprayed ZnO:In thin films deposited at Ts,=450°C with different
spraying rates with constant indium concentration in spray solution (3 at.%)
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Fig. 7. The effect of spraying rate to electrical resistivity of ZnO:In thin films deposited at
different temperatures with 3 at.% of indium in spray solution.

Fig. 7 presents the electrical resistivity of ZnO films prepared at different temperatures
depend on the solution spray rate. It can be seen that resistivity of the films obtained with the
spray rate of ca. 1.8 ml/min is 0.01-0.02 Qcm depend on the deposition temperature. For the
films deposited at 400°C and 450°C the resistivity values of 0.008 and 0.005 Qcm,
respectively were obtained with the deposition rate close to 3 ml/min. Relatively conductive
films with resistivity of 0.004 Qcm could be obtained at 450°C also with higher spray rates
(ca 3.8 ml/min). At the same time spray rates higher than 3 ml/min at 400°C were found to
increase ZnO film resistivity. Thus, the solution spray rate is an important parameter
controlling the film electrical properties. This observation is in accordance with the earlier
results when ZnO films were prepared by pulsed spray with mean spray rate of 0.7 ml/min at
450°C [18]. Electrical resistivity of ZnO: In films prepared by pulsed spray mode was as high
as 3040 Qcm [18]. ZnO: In films deposited at Ts, = 550°C show electrical resistivity higher
than 0.01 Qcm and using spray rate above 4.0 ml/min causes significant increase in the film
resistivity.
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4. CONCLUSIONS

A summary of published studies on preparation of electrically conductive and optically
transparent ZnO films by chemical spray pyrolysis method was presented. In experimental
part of the current work undoped and indium doped zinc oxide thin films were prepared by
chemical spray pyrolysis method using pneumatic continuous spray mode and deposition
temperatures in the range of 350°C-550°C. According to XRD, undoped ZnO films are highly
c-axis orientated. Doping with indium from InCl; affects the crystallites orientation in the
film. Using In concentracion higher than 1 at.% in the solution the crystallites are grown
(001) plane parallel to the substrate. ZnO:In films have smooth surface and show optical
transmittance of 80-85% in visible region of the spectrum. It has been shown that low spray
rates (< 2 ml/min) and growth temperatures above 500°C result in electrical resistivities above
0.01 Qcm. ZnO films with electrical resistivity of 0.004 Qcm, which is close to the best
values reported in literature, can be deposited by spray of zinc acetate solutions with In
concentration of 2—4 at.% in the spray solution using tin bath temperatures close to 450°C and
solution spray rate of 3.0-4.0 ml/min.
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ABSTRACT

Previous research approved polyisoprene — nanostructured carbon composite (PNCC) as a prospective
material for use as a piezoresistive pressure sensing material in finger pressure range. The major
advantage of this material would be hyperelastic flexibility compared with conventional ceramic
piezoelectric pressure sensing elements as well outstanding sensitivity for small (<1 Bar) pressures.
The PNCC is made when highly structured particles of good conductor (Printex XE2 carbon black)
and necessary curing ingredients are dispersed into elastomer matrix (Thick Pale Creppe natural
polyisoprene) and vulcanized afterwards. There electrical percolation of PNCC greatly depends on
mixing method used. In our work we try to use ultrasound as an alternative way to disperse filler. The
roll mixed, mechanically mixed in solution and ultrasound mixed in solution PNCC samples were
made. The critical concentrations of electrical percolation were determined and critical indexes were
calculated for all types of PNCCs using linear trendlines on log-log plots. The piezoresistive behavior
of PNCCs was evaluated and compared.

Keywords: polyisoprene, carbon, nanostructured, composite, piezoresistive
1. INTRODUCTION
1.1. Prime novelty statement

Increasing demand of compressive and strain sensors requires a new materials to be
designed for particular application. Usually the pressure and strain sensors are rigid structures,
connected with difficulties to integrate them into structure being monitored. Attempts were
made to design a flexible pressure and strain sensor made of filled polymer or elastomer.
Recent research approved PNCC to be a prospective material for current needs. At certain
concentrations of conductive filler these composites shows remarkable reversible
tensoresistive and piezoresistive effect [1]. In this work we present an attempt to use PNCC as
a perspective material for flexible pressure sensor elaboration. We have estimated the
electrical percolation threshold shift for various piezoresistive composites, depending on filler
dispersing technique used. We believe that our research will lead to a new kind of functional
sensor composite material, which could be used for intelligent sensing in robotics and other
smart structures.

1.2 The concept

The conductive polymer-composites for stress and/or strain sensing can be obtained
when electrically conducting particles (carbon black, graphite powder, carbon fibers, particle
of metals) are implanted into an insulating polymer matrix [2—6]. A continuous insulator-
conductor transition is observed in two-component systems at gradual increase of the number
of randomly dispersed conductor particles in an insulator matrix. Most often such transitions,
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called percolation transitions, are described by the model of statistical percolation [7-8]. The
volume concentration of conductor particles V¢ at which the transition proceeds is called the
percolation threshold or critical point [8].

In the vicinity of percolation threshold, the specific electrical conductivity of the
composite o changes as

o~V-v|,ifv>Vv, (1)

where ¢ is the non-universal critical index [8]. According to concept of piezoresistivity, in the
sharpest region of the percolation threshold the composite should be the most sensitive to
external mechanical action (the region of interest shown in Fig. 1) as well the percolation

threshold is expected to shift to lower concentration region, if more effective filler dispersing
method is used [1, 9].

B

Region of
interest

Electrical resistivity

—
Concentration of conductive filler

Fig. 1. The schematic illustration of the percolation threshold for carbon filled
conductive composites

This means - to gain more piezoresistive sensitivity, the sharpest possible percolation
threshold should be acquired with lowest possible fraction of conductive filler, although
resulting in more economically effective use of filler.

2. METHODOLOGY
2.1. Making the samples

The polyisoprene — nanostructured carbon composite raw rubber is made from Thick
Pale Creppe polyisoprene natural rubber, necessary curing ingredients and high structure
carbon black (HSCB). Commercially available Degussa Printex Xe2 HSCB (average particle
diameter of 30 nm, DBP absorption value 380 ml/100 g and specific surface area of 950 m*/g)
was used as desired electroconductive filler. The concentration of conductive filler was
expressed as “parts per hundred rubber”, adopted from rubber chemistry, later mentioned as
p.h.r. in text and figures, which means mass parts of filler per 100 mass parts of natural
polyisoprene.

Three types of PNCC raw rubbers were fabricated using different methods for
dispersing the conductive filler.

1) Roll mixed PNCC was obtained directly mixing all curing ingredients and HSCB
into polyisoprene on cold rolls (Fig. 2.).
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Fig. 2. The making schematics of roll mixed PNCC sample

2) Chloroform solution mechanically mixed (further in text - mechanically mixed)
PNCC were made by first mixing curing ingredients (except HSCB) into polyisoprene matrix
using cold rolls. Obtained raw rubber was dissolved into chloroform and necessary amount of
HSCB was added. Then solution was homogenized by high speed mechanical mixing with
small glass beads for 30 minutes. Afterwards the solution was poured into glass plate for
chloroform to evaporate and films were obtained. Acquired films were then homogenized
using cold rolls with the possible smallest aperture (Fig.3.).

oL

Cold rolling

| Elastomer

. Ingredients )
5, curing agonts.
fe

PNCC sample

Mechanical
mixing

Drying for 24h

Fig. 3. The making schematics of mechanically mixed PNCC sample

3) Chloroform suspension ultrasound mixed (further in text - US mixed) PNCC were
made by first mixing curing ingredients (except HSCB) into polyisoprene matrix using cold
rolls. The HSCB was dispersed separately into chloroform using Hielscher UP200S
ultrasound homogenizator for 5 minutes. Specific power was 1 W/ml. Afterwards the filler
dispersion in chloroform was added to raw rubber/chloroform mixture and stirred in room
temperature for 24 h. Then solution was poured into glass plate for chloroform to evaporate
and PNCC films were obtained. Acquired films were then homogenized using cold rolls with
smallest possible aperture (Fig. 4.).

| Elastomer Cold rolling

@)
O

PNCC sample

Stirring

Drying for 24h

Fig. 4. The making schematics of US mixed PNCC sample
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Flat shaped samples in average thickness of Imm were made by curing raw rubbers in
hot stainless steel mould using Rondol™ thermostated press at 150 °C for 15 to 20 minutes.
The sandpaper polished brass foil mould inserts were used to acquire good electrical
connection for measurements.

The samples were shelf aged in room temperature for at least 24 h after processing
before any electrical measurements were made.

2.2. Instruments and measurements

Before vulcanization the raw rubber compositions was tested on Monsanto rheometer
for optimal curing time.

The initial electrical resistivity of the samples was measured using Agilent A34970A
digital multimeter/multiplexer and Keithley Model 6487 Picoammeter/Voltage source. The
mechano-electrical testing was done using Zwick/Roell Z2.5 universal material testing
machine, coupled and synchronized with Agilent A34970A digital multimeter/multiplexer.
The samples of lower regions of percolation thresholds were not measured for
piezoresisitivity, because the upper resistivity range of the dynamic measuring equipment was
limited to 10® Q. The evaluation of the results and trend line fitting was done using Origin8
data analysis and graphing software.

3. RESULTS AND DISCUSSION

First of all initial electrical resistivity of all samples was measured. The percolation
transitions obtained from these measurements are displayed in Fig. 5.
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Fig. 5. The specific electrical resistivity as a function of filler fraction for differently
prepared PNCCs

As it can be seen, the percolation transition for roll mixed and mechanically mixed
PNCC is much steeper than for US mixed PNCC, so theoretically, the better piezoresistive
action can be expected. To ease up further investigation, at this point the specific electrical
resistivity was converted into specific electrical conductivity. The experimental data were
carefully fitted by statistical percolation theory predicted dependence of conductivity on filler
concentration (so called “scaling law”)

o=0,(P-D.)". 2)
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The critical concentrations (®,) corresponding to the percolation threshold were found

out for all types of PNCCs (Fig. 6.).
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Fig. 6. The specific electrical conductivity as a function of filler fraction for differently
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prepared PNCCs and their critical concentrations @

To properly do this, experimental results was plotted logo versus log(®-® ) (Fig .7) by

incrementally varying of @ until the best linear fit was obtained [10].
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Fig. 7. The linear fitting of conductive part of the logo versus log(®-d.) plot for
differently prepared PNCCs.

As it is seen in Fig. 5. and Fig. 6. the mechanical mixing with glass beads in chloroform
solution doesn’t add much effect on lowering the percolation threshold. In the same time, the
chloroform suspension sonicated PNCC provides as much as 2.5 times lower percolation
threshold. According to Kilbride et al. [10], the slope of the linear fit trend line of /oge versus
log( @-@C) plot (see Fig.7) corresponds to the critical index z. According to Yakubowicz et al.

[11] ¢ can be interpreted as average number of simultaneous contacts each conductive particle
forms with its neighboring ones. In other words, the critical index describes the complexity of
the direct conductive grid, formed by HSCB particles. And as a fact - the larger the ¢, the
more sharper the percolation transition appears. Accordingly to this assumption the
comparison of critical indexes in Fig. 7 has good correlation with the sharpness of percolation

log(6-5,)
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transitions obtained in Fig. 5. This means, that sonication reduces the complicity of HSCB
structure, possibly resulting from more uniform distribution of sizes of HSCB aggregates. At
the same time, the better distribution of smaller particles should lead to major increase of the
role of tunneling currents. According to Bauhofer [12] the intensity of tunneling currents

between closely distributed but non-touching conductive particles can be expressed by
dependence
1

Ino,. < 3. 3)

When plotting the conductive part of percolation threshold as logo versus @, the
coefficient of determination R’ of its linear fit is proportional to the contribution of tunneling
currents mechanism to conductivity (Fig. 8).
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Fig. 8. The linear fit of the logo versus o3 plot for differently prepared PNCCs

The piezoresistive properties (AR/Ry, %) under applied external one-dimensional
pressure P up to 1 Bar were determined for roll and US mixed PNCC samples (Fig. 9 and 10).
Unfortunately, we were unable to perform these measurements on mechanically mixed
PNCC, due to proper sample shape unavailability.

¢ p.h.r,

Fig. 9. The piezoresistive behavior of roll mixed PNCCs
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Fig. 10. The piezoresistive behavior of US mixed PNCCs

The measurements of piezoresistive behavior prove that roll mixed PNCCs exhibit large
dependence of piezoresistivity on HSCB concentration. The maximal piezoresistivity for
mechanically mixed PNCC is found in the lower concentration end of percolation transition
(8 p.h.r. on black curve in Fig. 5.). At the same time, the maximal piezoresistivity for US
mixed PNCC if found in upper concentration region of percolation transition (6 p.h.r. on red
curve in Fig. 5).

This phenomenon can be explained as follows: It is believed, that during mechanical
deformation, the inter-particle slippage occurs due to excessive share forces and conductive
channels are partly destroyed, resulting in positive piezoresistivity. The conducting channels
in roll mixed PNCC are mainly formed by larger HSCB agglomerates. For this reason better
piezoresistivity is observed at lower concentrations of percolation transition, where shunting
is limited due to small filler concentration. At higher filler concentrations the shunting of
conductive channels comes into play reducing the overall piezoresistivity. On contrary the
conducting channels in US mixed PNCC consist of well distributed smaller HSCB primary
particles, which exhibit better mobility when compared to aggregates, thus more complete
conductive grid breakdown is achieved even at larger fractions of filler.

4. CONCLUSIONS

The character of percolation for PNCC is clearly dependant on the mixing method used
to disperse HSCB. The US mixed PNCC provided up to 2.5 times lower percolation
threshold, in the same time reducing the overall sharpness of percolation transition. The
correlation was found between the critical index of percolation, the sharpness of percolation
transition and the maximum piezoresisitivity of PNCC. The use of ultrasound for dispersing
HSCB in suspension instead of direct roll or mechanical mixing in solution reduces the
structure of conductive filler, evidenced by increasing relevance of tunneling currents and
noticeably shifting the percolation threshold to lower concentration region. The change of
electrical resistivity for roll mixed PNCC can reach up to 30% under applied external one-
dimensional pressure of 1 Bar. The maximal piezoresistivity also shifts from lower
concentration end of percolation transition for roll mixed PNCC up to higher concentration
end of percolation transition for US mixed PNCC. The most believable cause of this is the
increased mobility of smaller and better distributed HSCB particles.
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