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B faHHO# paboTe omnpejiesieH KPUTUYECKUN UH/EKC 3JIEKTPOIPOBOJAHOCTH

KOMIIO3UIIMOHHBIX  MOJHMMEPHBIX  MaTEPUAJIOB,  COJZEpXKAlUX  HAHO U
BbICOKO/IMCIIEpCHbIE YacTHUIlbl HUKeJisA. [lokazaHo, YTO 6eCKOHEeYHbIH KJacTep B
KOMIIO3UTAX, COJEP)KAIMX HaHOYACTUIbl HUKeJssd 0o0Jiee U3BUJIUCTEN 10
CpaBHEHMIO KOMIIO3UTOB, CO/iepKall[e BbICOKOIUCIIEPCHbIE YacTHIbI Ni.

KiwueBble cjioBa: TemJONPOBOJHOCTb, MPOBOAMMOCTb ,KPUTHYECKUH
HMH/JIEKC, TTOJIMMEePHbIX MaTEPHUAIOB, HAHOYACTUIbI HUKEJIS.

In given working is determined critical index to conduction composition
polymeric material, containing nano and the high-dispersed nickel particles. It is
Shown that infinite cluster in composites containing, nanoparticles of the nickel
more sinuous by comparison - in the high-dispersed of the particles.

Key words: conductivity, semiconductor pyro-polymer, composite
polymeric materials, nanodispersed, heterogeneous systems, nicel.

The nature of the dependence of electrical conductivity (o) polymer
composites from the concentration of conductive filler (V1) can be described by
formulas obtained within the framework of percolation theory [1-3]. According
to percolation theory [4], conductivity ¢ systems containing metal particles
randomly distributed in a dielectric matrix are described by the following

formulas:
—_ Vl V
o(Vi)= o1 (2—=)t, Vi> Vg, (1)
1-V,
o(V1) = o2 (), Vi< Ve, 2)

Where o1 - COl’ldUCtIVIty of metal particles; o2 -conductivity of the dielectric
matrix; V¢ -the critical concentration (percolation threshold) at which an
infinite cluster of filler particles is formed for the first time; t and q are

. parameters called ‘ critical indices, the wvalues of* which for three-
) dimensional systems, are 1.6 and 0.98, respectively. When an infinite
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cluster of metal particles is tortuous, the calculated values t>1.6 [5].
However, this conclusion has not been experimentally proven. The present
work is devoted to this issue.

Two types of composites were prepared for the studies. One is a metal-
polymer composite containing nanosized nickel particles. The other is a
metal-polymer composite containing highly dispersed nickel particles. In
both cases, phenylone was used as a polymer matrix.

A composite with nickel nanoparticles was prepared by thermal

decomposition of nickel formate in phenylone. The following procedure
was used. Nickel formate powder was added to phenylone, phenylone
dissolved in dimethylformamide in a proportion of 4 g of phenylone per
100 g of solvent. After thorough mixing, the resulting mixture was heated
to evaporate the solvent. During evaporation, in order to prevent
aggregation of nickel formate powder particles, the mixture was treated
with ultrasound at a frequency of 22 kHz and a power of 0.3 W, using a
UZDN-1 disperser. The mixture formed as a result of solvent evaporation
was placed in a vacuum and maintained at a temperature of 373 K for 1
hour to remove residual solvent. After that, the temperature was raised to
573 K, and the mixture was maintained at this temperature for 5 hours
until complete decomposition of nickel formate. In the resulting composite,
the size of nickel particles did not exceed 30 nm, as determined by small-
angle X-ray diffraction. The composite with finely dispersed nickel
particles was prepared by mixing nickel powder with phenylone in an agate
mill for 7 hours. The nickel powder used was prepared by thermal
decomposition of nickel formate in vacuum at 573 K for 3 hours. In this
powder, the particle sizes of nickel were in the range of 1 to 3 um, as
determined by a BS242E electron microscope.
In both cases, the desired nickel content is V1 in the prepared composites was
obtained by calculating the initial materials used. To perform electrical
measurements, samples were prepared in the form of tablets with a diameter
of 15 mm and a thickness of 2 mm by hot pressing.

The figure shows the experimental dependences of the conductivity ¢ on
the fractional Ni content for both composite materials under study. This figure
also shows the dependences o from Vi calculated within the framework of
percolation theory, using the above formulas (1) and (2). For the composite

. materials under study, the critical fractional volume V. mickel particles was

. determined by differentiation lgo -by V1 To determine the critlical index t,
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the experimental data were presented as a graph in coordinates Igo-Ig[(V1-
V<) /(1-V¢)]. The value t is the slope of this graph. The values o1 and o2 were
obtained by extrapolating this graph to Vi=1 and V1=0 respectively. It was
found that V. = 0.105 and t = 2.20 for composite material with nanosized nickel
particles and V¢= 0.210 and t = 1.78 for a composite material with highly
dispersed nickel particles. The critical index q was taken to be equal to 1, which
is true for three-dimensional systems [4]. As can be seen from the figure, for
both types of composite materials under study, the correspondence between
theoretical and experimental data is observed at Vi>Vc. In case Vi<V¢
correspondence between theoretical and experimental dependences is
observed only for a composite material with highly dispersed nickel particles.
The origin of this discrepancy can be understood within the framework of the
spatial-structural hierarchical model recently proposed by Balberg et al. for
composite materials [6].

Methods of percolation theory allow us to establish the topology of the
resistance network of an infinite cluster [4,5]. One of the characteristics of
heterogeneous inhomogeneous systems is the density of an infinite cluster
P(V1). Near the leak threshold P(V1) has the form [5].

P(V1) =D (V1- V)P,
where D is a numerical coefficient of order one, - critical index, for three-
dimensional systems, equal to 0.4. The value P(V1) characterizes the proportion
of nodes belonging to an infinite cluster V1 < V¢ size P(V1) = O because there is
no infinite cluster. With increasing V1 meaning P(V1) increases, when V; =1 P
(V1) must also be equal to one.

To determine the length of the skeleton of an infinite cluster, we use the
model first proposed by B.l. Shklovsky. For a plane problem, this model [4] is
something like a very large fishing net. The characteristic linear size of a cell of

this net is called the correlation radius and is expressed by the formula R=L / (
V, -V,

v, -1 _¢)-v where L is the length equal in order of magnitude to the lattice period,

v - critical index of the correlation radius (in the three-dimensional case v =
0,8).Based on this model, it is shown that if the wire forming the skeleton has
tortuosity, then Z, the length of the wire between the intersection points, is
greater than R and is expressed by the formula

Z= L( )é

Where' - critical index. Value.
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YA V.-V, ytv
R s Gy (3)

shows how many times the length of the skeleton is greater than R due to
tortuosity. Critical indices t, £ and v are related to each other by the ratio &=t-v
[5].

As can be seen from the table, the value P(V1) when moving away from the
flow threshold towards larger ones Vi, increases. This means that the infinite
cluster gradually joins finite clusters formed between nickel particles, becoming
more and more "dense". At t = 1.6, the value of R is equal to Z, i.e. there is no

tortuosity of the infinite cluster. The values %, calculated by formula (3) at t =

1.78 and t = 2.20 are given in the table. As can be seen from the table, near the
percolation threshold in composites containing nickel nanoparticles, the infinite
cluster is more tortuous, compared to composites containing highly dispersed
particles. These results show that the higher the dispersion, the more tortuous
the infinite cluster in such composites.

Table

Dependence of parameters P(V1) and % from the volume fraction of the

filler V.
Vi P(V1) % att=1,78 % at t =2,20
0,13 0,25 1,8 8,7
0,16 0,34 1,6 5,4
0,20 0,41 1,4 3,9
0,23 0,46 1,4 3,4
0,3 0,54 1,3 2,5
0,4 0,64 1,2 1,9
0,4 0,68 1,1 18
0,5 0,72 1,1 1,6
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Figure 1. Comparison of experimental (dots) and calculated (curves)

dependence of electroconductivity on the content of nickel and polymer
composites with nanosized (black dots, curve 1) and highly dispersed (empty
dots, curve 2) components.
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