A.S. Tonkoshkur, A.Yu. Lyashkov, A.V. Degtyaryov

PACS 72.80.Le, 72.80.-r,
82.35.Np

doi: 10.15407/ujpe61.11.1008

A.S. TONKOSHKUR, A.YU. LYASHKOV, A.V. DEGTYARYOV

Oles Honchar National University of Dnipropetrovsk, Chair od Radioelectronics
(72, Gagarin Ave., Dnipropetrovsk 49050, Ukraine; e-mail: vdnu@yandez.ua)

SIZE EFFECTS IN ELECTRICAL PROPERTIES
OF CARBON-POLYPROPYLENE COMPOSITES

The temperature dependences of the resistance, current-voltage characteristics, and dielectric
spectra of composites based on polypropylene and fillers made of micro- and nano-sized carbon
particles have been studied. A reduction in the average size of conducting filler particles is found
to decrease the resistivity magnitude, to shift the posistor section in the current-voltage char-
acteristics toward lower electric fields and larger currents, and to increase the low-frequency
dielectric permittivity of the researched composites. It is shown that these “size’effects can be
explained by a growth of the effective fraction of the volume occupied by the conducting filler
owing to the emergence of interfacial boundary layers in the polypropylene matriz. The electric
properties of the layers differ from those for bulk polyethylene, and charge carriers can move
in them. In other words, a change in the size of carbon particles gives rise to changes in the

specific area and the effective fraction of the conducting filler.
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1. Introduction

Electric properties of polymeric composite materials
can be varied in rather wide limits. This is one of
their advantages in comparison with traditional in-
homogeneous materials that are used as the element
base of modern electronics, such as condenser [1, 2],
varistor [3, 4], and posistor ceramics [5-9]. As a re-
sult, polymer composites with different characteris-
tics can be obtained on the basis of the same ini-
tial substances. However, for the purposeful control
over their properties and the development of materi-
als with required sets of parameters, one has to know
those factors that govern the variation of the main
electrophysical properties of such materials. In spite
of the fact that a considerable number of theoreti-
cal and experimental works in the scientific literature
deal with some of the indicated issues [10-14], there
are no systematic results and regularities that would
relate the fabrication methods, structure, and elec-
tric parameters of such complicated systems with one
another.

Particles of technical carbon are assumed to cre-
ate a structural net in the polymer. Some researchers
concur that a transient polymer layer with specific
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mechanical and physico-chemical properties emerges
on the surface of technical carbon particles [15-
19]. The properties of the polymeric material in those
layers gradually change from the destructured state
to the natural one, which becomes restored at a cer-
tain distance from the surface of filler particles. Some
of the cited authors distinguished several polymeric
layers with different properties near the particle sur-
face — for example, hard and viscous — and associated
the properties and the behavior of a composite mate-
rial with the peculiarities in the behavior of polymeric
chains in the viscous layer [15,17,19].

The results of researches concerning the electric
conductivity in the considered composites are usu-
ally interpreted in the framework of percolation the-
ory [12,20-24], and their dielectric properties are ana-
lyzed on the basis of ideas of an interlayer polarization
of the Maxwell-Wagner type [25-29]. The both inter-
pretations are based on a model of two-component
systems, which ignores the presence of transient lay-
ers with the electric properties distinct from those of
a polymer. Concepts describing the specific electric
properties of those layers have not been developed
enough. They were used only in a few works, while
analyzing the relationship between the dielectric per-
mittivity of a composite and the concentration of a
conducting filler in it [30-34].
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In this work, the results of our researches concern-
ing the features in the temperature dependences of
the resistance, current-voltage characteristics, and di-
electric spectra of the composites fabricated on the
basis of polypropylene and fillers with micro- and
nano-sized carbon particles are reported. The afore-
mentioned electric properties are interpreted as a
manifestation of the participation of transient layers
in their formation.

2. Specimens and Experimental Technique

Secondary granulated polypropylene and a conduct-
ing filler were applied as the initial components of the
composite. As a conducting filler, natural graphite
with grain dimensions of about 10 ym or nano-sized
technical carbon blacks N220 and N550 with particle
dimensions of about 20 and 50 nm, respectively, were
used.

The polypropylene-carbon composites were synthe-
sized, by following a technological procedure close to
that known for posistor elements of the Polyswitch
type [35]. The mixture of polypropylene and the filler
was heated up to the polymer transition into the vis-
cous fluid state and was mechanically mixed. After
the cooling, the piece was crushed until the particle
dimensions reached 50 pm.

The obtained blend was pressed under a pressure of
20 MPa. The specimens were fabricated in the form
of disks 1-3 mm in thickness and 10 mm in diame-
ter. They were heated at the melting temperature of
crystalline polypropylene (=170 °C) and a pressure
of 0.1 MPa for 1 h. Thin copper nets impressed into
the specimens served as electrodes.

The specimen microstructure was similar to that
of isotropic composites of this kind. The composite
material was a heterogeneous system, in which the
particles of the conducting component with different
shapes and orientations were arranged in the insulat-
ing matrix, polypropylene.

The dependences of the electric resistivity and the
current-voltage characteristics were measured using
standard methods. The specimen was arranged in
a screened measuring chamber. The data were reg-
istered after a thermodynamic equilibrium between
the researched specimen and the environment was
established.

The dielectric parameters were studied in a radio-
frequency range (from 50 kHz to 10 MHz) on a
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Q meter VM-560. Our researches of near-electrode
phenomena showed that the measured electric pa-
rameters were governed by the bulk properties of
specimens.

3. Experimental Results
and Their Discussion

3.1. dc conductivity of composites

3.1.1. Temperature dependences
of specimen resistance

In Fig. 1, the temperature dependences of the dc spe-
cific resistance of composite specimens, pg, for various
volume fractions of carbon fillers are exhibited. One
can see that the composites demonstrate posistor
properties: their electric resistance grows with the
temperature. The positive temperature coefficient of
the resistance in the considered composite structures
can be interpreted in the framework of general no-
tions about percolative conductivity [36, 37] as a re-
sult of breaks in the electric current circuits formed
by particles of the conducting phase owing to a dras-
tic increase of the polymeric matrix volume with the
temperature. For the studied specimens, the relevant
parameter varied within an interval of 0.1-0.2 K~1.

A comparison of the temperature dependences
po(T) reveals a specific “size effect™ the dependence
of the absolute values of electric resistivity in the
studied composites on the average size of filler par-
ticles, provided that all other conditions remain the
same. As follows from Fig. 1, if the volume fractions
of the carbon filler, v, is relatively small, a substantial
difference between the electric resistances for compos-
ite specimens on the basis of micro- and nano-sized
particles is observed (Fig. 1, a). At larger v-values,
the influence of particle dimensions becomes weaker
(Fig. 1, b).

3.1.2. Dependence of specimen
resistance on the filler volume fraction

In Fig. 2, the dependences of the dc resistivity of
the examined composites, pg, on the volume frac-
tion of the carbon filler with various particle sizes
are depicted. The dependences have a form typical
of composites with conducting fillers: if the volume
fraction of a filler increases, the resistivity py de-
creases. However, the values of py for composites on
the basis of nano-sized particles are lower in the con-
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Fig. 1. Temperature dependences of the specific resistance pg
of polypropylene-carbon composite specimens with the carbon
filler volume fractions v = 0.044 (a) and 0.095 (b). The carbon
fillers were fabricated on the basis of micro- (1, 4) and nano-
sized particles of carbon blacks N550 (2, 5) and N220 (3, 6)

sidered interval of volume fractions v. The magni-
tude of specific resistance decreases, as v grows, more
rapidly for composites with smaller dimensions of car-
bon particles.

3.1.8. Current-voltage characteristics

The current-voltage characteristics for the studied
specimens of polypropylene-carbon composites are
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Fig. 2. Dependences of the specific resistance of composites,
po on the volume fraction of the fillers fabricated on the basis
of micro- (1) and nano-sized particles of carbon blacks N550
(2) and N220 (8). The temperature T"= 300 K
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Fig. 3. Current-voltage characteristics for the specimens of

polypropylene-carbon composites on the basis of micro- (1)
and nano-sized particles of carbon blacks N550 (2) and N220
(3) with v = 0.022

shown in Fig. 3. They have a form typical of posistor
composites. With the growth of the applied voltage,
the thermal power released in the specimen increases,
and the specimen is heated up, which gives rise to
the thermal expansion of the matrix polymer and the
breaks in the percolative electric current channels.
The current-voltage characteristics also demon-
strate the aforementioned “size effect”. First, a sub-
stantial growth of the electric current density through
the specimen is observed, when the size of carbon
filler particles diminishes. Second, the interval of elec-
tric fields corresponding to the stabilization and a
subsequent decrease of the current through such a po-
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sistor becomes shifted toward lower voltages for the
specimens with smaller (nano-sized) carbon particles.

The experimental data presented above testify to
a considerable dependence of the dc conductivity
of composites on the size of conducting filler par-
ticles. One of the interpretations of this effect con-
sists in the existence of localized electron states in
the polypropylene matrix and the existence of an
interphase boundary layer adjacent to the carbon
filler particles, with the properties of the interlayer
being distinct from the bulk electric properties of
polypropylene [30-34]. Therefore, it should be ac-
cepted that charge carriers can move in this destruc-
tured layer. One of the possible mechanisms was an-
alyzed in works [30, 32] devoted to the consideration
of the capture of free charge carriers from a conduct-
ing (or semiconducting) filler particle onto localized
electron states (traps) in a dielectric matrix. Provided
this scenario, the volume in the composite specimen,
where free charge carriers can move, increases. In
such a manner, the “apparent” volume fraction of the
filler grows. From this point of view, the experimental
results presented above, namely, a higher dc conduc-
tivity of composites with smaller carbon filler parti-
cles, are a consequence of the growth of the specific
filler surface. The larger specific surface of the filler
gives rise to the larger volume of the indicated in-
terphase layer and, therefore, to an increase of the
“apparent” volume fraction of the filler in the com-
posite. As a result, the percolation thresholds for the
conductivity in the considered composites, which are
determined with neglect of the phenomena described
above, turn out shifted toward lower values

3.2. Dielectric properties

3.2.1. Spectra of the dielectric permittivity
of composites in the radiofrequency interval

Dielectric researches are one of the most effective
methods for the revealing of peculiarities in the struc-
ture of two-component heterogeneous systems and
the relation of this structure with the mechanisms
of formation of the conductivity in those systems
[38—40]. In particular, the results of corresponding
researches make it possible to analyze the mani-
festations of the effects associated with the forma-
tion of transient phases different by their physical
properties from the initial components of composites
[30, 32, 37, 38].
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Fig. 4. Frequency dependences of the relative dielectric per-
mittivity & for specimens of polypropylene-carbon compos-
ites with micro-sized particles and the filler volume fractions
v =0.022 (1), 0/044 (2), and 0.095 (3) (a) and for specimens
with micro- (4) and nano-sized particles of carbon blacks N550
(5) and N220 (6) with v = 0.022 (b)

Typical frequency dependences of the relative di-
electric permittivity, &’(f), obtained for specimens of
the researched composites are depicted in Fig. 4. The
curves demonstrate the dielectric dispersion in the
whole examined frequency interval. The observed
magnitudes of dielectric permittivity considerably ex-
ceed its high-frequency value ¢}, = 3.0 determined by
the known Bruggeman and Bottcher formulas [41-43]
for two-component insulators with the dielectric con-
stants of polypropylene (¢pp) and graphite (or techni-
cal carbon black) (e¢). For polypropylene, epbp = 2.2
[44]. The relative dielectric permittivity of graphite
was estimated from the data on the graphite refrac-
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tive index nc = 1.93+2.07 [45] using the known re-
lation e, ~ nZ. With the growth of the filler volume
fraction, the magnitude of dielectric permittivity in-
creases. The indicated regularities can be considered
as an evidence that the Maxwell-Wagner separation
of free charge carriers in the conducting filler parti-
cles participates in the formation of the composite
dielectric permittivity. The arrangement of the corre-
sponding region of the dielectric permittivity disper-
sion can be determined from the dispersion frequency
fa- In the framework of the model, in which the ma-
trix contains Wagner spherical conducting inclusions
[40], we have

f - Jc(l — I/)
47 oreq [2epp + e + V(Epp Q)]

(1)

where ¢ is the electric constant.

Taking into account that the minimum specific con-
ductance of graphite o = 2 x 108 Q " Lem™! [46],
we obtain f; > 10'2 Hz for the composites con-
cerned. Therefore, the frequency dependences &'(f)
in Fig. 4 correspond to the low-frequency interval of
the considered dielectric dispersion, where the mag-
nitude of ¢’ should be almost constant.

The observed rather weak reduction of & with the
frequency growth can be a high-frequency interval of
lower-frequency relaxation processes associated with
the relaxation of molecular dipoles in the polymeric
matrix owing to the presence of additives of other
substances inserted in the course of matrix fabrication
[47,48], the recharge of localized electron states in the
regions of the dielectric polymeric matrix adjacent to
the conducting filler particles [30,32], or the specimen
polarization near the electrode [33].

3.2.2. Dependences of the dielectric permittivity
of composites on the filler volume fraction

In accrodance with the percolation character of the
conductivity and the microstructure topology, the
considered composites should be classified to statis-
tical mixtures [41]. The most often, the dielectric
properties of the latter are analyzed, by using the
Bottcher—Hsu formula [43]. For the complex dielec-
tric permittivity of the studied composite, £*, this
formula can be written as follows:

e —¢€" epp —€°
1-v)=0, (2
s*+(5’675*)Ay+5*+(€;Pfs*)A( V) » (2)
1012

where e, = e +0¢/jweo, and A is the depolarization
factor for an ellipsoidal particle along the direction
of the applied electric field. For spherical particles,
A=1/3.

From Eq. (2), for the low-frequency dielectric per-
mittivity of a statistical mixture, ¢;, we obtain

A
€)= 5EPE' (3)

When deriving this formula, we took into account
that e, — 0o at w — 0. One can see that, at v — A,
the low-frequency dielectric permittivity of a statisti-
cal mixture infinitely grows. In other words, the value
v = A is limiting, and the quantity A corresponds to
the percolation threshold, which is designated as v¢.

Expression (3) allows the value of v¢ to be esti-
mated on the basis of the dependence €)(r). The fit-
ting condition for the parameter v¢ is the approxi-
mation of the experimental dependence log(e;) ver-
sus log(vc — v) by a straight line with a slope close
to unity in the volume fraction interval v < vg
(28,29, 49].

As a rule, it is rather difficult to experimentally
determine the static value corresponding to the Max-
well-Wagner dielectric dispersion because of manifes-
tations of other overlapping dispersion regions. Those
regions can be associated with polarization processes
in the polymeric matrix component or at its bound-
aries. However, taking Eq. (3) into account, while an-
alyzing the data for carbon filler particles with differ-
ent sizes presented in Fig. 4, it is possible to consider
the frequency dependences epp(f) identical for the
same v-values and to put ] ~ e[, where ] is the
low-frequency dielectric permittivity of a composite.

In Fig. 5, straight line 1 illustrates the experimen-
tal dependence of the low-frequency dielectric per-
mittivity of the studied composites, ef at the fre-
quency f = 3 MHz on the volume fraction of the
carbon filler, v, in the coordinates log(ef ) versus
log(vc —v). The obtained value for v¢ approximately
equals 0.105. It differs substantially from the theoret-
ical value calculated from the Bottcher—Hsu formula
for a mixture of spherical particles. However, it is in
agreement with models and estimations made in other
works [27-29,50], where the limiting value of the filler
volume fraction determined from dielectric measure-
ments (and from conductivity data) is smaller than
the indicated theoretical value vc = 1/3.

ISSN 2071-0194. Ukr. J. Phys. 2016. Vol. 61, No. 11



Size Effects in Electrical Properties

|Ogslu
1.5F
L 2
1
VAN
05F
-2 -1,5 -1 -0,5
log (ve—v)

Fig. 5. Dependences of €[ on v (1) and fury (2) accord-
ing to the Bottcher—Hsu model for a composite specimen with
micro-sized particles of the carbon filler

Figure 5 also demonstrates the dependence
eLp(vrm), where vrg = vo(l — epp/erp) is the
theoretical value for the volume fraction of spheri-
cal carbon filler particles, which is determined ac-
cording to the Bottcher—Hsu model [see Eq. (3)] at
ve = 1/3. The most plausible origin of the discrep-
ancy between the indicated dependences may be the
presence of interphase transient layers, into which free
charge carriers can enter from conducting filler par-
ticles. In so doing, they increase the total fraction of
a composite volume, where the conductivity is rather
high.

3.2.3. Dependences of the low-frequency
dielectric permittivity of composites on the filler
particle size

The dielectric spectra of composites with identical
volume fractions of the carbon filler, but different
dimensions of filler particles, which are depicted in
Fig. 4, b, confirm the hypothesis formulated above
and concerning the presence of interphase transient
layers, in which free charge carriers can move.

Figure 6 demonstrates that a growth of the spe-
cific surface of filler particles, i.e. a reduction of their
dimensions, is accompanied by an increase of the low-
frequency dielectric permittivity of composites. As
a parameter that characterizes the particle size, we
used the specific particle surface (g. For spherical
particles, Sg can be evaluated, by using the formula
Bs = 6/a, where a is the average linear size (diame-
ter) of particles.
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Fig. 7. Dependence of the effective thickness of the interphase
layer, A, on the specific surface of the carbon filler for the
composite with v = 0.022

The effective thickness A of such interphase layer
can be estimated on the basis of the difference be-
tween the theoretical, vrp, and technological, v, val-
ues of the carbon filler volume fraction, by using the
following relationship: vryg = v + Bs - 4, i.e. by
applying the formula A = (vryg — v)/Bs. As one
can see from Fig. 7, when the specific surface in-
creases (when the average particle size diminishes
from 10 pm to 20 nm), the interphase layer thick-
ness decreases from about 1 to about 5 nm. This re-
sult agrees with the results of work [19] that smaller
particles destroy the polymer structure to a less ex-
tent (they deform it at shorter distances from their
boundaries).

4. Conclusions

We have found that a reduction of the average
size of conducting filler particles in polypropylene-
carbon composites under the same other conditions
brings about a decrease of the composite specific re-
sistance and a shift of the posistor section in the
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current-voltage characteristics toward lower electric
field strengths and higher currents. Those size effects
may be a manifestation of the existence of an in-
terphase boundary layer in the polypropylene ma-
trix. The electric properties of this layer differ from
those of bulk polypropylene. In particular, free charge
carriers can move in it. As a result, the “apparent”
volume fraction of the conducting filler in the compos-
ite increases. The presence of the indicated layer can
give rise to a decrease of the threshold volume frac-
tion of the conducting filler, provided that the perco-
lation is a mechanism of conductivity in the compos-
ites concerned.

The dielectric spectra of composites can be inter-
preted in the framework of the Bottcher—Hsu model,
making allowance for the existence of an interphase
conducting layer adjacent to the surface of carbon
filler particles. The thickness of this layer is esti-
mated. We have determined that it diminishes from
~1 pm to ~5 nm, when the size of conducting filler
particles decreases from 10 pm to 20 nm.
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PO3MIPHI EOEKTI
B EJIEKTPUYHUX BJIACTUBOCTAX
BYTJIEHEBO-ITOJIIIPOIIIJIEHOBUX KOMITIO3UTIB

Pesowme

Hageneno remneparypHi 3aJ1€2KHOCTI OIIOPY, BOJIBT-aMIIEPH] Xa~
PaKTEPUCTUKU i JieJIeKTPUYHI CHEKTPU KOMIIO3UTIB Ha OCHO-
Bi moJlinporineny i HanOBHIOBa4YiB 3 MIiKpO- i HAHOPO3MipHUX
BYIVIEIIEBUX YaCTUHOK. 3MEHIIEHHS CEPEIHBOIO PO3MIpy 9acTh-
HOK IIPOBiJHUKOBOTO HAIIOBHIOBAYA IIPU IHIINX OJITHAKOBUX yMO-
BaX IPUBOJUTH JO 3MEHIIEHHS aOCOJIIOTHUX 3HAYEHb ITUTOMO-

1016

o €JIEKTPUYHOI'O OIIOPY; 3CYBY ITO3UCTOPHOI JIJISTHKU BOJIBT-
aMIIepHOI XapaKTEePUCTUKMA YOIK MEHIIOI HaIpy>KEeHOCTI eJie-
KTPHYIHOIO NOJIs i Olabmmmx cTpyMiB i 3pocTaHHsl HU3BKOYA-
CTOTHOI J[i€JIEKTPUYHOI INPOHUKHOCTI JOCJIiPKEHUX KOMIIO3H-
TiB. Ilokazano, mo ojHi€0 3 iHTepHpeTalliii IPOsiBy TAKOIO
“poamipHoro”’ edekTy MOXKYTb OyTH ysBJIEHHS PO 3bijblire-
HHsI e(peKTUBHOI 06’€MHOI JI0J1i TPOBIJHUKOBOTO HAIIOBHIOBAYA
BHACJIIIOK icHyBaHHs B mosinpormiseHoBiit maTpumni MixkdasHo-
ro IPUKOPAOHHOIO IIapy 3 BiAMIHHUMHU Bij 06’€MHOrO IIOJIi-
[IPOIIiJIEHY €JEKTPUIHUME BJIACTHBOCTSMIE, ¥ SIKOMY MOXKJINBE
nepeMmineHass HOciiB 3apsay. Tobro 3MiHM po3Mipy YacTUHOK
BYIJIEIIO BEyTh JI0 3MiH IUTOMOI TIOBEPXHI Ta epeKTUBHOI J10-
JIi TPOBIAHUKOBOI'O HAIIOBHIOBAYA.
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