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Semiconductor materials with nanoscale struc�
tures, particularly those with nanoclusters of impurity
atoms, are of great scientific and practical interest
[1, 2]. A number of new interesting physical phenom�
ena are revealed in these materials; they make a sub�
stantial contribution to the development of present�
day micro� and nanoelectronics [3], in particular, to
the formation of nanoclusters of atoms of rare�earth
elements.

The development of a technology for the formation
of clusters of impurity atoms of rare�earth elements
with controlled structures and properties in a silicon
lattice is one of the most urgent and challenging objec�
tives of modern nanoelectronics. As a matter of fact,
the formation of clusters of impurity atoms of rare�
earth elements in silicon makes it possible not only to
control the basic parameters of the silicon and its mag�
netic properties but also to reveal a number of new as
yet unknown physical phenomena [4].

The low values of the diffusion coefficients of rare�
earth elements [5] cause some difficulties when
employing high�temperature diffusion for the forma�
tion of nanoclusters of these impurity atoms in the sil�
icon crystal lattice.

Therefore, the technology of stagewise low�tem�
perature diffusion of gadolinium into silicon is devel�
oped; it offers the possibility to form nanoclusters of
impurity atoms with a significant magnetic moment
distributed throughout the volume of the material.
These magnetic clusters make it possible not only to
control the magnetic properties of the material but
also to use these materials for the development of new

spintronic devices. The results of studying the sam�
ples’ surface after diffusion showed that, unlike the
samples obtained by high�temperature diffusion dop�
ing, the samples prepared by the new technology
exhibit no surface erosion, and alloys and silicides are
not formed in the near�surface region.

Nanoclusters of impurity atoms of gadolinium in
the volume of the silicon crystal lattice are studied
using an MIK�5 infrared microscope. The MIK�5
offers the possibility to examine not only the surface of
a silicon sample but also all its layers; that is, we can
study a sample throughout the entire volume.

Figure 1 depicts a micrograph of a silicon sample
subjected to the diffusion of gadolinium by the con�
ventional high�temperature diffusion technology. The
figure shows that clusters are not formed in the sample
doped with gadolinium by the conventional technol�
ogy. The micrograph of the surface of a silicon sample
doped with gadolinium by the stagewise low�tempera�
ture diffusion is presented in Fig. 2. To determine the
depth of penetration of the diffusing impurity of gado�
linium and the presence of its clusters in the bulk, the
silicon samples prepared by the new diffusion technol�
ogy were subjected to successive grinding of 50 µm
starting from the surface with the subsequent measure�
ment of the specific resistivity by the four�probe tech�
nique and examination under a microscope. After
each grinding, the presence of gadolinium clusters was
checked microscopically. It is found that, for a silicon
sample with a thickness of 1000 µm, the gadolinium
penetrated to a depth of 700 µm from the surface, and
clusters are formed in a layer with a thickness of
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400 µm and are distributed uniformly throughout the
thickness. After removing a layer with a thickness of
350 µm, the gadolinium clusters became apparent on
the sample’s surface (Fig. 3).

We found that, in the stagewise low�temperature
diffusion, the temperature and time of the diffusion
have an effect not only on the depth of penetration of
the impurities but also on the sizes of the resulting
clusters; these factors can also prevent the formation
of clusters. Figure 4 presents a micrograph of a silicon
sample prepared by the two�stage diffusion of gadolin�
ium at relatively low final temperatures and holding
time. It is evident that the number of resulting clusters

is extremely scarce and their sizes are small, i.e., on the
order of hundreds of nanometers.

With a further increase in the number of diffusion
stages, their duration, and temperature, we obtained
large clusters of gadolinium impurity atoms with a size
of a few microns, which were uniformly distributed
throughout the sample volume.

Interesting results were obtained for the three�stage
diffusion. In this case, clusters were formed with the
participation of defects of the silicon crystal lattice
(Fig. 5).

The study of the effect of low�temperature treat�
ments on the sizes and distribution of the clusters
showed that, upon annealing in the temperature range
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Fig. 1. Micrograph of the bulk of a silicon sample subjected
to the diffusion of gadolinium by the conventional high�
temperature diffusion technology.

10 µm

03/08/2009

Fig. 2. Micrograph of the surface of a silicon sample doped
with gadolinium by the stagewise low�temperature diffu�
sion.

10 µm

04/03/2009

Fig. 3. Micrograph of a sample of silicon doped with gad�
olinium by the stagewise low�temperature diffusion after
the removal of a 350�µm�thick layer (gadolinium clusters
became apparent on the sample’s surface).

10 µm 27/03/2009

Fig. 4. Micrograph of a silicon sample prepared by the two�
stage diffusion of gadolinium at relatively low final temper�
atures and holding times.
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of 500–700°C, the ordering of the clusters of gadolin�
ium impurity atoms is observed. A further increase in
the annealing temperature leads to the destruction of
the gadolinium clusters in the silicon bulk.

The analysis of these studies and the results on the
formation of clusters of impurity atoms of gadolinium
showed that more exacting studies of this phenome�
non will make it possible to determine the technolog�
ical conditions and modes for moving clusters to the
desired places and preparing various devices such as

diodes, transistors, resistors, and capacitors in the bulk
of a semiconductor on their basis.

Preliminary studies showed that these materials
exhibit fairly high resistance to radiation and high
values of negative magnetoresistance at room tem�
perature.
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Fig. 5. Micrograph of a silicon sample prepared by the
three�stage diffusion of gadolinium at relatively high final
temperatures and a long holding time.
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INTRODUCTION

Electrolytic coatings with alloys based on metals
from the iron group with refractory metals obtained
from citrate and gluconate solutions are found to be
the best alternatives for replacing the electrolytic chro�
mium coatings that are widely used at present [1–9].
Study [10], which deals with the changes of the prop�
erties of a citrate electrolyte in order to develop cobalt�
tungsten coatings in the process of their long�term
development, shows that the properties of the latter
were observed to change not only in the process of
electrolysis but also upon the long storage of the elec�
trolyte after its preparation. This study is aimed at a
detailed examination of the changes in time in the
properties of a citrate electrolyte used for manufactur�
ing cobalt�tungsten coatings.

EXPERIMENTAL

Electroconductivity Study

In this work, an electroconductivity change was the
main criterion for the estimate of the changes in time in
the properties of a citrate electrolyte. A KEL�1M2 con�
ductometer and platinum electrodes were used to mea�
sure it. The composition of the basic solution (whose
electroconductivity was measured) used as an electro�
lyte to obtain nanocrystalline cobalt�tungsten coatings
was as follows, mol/l: Na2WO4—0.2; COSO4—0.2;
C6H8O7 (citric acid)—0.04; Na3C6H5O7 (sodium cit�
rate)—0.25; H3BO3—0.65 (pH = 6.7) [5, 6, 9–15].
For comparison, the electroconductivities of the ingre�
dients of this electrolyte, namely, an aqueous solution of
cobalt sulfate (0.2 M, pH = 3.4 ± 0.2) and solutions of
cobalt sulfate (0.2 M) in a citrate buffer mixture at vari�

ous pH values (4, 6.4, 7.3) were measured. The latter
contained all of the components of the primary electro�
lyte without sodium wolframate. The value of the spe�
cific electroconductivity (S/m) served as the one to be
measured. Since the pH of the primary solution was 6.7,
it was acidized during the electroconductivity (for the
viscosity, see below) measuring by citric acid and alkal�
ized by alkaline solutions.

The measurements of the electroconductivity were
carried out for a few months after preparing the solu�
tions. Since no special thermal condition measures
were taken, certain measurements yielded the temper�
ature dependencies (at different pHs of both the total
solution and its components). Therefore, all the tem�
poral changes are presented below as the values of the
specific electroconductivity related to a certain (fixed)
temperature of the solution.

Viscosity Measurement

In order to determine the nature of the observed
changes, the measurements of the viscosity of the
solutions were carried out using an Ubellode viscosim�
eter (the capillary diameter was 0.54 mm). The value
of the kinematic viscosity (cm2/s, cSt) was used as the
value to be measured. An allowance for the tempera�
ture change was made in the same way as in the case of
measuring the electroconductivity.

The Gel Filtration Chromatography of the Solutions

In order to determine the reasons for the changes in
the properties of the electrolyte solution, gel chro�
matographic separation into components was used.
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In this study, a 108�cm�high and 1.0 cm�in�diame�
ter chromatographic column was used with a Sepha�
dex�G�10 matrix. This material makes it possible to
separate the components of a solution with respect to
their molecular masses; the compounds of larger
molecular mass leave the column faster (at a smaller
volume of the buffer passed through the column). The
electrolyte of the above composition (pH = 6.8) was
used as a specimen for the chromatographic separa�
tion. The buffer for the chromatographic column was
a solution of the following composition (mol/l):
C6H8O7 (a citric acid)—0.04; Na3C6H5O7 (sodium
citrate)—0.25; H3BO3—0.65 with pH = 6.8, which
was relevant to the pH used for the separation of the
specimen. A peristaltic pump (Peristaltic Pump P�3)
was used for pumping the buffer. The rate of the liquid
flow was 38.76 ml/h.

The volume of the specimen that was introduced
into the column was 1.18% of its total volume. The
solution that was leaving the chromatographic column
was divided into fractions, which were further used in
the measurements of optical density. The fractions
were collected every 2 minutes. The spectra of the
specimens in the ultraviolet and visible spectrum were
measured using a Specord M 40 two�beam spectro�
photometer. In order to construct the dependences of
the optical density on the volume of the transmitted
buffer, the values of the optical density at a constant
wave length corresponding to the maximum absorp�
tion of the solutions of the fractions in the considered
part of the optical spectrum were used.

RESULTS AND DISCUSSION

Changes in Time of the Electroconductivity

The table lists the results of measuring the electro�
conductivity immediately after preparing the solutions
and after their long�term storage in contact with the
air oxygen. The electrolyte was stored in a graduated
bottle; i.e., contact with the oxygen of the air was
restricted. It should be noted that changes were
observed in all of the solutions under study; however,
they significantly differed in their quantity. For all the
solutions, except for the cobalt�tungsten citrate elec�

trolyte, the changes (1) were within the limits of a few
percent for two months, and (2) variations of the mea�
sured values were detected (table) during the first week
after the electrolyte had been prepared. This allowed
us to calculate the mean values for electrolytes 1–4
during the first week after their preparation, along with
the standard deviations for both the first week of the
measurements and after two months (the mean values
and the standard deviations are presented in the
appropriate columns of the table).

The results from the table show that, e.g., for the
solution that contains an aquacomplex of cobalt (solu�
tion 1), the changes during the two months’ storage are
within the limits of the measurement error (about 5%,
and, at the standard deviation of the measurements,
for the first week, they are about 4%). The partial
Co(II) oxidation is a probable reason for these
changes.

The electroconductivity of a citrate complex of
cobalt is substantially higher due to the formation of a
complex; moreover, it may change depending on the
pH (electrolytes 2–4). It should be noted that the
measured values of the electroconductivity are
strongly depended (again, due to the formation of a
complex) on the kind of added acid (citric or sulfuric)
by means of which concrete value of pH is attained
(Fig. 1). The results that are shown in the table for
solutions 2–4 were obtained using solutions of citric
acid to attain the required pH value.

However, even in these cases, the electroconduc�
tivity’s changes are within the limits of a few percent in
the solutions with two months’ storage (see table).
More significant and abrupt k changes are observed in
the citrate cobalt�tungsten electrolyte (solution 2,
table, Fig. 2).

In the first ten days after the preparation, the elec�
troconductivity changes by more than 20% (Fig. 2),
and, after two months of storage, it decreases by more
than 30% (see the table). The reasons for such marked
changes had to be revealed.

Dependence in time of the specific electroconductivity (S/m) of the electrolytes*

No. Electrolyte
Electroconductivity  κ (S/m)

Initial κn (first week) Terminal  κk (40–60 days)

1 CoSO4 (0.2 M) pH = 3.4 ± 0.2 1.37 ± 0.06 1.30 ± 0.02 5.1

2 Citrate Co  (0.2 M) pH = 4 3.19 ± 0.03 2.95 ± 0.04 7.5

3 Citrate Co  (0.2 M) pH = 6.4 3.72 ± 0.20 3.43 ± 0.06 7.8

4 Citrate Co  (0.2 M) pH = 7.3 4.33 ± 0.08 4.16 ± 0.03 3.9

5 Citrate cobalt–tungsten electrolyte pH = 6.7 4.73 3.24 ± 0.04 31.5

* The values for electrolytes 1–4 are relevant to a temperature of 20°C, and it is 16°C for electrolyte 5.

κn κk–
κn

�������������100%
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The Effect of the Solution’s pH 
on the Electroconductivity and Viscosity 

of the Studied Systems

The comparison of the results presented in Figs. 1, 2,
and 4 shows that the complex�formation involves both
change in the electroconductivity and the viscosity of
the solutions. Moreover, a greater change in the vis�
cosity is observed in a mixed solution of the electrolyte
(Fig. 4). It is seen that, in this case, a substantial
increase of the viscosity occurs both in the acid region
of pH and in the alkaline one (Fig. 4). A certain corre�

lation between the results of the measurements of the
electroconductivity and the viscosity of the considered
solutions is also registered.

The most probable reason for this behavior is the
generation of the products of the complex formation
with a sufficiently high molecular mass. This decreases
the electroconductivity in the region of acid values of
the pH (both for the citrate complex of cobalt and the
cobalt�tungsten electrolyte, Fig. 3). An increase of the
electroconductivity in the alkaline region (which was
accompanied by an increase of the viscosity in the
cobalt�tungsten solution) results from the change in
pH that was attained by the addition of the alkaline.

The obtained results show that the complex�for�
mation in a mixed electrolyte that contains citrate
complexes of cobalt and tungsten may be accompa�
nied by the formation of complex compounds with
enhanced molecular mass, probably, polynuclear het�
erometallic complexes of these elements.

Chromatographic Study of the Peculiarities 
of the Systems Using Gel Filtration

The above peculiarities of the considered systems
are obtained by examining the pH’s effect on the prop�
erties of the solutions. However, the appropriate mea�
surements of the electroconductivity of the solutions
performed during their long�term storage showed no
changes in the pH under these conditions. On the
other hand, it seems evident that it is the formation of
polynuclear heterometallic citrate complexes of cobalt
and tungsten with high molecular mass that can be the
reason for the observed changes in the electroconduc�
tivity. The results of a gel chromatographic analysis
(Figs. 5, 6) may confirm this statement.

4.8
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4.2

654 pH

2

1

κ, S/m

Fig. 1. Effect of the pH on the specific electroconductivity
of a citrate cobalt�tungsten electrolyte at 23°C. The acidi�
fication is performed using (1) citric and (2) sulphuric
acids.
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Fig. 2. Change of the specific electroconductivity of a cit�
rate cobalt�tungsten electrolyte at 16°C in the first 10 days
after its preparation.
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Fig. 3. Dependence of the specific electroconductivity of a
0.2 M citrate solution of cobalt (1) and a citrate cobalt�
tungsten electrolyte (2) on the pH at 20°C.
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The presented data show that different fractions of
the electrolyte under study have different behaviours
in time. The fractions that absorb in the ultraviolet
region of the spectrum undergo no temporal changes
(Fig. 5). (The small distinctions in the chromatograms
may rather be indicative of the accuracy of the chro�
matographic variant of the separation that we used).

Taking into account that the absorption in the
ultraviolet region may result from either a wolframate
ion or its citrate complex (the presence of mixed het�
erocomplexes in them is less feasible, although not
improbable), as well as from the fact that the yield of
these fractions from the chromatographic column
occurs after the transmission of a substantial volume of
a buffer, these fractions represent the fractions of the
solution with a relatively low molecular mass. It is
these fractions of the solution that undergo no tempo�
ral changes.

On the other hand, substantial changes are
observed for the fractions that absorb in the visible
region of the spectrum (Fig. 6). Firstly, it is obvious
that they represent the products with a higher molec�
ular mass (the absorption maxima are shifted to the
region of smaller volumes of elution). Secondly, it is
seen that at least a few forms of the complexes will
transform into a smaller quantity in due course with
one of the forms being dominant.

Since it is the absorption in the visible region of the
spectrum that it is related to, we may consider that the

fractions with an enhanced molecular mass are either
the citrate complexes of tungsten or (which is more
probable) the mixed heterocomplexes. Obviously, it is
a temporal transformation of these complexes that is
one of the reasons for the changes in the solution’s
properties.

Indeed, for the citrate complexes that contain no
ions of wolframate, (a) substantial temporal changes
in the electroconductivity are absent, and (b) substan�
tial changes in the viscosity typical for mixed hetero�
complexes of the metals are not observed.

1.7

1.6

1.4

864 pH

2

1

η, cSt

1.5

Fig. 4. Dependence of the kinematic viscosity of a 0.2 M
citrate solution of Co (1) and a citrate cobalt�tungsten
electrolyte (2) on the pH at 20°C.
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Fig. 5. Chromatograms of a citrate cobalt�tungsten solu�
tion freshly prepared (1) and after 3.5 months’ storage (2).
The optical density D of the solutions was fixed in the
ultraviolet region of the spectrum (253 nm).
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Fig. 6. Chromatograms of a citrate cobalt�tungsten solution
freshly prepared (1) and after 3.5 months’ storage of the
electrolyte (2). The optical density D of the solutions was
fixed in the visible region of the spectrum (515 nm). The
dashed line is relevant to the absorption maximum of the
fractions in the ultraviolet region of the spectrum (Fig. 5). 
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The obtained results in total show that the observed
changes of the properties of the cobalt�tungsten citrate
electrolyte used to develop the CoW electrolytic alloys
are due to the (a) formation of a mixed heteronuclear
complex immediately in the solution (possibly a poly�
mer) and (b) the kinetic complex formation of the com�
ponents of the solution with enhanced molecular mass.

CONCLUSIONS

The study of the electroconductivity of the citrate
solutions used to obtain the cobalt�tungsten coatings
and that contained cobalt sulfate (0.2 M) and sodium
wolframate (0.2 M) showed that the electroconductiv�
ity, unlike that of an aqueous solution of cobalt sulfate
and citrate complexes of cobalt at the same concentra�
tion, changes substantially (drops). It was shown that
the observed changes occur due to the formation of a
mixed heteronuclear complex immediately in the
solution (possibly a polymer). Fractionating the solu�
tion using gel filtration showed that the registered
changes occur due to the changes of the solution com�
ponents with a higher molecular mass.
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INTRODUCTION

As the surface composition and structure deter�
mine the resistance of a solid body to the external
chemical and mechanical actions, it is expedient from
the standpoints of economy and technology to alloy
only the working surfaces of machine elements. The
latter fact has stimulated interest in the scientific elab�
oration of various methods of surface alloying of met�
als and melts, in particular, interest in the electrospark
alloying (ESA) developed by B.R. Lazarenko and
N.I. Lazarenko [1].

The ESA method offers several advantages over
surface volume alloying and other techniques. It per�
mits one to produce coatings of any current�conduct�
ing metals and alloys, requires no previous careful
preparation of the surface, allows one to carry out the
treatment of separate components of fabricated struc�
tures, and the part is not heated in the course of the
alloying. The additional diffusion of the coating mate�
rial deep into the specimen proceeds under the action
of the flowing current. The metals mechanically and
chemically react with each other to produce a solid
solution and possible intermetallides, thus providing a
good adherence of the surface layer with the base and
deep penetration of the coating material without high
temperature annealing [1, 2].

However, it is rather difficult to produce smooth
and uniform coatings by the method of electrospark
metallization. This fact greatly limited the use of the
ESA method to obtain corrosion resisting coatings.

It is known that, with cathode alloying, the protec�
tive effect can be ensured by a nonuniform coating as
well, as is determined by the electrochemical mecha�
nism [3].

The aim of this work is to examine the possibility to
use the method of ESA of titanium by palladium in

order to increase its corrosion resistance in hot solu�
tions of sulfuric acid.

Titanium possesses good technological properties,
enhanced durability, and it is easily passivated in many
media and usually has high corrosion resistance due to
the low values of the current in the passive state.
Besides, titanium is characterized by low values of the
passivation current and high positive values of the pit�
ting formation potential. However, titanium’s instabil�
ity in solutions of nonoxidizing acids substantially
decreases the area of its application as a construction
material [4].

It is known that the metals of the platinum group
are the most efficient cathodes. In this work, palla�
dium has been selected as the cathode additive because
it possesses a high cathode efficiency, its cost is less
than that of other metals of the platinum group, and it
is abundant enough.

EXPERIMENTAL PROCEDURE

The electrospark alloying of titanium VT1�0 by
palladium has been carried out with the help of indus�
trial setups of the “Elitron” and “EFI” type as worked
out by the Institute of Applied Physics of the Academy
of Sciences of Moldova.

In order to determine the best conditions of the
ESA of titanium by palladium, we studied the effect of
the spark discharge parameters (modes), the specific
time of the alloying, the interelectrode medium’s
composition, and the electrode–tool scanning
method on the content of palladium in the alloyed
layer and the rate of the palladium�coated titanium’s
corrosion.

In order to study the dynamics of the surface layer’s
formation, there was obtained the dependence of the
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cathode’s (the titanium specimen) mass growth and
the anode’s (palladium) mass diminution on the ESA
time under different conditions of machining (Fig. 1).

The data on the growth of the cathode’s mass were
compared with the true content of palladium in the
alloyed layer determined by the photocolorimetric
analysis [5]. The palladium and titanium–palladium
phases were transferred into the solution through the
method of anode galvanostatic polarization by a direct
current in 10 % hydrochloric acid [6].

Corrosion tests were carried out on cylindrical
specimens or parallel�piped�wise specimens with an
area 1–3 cm2 with a thread hole in the end face to fas�
ten a metallic contact isolated from the solution by a
teflon tube and washers. The experiments were per�
formed in a thermostatted three�electrode cell at
100°C in the air atmosphere in 10, 20, 30, and 40%
solutions of H2SO4 being chemically pure or analyti�
cally pure. The volume of the solution in the cell was
100 ml. The potentials were measured with respect to
a silver–chloride electrode and recalculated with
respect to a standard hydrogen electrode. The electro�
chemical investigations were conducted with the help
of a potentiostat P�5827.

The phase composition of the palladium�coated
titanium was determined through the use of a diffrac�
tometer (Dron�2). The distribution of palladium on
the surface and in the depth was studied with the aid of
an X�ray microanalyzer (XRMA) using a Camebax
device.

RESULTS AND DISCUSSION

It is seen from the diagram that, in the case of alloy�
ing under “mild” conditions (the discharge energy is

0.03–0.1 J), the Pd content (Fig. 1a, curves 1 ', 2 ') in
the surface layer is some higher (by 1.7–2.7 mg/cm2)
than the cathode weight increment and grows in time
from 3.4 to 11 mg/cm2. When the treatment time
grows, the losses of the palladium anode progressively
and almost linearly increase (Fig.1a, curves 3, 4).

In the case of alloying under “severe” conditions
(the discharge energy is 0.1–6.4 J), the Pd content in
the surface layer changes from 13.3 to 16.4 mg/cm2

(Fig. 1b, curves 1', 2'); it is higher than in the case of spark
machining under “mild” conditions and greatly exceeds
the cathode weight increment (Fig. 1b, curves 1, 2). The
curves of the palladium anode erosion have a nonlin�
ear nature (Fig. 1b, curves 3, 4).

With the alloying time increasing to over 2 min/cm2,
under “mild” conditions, the Pd content in the alloyed
layer grows slightly (from 5.6 to 8.6 mg/cm2), and,
under “severe” conditions, it decreases from 16.4 to
14.3 mg/cm2, while the total flow rate of the palladium
electrode progressively grows in time.

The diminution of the cathode weight increment in
time can be connected with the following:

—the considerable evaporation and spraying of the
liquid phase of a material;

—the erosion of the titanium substrate growing
with the increase of the discharge energy;

—the drastic changing of the properties of the
cathode surface layers due to the formation of inter�
metallides, oxides, solid solutions, and structural
alterations in the course of the ESA, thus causing the
changing of the erosion’s nature [2].

The X�ray phase analysis has shown that Pd, inter�
metallic compounds of Ti and Pd with different com�
positions (Ti2Pd, Ti2Pd3, Ti3Pd5, TiPd, TiPd2), and Ti
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Fig. 1. The change of the titanium’s specimen mass ΔPK (curves 1, 2), the change of the palladium content in the alloyed layer
ΔPK (curves 1 ', 2 '), and the diminution of the palladium electrode’s mass ΔPA (curves 3, 4) versus the electrospark alloying time:
(a) under “mild” conditions; (b) under “severe” conditions.
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and its oxides (Ti2O3, Ti3O5, TiO2) enter into the com�
position of the surface phases of the palladium�coated
titanium.

According to the data of the X�ray microanalysis
(XRMA), Pd�containing phases and Pd are distrib�
uted on the surface as a discontinuous nonuniform
layer.

Microstructural investigations and the XRMA data
of crosscut microsections have shown (Fig. 2) that, in
the case of the electrospark palladium�coating of tita�
nium, on its surface there is formed a white layer, the
thickness of which changes on average from 5 to 30 μm
and depends on the conditions and the specific time of
the alloying. Pd and Ti, as well as slight amounts of
carbon; oxygen; and, evidently, nitrogen enter into the
composition of the white layer. Then, there is observed
a transition zone—a sublayer (≈40 μm thick)—the
region of the thermal action of the impulse discharges.
There is no diffusive penetration of Pd into this region.

The results of the corrosive and electrochemical
tests in 10% sulfuric acid at 100°C have shown that,
independently of the discharge parameters and the
alloying time, under these conditions, all the speci�
mens are in the passive state. Their corrosion poten�
tials change from 0.2 to 0.77 V (Table 1). The corro�
sion rate is 1–2 orders of magnitude less and changes
from 0.08 to 1.33 g/m2 ⋅ h. Under these conditions,
titanium quickly dissolves at the rate of 18.7 g/m2 h
with the potential being –0.56 V.

With the acid concentration increasing to 40%, the
corrosion rate grows to 2.6 g/m2 h, yet, even under
such aggressive conditions, it is almost two orders of

magnitude less than that of Ti, the corrosion rate of
which is about 200 g/m2 h (Fig. 3).

The corrosion rate of the specimens alloyed under
“severe” conditions is higher despite the high content
of Pd in the alloyed layer. Under “severe” conditions,
the rate of the mass transfer grows, but the quality of
the generated layers is lower due to the appearance of
various pores, cracks, and burns.

With the alloying time increasing from 2 to
4 min/cm2, the corrosion resistance reduces, espe�
cially in the case of alloying under “severe” condi�
tions. Probably, this fact is connected with the damage
of the Ti layer formed in the course of the alloying and
enriched by Pd due to the growth of the residual and
thermal stresses over the ultimate resistance of this
layer as a result of the repetitive action of the electric
impulses [2].

Long corrosion tests in 10% sulfuric acid at 100°C
have shown that the specimens alloyed under “mild”
conditions at the specific time of machining of 1–
2 min/cm2 have the largest resource of the protective
effect—350 hours. Palladium�coating under “severe”
conditions with the increase of the machining time up
to 4 min/cm2 result in the reduction of the protection
resource to 260 hours.

Thus, owing to the high cathode efficiency of the
electrospark palladium coatings, namely, Pd and inter�
metallides, Ti is in a passive state (its potentials are in
the range from 0.2 to 0.77 V). At the same time, this
region is the cathode one for Pd; under these conditions
palladium ions do not pass into the solution [8].
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Fig. 2. Electron�microscopic picture of a crosscut microsection of a titanium specimen with an electrospark palladium coating:
800× magnification (a); the change of the content of the palladium, titanium, carbon, and oxygen across the depth of the speci�
men as determined by XRMA (b). MN is the line of the scanning.
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There has been investigated the influence of the
interelectrode medium’s (vacuum, argon, air) compo�
sition and the way of the electrode’s displacement with
respect to the alloyed surface (mechanized and man�

ual) on the formation of the coating and its corrosion
resistance [9]. The longitudinal velocity of the speci�
men’s displacement with respect to the electrode–tool
is selected keeping in mind the necessary condition—

Table 1. The influence of the conditions (10% H2SO4, 100°C) and the specific time (10 h) of the electrospark alloying
of titanium by palladium on the palladium content in the alloyed layer, its potential, and the corrosion rate

Number 
of the 

specimen

Installation type, 
alloying conditions

Greatest 
discharge 
power, J

Specific time
 of alloying, 

min/cm2

Pd content, 
mg/cm2

Corrosion rate, 
g/m2 h

Corrosion 
potential, V

1 Elitron�10, “soft” 0.10 0.5 3.4 0.08 0.51

2 1 6.4 0.24 0.44

3 2 11.3 0.18 0.41

4 3 11.0 0.18 0.41

5 4 10.1 0.47 0.40

6 Elitron�14, “soft” 0.03–0.05 2 5.6 0.19 0.44

7 4 8.6 0.54 0.38

8 Elitron�14, 
“severe”

0.08–0.15 2 16.4 0.92 0.22

9 4 13.3 1.33 0.20

10 Elitron�22, 
“severe”

0.42 2 15.1 0.52 0.38

11 4 15.6 0.63 0.38

12 EFI�46F,   1 “soft” 0.03 1–2 3.3 0.10 0.77

13 EFI�46F,  2“soft” 0.09 1 4.7 0.11 0.67

14 2 6.4 0.17 0.44

15 EFI�46F 4, 
“severe”

0.84 0.3 2.7 0.85 0.30

16 1 6.7 0.40 0.42

17 2 8.9 0.52 0.42

18 EFI�46F 6, 
“severe”

6.4 1–2 – 0.59 0.38

Ti – – – – 18.70 –0.56

Pd – – – 0.00 0.79

3
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Fig. 3. Corrosion rate of titanium with the electrospark palladium coatings versus the concentration of H2SO4 at 100°C: (a) pal�
ladium coating under “mild” conditions; (b) palladium coating under “severe” conditions. The numbers of the curves correspond
to the numbers of the specimens in Table 1. Curves 3, 6, 8, and 10 correspond to the specific time of alloying of 2 min/cm2, and
curves 7 and 9, to 4 min/cm2. The test time was from 5 to 10 h.
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the production of a uniform layer over the whole sur�
face of the processed surface, and each next discharge
should occur after the specimen’s axis is displaced by
one fourth of the cathode pit diameter. The number of
the electrode–tool passages is 10.

In the case of alloying through the mechanized
method in Ar and in the air, it is established that the
applied layer has the same phase composition
(Pd, TiPd, and Ti3Pd3), the values of the Pd content in
the alloyed layer and the weight increment of the spec�
imens are close, and the anode erosion is almost the
same (Table 2).

The phase composition of the specimens alloyed in
the air is more uniform (Ti2Pd3 and Ti), and the Pd
content is half as large as the weight increment. This is
probably connected with the growth of the Ti erosion
at the expense of the increase in the vacuum and of the
rate of the metal evaporation from the surface in the
discharge zone. Besides, with the air pressure reduc�
ing, the conditions of the heat dissipation into the
environment are impaired, which causes the longer
maintaining of high temperatures in the discharge
zone [2].

The most enriched Pd coatings containing
8.13 mg/cm2 of Pd are formed at ESA in an atmo�
sphere of Ar. Probably, this is connected with the
absence of interaction between the electrode materials
and the medium’s components, in particular, with the
absence of oxidizing processes, as well as the changes
proceeding in the discharge channel itself. Owing to
the low electric conductance of Ar, the interelectrode
gap breakdown can happen at the distances at which
the transfer of Pd onto Ti grows [2].

The specimens alloyed in the air and a vacuum have
Pd contents of 6.71 and 6.06 mg/cm2, respectively,
with the anode erosion being half as much in the air.

The specimens alloyed in the air with hand scan�
ning as a rule have a Pd content half as much
(3.4 mg/cm2) as when the mechanized process is car�
ried out. It is evidently connected with the less steady
way of the electrode–tool displacement over the
alloyed surface as compared with the mechanized one,

thus resulting in the nonuniform distribution of the
alloying component.

Prolonged testing has shown that the specimens
alloyed by the mechanized method begin to be acti�
vated only in 960 hours, and those activated by the
manual scanning—in 260–350 hours.

The X�ray phase analysis shows that, in the course
of the corrosion, the phase composition of the surface
layer changes. Thus, after 600 hours of testing, the
specimen alloyed in Ar is more saturated with palla�
dium phases (Pd, TiPd2) in comparison with what was
recorded at the beginning of the corrosion testing
(Pd and Ti3Pd5 were found on its surface). This fact
points to the dissolution of the less saturated Pd phases
at the beginning of the testing and the accumulation of
the dispersed Pd and more enriched Pd phases on the
Ti surface.

Thus, the mechanized scanning allows one o
increase by almost 3 times the period of the passive
state of Ti in comparison with the manual one, which
is evidently connected with the larger content of Pd in
the alloyed layer and its more uniform distribution.
Alloying in an Ar atmosphere allows one to produce
coatings the most enriched by palladium and possess�
ing the greatest corrosion resistance.

As the alloyed layer’s thickness (at an average from
5 to 30 μm) under corrosive conditions is limited,
there could happen the undercut etching of the Pd and
loss of its contact with the titanium, thus causing
depassivation and the growth of the specimen’s corro�
sion rate.

To introduce the Pd into the Ti to a great depth, the
palladium�coated Ti specimens were subjected to
annealing in a 10–4 mm of mercury vacuum at 1150°C
for 30, 60, and 180 min.

It was established by the X�ray phase analysis that
intermetallide Ti2Pd, which is less enriched by palla�
dium, and Ti are present on the surface of the palla�
dium�coated Ti after the annealing [10].

The X�ray microspectrographic analysis shows that
the distribution of Pd over the surface becomes more
uniform after the annealing (Fig. 4). The content of Pd

Table 2. The influence of the interelectrode medium’s (atmosphere) content and the electrode scanning method on the
palladium content in the alloyed layer, its phase composition, and the rate of the palladium�coated titanium’s corrosion.
The test time was 15 h

Scanning 
method

The medium’s 
composition

Ti cathode weight 
increment, 

mg/cm2

Pd content, 
mg/cm2

Pd anode
 erosion, 
mg/cm2

Corrosion rate, 
g/(m2 h) X�ray analysis

Mechanized Vacuum 
0.0133 MPa

3.63 6.06 7.89 0.06 Ti2Pd3, Ti

Argon 
0.5054 MPa

8.06 8.13 12.49 0.008 Pd, Ti3Pd5, TiPd, Ti

Air 6.58 6.71 12.09 0.012 Pd, Ti3Pd5, TiPd, Ti, Ti2O3

Manual Air 3.88 3.40 8.00 0.1 Ti3Pd5, TiPd, Ti



14

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 47  No. 1  2011

KORNIENKO et al.

in the surface layer decreases (Fig. 5). Thus, after
annealing for 30 minutes, the intensity of the analytic
line L

α
 of the Pd was reduced by 5 times. The depth of

the Pd penetration into the Ti after the annealing grew.
On average, it was 5 –30 μm on the unannealed spec�
imens. After 30 min of annealing, it amounted up to
130–150 μm, and, after 60 minu, up to 180–200 μm.
After 3 h of annealing, Pd was found at a depth of
≈750 μm in the specimens. It should be noted that the
annealing is attended with the considerable growth of
the titanium substrate grain, thus it is inexpedient to
increase the time of the thermal treatment to over an
hour. In the course of the annealing, the Pd penetrates
into Ti nonuniformly; in the X�ray spectrograms,
there are observed some peaks corresponding to local

pile ups of Pd and intermetallides along the bound�
aries of grains or blocks in the crystal, as the bound�
aries of the grains are evidently the sources of vacan�
cies simplifying the diffusion.

The corrosion rate of the specimens after the
annealing in 10% H2SO4 at 100°C during the first 5–
10 h of the testing decreased by 2.5–3 times in com�
parison with the unannealed ones and was 0.03–
0.08 g/m2 h for the specimens alloyed under “mild”
conditions and 0.12–0.14 g/m2 h for the ones alloyed
under “severe” conditions. For the unannealed speci�
mens, it was 0.1–0.2 g/m2 h and 0.3–0.5 g/m2 h. With
the testing time increasing, the corrosion rate grows,
and, by 7000 h, it amounts up to 1.3 g/m2 h, yet, in this
very case, the corrosion rate is more than an order of
magnitude lower than for Ti without the coating. The
specimen’s activation occurs after 980 hours of corro�
sion, whereas the unannealed palladium�coated tita�
nium is activated even after 250–350 h of testing. It is
possible that the increase of the corrosion rate in the
course of the prolonged corrosion testing is connected
with the formation, during the annealing, of a diffu�
sion profile in the depth with the ever�dropping con�
centration of Pd. At the beginning of the corrosion
testing, the Ti ions pass into the solution from the
phases more enriched by palladium and more corro�
sion resistant. As these phases dissolve with the
increase of the time during which the specimens are in
the corrosion solution, Ti ions pass from the phases
less enriched by palladium and correspondingly less
corrosion resistant until the concentration of Pd is suf�
ficient to maintain the passive state.

There was investigated the influence of case hard�
ening by anode heating in an electrolyte plasma
(AHEP) on the corrosion properties of palladium�
coated Ti. A solution consisting of 15% NH4Cl and
10% (CH3)2CO is used as an electrolyte at AHEP.
AHEP makes it possible to substantially reduce (up to
some minutes) the time of the thermal treatment in
comparison with the diffusion annealing [11].

The X�ray phase analysis and the data of the
XRMA of the surface and crosscut microsections have
shown that, at the AHEP of the palladium�coated Ti,
coatings of a complex composition containing Pd,
intermetallides of different compositions (Ti2Pd,
Ti2Pd3, TiPd2), titanium carbides, and oxicarbides
(TiCxO3) are formed on its surface. The distribution of
Pd over the surface after the electrolyte–plasma treat�
ment does not become uniform. The examination of
the distribution of the elements over the specimen’s
depth has shown that, in the course of the anode heat�
ing, a Pd profile similar to the diffusion one does not
form (Fig. 6). The coatings are clearly separated from
the base.

An oxicarbide layer ≈3 μm thick, being solid (rather
uniform throughout the thickness), light, and not
etched is formed on pure titanium as a result of the
treatment (Fig. 6a). The composition of the coating on

(b)

(c)

(а) 38 μm

Fig. 4. Electron�microscopic pictures of the titanium surface
with the electrospark palladium coating: (a) general view;
(b, c) the same place in the palladium (X�rays); (a, b) before,
(c) after annealing.
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the specimen of the palladium�coated Ti that was
worked in plasma is nonuniform and its thickness is
not everywhere the same (Fig. 6b). Pd�containing
phases and oxicarbides enter into its composition [12].
There is no growth of substantially titanium substrate’s
grain in the course of case hardening.

It is shown that, after case hardening of palladium�
coated titanium, the Pd content decreased in the alloyed
layer by ≈2.5 mg/cm2 and was 4.05–6.37 mg/cm2

depending on the conditions of the spark machining.
There was also observed the reduction of the speci�

men’s roughness at the expense of the anode dissolu�
tion of the surface layer. Evidently, both factors are
connected with the specific erosion of the specimens.

The potentials of the corrosion of the palladium�
coated titanium case hardened in 10% H2SO4 at
100°C are determined in the region of the titanium’s
passivity and are in the range from 0.45 to 0.65 V. They
are of the same order of magnitude as the palladium�
coated titanium before the anode heating, and, in this
case, the corrosion rate decreases by more than an

(b)

(а) 12.5 μm

M N

1

2

ImaxL
α
Pd = 5600 imp/s
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Fig. 5. The change of the content of palladium (1, 1 ') and titanium (2, 2 ') over the specimen’s depth; (a) before, (b) after anneal�
ing. MN is the line of scanning.
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order of magnitude and is equal to some thousandths
and hundredths of fractions of g/m2 h.

According to the analysis of the solution, in the
course of the 5�hour testing, it remained constant and
was determined by the transition of Ti ions into the
solution. Pd ions were not found in the solution. The
prolonged corrosion testing shows that the corrosion
rate grows with the increase of the corrosion time;
however, it remains rather low (0.086 g/m2 h) even
after 400 hours of corrosion; the corrosion potentials
do not leave the deeply passive region (0.4–0.7 V).

Pure Ti after anode heating passes into the passive
state and mass losses were not found during 6 hours of
testing, thus indicating the high corrosion resistance of
the oxide–carbide layers forming on the Ti in the
course of the plasma treatment. However, after a deep
scratch is made on the surface of the case hardened
specimens of pure and palladium�coated titanium, the
first one is activated, whereas the palladium�coated
one remains in the passive state.

Thus, the passive state and high corrosion resis�
tance of the palladium�coated case hardened titanium
is connected with the presence both of palladium�
containing phases and of oxide–carbide ones in the
coating. The former ones provide the establishment
and maintenance of a stable passive state and perform
the electrochemical protection of the Ti owing to their
high cathode efficiency. The oxide–carbide layers per�
form a sheathing protective action, i.e., play a screen�
ing role, due to their high corrosion resistance. Their
presence in the pores and discontinuity flaws of the
electrospark palladium coating greatly reduce the area
of the uncoated sections.

CONCLUSIONS

It is shown that the alloying of the titanium surface
by palladium through the electrospark method
increases its corrosion resistance by 1–2 orders of
magnitude in solutions of sulfuric acid at high temper�
atures, as caused by the presence in the coating com�
position of Pd and Ti–Pd intermetallides transiting
the titanium into a passive state. It is ascertained that
the content of Pd in the alloyed layer depends on the
discharge energy and the specific time of the electro�
spark machining.

It is shown that the mechanized ESA by palladium
in comparison with the manual one allows one to con�
siderably increase the titanium resistance, which is
connected with the great content of Pd in the surface
layer and its more uniform distribution. The mecha�
nized alloying in vacuum, argon, and air has shown
that the coatings the most enriched by palladium are
formed in an atmosphere of argon.

Many�component coatings with a complex struc�
ture are formed on the surface of titanium in the
course of ESA by palladium. Their composition
includes Ti, Pd, intermetallides of different composi�
tions of the Ti–Pd system, oxides, carbides, nitrides,
and oxicarbides and oxynitrides of titanium. The
thickness and composition of the layers depend on the
conditions of the ESA and the electrolyte–plasma
treatment.

It is shown that the corrosion potentials established
on the palladium�coated Ti are in the potential region
being the cathode one for the intermetallides and Pd.
Under these conditions, Pd does not pass into the
solution. The rate of the corrosion of the palladium�
coated titanium in the passive state is determined by

(b)(а)

PdL
α M N

Background 
signal

PdL
α

Fig. 6. Electron�microscopic pictures of crosscut microsections of the specimens of titanium (a) and palladium�coated titanium
(b) subjected to anode heating in the electrolyte plasma (160 V, 3 min, cooling in the air). 1000x magnification. MN is the line of
scanning.
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the rate of the dissolution of Ti from the intermetal�
lides and the Ti from the palladium�uncoated sections
at the established corrosion potentials.

It is shown that annealing in vacuum at 1150°
increases the corrosion resistance of Ti by 2–2.5 times
due to the more uniform distribution of the Pd�con�
taining phases and the formation of an extended diffu�
sion profile of Pd in the titanium.

Case hardening by AHEP leads to the growth of the
corrosion resistance by more than an order of magni�
tude, which is connected with the formation of the
mixed palladium�containing and oxide–carbide layers.
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INTRODUCTION

The range of use of aluminum alloys in products of
mechanical engineering is significantly limited due to
their strong tendency for seizure, low strength charac�
teristics, and poor wear resistance. In this regard, tech�
nical solutions are often implemented using special
structural elements, i.e., plates, inserts, and sleeves of
antifriction materials, in particular, iron and steels. It
is obvious that, in this case, a significant part of the
advantages of aluminum alloys with respect to their
specific weight and corrosion resistance is lost. In
addition, these designs are not easily producible and
economically sound.

One of the promising technologies for eliminating
these disadvantages is the microplasma oxidation
(MPO) of aluminum alloys, which results in the forma�
tion of ceramic coatings on their surfaces; the coatings
consist mostly of γ�Al2O3 and α�Al2O3 (corundum).
This composition provides high physicomechanical and
tribotechnical properties of the coatings [1].

MPO offers the possibility to form coatings with a
thickness of up to 300 μm both on the external and
internal surfaces of workpieces without changing their
initial sizes; it provides high adhesion to the base and
chemical and thermal stability of the hardened layer. It
also increases the wear resistance; strength; and hard�
ness, which achieves 20–25 GPa, which is much
higher than the hardness of many structural materials

(Fig. 1). However, the process of the formation of
ceramics with a thickness sufficient for the efficiency
of tribojoints during their entire lifetime is relatively
long; in some cases, it is more than 3 h [2]. This is par�
ticularly relevant for silumins, which, according to the
opinion held in the literature [2], is a difficult subject
for MPO. At the same time, these alloys are widely
used for producing different�purpose friction units. In
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this regard, it is of current concern to enhance the effi�
ciency of the MPO process.

The aim of this work is to study the possibility of
intensifying the MPO process using carbon nanopar�
ticles.

RESEARCH TECHNIQUE

For the studies, we used samples of aluminum
alloys with different chemical compositions. The
ceramics were formed using MPO equipment (Fig. 2)
in the anode–cathode mode in a silicate–alkaline
electrolyte comprising 2 g/l KOH and 3.5 g/l Na2SiO3.
The carbon additives were an ultradispersed diamond�
containing blend (UDDG) and ultradispersed dia�
monds (UDDs). The concentration of these compo�
nents in the electrolyte was varied from 0.5 to 5.0 g/l
[3]. The main studies were carried out for the UDDG,
because, according to our data, it yields a higher effect
(Fig. 3). It is also economically advantageous.

The X�ray diffraction analysis was performed using
a DRON�3M diffractometer in monochromated
CuKα radiation; the metallographic studies were car�
ried out using a MIM�8 microscope with digital image
recording. The tribotechnical tests were performed
using a scheme with the reciprocating movement of a
counter body relative to a stationary sample under
conditions of boundary friction in a medium of I�40A
industrial oil and without lubricants. The tests were
carried out at a pressure of p = 2–36 MPa and a sliding
velocity of 0.1 m/s. The wear of the samples was deter�
mined according to the weight loss by weighing on a
VLR�200 analytical balance.

RESULTS AND DISCUSSION

The results showed that the addition of the UDDG
into the electrolyte has a significant effect on the for�
mation of the coatings. First of all, this is evident from
the growth of their thickness, which increases by a fac�
tor of 1.5–2.8 in comparison with the base electrolyte
depending on the alloy’s composition.

Figure 4 shows, by way of an example, the micro�
structure of the ceramic coatings formed on AK5M2
and AK10 silumins in a base electrolyte containing the
UDDG. A comparison of the microstructures shows
that the addition of carbon nanoparticles into the elec�

4321

Fig. 2. Diagram of a microarc oxidation setup: (1) the
power supply, (2) the process tank with the electrolyte,
(3) the workpiece, and (4) the bubbler.
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Fig. 3. Coating growth rate versus the concentration of
carbon nanoparticles in the electrolyte.
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Fig. 4. Microstructure of the coating formed on the
(a, b) AK5M2 and (c) AK10 alloys in (a) the base electro�
lyte and (b, c) with an UDDG additive: (1) the coating and
(2) the metal base.
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trolyte has a significant effect on the growth of the
coating’s thickness. The nanoparticles also contribute
to the equalization of the coating’s thickness in differ�
ent structural components of the alloy (Fig. 4b).

The use of the UDDG in the MPO process made it
possible to form fairly uniform coatings (with a thick�
ness of 100–140 μm) on alloys with a higher content
of silicon as compared with the AK5M2 and AK10
alloys, in particular, on AK12M2MgN eutectic and
KS740 hypereutectic silumins (Fig. 5).

The observed effect of the growth of the oxide
layer’s thickness can significantly shorten the duration
of the microplasma process. In addition, the exposure
to carbon nanoparticles leads to the improvement of
the physicomechanical characteristics of the resulting
ceramic coatings due to the changes in their phase
composition.

According to the X�ray diffraction data, the coat�
ings formed in the electrolyte with UDDG additives
have a high concentration of the high�temperature
modification of alumina α�Al2O3. It is noteworthy that
the highest concentrations of corundum (85–90%)
are registered for the D16 alloy, which hardly contains
silicon at all (Fig. 6, curve 1). However, for the ceram�
ics formed in the electrolyte with the UDDG on silu�
mins, the volume fraction of α�Al2O3 is also fairly high
(Fig. 6).

The increase in the concentration of α�Al2O3 in the
ceramics formed under the action of the UDDG can
be attributed to the following. The incorporation of
carbon nanoparticles into the coating decreases the
dielectric strength of the oxide layer, which leads to a
decrease in the breakdown voltage and, as a conse�
quence, to an increase in the duration of the micro�
plasma discharges. This contributes to the more
intense heating of the coating material and provides
favorable conditions for phase transformations, in
particular, γ�Al2O3  α�Al2O3, which is known to
require the highest temperature (1470 K), which sig�
nificantly exceeds the temperature of the formation of
γ�Al2O3 (600–770 K). This leads to an increase in the
corundum concentration in the coating and, there�
fore, to an improvement of its physicomechanical
properties, in particular, its microhardness (Fig. 7).

In addition to increasing the strength properties, the
modification with carbon nanoparticles also provides
an improvement in the tribotechnical characteristics of
the coatings. The test results show that the friction coef�
ficient f of the unmodified coating on steel in the dry
friction mode at a contact pressure p = 3 MPa at the
stage of steady�state wear is 0.70–0.75 (Fig. 8).

The modification of the coatings in the process of
microplasma treatment in electrolytes with UDDG
additives results in a decrease in the friction coeffi�
cient, which settles at a level of 0.58–0.65 under the
same test conditions. Lower values of the friction coef�
ficient of 0.28–0.30 are obtained in the case of
ceramic–ceramic coupling (Fig. 8). The decrease in
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Fig. 5. Effect of the modification with UDDs and UDDGs
on the coating’s thickness on the alloys under study:
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the friction coefficient of the ceramics upon their
modification can be explained by the increase in the
concentration of corundum α�Al2O3 and the penetra�
tion of graphite particles into the coating during its
formation.

The modified coating also exhibits a higher wear
resistance than the unmodified coating. Thus, the
results showed that the wear resistance of the coating
that contains particles of nanodiamonds and nan�
ographite and was tested in a pair with steel increases
by a factor of 2.5–3.

The tests under conditions of boundary friction
showed that the UDDG modification of the coatings
during their formation leads to a significant (3.5�fold)
increase in the bearing capacity as compared with the
unmodified ceramics (Fig. 9).

The following can probably affect the enhance�
ment of the efficiency of the microarc oxidation of
aluminum in the modification of the coatings with
carbon nanoparticles. During the electrolysis, the alu�
minum workpiece, being an active anode, undergoes
oxidation in accordance with the anodic reaction

Al – 3e– = Al3+. (1)

The inclusions of graphite particles in the coating
can be regarded as parts of an inert anode, on which,
according to the laws of electrolysis, the electrochem�
ical oxidation of water with oxygen evolution takes
place:

4OH– = O2 + 2H2O + 4e–; (2)

subsequently, the oxygen participates in the formation
of alumina by the formula

Al3+ + 3O2–  Al2O3. (3)

In the case of cathodic polarization, on the inert
particles of graphite, hydrogen evolution occurs due to
the electrochemical reduction of water:

2H2O + 2e– = H2 + 2OH–. (4)

The ionization of hydrogen contributes to the
development of an electric breakdown [4, 5]. In addi�
tion, its reaction with oxygen results in the release of a
significant amount of heat energy:

2H2 + O2 = 2H2O + 483.6 kJ. (5)

The increase in the temperature of the micro�
plasma discharges with the participation of carbon
nanoparticles in the MPO process is of great impor�
tance, because coatings are also formed due to ther�
molysis. Aluminum ions Al3+, which are ejected into
the electrolyte under the action of the field, form alu�
minate complexes there mostly in the form of
[Al(OH)4]

– [6]. After that, these anions are transferred
by the field into the discharge channel and, under the
effect of temperature, form alumina:

(6)

According to [7], the arrival of dispersed graphite
particles into a microarc discharge leads to a manifold
increase in its current, power, and temperature. In all
probability, the cause of the enhancement of the dis�
charge intensity is attributed to the oxidative processes
of carbon, which are accompanied by the release of
large amounts of heat energy:

C + O2 = CO2 + 393.5 kJ. (7)

Carbon that did not react by formula (7) can evi�
dently interact with the resulting carbon dioxide to
form carbon monoxide:

C + CO2 = 2CO – 172 kJ, (8)

2Al(OH)4 
–

→ 2Al(OH)3 + 2OH– 

t

Al2O3 + 3H2O.

Fig. 8. Dependence of the friction coefficient of the
(1, 4) unmodified and (2, 3) modified ceramics on the slip
distance at p = 3 MPa without lubricants in a pair with
(1, 2) steel and (3, 4) ceramics.
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which, in the presence of oxygen, burns with the evo�
lution of large amounts of heat:

2CO + O2 = 2CO2 + 566 kJ. (9)

It is obvious that the occurrence of exothermic reac�
tions (7) and (9) contributes to the intense heating of
the coating and, consequently, to the formation of the
high�temperature modification of alumina α�Al2O3,
the intensification of the thermolysis processes, and the
partial melting of the coating pores. These reactions
occur more easily in the case of weak interatomic
bonds, which are characteristic of amorphous forms of
carbon and are found in the UDDG. This fact can
probably explain the higher efficiency of UDDGs in the
MPO processes as compared with purified UDDs.

CONCLUSIONS

The use of carbon nanoparticles for the MPO for�
mation of ceramic coatings on aluminum alloys has an
intensifying effect on the rate of crystallization of the
products of plasma chemical reactions, which is
accompanied, on the one hand, by the growth of the
coating thickness and, on the other hand, by the phase
transition γ�Al2O3  α�Al2O3.
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INTRODUCTION

Upon the exhaustion of the service life of materials,
various techniques of hardening and recovery of the
working surfaces are used; as a result, the lifetime of the
basic materials increases. In this case, the most effective
method is electrospark alloying (ESA) using a compact
electrode. For choosing the electrode’s material, two
main factors are taken into account: its chemical com�
position, which determines the functional purpose of
the coating, and the structural state, which depends on
the electrode’s production technique.

The basic principle of the preparation of electrode
materials for wear�resistant coatings is the condition
of the heterogeneity of their structure [1, 2]. One of the
versions of this structure is the presence of an eutectic
consisting of solid solutions based on metals with high
solubility in the substrate and phases with high hard�
ness [3, 4].

The analysis of the literature data showed that the
results of studies of the dependence of the mass trans�
fer coefficients on the electrode’s structure in ESA are
limited.

EXPERIMENTAL

Taking into account the above principle of prepar�
ing materials for wear�resistant coatings, compact
Ni–Cr–Al electrode systems were developed at the
Frantsevich Institute for Problems of Materials Sci�
ence of the National Academy of Sciences of Ukraine.
The concentration of Ni, Cr, and Al in them is in the
range of ternary eutectics. The electrodes had the fol�
lowing composition, wt %: 50.3 Ni, 40.2 Cr, and 9.5 Al

(hereinafter 4A). They were prepared by casting,
pulsed hot pressing (PHP), and sintering. This made it
possible to obtain different structures and determine
their effect on the kinetics of the mass transfer in the
ESA of steel 45.

The developed alloys of the Ni–Cr–Al and Ni–Cr–
NiAl systems are intended to restore pieces whose wear
exceeds 100 μm. The studies [5] showed that the micro�
hardness of these alloys is in the range of 6–12 GPa
depending on their composition. The wear in dry sliding
friction is 5–12 μm/km at a specific load of 0.6 MPa
and a rate of motion of the counterbody (steel 65G) of
10 m/s; the friction coefficient is 0.27–0.29. The
microhardness of the electrospark coatings of these
alloys is 8–10 GPa, the wear is 6–14 μm/km depending
on the composition, and the coating thickness is 0.7–
1.2 mm [6].

The Ni–Cr–Al alloys were melted in an electric
resistance furnace in alundum crucibles with N–O
nickel, ERKh–O chromium, and high�purity alumi�
num 9�995 used as the feed stock. The electrodes were
prepared by fusion casting in the form of rods with a
diameter of 4–7 mm.

The PHP of these alloys was carried out in two
stages: the sintering of a powdered mixture of PNE
nickel, PKhM chromium, and PAR�41 aluminum
and the subsequent pressing in a closed press mold
with the maximum pulse impact under a pressure of
100–1200 MPa and a temperature of 1300°C. The
density of the samples prepared by this technique was
89–99%.

Since the sintered alloys of the Ni–Cr–Al system
exhibited significant deformation due to the melting of

A Study of the Dependence of the Mass Transfer 
on the Structural Factors of the Electrodes 

in Electrospark Alloying with Ni–Cr–Al Alloys
A. V. Paustovskii, R. A. Alfintseva, V. E. Shelud’ko, T. V. Kurinnaya, and V. S. Tereshchenko

Frantsevich Institute for Problems of Materials Science, National Academy of Sciences of Ukraine, 
3 Krzhizhanovsky Str., Kiev, 03142 Ukraine

e�mail: dep65@ipms.kiev.ua
Received July 2, 2010

Abstract—The dependence of the mass transfer parameters on the structure of the Ni–Cr–Al and Ni–Cr–NiAl
electrode systems in the electrospark alloying of steel 45 is studied. The phase composition of the cast, sin�
tered, and hot�pressed alloys is a mixture of solid solutions based on nickel, chromium, and NiAl intermet�
allide. The mass�transfer coefficient in the case of alloying with cast and hot�pressed alloys is 2 to 3.5 times
higher than that in the event of alloying with sintered alloys. This difference is due to the different structures
of the electrodes prepared by different techniques.

DOI: 10.3103/S1068375511010157

ELECTRICAL SURFACE 
TREATMENT METHODS



24

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 47  No. 1  2011

PAUSTOVSKII et al.

the aluminum, it was replaced by an NiAl intermetal�
lide with a high melting point. The following compo�
sitions were studied: 4AS1 (wt %: 33 Ni, 41 Cr,
26 NiAl), 4AS2 (wt %: 39 Ni, 35 Cr, 26 NiAl), and
4AS3 (wt %: 32 Ni, 40 Cr, 2 Al, 26 NiAl). The ratio of
Ni, Cr, and NiAl corresponded to the composition of
the 4A alloy. Powder mixtures of nickel, chromium,
and NiAl intermetallide were sintered in vacuum for
2 h at a temperature of 1070°C, which was 0.8 Tmelt of
the Ni–Cr–NiAl eutectic alloy. The density of the
samples after the sintering was 82–88%.

The microstructure of the prepared electrodes was
studied using an Neophot�32 microscope. The X�ray
studies were performed using a DRON�3M instru�
ment with filtered copper K

α
 radiation. The diffraction

patterns were interpreted using the ASTM card files.
The ESA was carried out using an EFI�46A device in
the following mode: the frequency of the vibrator was
100 Hz, the short circuit current intensity ISC = 1.5 A,
and the treatment time was 10 min/cm2. The mass
transfer coefficient K = Δk/Δa was found via deter�
mining the following parameters: the specific erosion
of the anode Δa and the specific weight gain of the
cathode Δk measured for each minute of treatment of
1 cm2 of steel 45.

RESULTS AND DISCUSSION

The microstructure of the 4A alloy prepared by
casting and PHP and the 4AS1 alloy obtained by sin�
tering and PHP is shown in Fig. 1. In the 4A cast alloy
(Fig. 1a), a ternary eutectic is observed. The micro�
structure of the hot�pressed (PHP) and sintered alloys
(Figs. 1b, 1c) is a mixture of three phases: light, gray,
and dark. The microstructure of the 4AS1 alloy
derived by PHP differs from that of the sintered and
hot�pressed 4A alloy by the smaller phase compo�

nents; it can be described as a fine�grained structure.
The X�ray diffraction data showed that three main
phases of γ�, α�, and β�solid solutions based on nickel,
chromium, and NiAl intermetallide are observed in all
the alloys.

The studies of the kinetics of the ESA with 4A
alloys (cast and hot�pressed) and sintered 4AS1,
4AS2, and 4AS3 alloys (Fig. 2) indicate that the ero�
sion of the sintered alloys (Figs. 2a–2c) is 2 to 4 times
higher than that of the 4A alloy in the cast and hot�
pressed state (Figs. 2d, 2e).

At present, there is no generally accepted ESA
model that would give the possibility to explain the
phenomenon that occurs during one treatment cycle.
The ESA model is described to the best advantage in
the works of the inventor of the method B.R. Laza�
renko [7, 8]. The principle of this model is that the
electric field intensity increases as the electrodes
approach each other. At a certain distance between the
electrodes, an electric spark discharge occurs, which
results in the formation of a conduction channel and a
beam of electrons emanating from the cathode and
impinging onto the anode surface. As a result of the
impact energy, a droplet of the melted metal is sepa�
rated from the anode and moves toward the cathode.
The droplet heats up, boils, and explodes. Melted par�
ticles precipitate on the cathode and crystallize. This
model assumes that the substance is mostly transferred
in the liquid state. A large bulk of data on the erosion
of various materials can be found in the literature; the
model is described most convincingly in [9]. In accor�
dance with this model, the weight of the material
ejected from the anode is defined by the relation

γ = qEft,

where γ is the weight of the ejected material, g; E is the
single�pulse energy, J; f is the pulse repetition fre�

(b)

(c)

(а)

(c)

Fig. 1. Microstructure of the (a) cast and (b) hot�pressed 4A alloy and (c) the sintered and (d) PHP 4AS1 alloy.
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quency, Hz; q is the proportionality coefficient, which
is determined by the physical constants of the elec�
trode, the medium’s composition, and the pulse dura�
tion; and t is the treatment time, s.

In this particular case, the original electrodes have
the same elemental composition and are deposited in
the same ESA mode; however, they differ in the struc�
ture (Fig. 1) due to their production technology. It is

the difference in the original microstructure of the
electrodes that is responsible for the difference in their
erosion. In addition, sintering�derived electrodes
exhibit residual porosity, which also affects the degree
of erosion. It is obvious that the high values of the ero�
sion of the sintered alloys are explained by the less
strong bond between the separate fragments of the
structure, which leads to a more severe disruption in
an electrospark pulse.
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Fig. 2. Kinetic dependences of the erosion of the anode Δa and the weight gain of the cathode Δk in the ESA of 1 cm2 of steel 45
with different alloys (alloying time τ = 600 s/cm2): (a) 4AS1, (b) 4AS2, (c) 4AS3, (d) cast 4A, and (e) hot�pressed 4A; (1) %
(Δa, mg/cm2) and (2) % (Δk, mg/cm2).
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Despite the large erosion, the amount of material
that is transferred to the cathode hardly depends on
the degree of the erosion. The weight gain of the cath�
ode in the ESA with sintered 4AS1, 4AS2, and 4AS3
alloys differs little from that in the case of ESA with
cast and hot�pressed alloys. We can assume that the
relatively low weight gain of the cathode in the ESA
with sintered alloys is due to the fact that most of the
eroded particles were in the solid state and, therefore,
could not fix to the substrate and were transferred to
the products of the erosion.

The monotonic weight gain of the cathode with the
increasing time of the alloying indicates that the brittle
fracture threshold of the surface layer was not achieved
within 10 min of alloying. The thickness of the result�
ing layer is 500–700 μm, which affords grounds to rec�
ommend this alloy for restoring worn surfaces of
pieces. A coating deposited from cast and hot�pressed
electrodes exhibits a high continuity, which provides
high values of heat resistance. A coating of sintered
alloys has a lower continuity.

The mass transfer coefficient in the ESA with cast
and hot�pressed 4A alloys is 2 to 3.5 times higher than
that in the case of alloying with 4AS1, 4AS2, and 4AS3
alloys (Fig. 3). The highest mass transfer coefficient
(an average value of 81.2%) is observed for the ESA
with the PHP alloy. The comparison of the mass trans�
fer coefficients for the 4AS1 alloy prepared by sinter�
ing and PHP (Fig. 4) showed that the average mass
transfer coefficient is 20% for the sintered alloy and
50% for the hot�pressed sample. This difference in the
values of the mass transfer coefficient is governed by
the pattern of the microstructure, which results from
the technique of their production.

CONCLUSIONS

The mass transfer coefficient in the ESA of steel 45
using electrodes with the phase composition in the ter�
nary eutectic range of α, γ, and β�solid solutions,
which were prepared by different techniques and have
different structures, varies from the maximum value of
81.2% for the hot�pressed alloy to 20% for the sintered
sample. This difference is due to structural factors.

Based on the above, we can conclude that the ESA
using hot�pressed electrodes is more efficient than that
with sintered electrodes.
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INTRODUCTION

At present, to improve the quality of castings,
researchers propose using methods based on the expo�
sure of liquid and crystallizing alloys to an electrody�
namic force. One of these methods is the pulse current
treatment of melts. Unlike direct or alternating cur�
rent, pulse modes allow currents of tens and hundreds
of kiloamperes. Due to this, it is possible, first, to
reduce the duration of the treatment of melts from
15–30 (direct current) to a few minutes and, second,
to effectively use the force effect of electromagnetic
fields on the metal with an insignificant level of losses
due to Joule heating. It is possible to minimize the
consumption for heating conductors owning to the
short�duration current localized in a thin skin layer
and the presence of time intervals between the pulses.

The results of the experiments described in [1–5]
showed that the exposure of a liquid and crystallizing
metal to a pulse current leads to a size reduction in the
grain structure and an improvement of its homogene�
ity. The short�term periodic intensification of the
heat�and�mass transfer processes in the near�wall
region makes it possible to minimize the temperature
difference in the treated volume, which provides con�
ditions for the bulk crystallization. However, the mul�
tifactorial nature of a pulse impact (the pulse’s ampli�
tude, the duty cycle, the oscillation frequency of the
pulse current, its shape and spectrum, etc.) causes dif�
ficulties in selecting the optimum electrical parame�
ters and treatment schemes, unlike for a direct cur�
rent, for which the main process parameter is its den�
sity [6]. The problem of switching power supplies is
also controversial. In particular, the authors of [1–4]
use discharge pulses from pulse current generators
based on capacitive energy storages with a maximum

current amplitude Imax of 0.3 to 40 kA, an oscillation
frequency of the pulse current of 0.1 to 1 kHz, and a
repetition frequency in the melt up to 1 kHz. In this
case, one or more immersion electrodes were used for
introducing the pulses into the melt. In [5], an alter�
nating�current generator and broadband pulses of 1 to
8000 kHz were used; the current was fed to a conduct�
ing mold with the melt. In addition, the publications
concerned with the pulse current treatment of melts
describe, as a rule, results of physicometallurgical
experimental studies. The mechanisms of the effects
on the metal are hardly ever discussed (e.g., in [4]).

It is obvious that a number of coupled electromag�
netic and hydrodynamic processes occur in a liquid�
metal conductor while a current pulse flows through
it; the role of these processes in the change in the
structure and properties of the treated metal may be
crucial. It is relevant to study them not only in terms of
science but also in a strictly practical aspect, which
makes it possible to optimize the process parameters of
the pulse current treatment and to expand this method
beyond laboratory research.

The aim of this work is to estimate the contribution
of the electrodynamic forces to the change in the state
of a bulk liquid�metal conductor by the mathematical
simulation of the electromagnetic and hydrodynamic
processes that occur while a single pulse current passes
through the conductor. This estimation was carried
out as applied to the treatment of an aluminum melt
with recurrent discharge current pulses of microsec�
ond duration, whose source was a high�voltage pulse
current generator with a capacitive storage (Fig. 1a).
This method provides pulses with a current oscillation
frequency on the order of 105 Hz (Fig. 2). The prelim�
inary experimental studies [7, 8] showed that the
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exposure of melts to these pulses for 1 min leads to a
size reduction of the dendrite structure, eutectic mod�
ification, compaction of the intermetallide phases,
and improvement of the mechanical properties.

PROBLEM FORMULATION

The process of passing of a single high�frequency
current pulse through a metal conductor can be con�
ventionally divided into several consecutive stages.

(i) The current and magnetic field are displaced to the
conductor surface and concentrated in a skin layer with
thickness δ, which is determined from the expression

(1)

where μ0 is the magnetic constant, 4π × 10–7 H/m; μ is
the relative magnetic permeability, μ = 1; σ is the spe�
cific conductivity of the metal (Ω ⋅ m)–1; and ω is the
circular frequency of the current pulse, rad/s–1.

(ii) The melt is affected by the volume electromag�
netic forces Fem that occur in the interaction between
the current pulse passing through the melt and the
magnetic field induced by it, which are directed from
the periphery to the center of the conductor with the
current.

(iii) The conductor is compressed by the magnetic
pressure Pm, and eddy currents are excited in it.

A noninductive approximation is used in the simu�
lation; that is, the electromagnetic field and hydrody�
namic processes are analyzed independently of each
other. In this case, the problem was solved in a two�
dimensional axisymmetric formulation for a “tip–tip”
electrode system (Fig. 1b).

To solve the electromagnetic problem, we shall use
the set of Maxwell equations written for the case of a
quasi�stationary field:

∇ × H = σ(E + ν × B) + Je, (2)

∇ ×E = (3)

∇ ⋅ B = 0, (4)

∇ ⋅ D = 0, (5)

∇ ⋅ J = 0, (6)

where ∇ is the Hamilton operator, H is the intensity of
the magnetic field in the melt, A/v; J is the current
density, A/m2; E is the electric field intensity, V/m;
ϖ is the subject velocity, m/s; B is the magnetic field
induction in the melt, T; Je is the density of the
induced (extrinsic) currents, A/m2; and D is the elec�
tric induction, C/m2.

After simple transformations and the introduction
of a cylindrical coordinate system (Z, r, ϕ), we obtain
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the equation for the magnetic field intensity Hϕ, which
depends on the angle ϕ:

(7)

The geometric dimensions of the model elements are
taken identical to those used in the experiments in [8]:
the height of the liquid�metal conductor H0 = 100 mm,
its radius R0 = 40 mm, the depth of immersion of the
electrode into the melt is 5 mm, and the radius of the
immersed electrode Re and the counter electrode is
2 mm. The electrode material is copper; the liquid
conductor is an aluminum melt at a temperature of
700°C.

We assume that the density of the extrinsic currents
Je = 0 and Hϕ = 0 along the Z axis. The initial condi�
tions are defined as Hϕ|t = 0, I|t = 0 = 0; and ν|t = 0 = 0.

The boundary conditions for the regions marked in
Fig. 1b are as follows:

for region 1: Hϕ = 

for region 2: Hϕ = 

for region 3: Hϕ = 

for region 4: Hϕ = 

The current pulse I(t) is given in the form of a
damped sinusoid, which adequately approximates the
real current curve:

(8)

where U0 is the charging voltage of the capacitor bank,
V; C is the capacitance of the capacitor bank, μF; L is
the inductance of the discharge circuit, μH; and R is
the active resistance of the discharge circuit, Ω.
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The parameters of the discharge circuit are chosen
so as to estimate the effect of the intensity and the
oscillation frequency of the pulse current on the char�
acteristics of the electromagnetic field in the conduc�
tor under treatment (table). The pulse duration τ in
the calculation is limited to eight periods, which are
recorded in the discharge current oscillograms for the
chosen discharge circuit parameters and a given resis�
tance of the conductor.

The magnetic pressure Pm is determined from the
expression

(9)

We assume that the motion of the liquid metal occurs
only under the action of the volume electromagnetic
force, which is determined from the expression

(10)

The hydrodynamic processes in the conductor are
analyzed by the numerical solution of the Navier–Stokes
equation for an incompressible liquid at ∇ × ν = 0:

(11)

where Δ is the Laplace operator; γ is the kinematic vis�
cosity coefficient, m2/s; and ρ is the density of the
melt, kg/m3.

SIMULATION RESULTS

The equations were numerically solved using the
COMSOL Multiphysics 3.3 simulation software.
Figure 3 shows the results of the calculation of the mag�
netic field intensity in different cross sections of the
conductor at a depth h from the melt face at the instant
of the first peak of the discharge current Imax. A nonpo�
tential behavior of the field in the sample and a charac�
teristic increase in the field intensity are observed as Imax
increases. In addition, the field is concentrated in the
surface skin layer with a thickness of 0.3 (modes 1, 3),
0.7 (mode 4), and 1.4 mm (modes 2, 5).

The calculations also show (Fig. 4) that, while the
selected kiloampere current pulse passes through the
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Varying parameters

Mode U0, kV C, μF L, μH Imax, kA ω, 10–6 s–1
τ, μs

1 12 0.25 0.5 8.5 2.8 17.6

2 12 4 8 8.5 0.18 284.0

3 31 0.25 0.5 22 2.8 17.6

4 31 1 2 22 0.71 70.4

5 31 4 8 22 0.18 284.0
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conductor, the maximum magnetic pressure induced
by the action of the electromagnetic force Fem, which
is directed from the surface to the center of the con�
ductor, is 0.65 to 4.4 kPa in the near�wall region of the
melt. When the conductor experiences this pressure, it
is compressed. However, since the case in hand is a
metallic liquid, which, in turn, exerts pressure on the
walls of the mold, then the resulting pressure along
the side wall of the conductor will be determined by
the difference

P = Pm – Pst,

where Pst is the metallostatic pressure in the melt, Pa.

If we assume that Pst is 2.3 kP at the depth H0 =
100 mm of a liquid aluminum conductor, then the ine�
quality Pm > Pst, which determines the beginning of the
real compression, will be fulfilled under the condition
Imax > 15 kA. In this case, the magnetic pressure will
already have a formative effect on the crystallization
process, which is confirmed by the experimental data

of [8]; in this work, the structure parameters and
mechanical properties of the metal are significantly
improved using mode 3 of the pulse current treatment.

Analyzing Figs. 3 and 4, we can also single out a sig�
nificant concentration of the electromagnetic field
and pressure in the characteristic regions of the con�
ductor, i.e., the junctures of the walls and the near�
electrode regions, where jumps in the magnetic pres�
sure up to 105–106 Pa take place. Obeying the rule of
the addition of vector forces, the resulting effects in
these areas could be significant so as to form a nonuni�
form velocity field and cause different types of eddy
currents in the melt.

The velocity fields in the aluminum melt for modes
3–5 with Imax = const are shown in Fig. 5. In all the
cases, a two�circuit flow velocity field is observed for
the “tip–tip” electrode system. We can see that two
distinct regions with opposite flows enclosed by a
peripheral zone with a chaotic distribution of the

Fig. 3. Magnetic field distribution along the radius of the conductor at a depth from the melt face h at the instant of the first current
peak: (a) h = H0, (b) h = 98 × 10–3 m, (c) h = 50 × 10–3 m, and (d) h = 0.
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velocities are formed in the central part of the conduc�
tor. These flows are directed to the central section of
the conductor, in which they converge, and then the
liquid moves in a radial direction. The maximum val�
ues of the velocity in the central section of the conduc�
tor νc and the maximum values of the velocity of the
liquid in the skin layer νδ are calculated. As the current
frequency decreases and the pulse duration accord�
ingly increases by 16�fold, νδ and νδ increase by factors
of 42 and 33, respectively. The mixing is more intense
on the peripheral skin layer. Taking into account the
differently directed movement of the liquid layers and
the absolute values of the velocities, we can also state
that the complete mixing of the conductor with the
given sizes occurs in the time interval of a few seconds
(mode 5) to a few tens of seconds (mode 3). For com�
parison, in [8], where positive changes in the structure
and properties of the aluminum alloy were obtained,
the time of the pulse current treatment was 60 s.

To reveal the effect of the geometry of the liquid�
metal conductor on the formation of the flow velocity
field, we calculated the maximum flow velocities in the
central section of the conductor with different
radius/height ratios R0/H0 (Fig. 6). It is evident that
the velocity νc varies nonmonotonically depending on
the pulse duration and the R0/H0 ratio. More intense
mixing processes can be expected for long pulses and
with decreasing R0/H0, i.e., in long and narrow con�
ductors. As R0/H0 increases, the value of the velocity
settles at approximately the same level.

Note the applied relevance of these calculations, in
which the range of the varying process parameters Uo,
C, and L, which determine the current pulse, was fairly
narrow in comparison with the feasible range. In fact,
the currently available high�voltage pulse equipment
with capacitive storages gives the possibility to vary
these parameters in much wider ranges [9]. This makes
it possible to process conductors of most diverse sizes
and shapes.
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CONCLUSIONS

The exposure of a liquid�metal conductor to a
pulse current leads to the development of highly non�
linear electromagnetic and hydrodynamic processes
that are sensitive to changes in the current pulse char�
acteristics, which provides greater functional capabil�
ities of the pulse current treatment in comparison with
direct current treatment.

The contribution of the electrodynamic forces,
which are responsible for the compression and mixing

processes in a liquid�metal conductor, to the change in
its state becomes appreciable while passing a current
pulse with certain parameters.

—The compression of the conductor occurs upon
exceeding a certain threshold value of the pulse cur�
rent; this can change the thermodynamic conditions
of the crystal formation inside the liquid volume, par�
ticularly, in the near�wall regions of the melt.

—The mixing of a liquid is significantly affected by
the pulse current frequency, the pulse duration, and
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the geometrical parameters of the conductor, which
must be taken into account through the selection of
the appropriate modes of the pulse current treatment
of real casting molds with melts.
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INTRODUCTION

Considerable deviations from Ohm’s linear law in a
solid weakly conducting media at the time�constant
prebreakdown applied fields of a plate capacitor were
experimentally discovered by Poole [1]. A similar non�
linear increase in the electric current upon an increase
in the voltage both in homogeneous and strongly het�
erogeneous applied electric fields was later obtained
experimentally in a liquid (a type of transformer oil)
and gaseous weakly conducting media.

The growth in the conductivity of the media under
study upon an increase in the modulus of the electric
field intensity was theoretically grounded by Frenkel
[2] using the Arrhenius equations for the volumetric
rate of ionization taking into account a decrease in the
potential in such ionization upon a strong electric
field. Similarly, a decrease in the effect of the yield in
the prebreakdown field was determined by Schottky.
Onsager [3] obtained an expression mathematically
close to that of Frenkel for the dependence of the pre�
breakdown rate of dissociation in weak electrolytes on
the intensity modulus of the electric field using the
methods of physical kinetics. Postulating the fulfill�
ment of the law of a chemical equilibrium (of active
masses) not only for the studied media of the trans�
former oil, Onsager [3] and Frenkel [2] also managed
to obtain the dependences of their conductivity on the
intensity modulus of the electric field up to its break�
down value. The effects of the drift of the charges and
the motion of the liquid in this field were not taken
into account in [2, 3]. In addition, in these and some
of the more recent studies, their diffusion resulting
from the gradient of the volume concentrations of the
charges was also ignored. The time changes of the pre�
breakdown electrodynamic characteristics registered
in the tests even with a high�voltage source of applied
constant voltage and low power were not examined

theoretically both in the works of these famous scien�
tists and in some of the more recent papers. We also
considered earlier [4] the case of an alternating preb�
reakdown electric field, e.g., generated by a trans�
former. In this paper, just as in the recent one, we
examine only the case when the Maxwell time of the
relaxation of the volume charge is far less than the
period of the oscillating of the prebreakdown electric
field generated by the transformer, which, in this case,
allows us to reduce to quasi�stationary the calculations
concerning the energy release in the considered heat
carriers.

Taking into account such microscopic processes,
we derived the electrohydrodynamic equations of the
prebreakdown formation of the charges in a weakly
conducting liquid media of transformer oil type. It was
shown (e.g., in [5]) that, in order to use the Frenkel
and Onsager formulas to calculate the sustained con�
ductivity of the examined media, it is sufficient to pre�
serve the condition of their electric (plasmic) quasi�
neutrality in the fields under consideration. In this
case, the density of the volume charge formed in the
prebreakdown fields must be much lower in the entire
space (beyond the non�quasi�neutral boundary layers)
compared to the volume density of the self�neutraliz�
ing background of the charges with different signs.
Then, according in particular to [5], a set of electrody�
namic equations of the charge formation can be solved
irrespective of the hydrodynamic ones at the smallness
and commensurability of the rate of the medium’s
flows compared to the rate of the ion drift in the elec�
tric field. Note also that, in the obtained equations of
motion for the sufficiently dense and heat�conductive
media under consideration in a strong electric field,
the effect of the viscosity should be taken into account
[6]. In such fields, the molecules of the liquids of the
transformer oil type, along with their possible impuri�
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ties, partially disintegrate into ions. It is also assumed
that the free electrons in the media under consider�
ation (which are fairly dense), prior to the electric arc
formation and their electric breakdown, mostly stick
to neutral molecules. Therefore, we shall not discuss
here an additional microscopic electronic component
in the proposed theoretic modeling of the prebreak�
down phenomena in the media under study. Neverthe�
less, we assume that the value of the sought ampere–
time characteristics and the energy release are affected
only by the ion components.

In the case of a high�voltage plate capacitor, quasi�
stationary exponential volt–ampere characteristics
can easily be obtained using Frenkel’s formula for
conductivity and an appropriate charge conservation
equation in a differential form. In the case of a spher�
ical capacitor, the distribution of a steady potential of
the electric field in its interelectrode gap satisfies a
fairly complicated ordinary first order differential
equation obtained from the above charge conservation
law and the Frenkel conductivity under the integral
condition of the equality between the differences of
these potentials (at the plates of a capacitor) and the
applied voltage.

From the analytical solution of this equation that
we obtained in [5] that satisfies this condition, there
follow the ohmic linearity of the volt–ampere charac�
teristics in weak fields and its quadraticity in the preb�
reakdown ones, which are observed at their strong het�
erogeneity. The obtained solution also describes more
explicitly (than the unipolar solutions of the set of
equations for these fields in the case of Townsend rare
gases) the transition section (from linear to quadratic)
of the volt–ampere characteristics. In this solution,
instead of the Townsend empirical constant of the
corona ignition voltage for the calculation of these
characteristics, one may use a constant of low voltage
conductivity, which can be taken from a handbook or
determined accurately using the measured ohmic
volt–ampere characteristics, and, in some cases, it can
be calculated according to the composition of the
molecules of the medium. The obtained theoretical
high voltage volt–ampere characteristics, unlike those
of the relevant Townsend, consider the effects of the
temperature and charge composition of the molecules
of the medium (which dissociates partially into ions)
on the prebreakdown characteristics. The constant of
the corona�ignition voltage is found to be not so valid
for calculating the volt–ampere characteristics of the
media under consideration as for weakly ionized rare
gases, since it is hard to measure this voltage, which
fails to be always detected in a sufficiently dense, vis�
cous, and thermal conducting media. The problems in
calculating the ionization release of energy (which
leads to the formation of the discharge arcs in such
media and to their breakdown in the proximity of the
high�voltage electrodes) are of high priority. We previ�
ously calculated this energy for a high�voltage elec�
trode close to a point electrode [5] without taking into

account the energy contribution in the non�quasi�
neutral boundary layers. Calculations of such energy
for the diagnostics of the electrical breakdown to the
extent of failures in oil�filled transformers are of high
priority. Below, the analytical solution for the electro�
hydrodynamic differential equations will be obtained
for such a nonstationary problem in the case of plate�

parallel electrodes with an interelectrode gap d � 
(here, S is the surface area of the capacitor plate) and
a numerical solution of the equations of the hydrody�
namic approximation for a similar problem in the case
of coaxial cylinder electrodes whose interelectrode
gap is far less than the length of their constituents.
According to the results of the solutions, the time
required for the energy release in a heated cylindrical
surface layer of oil in a transformer will be estimated
(as a rule, in the technical literature, a transformer’s
surface is considered to be cylindrical; however, an
appropriate mathematical approximation to the real
surface of the transformer is implied). In addition, a
theoretical model for cooling the transformers using a
derived set of macroscopic equations will be described,
and the order of magnitude of the energy released by
the heat carrier will be estimated.

THEORETICLAL MODEL 
AND MACROSCOPIC EQUATIONS

The following inequalities should be solved for the
volume concentrations of the charges and the possible
available impurities in the case of a weakly conducting
media:

(1)

We assume that the volume rate of the ionization
with the subsequent attachment of free electrons to the
molecules of the considered heat carriers or depending
on the composition of their partial dissociation (the
case of a purified transformer oil) or the partial disso�
ciation of the available impurities is a continuous ther�
modynamic function of the volume concentrations of
the molecules (with a complicated composition) of the
medium and such impurities, as well as of the temper�
ature and the electric field’s intensity. The recombina�
tion of the charges occurring, as a rule, due to the
attachment of free electrons to the molecules of the
liquids under consideration is regarded to be only
ionic:

(2)
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The expression we used for Kr was derived by Lan�
gevin in 1903. Using the methods of physical kinetics,
Onsager grounded in [3] a weak effect of electric fields,
including breakdown fields, on the value of the ion
coefficient of the recombination. A sufficiently strong
effect of the electric field on the value of the constant
(coefficient) of the dissociation of the weak liquid
electrolytes under consideration was also described in
[3]. In addition, the second of equations (3) was
obtained for the coefficient of recombination also in
[3]. For the monotonic increasing dependence of the
dissociation constant on the modulus of the intensity
of the macroscopic electric field, an expression in the
form of an analytical zero Bessel function of the first
order of an imaginary argument close (in the preb�
reakdown fields) to the nonanalytic zero Frenkel
exponent from the root of that modulus was obtained.

For the coefficient of the diffusion of the free
charges, the Nernst–Townsend–Einstein correlation
is used:

(4)

The form of the continuous scalar function f of the
vector argument in (2) is used, considering everything
aforementioned, according to Frenkel [2]:

(5)

Taking into account (1)–(5), the equations of the
charge formation [5] look as follows:

(6A)

(6B)

The system of the electrohydrodynamic equa�
tions (6), where the diffusion and convective transfers
of the ionic components in the moving medium and
the Poisson equation for the potential of a macro�
scopic electric field are taken into account, should be
enclosed mathematically by hydrodynamic equations
for its neutral component close to the equations for the
total mixture performing correlations (1). In this con�
text, the differential equation that describes the mass
continuity of the incompressible media is as follows
according to [6]:
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We took this equation into account when deriving
Eqs. (6). According to [6], the equations of motion, of
energy conservation, and of the state of the oil should
be added to (7): in cooling the transformers, it is suffi�
cient to use the Bussinesk linear equation of state for
the dependence of density on T due to the small coef�
ficient of the thermal expansion of the viscous media
compared to the coefficient of the thermal expansion
of rarefied gases. A standard equation of the heat gain
[6] may be used instead of the equation of energy con�
servation without taking into account the weak Joule
heating and the effect of the energy of the electric
polarization along with the dissipation of the energy
that results from the liquid viscosity and ion�molecu�
lar diffusion. The field of forces of the electric polar�
ization of the bound charges merely redistributes the
pressure of the media being examined. This allows the
vortex�transport equation [6] to be used instead of the
pulse equation in the theoretic modeling of the trans�
former cooling:

(8)

(9)

At the initial moment of time,

q(t = 0) = V(t = 0) = 0; σ(t = 0) = σ0 (10)

We obtained in [5] an analytical solution of the
above equations for the quasi�stationary distribution
of the potential of an isolated high voltage sphere in an
isothermal case along with the conditions of the quasi�
neutrality of the weakly conducting media that were
also derived there. This equation is as follows:

(11)

The solution looks similar in the case of a spherical
high voltage capacitor with a specified quasi�station�
ary difference of the U potentials between its plates.
The linearity of the volt–ampere characteristics of
weak fields and the quadraticity of strongly heteroge�
neous prebreakdown fields can be obtained from (11)
using the appropriate limitation transitions. The dis�
tribution of the prebreakdown quasi�stationary poten�
tial of spherical symmetry according to (11) differs
greatly from the Laplace distribution due to the effect
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of the field of the forming volume charge in a self�con�
sistent field.

In the case of a high voltage plate capacitor, the
electric field outside of the near�electrode boundary
layers of violation of the quasi�neutrality of the electric
charges at the corresponding small parameters that we
determined previously (e.g., in [5]) remains uniform
owning to the law of the charge conservation. And the
nonuniformity of the spatial distribution of the fields,
which depends on the boundary conditions across the
electrodes, forms upon an overlapping of the preb�
reakdown voltage and the volume charge in such layers
only. Note that the thickness of such layers may
increase with an increase of the values of the similarity
criteria that we obtained previously [5, 8, 9]. In view of
their smallness, the results of various experiments in
the field of a plate capacitor confirm the formula for
the calculation of the quasi�stationary isothermal pre�
breakdown volt–ampere characteristics under condi�
tions of the Frenkel formula (5). Theoretically, it can
be obtained from (5) and from the integral of a one�
dimensional equation of the charge conservation in a
differential form, which follows from (6) under the
conditions of a stationary quasi�neutrality. Then, in
the case of the determination of the constant of such
an integration over the measured electric current, this
dependence has the following form:

(12)

NONSTATIONARY SOLUTIONS 
AND THE APPLICATION OF THEM 

FOR THE CALCULATION 
OF THE PRE�BREAKDOWN AMPERE–TIME 

CHARACTERISTICS AND THE ENERGY 
RELEASED BY THE HEAT CARRIERS 

UPON COOLING OF TRANSFORMERS

Regardless of the vortex characteristics of the preb�
reakdown flows of the considered media in the inter�
electrode gap of a plate capacitor, a particular solution
is found to satisfy the electrodynamic Eqs. (6) and the
initial conditions (10):

(13)

This solution is obtained by the ordinary time inte�
gration of Eq. (6B) and its independence on the Carte�
sian coordinate x in a one�dimensional approximation.
The solutions of these equations, which satisfy the elec�
trochemical (in the case of dissociation) or ionization
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boundary conditions on the capacitor plates, are close
to Eq. (13) outside of the quasi�neutral boundary layers.
This can be explained theoretically using the methods
of the expansion of the asymptotic boundary layers
based on small parameters from [7], which correspond
to the modes of quasi�neutrality with the equation
terms (6) having major spatial derivatives. 

The rates of the prebreakdown flows of the consid�
ered weakly conductive medium may thus be both
small and commensurable as compared to the rates of
the ion drift in the electric field. We have derived the
expressions for such similarity criteria of the described
phenomena in [5, 8]. Also, there, the estimations of
the values of those parameters for the prebreakdown
modes were presented. Moreover, it was shown that,
for a fairly wide variety of the considered media, the
conditions of the electric (plasma) quasi�neutrality
may be fulfilled also upon the overlapping of strong
electrical fields. It is easy to show [5, 8] that these con�
ditions can be fulfilled also for the oil heat carrier in a
prebreakdown nonuniform electric field generated by
a transformer.

Then, irrespective of the boundary conditions on
the electrodes, the time–ampere characteristics of a
plate capacitor with a time�constant source of voltage
or a source of low frequency [4] may be calculated
according to (13) in a one�dimensional approxima�
tion. It follows from (13) that, with an increase of the
applied voltage (prior to a breakdown), the time devi�
ations of the prebreakdown currents also intensify
until they reach their stationary value. Moreover, as
follows from (13) (and as should have been expected),
the Frenkel formula from [2], where f is determined
using (5), that describes the dependence of the quasi�
stationary conductivity on the field voltage is obtained
in the form of an asymptotic approximation. At the
same time, according to (13), it turns out that this
well�known formula for ideal dielectrics actually
becomes invalid, since the time of the relaxation of the
volume charge of the described media increases sub�
stantially. In the solution of (13), the time for the
occurrence of the chemical reactions and establishing
the conductivity appears to equal half the time
required for the relaxation of such a charge. Therefore,
the Maxwell time of the relaxation of the volume
charge becomes the time for the energy accumulation
resulting from the prebreakdown ionization (dissocia�
tion) in the heat carriers under study. The high value of
this energy leads to electric disruptions, e.g., in the
transformers.

As follows from the results of [8], formula (13) can
also be obtained at various values of the mobility of pos�
itive and negative charges under the conditions of quasi�
neutrality. The analytic analogue of formula (13) in the
case of cylindrical and spherical capacitors and, more�
over, for the two�dimensional configurations of high�
voltage needle�plane electrodes is found impossible to
obtain from (6) even without account for the effect of
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the hydrodynamics on the hydrodynamic characteris�
tics. In these cases, the calculation of the ampere–time
characteristics until establishing the current stationary
value may be performed numerically using a simplified
set of Eqs. (6) with initial conditions (10) for solving the
external problems reported in [7].

An analogue of formula (13) for strong nonuniform
electric fields of any complex configuration was
obtained in [9] only under the conditions of the weak
effect of the field of the forming volume charge on
them. In order to obtain the simplest numeric solution
in the case of the cylindrical symmetry close to the sur�
face of an oil�filled transformer and the consequent
calculations of the nonlinear volt�ampere and preb�
reakdown ampere�time characteristics, we used a set
of nonstationary one�dimensional electrodynamic
equations derived from equations (6), while applying
in the one�dimensional cases the Gauss equation for
the electric field intensity of cylindrical symmetry
instead of the Poisson equation for its potential:

(14)

When obtaining set of equations (14), the terms
that describe the nonstationary changes of the quasi�
neutral conductivity are preserved in the left�hand
parts of Eq. (6). In this situation, we can also analyze
the formation of the volume charge with its increase
from zero (at the initial moment of time) to the quasi�
stationary. Previously, the possibility of the formation
of a stable charge was indicated by Ostroumov [10)],
but we derived [9] a mathematically closed equation
system to describe such a formation. In obtaining one�
dimensional equations (14) from this system, there
were considered the estimations of the activation
energy A of the partially dissociating oil molecules,
which attest to the weak effect of the temperature dif�
ference on the conductivity of the oil carrier during the
prebreakdown heating of transformers. Here, a
nonisothermal component from (6B) in Eq. (14) is not
taken into account (it is regarded negligibly small
compared to the Frenkel exponent). Eliminating, just
like in [11], the terms with major spatial derivatives
affects the fulfillment of the quasi�neutrality criterion
only on the change of the sought distributions of the
electrodynamic characteristics in quasi�neutral thin
layers near the boundaries of volumes filled with the
media under consideration. To obtain the numerical
solution of set of Eqs. (14), the initial conditions (10)
were used for the conductivity and density of the vol�
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ume charge along with the Laplace condition of the
electric field’s symmetry at the initial moment of time:

(15)

In Eq. (15), unlike in the analogous problems
solved numerically in our previous studies [12, 13],
r1 and r2 are the internal and external radii of a not
cylindrical high voltage capacitor not filled with the
considered medium but with a corresponding layer of
a liquid (i.e., oil in a transformer near its surface
cooled with such an oil). The algorithm and the pro�
gram for the numerical calculations of the above equa�
tions that are used for the analysis of the prebreakdown
processes in an oil heat carrier were selected just like as
in the previous works. The algorithm elaboration was
performed at a much larger step of the spatial–time
array along the radial coordinate than the sizes of the
non�quasi�neutral boundary layers, which form both
in a strong electric field and due to the ion diffusion.
The calculations were carried out from the internal to
the external cylindrical surfaces of the layer on the
supposition that this surface was positively charged.
When the sign of the surface changes, the problem of
the calculation of the energy released in such a layer
reduces to the previous one with a change of the sign
of the distributions of the field intensity and the den�
sity of the volume charge. This statement for the non�
stationary problems of the type under consideration is
grounded numerically in [11]. Namely, in [11], using
generalizations of equations of type (14) for a noniso�
metric case, this was shown by solving a similar non�
stationary problem concerning the electric field in the
proximity of a cooling finely divided spherical particle.
But, unlike the above nonisometric problem, when
solving the problem described in the present study, a
nonstationary integral of the charge conservation

(16)

fails to be used for the deflation of set of Eqs. (14).

In the calculations (the results are presented
below), integral (16) was used to control the numerical
calculation of the finite�difference equations obtained
from Eqs. (14) in a dimensionless form. In addition,
the sought dependence of the time on the electric cur�
rent until it has reached a stationary value was deter�
mined. In (16), l is the length of the constituent on the
considered cylindrical layer (l = 1.626 m for the cylin�
der’s surface (see the figure), which can be used to
approximate the transformer’s surface). Strictly
speaking, a one�dimensional problem should not be
regarded, but, for the analysis of the prebreakdown
cooling of transformers, a one�dimensional approach
is sufficient taking into account only the r changes (see
the figure). The transition to the dimensionless equa�
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tions was realized by varying the sought and initial val�
ues in the following way:

(17)

Then, the set of equations obtained from (14) is as
follows:

(18)

The initial conditions for the dimensionless vari�
ables look as follows:

(19)
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��, Ẽ Ed

U
�����= = , q qd2

εε0U
���������,=

β β U
d
���⎝ ⎠
⎛ ⎞

1/2

= , r̃ r
d
��,=

σ̃ σ

σ0
β̃
2
��⎝ ⎠
⎛ ⎞exp

��������������������.=

∂Ẽ
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From a similar problem for a plate capacitor and its
analytical solution (13), it follows that the conductiv�
ity’s establishing occurs at times that equal half the
time of the relaxation of the volume charge and the
self�coordinated (with this charge) prebreakdown
nonuniform electric field of a low frequency. There�
fore, to obtain the sought numerical solution, a step in

time  = 0.02 was taken. The stationary solution was
reached within about 50 steps. To carry out specific
numerical calculations along the radial coordinate,
the near�surface layer of a transformer with an internal
radius of 0.25 m and an external of 0.42 m (equal to the
radius of the transformer’s surface) was selected. That
is the layer to be cooled near the surface of a trans�
former filled with oil was assumed to be approximated
by a d�thick cylindrical layer (d = r2 – r1). During the
calculations, we took from a handbook the dielectric
permeability of the medium (2.24) and its low�voltage
conductivity at T = 400 K; i.e., the conductivity in the
heated transformer oil under study was 10–11 S/m. For
the theoretic analysis of cooling with account of the
effect of the prebreakdown electrohydrodynamic
flows on it (not only for a transformer), extra electro�
hydrodynamic similarity criteria should be introduced
into both the quasi�neutrality the criteria of the oil and
the Re and Pr. Such criterion for an electrohydrody�
namic interaction will be introduced below similarly
to the criterion of a magnetohydrodynamic interac�
tion (the Hartmann number). For the present calcula�
tions, in the case of cylindrical symmetry, the modulus
of the very high effective voltage (average in value in
the case of harmonic oscillations) generated by the
transformer was 100 kV.

In calculating along the spatial coordinate, the step
was 0.1. Differential equations (18) were replaced, as
in [9], by the corresponding difference ones according
to [14]. The time changes of the total current up to the
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quasi�stationarity at a low frequency were determined
using the obtained numerical solutions of those equa�
tions. Previously [8, 9], we presented the results of cal�
culations at the first time steps. In these works, we have
already described the difference between the results of
the q and E calculations for a Laplace high�voltage
plate and cylindrical capacitors.

Moreover, in [9], the distinction of the sought elec�
trodynamic characteristics in the case of the unifor�
mity of the prebreakdown applied voltage from the
case of its strong nonuniformity was also analyzed at
stationary q and E. We also described previously the
distinction of the structure of the flows in a strong
nonuniform applied field from the cellular flows in a
plate capacitor. Note that a sign of the forming charge
outside of the non�quasi�neutral layers in a nonuni�
form field coincides with that of a transformer surface
with the flows being directed from it irrespectively of
its sign. Therefore, we proposed a theory that may be
used in cooling transformers upon the field generation
of a sufficiently low frequency. In addition, we shall
describe in the present study, just as in [13], the simi�
larity of the sought characteristics for the case of uni�
form and strongly nonuniform applied fields. It con�
sists in the rather fast time evolution in both cases and
the fairly rapid energy accumulation, which leads to
the electric breakdown, e.g., in transformers. It fol�
lows from (13) that such an energy release (e.g., for
transformer oil) may occur in a split second. We did
not examine the computational stability of the differ�
ence scheme described in our study, but this can be
done using the analogy with the stability analysis [14]
for close and one�dimensional problems. The 
change results from the effect of the prebreakdown
field on the rate of the dissociation (ionization) reac�
tion of the considered media. In this situation, for the
basic data used in the numerical calculations, whose
scheme is described above, a rather fast stabilization of
the conductivity occurred for a fairly short time (also
for fractions of a second). After such a time, for stabi�
lization, the following equation of the charge conser�
vation is obtained:

(21)

where I is the quasi�stationary current in the case of
low frequencies in accordance with [4]. Then, the
integral charge Q outside of the near�electrode layers
of the quasi�neutrality violation is as follows:

(22)
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where q is obtained from the last equation of (14) and
equation (21) and is calculated analytically:

(23)

According to (23) for the data that was used in the
described numerical calculations upon stabilizing, Q =
10–4 coulomb may be reached for the transformer oil
without even considering the volume charge that
forms in the non�quasi�neutral boundary layers (such
layers are known as Langmuir ones for the arc elec�
tron�ion plasma [15]). This theoretical result is indic�
ative of the high�degree charging in high�voltage facil�
ities, particularly, in transformers, which is confirmed
experimentally for big volumes of oil, e.g., in trans�
formers that generate effective voltages up to 100 kV,
and the order of the accumulated energy in the heated
oil layer near its surface is calculated the same as in [5]
(A = QU) and reaches 0.001 MJ/kg ignoring even the
energy released in the Langmuir boundary layers of the
quasi�neutrality violation [15] and without account
for the energy of the Joule heating as well. The specific
density of the released energy in the case of trans�
former oil for the order of magnitude for transformers
designed for higher voltages is close to the order of an
explosive one [16]. We determined the energy as was in
[5]. A more exact analytic integration of the energy
density according to [17] leads to a small correction
factor for the case of spherical symmetry in the preb�
reakdown fields. Therefore, for the approximated case
of a cylindrical symmetry close to spherical, it is
enough to determine the sought energy such as QU (as
it was mentioned above, we believe that, in the case of
a strong nonuniform electric field, just like in [5], the
time during which the energy is accumulated in the
heat carrier is the period of the relaxation of the vol�
ume charge in the medium (rather than the time of the
occurring of the relevant chemical reactions [16]).
Here, the calculation of the energy released in the liq�
uid that results from the prebreakdown electrody�
namic and ionization processes, according to the
model that we have proposed, may be used for the
diagnostics of the electric breakdown as one type of an
explosion with a corresponding energy accumulation
over time, which is observed in high�voltage facilities,
e.g., in transformers.

Note also that the coefficients like the dissociation
or ionization constants may not be determined by
Arrhenius but are rather calculated using the methods
of physical kinetics with a more complicated release of
the sought energy of a breakdown. The analysis of the
prebreakdown transformer cooling that we carried out
in [18] using set of equations (6)–(9) can also be per�
formed. It can be shown.
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Using the methods of physical kinetics for the cal�
culations, we obtain the f function, which is different
from the Frenkel exponent (in particular, the Onsager
function of Bessel [3], analytical and zero). But here,
refining of the formula

Nu = C, (24)

which is present both in numerous technical literature
sources and study [6], what we obtained in [18],

Nu = C + kU, (25)

remains applicable. Indeed, formula (24) is derived in
[6] using the methods of similarity and dimensionali�
ties with small Re and equations (6)–(9) without tak�
ing into account the heat carrier flows that resulted
from the strong electric field. Therefore, with the
effect of these flows in a transformer on its cooling, we
should take into account the dependence of Nu on the
electrohydrodynamic analog of the Hartmann magne�
tohydrodynamic number. We introduced in [18] this
parameter of the electrohydrodynamic interaction,
and it showed that it is proportional to the effective
electric voltage generated by a transformer. This crite�
rion is a ratio of not the amperic, as in magnetic
hydrodynamics, but rather of the coulomb forces to
the forces of the viscous friction. Moreover, the density
of such forces should be determined from (6) at the
initial moments of time. This density is only slightly
affected by the specific form of f. In addition, such a
density is also hardly affected by the influence of the
electric field on the recombination coefficient accord�
ing to [19], where appropriate corrections to the Lan�
geven–Onsager formula (3) were obtained. This is
what leads to (25) in the case of the smallness of this
extra (for Re and Pr) electrohydrodynamic similarity
criterion,

1 � Eh ~ U, (26)

for the above calculations for a 100–500 kV trans�
former. Formula (25), in which k depends on the vis�
cosity, heat conductance, and density of the oil, in
accordance with [18], can be used. And for the trans�
formers of a more effective electrical voltage of Eh ~ 1
and Eh � 1, it is inadequate to be restricted only to the
first Taylor�series approximation. Therefore linear
dependence (25) is inapplicable for such transformers.
It is also inapplicable for pulse transformers, since,
due to their cooling, a volume charge in the oil fails to
accumulate [8–10].

However, the transformers of an alternating current
are used more often in industry and households than
pulse ones, which allows us to recommend the pro�
posed theoretic modeling (in particular, formula (25))
for application in the analysis of their affectivity.

The main designations: U is the generated electric
voltage; d is the interelectrode gap; e is the proton
charge; kB is the Boltzmann constant; D is the diffu�
sion coefficient; b is the mobility coefficient; q is the

volume density of a charge; V is the rate of a media
motion; n is the concentration; E is the intensity of the
electric field; S is the area of an electrode surface; r is
the radial coordinate; t is the time; τ is the time of
charge relaxation; χ is vorticity; ε is the dielectrical
permeability; I is the electric current strength; T is the
absolute temperature; f is the function of a scalar or
vector argument; W is the volume rate of formation of
charges or neutrals; Z is the ion valence; σ is the con�
ductivity of a medium; Nu is the Nusselt number; Pr is
the Prandtl number; A is the energy, work; Ha is the
Hartmann number (criterion of magnetohydrody�
namic interaction); Eh is the criterion for the electro�
hydrodynamic interaction.
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INTRODUCTION

Modern methods of modification of surface layers
and application of coatings lead, as a rule, to the pro�
duction of heterogeneous materials with multilayer
structures, the elasticity characteristics of which
become functions of the position of the hardenable
parts. As the elasticity moduli and the Poisson ratio are
the main parameters at the calculations of the strength,
rigidity, stability, resonance frequencies, and residual
stresses [1, 2], the development of efficient methods in
order to determine them for materials with multilayer
heterogeneous structures is a topical problem.

The dynamic resonance method to determine the
characteristics of isotropic materials’ elasticity is regu�
lated by some written standard [3]. The elasticity mod�
uli are calculated by the relations considering the lin�
ear dimensions of the specimen; the resonance fre�
quencies of the longitudinal, torsional, and bending
vibrations; the geometric characteristics of the cross
section; and the material’s density. To excite the reso�
nances and to record the resonance frequencies, there
are used different circuits of the specimen’s fixing
(Fig. 1). The circuit in Fig. 1a is used to excite and
record the natural longitudinal vibrations of prismatic
and cylindrical rods. It provides the measurement of
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Fig. 1. Circuits of fixing, agitating, and recording vibrations: (1) the specimen; (2) the diaphragm; (3) the viscous liquid; (4) the
sinusoidal oscillator; (5) the vibration exciter; (6) the receiver; (7) the amplifier; (8) the vibration indicator; (9) the frequency
meter; (10) the wires to suspend the specimen (with a diameter of up to 0.1 mm).
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the Young’s modulus E. Circuits I and II in Fig. 1b are
used to excite and record the natural bending (I) and
torsional (II) vibrations, and, by circuit III, there are
excited simultaneously bending and torsional vibra�
tions. Circuit I provides the measurement of the
Young’s modulus E; circuit II, the shear modulus G;
and, according to circuit III, there is simultaneously
found E and G followed by the calculation of the Pois�
son factor ν and the bulk modulus of the elasticity K.

This work is dedicated to the determination of the
elasticity characteristics of heterogeneous materials
with multilayer structures by the dynamic method.

FORMULATION OF THE PROBLEM

Let us obtain in the standard form the computation
formulas to determine the elasticity characteristics of
heterogeneous materials of a multilayer or, in other
words, piecewise�heterogeneous rod consisting of a
packet of firmly connected layers; in the limits of each,
the elastic characteristics are some determinate func�
tions of the position. Such a formulation allows one to
derive subexpressions for rods with continuous elastic
heterogeneity and piecewise�homogeneous ones with
the elastic characteristics of the materials being within
the limits of every layer (but different from each of
them) as well as homogeneous ones.

For the materials of piecewise�heterogeneous pris�
matic (Fig. 2a) and cylindrical (Fig. 2b) rods as sys�
tems, the piecewise�continuous functions of Young’s
modulus E(ξ), the shear modulus G(ξ), the Poisson

factor ν(ξ), and the material density ρ(ξ) of the vari�
ables ξ = y, h, r are presented in the following form [4]:

(1)

where pk(ξ) denotes, respectively, the functions of
Young’s modulus Ek(ξ), the shear modulus Gk(ξ), the
Poisson factor νk(ξ)(νk ≠ νk + 1), and the density ρk(ξ) of
the material of the k�th layer, where k = 1, 2 …, n is the

general number of layers; S–(ξ – ξk) =  is

the asymmetric unit function; and ξk = yk, hk, Rk are
the coordinates of the conjugation planes of the k�th
and k+1�th layers.

Let within the k�th layer of the rectangular and cir�
cular cross sections of the rod of length l the elasticity
moduli with respect to the coordinates ξ = y, h, r be
some unknown functions Ek(ξ) and Gk(ξ), the form of
which is required to be established experimentally. For
this purpose, the layers of the material are sequentially
removed or built up; then, every time there are mea�
sured the linear dimensions; the resonance frequen�
cies of the longitudinal fn(ξ), torsional fκ(ξ), and bend�
ing fu(ξ) vibrations; and the weight Q(ξ) of the remain�
ing part or the rod being built up. Next, the
experimental data are approximated by the analytic
relationships, the values of the elasticity characteris�
tics are calculated by the corresponding formulas, and
the functions of their change with respect to the sec�
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Fig. 2. Cross sections of piecewise heterogeneous rods with their outer dimensions, the enumeration, and the conjugation coor�
dinates of a packet of heterogeneous materials. 
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tion coordinates are established as well. In the context
of a technical theory of the longitudinal, torsional, and
bending vibrations of piecewise�heterogeneous rods, we
obtain the required calculation formulas and illustrate
the application of them by numerical examples.

DETERMINATION 
OF THE YOUNG’S MODULUS AT EXCITING

THE LONGITUDINAL VIBRATIONS

The equation for steady natural longitudinal vibra�
tions with angular frequency ω(ξ) of a piecewise�het�
erogeneous rod is written in the following form [5]:

(2)

where a(z) is the amplitude of the longitudinal dis�
placement of the cross section in the line of the longi�
tudinal axis z; ξ= h, r; m(ξ) = Q(ξ)/gl is the bulk
weight; g is the body’s gravitational acceleration;
A(ξ) is the rigidity of the cross section at extension–
compression; and u''(z) = d2u(z)/dz2.

The general integral of equation (2) we express in
the form

(3)

where B and D are the constants of the integration,

where α = 

The boundary conditions of the rod fixing with the
free ends (Fig. 1a) at z = 0 A(ξ)u'(0) = 0 and z =
lA(ξ)u'(l) = 0 mean that D =0; Bsinl = 0. As the const
B ≠ 0, from the solution of the frequency equation
sinαl = 0, there follow the values of the free angular
frequencies:

(4)

Introducing ωni(ξ) into relation (3) and consider�
ing that D = 0, we obtain a formula to calculate the
forms of the main longitudinal vibrations:

(5)

From equality (4), there follows the relationship
expressing the cross section rigidity through the mea�
sured free frequencies fni(ξ) = ωni(ξ)/2π,

(6)

where F(ξ) is the cross section area; F(h) = bh; F(r) =

π(r2 – ); ρ(ξ) is the heterogeneous material’s den�

sity; ρ(ξ) =  =  =  V(h) = bhl and

R
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����������������������u z( )+ 0,=
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����������;

V(r) = π(r2 – )l are the volumes of the prismatic and
cylindrical rods, respectively.

Considering the presentation of the piecewise�
continuous functions E(h) and E(r) by expressions (1),
the formulas to calculate the rigidities of the cross sec�
tions at the extension–compression in the case of the
removal or building up of the material up to the height
of ξ = h (Fig. 2a) or radius ξ = r (Fig. 2b) are written as

(7)

(8)

Now the equations of relationships (6) and (7), and
(6) and (8) are written in the form of the Volterra equa�
tions of the first kind:

(9)

(10)

On differentiation with respect to the variables h
and r and rearrangements, we obtain the desired for�
mulas to calculate the Young’s modulus of the materi�
als of prismatic or cylindrical piecewise�heteroge�
neous or piecewise�homogeneous rods:

(11)

(12)
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As for the rod of a heterogeneous material  =

0 and  = 0, from general expressions (11) and
(12), there follows the formula (r = r1; E = E1):

(13)

From expression (5), it follows that, at natural longi�
tudinal vibrations of the rod with the main form (i = 1),
the cross section displacement at z = l/2 is zero. Thus,
the rod with free ends is fixed half�length (Fig. 1a). As
the resonance frequencies for the highest forms of the
vibrations differ by 2, 3, and more times, they are rec�
ognized according to these relations over the whole
frequency spectrum.

DETERMINATION OF THE SHEAR 
MODULUS AT EXCITING 

THE TORSIONAL VIBRATIONS

We consider the equation for steady natural tor�
sional vibrations with the angular frequency ω(r) of a
piecewise�heterogeneous cylindrical rod (Fig. 1b, cir�
cuits II, III) in the following form [5]:

(14)

where θ(z) is the amplitude of the cross section torsion
angle, Jm(r) is the length moment of the body inertia,
and C(r) is the torsion rigidity of the cross section.

With the piecewise�continuous function of the den�
sity ρ(r) in form (1), we present the function of the length
moment of the body’s inertia in the following way:

(15)

It is not difficult to notice that equation (14) is
identical to expression (2) upon the condition of the
substitution of θ(z) for u(z), of Jm(r) for m(ξ), and C(r)
for A(ξ). Taking into account that, in the case of the
free fixing of a twisted rod, the torsional moments at
z = 0 C(r)θ'(0) = 0 and z = l C(r)θ'(l) = 0, dropping out
the computation similar to above mentioned one, we
immediately write down the formulas to find the nat�
ural frequencies:

(16)

and the forms of the main torsional vibrations

(17)
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From relation (16) we get the formula to calculate
the cross section’s rigidity at the torsion through the
measured resonance frequencies fκi(r) = ωκi(r)/2π:

(18)

On the other hand, the rigidity of the composite
circular section (Fig. 2b) under torsion in the case of
the removal or build up of the material layers up to the
radius r is

(19)

The equality of relations (18) and (19) is written
down in the form of a Volterra integral equation of the
first kind:

(20)

On differentiation and rearrangement, we obtain
the desired formula to calculate the shear modulus:

(21)

Here, in the integral

(22)

the density variation functions ρj(ξ) for the materials
of the piecewise�heterogeneous or piecewise�homo�
geneous rods are established experimentally if they are
unknown in advance.

Obviously, for the rod of a homogeneous material,

 = 0. For this particular case, from expression
(21), we have the known formula (ρ = ρ1; G = G1)

(23)

As the frequencies of the resonance vibrations for
the highest forms of the natural torsional vibrations
differ by 2, 3, and more times, they are recognized
according to these relations over the whole frequency
spectrum.
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DETERMINATION 
OF THE YOUNG’S MODULUS 

AT EXCITING THE BENDING VIBRATIONS

We consider the equation for the steady natural
bending vibrations according to circuits I, III in Fig. 1
of the piecewise�heterogeneous rods with rectangular
(Fig. 2a) and circular sections (Fig. 2b) in the follow�
ing form [5]:

(24)

where y(z) is the amplitude of the cross section move�
ment; ω(ξ) is the angular frequency; m(ξ) is the bulk
weight; and Bx(ξ) is the cross section bending rigidity
with respect to the axis of the abscissas.

We write down the general integral of equation (24)
as follows:

(25)

where S(kz), T(kz), U(kz), V(kz) are the Krylov’s

functions; and k =  A, B, C, D are the

constants of integration.

We find the spectrum of the natural angular fre�
quencies and the relevant forms of the bending vibra�
tions of the piecewise�heterogeneous rod with free
ends: with z = 0 Bx(ξ)y''(0) = 0, Bx(ξ)y'''(0) = 0; with
z = l Bx(ξ)y''(l) = 0, Bx(ξ)y'''(l) = 0. These boundary
conditions lead expression (25) to the frequency equa�
tion

(26)

the roots of which are at i = 2 α2 = 4.730; at i = 3 α3 =
7.853; at i = 4 α4 = 10.996; at i = p αp = 0.5π(2p – 1),
as well as to the equations for the relevant forms of the
vibrations

(27)

The solution of frequency equation (26) with
respect to the natural angular frequencies ωui gives the
following relationship,

(28)

from which there follows the formula to determine the
section’s bending rigidity:

(29)

where fui(ξ) = ωui(ξ)/2π are the frequencies of the
vibrations per time unit.
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First we determine the Young’s moduli of the mate�
rials of the piecewise�heterogeneous rod with the cross
section area F(h) = bh (Fig. 2b). The cross section’s
rigidity to bending with respect to the axis of the
abscissas is expressed by the following relation:

(30)

Considering the presentation of the piecewise�
variable function E(h) in form (1), we write down the
formulas to calculate the elastically geometric charac�
teristics:

—the cross section’s rigidity to bending with
respect to the axis x1

(31)

—the ordinate of the cross section’s center

(32)

—the first moment of the cross section’s inertia
with respect to the axis x1

(33)

—the cross section’s rigidity to extension

(34)

Now the equality of relations (29) and (30) is writ�
ten in the form of an integral equation:

(35)

On differentiation with respect to the variable h and
rearrangement, we obtain the desired formula to cal�
culate the Young’s modulus of the materials of the
piecewise�heterogeneous or piecewise�homogeneous
prismatic rods:

(36)

The usage of formula (36) is complicated as it is
impossible to find the elastically geometric character�
istics of the cross section because the values of the elas�
ticity modulus are unknown. This problem is over�
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come by employing the numerical method of succes�
sive approximations. The essence of it is in the
following: according to the given sequence of inferred
values of Em(h), there are computed the quantities

Am(h), em(h), and  (m = 1, 2, …, ν), which are

substituted into expression (35). The convergence cri�
terion is in the satisfaction of equation (35). We illus�
trate this method by an example.

Let a single�element coating t = h2 – h1 thick be
applied to a rod of width b and height h1 of a homoge�
neous material with known values of E1 and ρ1. Deter�
mine the unknown value of the coating material’s
Young’s modulus E2 according to the measured reso�
nance frequencies fu2(h) of the main form (i = 2) of the
bending vibrations and the calculated density ρ2 of the
coating material after each successive removal of the
layers within the thickness t and weighing the remain�
ing part of the two�layer rod (n = 2).

By formulas (30)–(34), the elastically geometric
characteristics are precisely the cross section’s rigidity
to extension–compression,

(37)

the first moment of the cross sections inertia with
respect to the axis x1,

(38)

the ordinate of the cross section’s center

(39)

the cross section’s rigidity to bending with respect to
the axis x1,

(40)
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the cross section’s rigidity to bending with respect to
the axis of the abscissas,

(41)

Thus, the equality of expressions (29) and (41)
gives the resulting equation

(42)

where β = E2/E1 and γ = h/h1 are dimensionless factors.

Let now, at the s�th stage of the removal of the coat�
ing material layers, the linear dimensions, the reso�
nance frequency fu2s(h), and the weight Qs(h) of the
remaining part of the rod be measured. So, the current
density of the coating material is

(43)

Solving equation (42) with respect to the coeffi�
cient βs, we obtain E2s = E1βs. The averaging of the val�
ues of E2m (m = 1, 2, …, s, …, ν) gives the desired value
of the Young’s modulus E2.

If in a particular case the coefficients γ = 1 and β = 1,
then, from equation (42), there follows the known for�
mula to calculate the elasticity modulus of the homoge�
neous material of prismatic or cylindrical rods (ρ = ρ1;
E = E1):

(44)

Let us consider now the determination of the
Young’s modulus Ek of the materials of a piecewise�
heterogeneous cylindrical rod. Presenting the piece�
wise�variable function E(r) in form (1), we write down
the formula to calculate the cross section’s rigidity to
bending with respect to the axis of the abscissas
(Fig. 2b):

(45)
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We express the equality of formulas (29) and (45) in
the form of the Volterra integral equation of the first
kind:

(46)

On differentiation with respect to the variable r and
rearrangement, we obtain the formula to determine the
Young’s modulus of the materials of the piecewise�heter�
ogeneous or piecewise�homogeneous cylindrical rods:

(47)

As for the homogeneous cylindrical rod, the cross
section’s rigidity to bending is

(48)

so, from the equality of expressions (29) and (48), we
get the known formula to calculate the Young’s mod�
ulus of a homogeneous material (ρ = ρ1; E = E1):

(49)

It follows from equation (27) for the forms of the
natural bending vibrations that, at the main form (i = 2)
of the vibrations, the node points are at a distance of
0.224l and 0.776l from the left end, which are shown in
Fig. 1b. Therefore, the specimens are fixed with the
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help of thin wires at these points. The frequencies of
the highest forms of the natural bending vibrations dif�
fer from the main form (i = 2) by 2, 76, 5, 41, 8, 94, …
times. These relations serve to recognize the resonance
frequencies over the whole resonance spectrum, as
well as to separate the resonance frequencies of the
bending and torsional vibrations in the case of the
simultaneous determination of the elasticity moduli E
and G according to circuit III in Fig. 1b.

The Poisson ratio ν and the bulk modulus of the
elasticity K are computed by the formulas

(50)

(51)

CALCULATION OF THE ELASTICITY 
CHARACTERISTICS AND THE ANALYSIS 

OF THE RESULTS

Let us compute the elasticity characteristics of the
material of a yttrium plasma coating t = 3 mm thick
sprayed on a hollow cylindrical rod of alloyed steel with
the following composition (%): C—0.14; Si—0.12;
Mn—0.52; Cr—13,6; Ni—0.48. The dimensions of
the rod are as follows: the length l = 200 mm; the radii
R0 = 8 mm; R1 = 10 mm; R2 = 13 mm. The linear
dimensions and the weight of the rod and the resonance
frequencies of the main forms of the natural longitudi�
nal (i = 1), torsional (i = 1), and bending (i = 2) vibra�
tions are measured upon each removal of a layer. The
test results are presented in Table 1; they are approxi�
mated by the analytical relationships in the mathe�
matical system Mathcad 14 by the least squares
method employing the linear and polynomial regres�
sions by linear and quintic polynoms.

The calculation results of the elasticity characteristics
by formulas (12), (21), (47), (50), and (51) are tabulated
in Table 2, where the variable thickness is a = r – R1.

ν E
2G
����� 1;–=

K EG
3 3G E–( )
�������������������� E

3 1 2ν–( )
�������������������.= =

Table 1. Experimental data

i r, m Q(r), N fn1(r), Hz f
κ1(r), Hz fu1(r), Hz

0 0.01000 1.736 13119 8145 2990

1 0.01050 1.998 12636 7282 2872

2 0.01089 2.210 12417 6897 2799

3 0.01105 2.304 12276 6897 2799

4 0.01130 2.443 12099 6663 2790

5 0.01165 2.653 11916 6459 2785

6 0.01215 2.954 11701 5459 2785

7 0.01240 3.117 11556 6241 2795

8 0.01270 3.309 11455 6170 2807

9 0.01300 3.505 11326 6059 2823
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The variation of the weight on the radius r (R1 ≤ r ≤ R2)
or through the thickness a of the coating is described
by the linear regressive relationship

Q(r) = 1.696 + 592.737(r – R1), N; 

Q'(r) = 592.737 N/m.

It follows from it that the alloyed steel density ρ1 =
7.82 × 103 kg/m3, and the sprayed yttrium density does
not change on the rod’s radius and is

where QΣ = 3.505 N is the total weight of the rod before
the test. This fact indicates the sprayed yttrium elastic�
ity moduli are constant. The alloyed steel elasticity
characteristics E1 = 215.3 GPa, G1 = 82.7 GPa; ν1 =
0.3; K1 = 180.9 GPa are in agreement with the refer�
ence data.

ρ2
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The calculated values of the elasticity moduli of the
yttrium plasma coating material are distributed through
the thickness with small deviations ΔE and ΔG about

1.1–2.6% from the average values  = 57.4 GPa and

 = 23.5 GPa (Table 2) computed by the following
formulas:
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Table 2. Calculated values of the elasticity characteristics of sprayed yttrium

m 1 2 3 4 5 6 7

r × 103, m 10.0 10.5 11.0 11.5 12.0 12.5 13.0

a × 103, m 0 0.5 1.0 1.5 2.0 2.5 3.0

with exciting the natural longitudinal vibrations

Q, N 1.696 1.992 2.289 2.585 2.881 3.178 3.474

Q ', N/m 592.737 592.737 592.737 592.737 592.737 592.737 592.737

ρ × 10–3 kg/m3 7.821 7.015 6.472 6.093 5.811 5.589 5.418

ρ' × 10–6 kg/m4 –1.955 –1.312 –0.895 –0.643 –0.497 –0.395 –0.279

fn1 × 10–4, Hz 1.311 1.266 1.230 1.201 1.175 1.153 1.133

 × 10–6, Hz/m –1.013 –0.799 –0.649 –0.546 –0.475 –0.423 –0.375

E2, HPa 58.5 55.8 57.8 58.6 57.2 55.7 58.4

ρ1 = 7.82 ×103 kg/m3; ρ2 = 4.1 × 103 kg/m3; E1 = 215.2 HPa; E2 = 57.4 ± 1.2 HPa; ΔE = 2.1%

with exciting the natural torsional vibrations

I × 105, kg/m2 1.154 1.576 2.062 2.619 3.254 3.973 4.784

f
κ1 × 10–3, Hz 8.130 7.350 6.873 6.573 6.363 6.199 6.075

 × 10–6, Hz/m –1.964 –1.208 –0.743 –0.488 –0.365 –0.293 –0.193

G2, HPa 23.8 22.7 23.6 24.4 23.7 22.5 23.8

G1 = 82.7 HPa; ν1 = 0.3; K1 = 180.9 HPa; G2 = 23.5 ± 0.6 HPa; ν2 = 0.22; ΔG = 2.6%

with exciting the natural bending vibrations

fu2 × 10–4, Hz 2.990 2.870 2.807 2.783 2.784 2.798 2.823

 × 10–6, Hz/m –3.130 –1.760 –0.813 –0.198 0.176 0.402 0.571

E2, HPa 57.7 56.4 57.3 58.1 58.0 57.4 56.8

E1 = 215.3 HPa; ν1 = 0.3; E2 = 57.4 ± 0.6 HPa; ν2 = 0.22; K2 = 34.3 HPa; ΔE = 1.1%

fn1'

fκ1'

fu2'
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where ν = 7, and SE and SG are the root�mean�square
deviations.

The presence of the mentioned deviations is caused
by the following fact. Properly, nonlinear formulas (11),
(12), (21), (36), and (47) contain two main sum�
mands, one of which has the squared approximated
functions of the frequencies, and the other is a product
of these functions of their negative derivatives. Thus,
due to the inaccuracy of the measurement and approx�
imation of the experimental data, there arises some
error in the calculation of the true difference of the
summands, which causes the inevitable appearance of
the indicated deviations. Therefore, there should be
ensured the accuracy of the measurement of the
weight to about 0.1 % and of the resonance frequencies
to not more than 0.05 %. The calculations should be
performed with accuracy to four digits, thus imposing
heavy demands to the selection of the approximating
relationships, employing, for example, the generalized
regression. For the sprayed yttrium, we assume the
value of the Young’s modulus E2 = 57.4 GPa, and that
of the shear modulus G2 = 23.5 GPa. Then, by formu�
las (50) and (51), we obtain the value of the Poisson
factor ν2 = 0.22, and of the bulk elasticity modulus
K2 = 34.3 GPa.

The values of the sprayed yttrium’s elasticity char�
acteristics are smaller than those of the metal yttrium
produced through the metallurgical method. Accord�
ing to the data from reference book [6], for metal
yttrium, ρ = 4.55 × 103 kg/m3 and E = 63.3 GPa, as for
the information from source [7] with regard for cor�
recting the errors, ρ = 4.45 × 103 kg/m3, E = 66 GPa,
G = 26.4 GPa, and ν = 0.25. The difference of the val�
ues of the elasticity characteristics of the sprayed and
metal yttrium is apparently caused by the presence of
porosity in the coating. Taking into account the con�
nection of the Young’s modulus with porosity [8], we
find its value by the formula

(52)

where λ = E2/E. Introducing the averaged reference

data and the obtained value λ = E2/  = 0.866, where
ν2 = 0.22, we get the value of the sprayed yttrium
porosity ΠE = 7.2%, which is somewhat smaller than
the usual estimation considering only the density of
the compared materials:

Thus, the porosity of the plasma yttrium coating is
the main reason causing the diminution of the charac�
teristics of the sprayed yttrium’s elasticity.
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1 Importance of electrode material choice could be
compared to that of solvent in chemical reaction.
Since electron transfer rate and effectiveness of elec�
trochemical conversion depends on electrode sub�
strate material [1–3].

There is a scope for development of electrochemi�
cal device, with an improved sensitivity to biological
samples. Direct electron transfer to/from redox pro�
teins was observed on highly ordered pyrolitic graphite
electrodes, [4–6; 7–9]. Pyrolitic graphite is a material
with a highly ordered crystal structure and anisotropic
properties, which electrochemical properties depend
on it orientation. However, highly ordered carbon
materials are expensive, which limits its area of its
application in bioelectrocatalysis, where most of the
samples are short living and therefore demands fre�
quent surface regeneration.

Current study suggests design of multiple carbon
layer electrodes with similar surface properties from a
single piece of highly order pyrolitic graphite
(HOPG).

Surface layer of the (HOPG) was stripped off by a
carbon conductive selotape [10], which was connected
via the silver nanowire into the standart three elec�
trode cell as a working electrode. Resulting carbon
layer electrodes (CLEs) were evaluated by cyclic volta�
mmetry so that to evaluate its electrochemical intert�
ness. The obtained CVs of CLEs in buffered solution
showed no peaks, which indicates that there was no
internal electrochemical reaction occurring within the
structure of CLEs (data not shown). The next step we
tested the area electro active surface of CLEs, which
we compared with total surface area of CLE, obtained
by another method.

1 The article is published in the original.

There were two peaks observed on CV of 0.01 M
K3[Fe(CN)6] in buffered solution measured with
CLEs (Fig. a). The observed peaks had similar shape,
which indicates a reversible reduction/oxidation pro�
cess of the K3[Fe(CN)6] (Fig. a). Peak separation val�
ues was 93 mV at the scan rate 20 mV, which corre�
sponds to the quasi�reversible system and could be due
to the low concentration of the supporting electrolyte
in the system. The peak current values were linearly
proportional to square root of the scan rate, indicating
lack of side electrochemical processes in the system
(Fig. a, inset). Electrode surface area was estimated in
therms of Eq. (1) and was found 0.53 cm2 respectively.

(1)

where, n is the number of electrons appearing in half�
reaction for the redox couple, ν is the rate of potential
sweeping (ν/s–1), F is Faraday’s constant (96485 Q/mol),
A is the electrode area (cm2), R is the universal gas
constant (8.314 J/mol K), T is the absolute tempera�
ture (K), and D is the K3[Fe(CN)6] diffusion coeffi�
cient (cm2/s). Alternatively the surface area was esti�
mated by weighting the backpaper of the selotape and
was 0.55 cm2. Determined values were in a good agree�
ment showing that all CLE’s surface was electro�
active.

The next step we tested the obtained CLEs in a
model bioelectrocatalytic process, such as electro�
chemical regeneration of hemoproteins. The model
proteins shoes were myoglobin (Mb) and hemoglobin
(Hb). As it was previously reported, Mb and Hb could
be electrochemically regenerated on basal plane pyr�
rolitic graphite electrodes while casted in didode�
cyldimethylammonium bromide (DDAB) film, so we

ip 0.4463nFA nFνD
RT

������������=
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used DDAB film so that immobilise Mb and Hb on
CLEs [11, 12].

The cyclic voltamperogramm of obtained
CLE/Mb/DDAB is shown at the Fig. b. As it could be
seen, immersion of CLE/DDAB in Mb solution was
accompanied by appearance of two peaks on CV,
which corresponds to oxidative and reductive process
of Mb. The ΔEp was 73 mV for Mb and 150 mV for Hb,
which could be due to the low ionic strength of the
tested solution. However it clearly indicates the ability
of a Mb and Hb to transfer electrons directly on the
CLEs surface on, without any need for a mediator.

Next step, we tested morphology of electrode sur�
face by the atomic force microscopy (AFM), which is
shown at (Figs. c, d). Overage of the surface roughness
was 1 nm as it could be seen on the AFM image.
Observed step was 1 nm, which matches the size of a
single carbon layer. The distance between the steps

were reproducible for all studied CLEs and well match
quality of the original HOPG material, which suggest
that defects are inherited from the precursor HOPG.

MATERIALS AND METHODS

HOPG was ordered from SP and was SPI�3 grade.
The carbon double layered selotape was from Nishin
em. Co. ltd. The silver wire was from Goodfellow
Cambridge and has 0.025 mm diameter. Myoglobin
(horse skeletal muscle), haemoglobin (human), and
tris[hydroymethyl]aminomethane were obtained from
Sigma. (DDAB) and potassium ferrocyanide and
potassium chloride were from Aldrich. The surface of
the HOPG was cleaved with the carbon conductive
selotape. The carbon selotape was pressed into the flat
surface and then gently pulled off. Tape invariable
takes off the thin layer of HOPG. The area covered
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(a) Cyclic votammogramms of the HOPG electrode in the 0.1 KCl, 50 mM tris�HCl, 0.01 M K3[Fe(CN)6] at the scan rates 20, 50, 100,
200, 300 mV/s. (b) Cyclic votammogramms of the HOPG electrode immobilized of Hb�DDAB (black line)/Mb�DDAB (dashed line)
scan rates 20 mV/s, 50 mM tris�HCl. (c) AFM image of surface of CLE. (d) Line analysis of CLE surface.
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with HOPG was cut off with scissors and stick onto the
non�conductive glass. The electrical contact was
established via silver wire connected to the carbon
selotape on the other side. The square of the electrode
surface was estimated by weighting the backpaper of
the carbon selotape. The electrical connection was
established via the silver wire.

Immobilisation of Hb and Mb was performed as it
was described 12Didodecyldimethylammonium bro�
mide (DDAB) vesicles were prepared by sonication of
the 1 mM solution of the DDAB film in water. Formed
vesicles were misxied with 1 μM solution of protein
(Hb or Mb) and filtered throught the 0.22 μ so that the
reformed vesicles would occlude protein molecules.
ClE’s surface was immersed in to the solution and let
dry on air.

The AFM images reported in this study were
obtained using an ExplorerTM, Scanning Probe Micro�
scope, (TopoMetrix�ThermoMicroscope�VEECO).
Non�contact mode was used throughout. The tips used
were high resonance frequency silicon tips (frequency
range 354–409 KHz), with a 120 micron long cantile�
ver and tip of 3–6 micron base, 10–20 micron in
length and with a 20 nm tip radius. The raw data col�
lected were processed by the TopoMetrix SPMLab NT
Version 5.0, using left shadowing.

Therefore, current study is suggesting novel cheap
and easy way of producing highly ordered CLEs,
which could be used for bioelectrochemical applica�
tion. Low production cost allows to generate multiple
disposable CLE, which highly ordered structure main�
tain the properties of original piece of HOPG.
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INTRODUCTION

The quality improvement of cast metal production
is the main scientific technical problem of foundries.
It is solved by different approaches and technologies,
including the treatment of a liquid and crystallizable
metals by physicotechnical methods based on differ�
ent physical principles of impact. The functional
capabilities of these methods are multivariable and
multiaimed, but there is no single universal method
that can influence the qualitative characteristics of
cast metals equally effectively yet. Now, the improve�
ment of the traditional methods and a search for other
alternative technological methods of treatment are
being carried out. The treatment of liquid and crystal�
lizable metals by periodic�pulse electric currents is
one of the new methods. Unfortunately, works on
these issues did not get their innovative development
due to the insufficient investigation of the electropulse
treatment processes of liquid�metal mediums,
although some authors have proposed an hypothesis of
the possible mechanism occurring at the periodic�
pulse electric current treatment. [1–3].

The processes of treating metal melts by alternating
or periodic�pulse electric currents involve the genera�
tion of a self�induction electrical vortex field that leads
to the appearing of a skin effect, i.e., the displacement
of the current to the surface of the conductor at the
increasing of the current frequency. The electric self�
induction vortex field occurring in the conductor upon
the passing an alternating current through it prevents a
change in the current inside the conductor and assists
in the change in current near the surface. Thus, the
maximum alternating current density is on the surface
of the conductor, and the minimum is on its axis. In
the case of high�frequency currents, the current den�
sity is nonzero only in the thin layer near the conduc�
tor’s surface, which causes some peculiarities in the

mechanisms of the electric current treatment of mate�
rials, and, for massive conductors, the skin effect
occurs at lower values of the frequency [4].

For a sinusoidal alternating current, the depen�
dences of the distributions of the electromagnetic field
and of the current along the conductor cross section;
of the relations between the active and reactive powers;
of the thicknesses of the skin layer; and of the effective
resistance of the conductor, whose value is higher than
the value of the direct current resistance, on the fre�
quency and δ/r relation have been properly studied
[5]. For a periodic�pulse current, the I = I(t) depen�
dence, which is nonsinusoidal in a stable regime; the
issue about the behavior and distribution of the cur�
rent; the electromagnetic pulse field; the presence of
the skin layer in massive conductors; and its value
remain unclear [6]. The solution of these problems is
very complicated and topical.

In this paper, we propose to use the spectral analysis
method [7] for the investigation of a pulse current’s
behavior.

The purpose of the present work is to investigate the
typical features of the pulse current behavior for differ�
ent regimes at the electric current treatment of a melt
using the example of a massive liquid�metal conductor
using spectral analysis.

SPECTRAL ANALYSIS

Let us consider the experimental I = I(t) curves for
three typical modes of capacitive storage discharge
(Fig. 1): oscillating (η = 0.37), matched (η = 0.79),
and aperiodic (η = 1). Here, η is the fraction of energy
evolved in the first?half period?of the discharge?cur�
rent.

In the pulse�periodic mode, the current behaves as
a damped?sinusoid within one pulse, and its spectrum
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is “smeared” unlike an alternating current, whose
spectrum is concentrated in one frequency.

A typical oscillogram of a pulse current at the elec�
tric current treatment of a melt is shown in Fig. 2. The

data are in relative units. The relative amplitude of the

current (  = A/Amax) is in the Y�direction, and the rel�
ative time (T0 = t/τ (τ) is in the X�direction. The dura�
tion of the pulse is 4τ.
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Fig. 1. Experimental oscillograms of the current in different modes of discharge.
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Fig. 2. Typical oscillogram of the current at the pulse current treatment of melts.
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The spectral analysis of these functions fully
defined in the time interval from 0 to T consists of cal�
culating their complex spectral density, S(ω) [7]:

S(ω) = Sc(ω) + iSs(ω),

where ω is the angular frequency, and

The modulus of the spectral density is

DISCUSSION

The spectra of the current curves for the studied
modes of discharge are shown in Fig. 3. One can see from
the plots that the spectral density of the current is higher
in the oscillating mode, in which the first maximum cor�
responds to the frequency range of 15–20 kHz, and the
second is observed at about 44 kHz. Periodic maxi�
mums occur almost in the whole frequency range, but
the values of the spectral density are considerably
lower. The lowest spectral density corresponds to the
aperiodic mode, the first maximum is in the range of
0–5 kHz, and the second occurs at 50 kHz. For the
matched mode of discharge, the first maximum of the
spectral density is observed in the frequency range of
12–16 kHz, and the second is at 45 kHz. Conse�
quently, for the electric current treatment of melts, it is

Sc ω( ) I t( ) ωtcos t; Sc ω( ) I t( ) ωtsin t.d

0

T

∫=d

0

T

∫=

Φ ω( ) Sc ω( )[ ]
2 Ss ω( )[ ]

2+ .=

more energetically favorable to use an oscillating
mode of the discharge, at which the parameters of the
impact are maximal. Notice that the oscillating mode
of discharge that provides the maximum pressure in
the melt and the maximum width of the?acous�
tic?spectrum is also preferential for practical uses at
electro�hydro�impulse treatment [8]. Comparing the
spectral mode densities of the discharge current for
different values of η at the same frequencies, we can
conclude that the functional capabilities of the treat�
ment at any selected frequency for each regime are dif�
ferent. Taking into account the efficiency of the pro�
cesses occurring in the melt and having a positive
impact on the structure of cast metals (the ohmic
heating, the electromagnetic force impact, the elec�
trotransfer, the changing of the kinematics of the
inclusions, etc.) as defined by the value of I in the case
of the direct passage of a current through the treated
melt, the oscillating mode has significant advantages.

Thus, the use of the oscillating mode of electric dis�
charge allows one to treat melts more effectively, thus
affecting the different structural levels of metals [9].

The main mechanism of the impact of the electric
current treatment on the melt state is related to the
impact on the nucleation rate, which depends on the
change of the difference of the free energies between
the liquid and solid states and the change in the inter�
facial surface energy [10]. The extent of how the elec�
tric current treatment affects the metal treated
depends on the following processes that, in turn, are
affected by the nonuniformity of the current distribu�
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Fig. 3. Spectra of the current measured for different modes of discharge
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tion and by the electromagnetic pulse field in the liq�
uid–metal conductor: the ohmic heating, which
assists in the reduction of the temperature gradient at
the “melt–pot” interface (the heterogeneous nucle�
ation is prevented on the pot’s walls due to the heating
of the skin layer); the pinch effect, which is the com�
pressing electromagnetic force directed from the lat�
eral surface to the center of the conductor (it prevents
the nucleation process on the pot’s walls). According
to Fig. 3, in the oscillating mode, the current density is
the maximal (the maximum of the spectral current
density corresponds to the higher frequency) com�
pared to the other modes, when the thickness of the
skin layer is relatively small. It indicates a significant
effect of the capacitive storage discharge mode on the
processes and mechanisms of the electric pulse current
treatment of melts. The maximum impact corre�
sponds to the oscillating mode.

Let us analyze the pulse current spectra (Fig. 2) at
different relations between the period and the ampli�
tude of the current. In Fig. 4, the spectra measured at

relative current amplitudes of  10  and 0.1  and
at periods of 0.1T0 and 10T0 are shown. The X�direc�
tion corresponds to the relative frequency f/f0, where f0

is the carrier frequency of the pulse current. These
spectra are almost the same quantitatively; however,
they differ by orders of magnitude quantitatively. The

identity of the spectra measured at 0.1  and 0.1T0,

and also at 10  and 10T0 should be noted. Thus, to
obtain the needed parameters of the impact at the
electric current treatment of a melt, the amplitude

Ã, Ã, Ã,

Ã

Ã

value of the pulse current or the duration of the pulse
should be varied. Since an increase in the current
amplitude is unreasonable due to the energy expendi�
tures and is limited by the equipment’s operational
performance, an increase in the duration of the cur�
rent pulses is a more efficient and constructively
implemented method of controlling the treatment
parameters.

In addition, the time dependence spectra (Fig. 2)
were analyzed at reducing the curve to 3τ, 2τ, τ, τ/2,
τ/4, and τ/8. On decreasing the time of the current
oscillations, the spectral density decreases (the most
intensively in the range from τ to τ/8), but the fre�
quency range of the impact broadens significantly in
this case.

CONCLUSIONS

Thus, on the basis of the spectral analysis carried
out for the time dependences of the pulse current, we
can conclude that the oscillating mode of the capaci�
tive storage discharge is the most effective for the elec�
tric pulse current treatment of melts (the spectral den�
sity in this case is an order of magnitude higher than
for the matched mode and two orders of magnitude
higher than for the aperiodic mode).

The ways to control the parameters of the pulse
impact (by varying the amplitude or the duration of
the current pulse) were discussed. It was shown that
the most preferable method in accordance with the
energy expenditures is varying the duration of the cur�
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Fig. 4. Spectra of the current measured at different values of the relative amplitude and time
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rent pulses, whose effect is comparable to an increase
in the current amplitude by the same order.
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INTRODUCTION

The known physical methods of obtaining carbon
nanomaterials based on evaporation and condensation
of carbon�containing substances (the electroarc
method, the laser method, the detonation method, the
method of electron beams, catalytic pyrolysis, etc.)
allow one to obtain only one and, rarely, two individ�
ual classes of nanocarbon allotropic modifications
[1, 2]. Furthermore, each of these methods has a
number of significant shortcomings such as laborious�
ness, multistageness, and low yields of fullerenes in the
electroarc and laser methods. The detonation method
requires an expensive infrastructure and special condi�
tions for using explosives [3, 4].

Predicting how high�powered pulses influence car�
bon�containing compounds is an important scientific
and technical problem, whose solution will enable one
to determine the optimal conditions and to develop
new methods for obtaining different allotropes of
nanocarbon.

The electric explosion of conductors is one of the
methods of an electrical discharge’s influence on sub�
stances. An electric explosion as a process of rapid
conversion of the electric field energy into the intrinsic
energy of the conductor is one of the most high�pow�
ered sources of pulse influence on materials according
to its specific characteristics. The heating of a graphite
conductor by a high�powered current pulse leads to a
number of phase transformations of carbon (sublima�
tion or melting and evaporation). The electric explo�
sion method enables one to measure the whole spec�
trum of carbon nanomaterials [5, 6].

The previous experimental studies of the electric
explosion of graphite conductors and of the phase
composition of the products obtained by this method

have shown that there is a correlation between the
value of the specific energy introduced into the con�
ductor, w, and the value of the specific heat of the
graphite sublimation, ws (ws = 59.7 MJ/kg) [6, 7]. At
the low�energy regimes of the explosion (w < ws), the
carbon nanomaterials contain fullerene�like clusters
(10 MJ/kg < w < 20 MJ/kg) and nanotubes (8 MJ/kg <
w < 10 MJ/kg), and, at the high�energy regimes (w >
60 MJ/kg), they contain a diamond phase [8]. How�
ever, using only one “energy” relation is not enough to
determine the parameters of the electric circuit (the
charging voltage, U0; the capacity of the capacitor
bank, C; and the inductance, L) and the conductor
size required for the synthesis of a particular allotropic
form of carbon.

The purpose of this work is to obtain analytical
relations for the prediction of the carbon structural
phase transformations induced by high�powered cur�
rent pulses in cylindrical graphite conductors, to
determine the parameters of the electric circuit and
the size of the conductor that are optimal for the syn�
thesis of fullerenes and nanodiamonds, and to com�
pare the results obtained with the experimental data.

THEORETICAL INVESTIGATION

The first stage of obtaining fullerenes and nano�
tubes during the explosion process is, most likely, the
fracture of the layered structure of the graphite con�
ductor into individual graphene layers occurring due
to the ohmic heating. These individual graphene layers
may contain various defects, including broken cova�
lent bonds between the carbon atoms. That is why the
specific energy introduced into the conductor, w, must
be several times less than the energy of the graphite
sublimation, ws. In terms of the thermodynamic state
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of the carbon defined by the phase diagram, the partial
sublimation of the graphite into graphene layers and
clusters occurs at pressure and temperature values that
are not higher than their respective values at the first
triple point, graphite–liquid carbon–gas (P < 107 Pa,
T < 5 × 103 K). These pressures and temperatures take
place at low�energy regimes of the conductor’s heat�
ing if (dP/dT)1 < 2 × 103 Pa/K.

In the second stage of the electric explosion, pre�
sumably, the assembly of different clusters into a
fullerene molecule or the folding of the graphite layers
into a nanotube occurs. This takes place in a rapidly
expanding steam�gas cavity at a pressure of P ≈ 1 kPa
and a temperature of T ≈ 2000 K depending on the size
of the cluster (the greater w is, the less the size is).

The synthesis of the diamond allotropic modifica�
tion at the high�energy regimes of electric explosion
also occurs in two stages. During the first stage, the
rapid compression of the graphite due to the pinch
effect, the melting of the conductor in the central part,
and the formation of liquid carbon likely occur. At the
“diamond regimes,” the pressure and temperature
must be higher than the respective values of the second
triple point in the carbon phase diagram: graphite–
liquid carbon–diamond (P > 1010 Pa, T > 5 kK) [8]. In
this case, the condition that (dP/dT)2 > 2 ×106 Pa/K
[4] must be satisfied for the phase trajectory of the car�
bon during the process of the heating, and the energy
introduced into the conductor must be higher than the
melting heat. During the second stage, the crystalliza�
tion of the liquid carbon into diamond likely occurs on
fast quenching.

These listed constraints (above and below) for the
pressure change rate, dP/dT, allow one to find a depen�
dence of the phase composition of the carbon nanomate�
rials obtained on the rate of the current increase and on
the current density in the conductor [9]:

(1)

where μ is the magnetic permeability, 
is the current, j is the current density, σis the specific
electrical conductivity, ρ is the density, and c is the
specific heat capacity.

On the basis of the above conditions (P, T) for syn�
thesizing new carbon phases and on expression (1),
the relations between the current densities and the
rates of the current increase required for obtaining
diamonds (2) and fullerenes (3) are found:

j < k1σρcμ(dI/dt), (2)

j > k2σρcμ(dI/dt), (3)

where k1, 2 = [2π(dP/dT)1, 2]
–1.

Since the synthesis of the diamond phase from
graphite is possible due to the high pressures, it is seen
from (2) that the rate of the current increase in the
conductor plays a decisive role, whereas the growth of

dP
dT
����� μσρc

2πj
����������� dI

dT
�����,=

the current density value (in the thin conductors) leads
to an increase in the rate of the competing process,
that is, the heating of the conductor, which causes the
sublimation of the graphite at low pressures.

The approximate relations between the radius of
the conductor, a, and the electric parameters, C and L,
can be obtained from expressions (2) and (3). Based
on the analysis of the electric explosion oscillograms
previously obtained, in which the curve of the electric�
explosion current coincides with the curve of the short
circuit current at the starting stage, the following
expression for the time dependence of the current
(which holds before the phase transition starts) can be
used to find the parameters:

(4)

From expression (4), we obtain

(5)

(6)

(7)

If the regimes of the electric explosion for perform�
ing the structural phase transformations of the carbon
are selected so that the melting and sublimation start

at t/  ≈ π/4, the tan(t/ ) ≈ 1. Then, the fol�
lowing conditions for the synthesis take place:

for diamonds, at Wsp =  > 60 MJ/kg:

 < k1σρcμπa2; (8)

for fullerenes, at Wsp =  < 20 MJ/kg:

 < k2σρcμπa2, (9) (9)

where m is the mass of the conductor that allows one
to choose the conductor of the needed diameter with�
out performing the oscillographic testing of the elec�
tric explosion.

Thus, using the above discussed conditions for the
synthesis of diamonds (8) and fullerenes (9) at the
appropriate energetic characteristics, the parameters
of the electric circuit and graphite conductor that are
optimal for the “diamond” or “fullerene” regimes of
the electric explosion of the conductor can be esti�
mated.

On the basis of analytical expressions (2)–(9), the
algorithm for selecting the appropriate combination of
the electric circuit and conductor parameters was
developed and carried out using MathCad software.
This algorithm is shown in Fig. 1.

I U0 C/L t/ LC( ).sin≈
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The developed algorithm allowed us to calculate
the regimes of the electric explosion of conductors
with a given size (the radius and length (l)) that are
optimal for obtaining fullerenes and nanodiamonds.

EXPERIMENTAL

The experimental studies were performed in accor�
dance with the theoretically calculated regimes for the
synthesis of carbon nanomaterials. The purpose of
these experiments was the obtaining of carbon nano�
materials with given properties and the comparison of
the experimental parameters of the electric explosion
process with the theoretical ones.

In this work, the electric explosion of graphite con�
ductors in carbon�containing liquids was performed.
By virtue of spring�loaded electrode contacts, reliable
electric contacts and a decrease of the noise level were
provided during the measurements. The liquid con�
taining the products of the explosion was drained

through an outlet located on the bottom of the device.
A coaxial low�resistance shunt (Rsh) and a capacitive
shielded divider (ZD1/ZD2) were used as the electric
sensors. The registration of the electric signals was car�
ried out using a C8�18 dual trace storage oscilloscope.

The digitization of the current and voltage oscillo�
grams obtained in the experiment was carried out
using the Grafdigitizer program package with the fur�
ther treatment by means of MathCad software.

RESULTS AND DISCUSSION

In Fig. 2, the typical current and voltage oscillo�
grams for the electric explosion of the graphite con�
ductor performed in one of the “fullerene” regimes
(the parameters of which were calculated using the
above described algorithm) are shown. For the investi�
gation of the influence of the medium on the nature of
the electrical discharge, two types of carbon�contain�
ing liquids were used in the experiments: hexane and
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Fig. 1. Algorithm for selecting the combination of the parameters of the electric circuit and the conductor to perform different
regimes of electric explosion of the graphite conductor: (a) “fullerene,” (b) “diamond.”
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ethanol. By analyzing the behavior of the current and
voltage curves, it may be deduced that the electrical
discharge has an explosive nature since the amplitude
of the overvoltage peak is more than two times higher
than the initial voltage. Consequently, the process is
accompanied by the sublimation of the graphite con�
ductor. Also, it can be noticed that the electrical dis�
charge process has an intermittent behavior and the
amplitude of the secondary breakdown current is
much higher than the amplitude of the electric explo�
sion current and is comparable with the short circuit
current.

The changing of the medium from hexane to etha�
nol leads to a 20% longer duration of the current
pause, which is most likely due to the liquid’s charac�
teristics, but, in general, the behavior of the electric
explosion remains the same. Thus, it indicates that the
medium influences not the electric explosion of the

conductors themselves but only the arc stage of the
electrical discharge and the rate of the cooling of the
electric explosion products in the expanding gas cavity.

The analysis of the electric explosion products that
were obtained using the theoretically calculated
parameters of the circuit, which was carried out at The
Institute of Metal Physics of the National Academy of
Sciences of Ukraine, showed the presence of
fullerenes [9].

In Fig. 3, a typical oscillogram of the electric
explosion of graphite conductors in hexane in a “dia�
mond” regime is shown. We can see from the oscillo�
gram that the electric explosion has an uninterrupted
behavior, and the breakdown takes place along the
evaporating surface of the conductor, which leads to
the compression of the central part, thereby creating
the pressure in the core of the conductor needed for
the synthesis of diamonds.

The analysis of the electric explosion products
obtained using the theoretically calculated parameters of
the circuit, which was carried out at The Institute of
Metal Physics of the National Academy of Sciences of
Ukraine, showed the presence of the diamond phase [9].

The treatment and analysis of the oscillorgams for
each electric explosion performed with the purpose to
determine the actual maximum of the rate of increase
of the current and the maximum of the current density
showed that these maximums are reached at different
points in time, their values are dI/dt = 4.6 × 108 A/s
and j = 4 × 1010 A/m2, and their relation is j/(dI/dt) =
86.9 s/m2. Since, in the theoretical calculations of the
ratio between the current’s density and the current’s
rate of increase, ideal values of the graphite conductor
parameters (pure carbon) were used, the experimental
values of j/(dI/dt) differ from the theoretical ones by
15%. This is a good result, since the error that
occurred in the digital processing of the analog signals
and the instrumental errors are of the same values. For
the “diamond” regime, we also have good results,

(b)(а)

Fig. 2. Oscillograms for the electric explosion of the graphite conductor in hexane (a) and in ethanol (b) at performing the
“fullerene” regime. The upper curve is the voltage, and the lower, the current. mt = 10 µs/div, mu = 10 kV/div, mi = 2.38 kA/div;
U0 = 10 kV, C = 6 µF, L = 10.5 µH, a = 0.3 mm, l = 50 mm.

Fig. 3. Oscillograms for the electric explosion of the gra�
hite conductor in hexane at performing the “diamond”
regime. The upper curve is the voltage, and the lower, the
current. mt = 5 µs/div, mu = 25 kV/div, mi = 23.8 kA/div;
U0 = 37 kV, C = 6 µF, L = 2.639 µH, a = 2 mm, l = 25 mm. 
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since the actual rate of increase of the current and the
current density are dI/dt = 3.7 × 1010 A/s and j = 3.9 ×
109 A/m2, and their relation is j/(dI/dt) = 0.11 s/m2,
which differs from the theoretical value by 10%.

Thus, the synthetic processes of the different car�
bon forms by electric explosion of graphite conductors
were optimized.

CONCLUSIONS

The theoretical expressions that define the condi�
tions for the synthesis of fullerenes and nanodiamonds
by the electric explosion of cylindrical graphite con�
ductors were obtained.

On the basis of these theoretical relations, an algo�
rithm for selecting the combination of the parameters
of the electric circuit and conductor that are optimal
for synthesizing fullerenes or nanodiamonds was
developed.

The reliability of the obtained theoretical relations
satisfying the conditions for the formation of different
allotropic modifications of carbon was confirmed
experimentally.
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The substantiation of new approaches to the pro�
cessing of whey, as well as of biological liquids, has
becomes more and more urgent and is attracting the
attention of a wide range of research workers and engi�
neers interested in the possibilities of the elaboration
of efficient ecological technologies. The high�level
processing of whey allows one to obtain products for
food, including for medical and preventative purpose.
Electro�physico�chemical activation (EPCA) is pro�
viding for the generation of new products and prepara�
tions in a metastable state in aqueous solutions of dif�
ferent compounds with a substantial reduction and
even exclusion of chemical reagents.

Electro�physico�chemical activation is a complex of
electro�physico�chemical actions performed in the
region of a space charge at the surface of electrodes in a
medium containing ions and molecules of dissolved
substances with nonequilibrium charge transfer through
the “electrode–electrolyte” boundary under the condi�
tions of the least heat evolution. The main structural
transformations of water molecules happen at the elec�
trode’s surface, where the electric voltage is some orders
of magnitude higher [1]. With the help of different elec�
trolyzers, there are recognized three groups of factors
determining the physico�chemical activity of a
catholyte and anolyte: 1—stable products of electro�
chemical reactions, stable bases, etc; 2—highly active
unstable products with lifetimes up to dozens of hours
(including free radicals); and 3—long�lived quasi�sta�
ble structures built up in the region of a spatial charge at
the surface of electrodes in the form of free structural
complexes as well as hydrated shells of ions, molecules,
radicals, and atoms [2]. The first group of factors mainly
determine the medium’s alkali properties defining the
pH values, the second group of factors enhance the
catholyte reducing (electron�donor, antyoxygenic)
properties determining the anomalous characteristics of
the oxidation–reduction potential (ORP), and the third

group of factors impart catalytic (including biocata�
lytic) properties to the media. The products of the sec�
ond and third groups can be obtained only under the
unique conditions of electro�physico�chemical synthe�
sis. They cause the modification of the activation energy
barriers between the interacting atom–molecule com�
ponents performing the activation of the processed
medium with respect to the parameters of the catalytic
activity. The main processes that occur in the electro�
lyzer can be represented in a simplified form as the oxi�
dation of water on the anode: 2H2O – 4e  4H+ + O2;
the reduction of water on the cathode: 2H2O + 2e– 
H2 + 2OH–; the generation of gaseous chlorine on the
anode: 2Cl– 2e–  Cl2; the generation of the highly

active oxidants Cl2O, ClO2, ClO–, HClO, Cl*,  O3,
HO2, and OH* in the anode chamber; and the genera�

tion of the highly active reducers OH–,  H2,

H  H  and  in the cathode chamber.

The catholyte saturated with reducers gains high
absorption–chemical activity [3]. The specimens of
the anolyte and catholyte of aqueous media with dif�
ferent degrees of salt content are characterized by
sharp shifts of the pH and ORP with respect to the ini�
tial values: in the anolyte, the pH is less and the ORP
increases up to the extreme positive (oxidizing) values,
while, in the catholyte, the pH is greater and the ORP
decreases to the extreme negative (reducing) values.

With the electrolyte dissolved in water, there occurs
ionization, the degree of which is determined by the
electron�donor and electron�acceptor properties of
the dissolved substance and the water. Ions are in the
form of hydrates in the aqueous solution. The hydra�
tion energy is so great that there are formed aquacom�
plexes (in which water molecules serve as ligands). The
formed complex cations and anions, in turn, hydrate

O2*,

H3
–O2

–
,

O2*, O2
–

, O2
–
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with the generation of aquacomplexes [4], which
behave as acids. Their acid properties are the greater
expressed the higher the degree of the atom–complex�
former oxidation. They dissociate and pass in hydro�
complexes (containing hydroxide ions (OH–) as
ligands), thus bypassing the intermediate form of
aquahydrocomplexes. The equilibrium of their recip�
rocal transition is displaced to the aquacomplexes in
an acidic medium and to the hydrocomplexes in an
alkaline medium [5].

The water with a modified structure easily forms
aquacomplexes enhancing the reactive and catalytic
activity of the water–mineral medium. This is one of
the most important manifestations of EPCA.

Aquacomplexes within the composition of strong
solutions electrochemically processed have no sub�
stantial effect on the electron state by virtue of their
slight stability. In diluted solutions, the concentration
of stable ions is lower than in mineralized ones.
Accordingly, the electron equilibrium in electrochem�
ically processed diluted solutions is mainly deter�
mined by the aquacomplexes generated due to the
hydration of highly active metastable charged parti�
cles, the activity of which comes to the fore.

Superactive particles appearing in the case of elec�
trochemical synthesis by virtue of their metastability
are subject to spontaneous decay in the course of the
solution’s relaxation. Correspondingly, the values of
the ORP of the processed diluted water–mineral
medium also relax, and the pH values are also sub�
jected to relaxation.

The solutions are activated only in the period of the
existence of abnormal properties, at the close of which
this evidence disappears and the thermodynamic
equilibrium of the pH and ORP typical for these solu�
tions is established.

Unlike in known electrochemical processes,
diluted water–salt solutions and fresh and brackish
water, that is, liquids with low electric conduction, are
used in the case of EPCA [6].

There exist design (and processing) methods allow�
ing one to carry out unipolar (anode and/or cathode)
EPCA of water with a low degree of mineralization
(0.01–0.02 g/l). Under such conditions of treatment
of fresh, ultrafresh, and even distilled water there are
produced an anolyte and catholyte similar in physical
and chemical properties (pH and ORP characteristics)
to strong (inactivated) solutions of acids and alkalis.
The anolyte and catholyte produced at a unipolar
EPCA display properties and combinations of pH and
ORP that cannot be modeled in common chemical
solutions not subjected to electrochemical actions and
are the most pronounced manifestation of the EPCA
process [7].

The diminution or complete exclusion of the
chemical reagent’s expenditure, the decrease of the
solution’s contamination, the increase of the quality
of the desired products, the reduction of the treat�

ment’s duration, the growth of the efficiency, and the
simplification of various engineering processes is the
aim of EPSA. That is to say, EPSA is used to create
highly effective and nonpolluting processes of aqueous
media treatment.

Milk whey (MW) is of particular interest for EPSA.
Having a relatively high content of mineral substances
(0.05 g/l), it possesses the necessary properties for the
rapid and efficient accumulation of actively charged
particles [8].

As is known, the changing of the main physical and
chemical parameters (with the pH among them) and,
above all, the relaxation of them as observed after the
process of electrophysical processing points to the
presence of EPSA phenomenon. Thus, it is interesting
to study the changing of the active acidity and to elu�
cidate the most important factors determining it at the
MW treatment, as well as to establish the fact of its
relaxation upon the completion of the process.

The experiments were carried out in a double�
chamber flow electrolyzer. The whey supply into both
chambers was fixed at 5 ml/min. The processing was
performed at different current densities in the range
from 12 to 20 mA/cm2. The pH values were deter�
mined in the specimens of the processed whey (PW)
obtained from the cathode chamber every 5 minutes.
The protein–mineral concentrate (PMC) was sepa�
rated in the field of the mass forces. The remaining
PW, partly deproteinizated and demineralised, can be
used for the further treatment.

In the course of the treatment of the whey and the
examination of the pH at different current densities
(12–20 mA/cm2), there can be recognized three stages
of its changes, the character of which persists for all
the studied variations (Fig. 1). The slight change of the
pH at the first stage of the treatment shows a high pois�
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Fig. 1. Change of the pH of the residual whey (RW) at dif�
ferent current densities, mA/cm2: (1) 12; (2) 14; (3) 18;
(4) 20 (with a canvas membrane).
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ing action of the system serving for the stability of the
aquacomplexes.

In the second stage (20–40 min), there is observed
a drastic growth of the pH caused chiefly by the migra�
tion of ions (positive ones to the cathode as well as
negative ones to the anode) and metastable radicals
generated due to the electrolysis of water. In this case,
there evidently occurs the transition of aquacomplexes
into hydrocomplexes, and the higher the current den�
sity, the quicker the transformation of the aquacom�
plexes into hydro ones. At the same time, there is
recorded the augmentation of the recovery of the pro�
tein fractions and of the isomerization of lactose into
lactulose. There is observed the direct dependence of
the protein passage into the concentrate on the current
density [9, 10]. Then, the growth of the active acidity
slows down and the processes proceeding stop. By the
time when the pH growth rate decreases, the main
processes of the recovery of the protein fractions into
the PMC and of the isomerization of the lactose into
lactulose are finished. Thus, the processing of the MW
is accomplished upon the pH reaching 11.0–11.5. Its
further increase can cause the alkaline hydrolysis of
proteins, as well as the generation of undesired colored
coproducts of the lactose isomerization reaction with
acid properties [11, 12]. Besides, the strong heating of
the whey during the further treatment can cause the
thermal denaturation of the protein fractions.

The change of the pH upon the completion of the
treatment process was observed in RW specimens
(after the separation of the PMC) produced (under a
flow mode) with the use of 1% calcium chloride in RW
as the anode liquid with a current density of

20 mA/cm2. The flow mode in both chambers was
5 ml/min. The taken RW specimens were stored
(at +10°C) for 30 hours. The active acidity was mea�
sured at certain intervals after the treatment (Fig. 2).

The greatest growth of the pH (up to strongly alka�
line values) is observed after two hours in the speci�
mens after 10–30 minutes of treatment. The largest
change of the acidity is reached only 24 hours after the
treatment in the specimens taken after 5 minutes.
Probably, during this time, in the RW, there proceeds
the transition of the aqua� into hydrocomplexes due to
the presence of excess amounts of aquacomplexes of
alkaline and alkaline�earth metals as well as of highly
active reducers formed as a result of EPSA. The great�
est changes happen in the specimens with initially
acidic or neutral pH. On further keeping, their active
acidity decreases. Evidently, there occurs the autode�
composition of the metastable substances arising from
the electrochemical synthesis. In the whey taken after
30 minutes of treatment, the initial active acidity is in
the range from 11.8 to 12.5, and the change of the pH
has an originally opposite trend—slow diminution. It
should be noted that the products of the oxidation of
the lactose decomposition during the storage of RW
with a strongly alkaline pH are favorable for acidifying
the medium [13].

Obviously, during the treatment, the whey transits
into the metastable state, whose tendency to equilib�
rium has been observed during the whole storage
period. Such behavior of the whey under treatment
appears to be caused by the presence of chemical and
physical excited states for some time after the end of
the electrochemical action.

Thanks to the performed experiments on the elec�
tric activation of milk whey and to the examination of
the parameters of the active acidity immediately after
the EPSA and in time, it can be concluded that, after
the termination of the activating action of the electric
current, the treated whey is in a metastable state that
can be kept for some time; the RW in the metastable
state is a nonequilibrium system and, with time, enters
the period of the slow stage of electrochemical relax�
ation. In the reactions with the participation of an
electroactivated substance, there occurs irreversible
physical and chemical changes allowing one to gain
the optimal release of the protein fractions into the
PMC with the simultaneous isomerization of the lac�
tose into lactulose.
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From previous papers [1, 2], it has became clear
that dry and presoaked seeds show a practically similar
reaction to millimetric radiation (MMR). At the same
time, the metabolism stimulation was more distinct in
the irradiated presoaked seeds rather than in the irra�
diated dry seeds. Apparently, the difference in the
results can be explained by the fact that the dry seeds
contain only bound water, while the presoaked ones
also contain absorbed free water, which becomes a pri�
mary receptor during the MMR’s influence.

To develop this point of view, which is known with
respect to animals [3], it was decided to test the direct
influence that MMR processed water has on seeds.
Such water is an independent factor of the influence
on seeds, having, however, the characteristics of both
pure MMR (a field generator) and of a substrate com�
plementary to the water of the seeds. Thus, it is possi�
ble to obtain more precise data about the water as the
receiver, inductor, and carrier of information about the
MMR contained in seeds. In this connection, the
research of the “memory” effect in the water treated
with MMR [3, 4] is worth paying attention to provided
that the water’s evaluation is carried out according to
the physiological parameters of the seeds [5]. An inter�
esting aspect of the mediated MMR influence on seeds
was revealed in the experiments where MMR was first
released on microorganisms [6], from which exome�
tabolites were exuded. Subsequently, exometabolite

solutions were prepared and used to influence the
seeds [6, 7]. Technically, the strain of a microorganism
grown on an agar is per se a complexly organized water
solution, where MMR also first affects the water.

1. INFLUENCE THROUGH WATER

1.1. Comparison of the Effects on the Water Conducted 
for Dry and Presoaked Seeds

A comparison of the germinating power of tomato
seeds with MMR�processed distilled water (DW) was
conducted for dry seeds and seeds presoaked for three
hours. The seeds germinating power grew considerably
in comparison with the reference (Fig. 1).

It turned out that the most stimulating were the
water exposures lasting for 2, 4, and 10 minutes and
the seeds exposures lasting two and four minutes. The
stimulation resulting from the water exposures was as
significant as that of the seeds.

In another test, we used two exposures—8 and
30 minutes: (1) to apply MMR to seeds and distilled
water and (2) when presoaking the seeds in the irradi�
ated water. The latter acted as an imitator of the MMR
as a factor of influence on the seeds. The dry and
imbibed seeds were used within 12 hours. Thus, we
took into account the period of the most active absorp�
tion and the period when the absorption had already
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stopped. The sprouting energy of the seeds (on the
second day of the presoaking) and the sprouts bioi�
somery (left–right sprouts) formed the assessment cri�
terion for the factor’s influence on the object [1].

As can be seen from Table 1, the direct MMR treat�
ment of the dry seeds produces no bioeffect on the
sprouting energy of the seeds and on the number of
right (D) sprouts, which is a somewhat surprising
result, because, in other tests, such exposures led to
stimulation. In our case, the influence of the irradiated
water on the objects’ parameters seems even more sig�
nificant. The dry seeds presoaked in the MMR pro�
cessed water showed increased sprouting energy after
the two exposures.

As for the imbibed seeds, the sprouting energy and
the number of D sprouts rose both for the direct MMR
delivery on the seeds (30�minute exposure) and for the

mediated influence through the water (8� and
30�minute exposures).

Therefore, (1) the mediated MMR influence on
the seeds carried out through water is more effective
than the direct influence, and (2) the imbibed seeds
are more responsive to the direct and mediated influ�
ence of MMR than the dry seeds. It seems that the
results obtained prove the key role of water in the
induction of the physiological and morphological
modifications of objects when this process is stimu�
lated using MMR. It is well�known that distilled water,
when influenced by MMR, becomes electroconduc�
tive as well as less viscous [4], which facilitates its faster
penetration into dry seeds, thus creating the continu�
ity of the aqueous medium both outside and inside the
seeds. In the case with imbibed seeds, the MMR’s
influence immediately affects the water inside the
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Fig. 1. Germinating power (%) of the tomato seeds (Muromskii variety) on the sixth day of the sprouting depending on how the
MMR was delivered to the seeds (directly or through water). I—water, II—dry seeds, and III—seeds presoaked for three hours;
2, 4, and 10 minutes—the time of the MMR exposures.

Table 1. Sprouting energy of the seeds and the number of right (D) sprouts of wheat (H335 variety) as influenced by the
MMR (direct influence) and the water processed using MMR (mediated influence), %

Method of MMR 
influence on the 

seeds
Exposures

Dry seeds Imbibed seeds

Sprouting energy Number 
of right sprouts Spouting energy Number 

of right spouts

Direct 8 33.3 ± 2.08 46.8 ± 4.62 64.0 ± 4.08 40.1 ± 1.18

30 36.0 ± 6.11 43.0 ± 3.09 76.8 ± 4.06* 45.9 ± 1.41**

Mediated 8 53.3 ± 6.74* 39.8 ± 5.71 72.7 ± 7.68 52.6 ± 0.28***

30 62.0 ± 1.15*** 49.2 ± 8.90 76.0 ± 2.00* 51.1 ± 2.81***

Reference 32.0 ± 2.31 50.2 ± 2.29 56.0 ± 2.00* 51.1 ± 1.89

Note: *, **, and ***—the results different from the reference values are significant at p�0.1, 0.01, and 0.001, respectively.
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seeds. Water is a generator of a weak field with a num�
ber of certain frequencies, including the range of
extremely high frequencies (EHF) [4, 8, 9]. The weak
field of the irradiated water is more complementary to
the weak field of the seeds than the MMR. For this
reason, the field of the irradiated water has a greater
influence on the seeds than the MMR.

1.2. Water’s “Memory” of the MMR’s Influence

1.2.1. Influence of low temperatures on the duration
of the “memory.” Tomato seeds were presoaked in dis�
tilled water processed with MMR. This water was pre�
viously stored for 0, 3, 6, and 24 hours at temperatures
of +25°C and +5°C . We used two�minute radiation
exposures, which is enough to stimulate tomato seeds.
For those stored at +25°C , the water “memory” and
its stimulating effect on the seeds germinating power
were active for up to three hours, while those stored at
+5SurfEng1101014Maslobrod retained the water’s
“memory” during all the storage times, while decreas�
ing gradually (Table 2). The effect can be attributed to
the MMR�induced structural changes in the water [4].

The germinating power of the tomato seeds (Santa
Maria variety) on the sixth day of the sprouting was
influenced by the distilled water processed with MMR
and stored for varying storage times at varying temper�
atures.

1.2.2. Influence of the water’s type on the duration
of the “memory” of the water treated with MMR and
stored at low temperatures. While treating tap water
with MMR, we discovered an unexpected effect of a
gradual increase of the water’s “memory” during
long�term storage. The seeds germinating power grew
considerably when they were influenced by irradiated
water after it had been stored for three days, while the
irradiated distilled water had no “memory” effect
(Table 3). Apparently, during the long�term and low�
temperature storage of the tap water, some further
internal irradiation occurs in the test portion of the
water with the stable MMR�induced structural
changes in the water reaching a new level of informa�
tion about the influence [4].

Thus, MMR processed water stimulates the germi�
nating power of seeds (using the example of tomato
seeds); the water receives information about the
MMR’s influence, and the “memory’s” duration
increases when the seeds are stored at low tempera�
tures. The long�term and low�temperature storage of
tap water results in longer water “memory” as com�
pared to that of distilled water.

2. INFLUENCE THROUGH 
EXOMETABOLITES EXUDED 

FROM MMR TREATED STREPTOMYCES

The physiological state of the culture liquor (CL)
yielded by MMR treated microorganisms was assessed
according to the germinating power of seeds presoaked
in this liquor. We used two Streptomyces strains: Strep�
tomyces canosus CNMN�71 from a strain collection
and Streptomyces massasporeus CNMN�36 taken from
a Moldovian soil. Having the ability to synthesize a

Table 2

Storage times, h +25°C +5°C

Reference 27 17

0 42* –

3 33* 37*

6 19 26*

24 26 23*

* —the differences are significant.

Table 3. Germinating power of the tomato seeds (Nota variety) on the seventh day of the sprouting; the seeds were influ�
enced by tap and distilled water (TW, DW) treated with MMR and stored for 24, 48, and 72 hours at a temperature of +5°C

Water storage times, h

Tap water Distilled water

Test Reference Test Reference

24 74.0 ± 3.6 70.7 ± 1.4 74.7 ± 2.9 71.3 ± 3.7

48 82.7 ± 3.5 76.0 ± 2.3* 76.0 ± 3.1 75.3 ± 2.7

72 81.3 ± 0.7 68.7 ± 2.4*** 74.0 ± 5.3 76.0 ± 0.7
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number of bioactive substances, including phytohor�
mone substances, they are different from other collec�
tion strains [7]. Following the irradiation, the culture
was transferred into flasks containing a liquid medium.
The culturing was carried out during five days using a
vibration table. After that, the biomass was separated
from the CL by centrifugation. The seeds were pre�
soaked in the CL for 24 hours with a concentration of
1 : 100, which is considered sufficient to stimulate the
seeds [6, 7].

2.1. Influence of Radiation Exposures

The germinating power of tobacco seeds presoaked
in solutions of exometabolites exuded from Streptomy�
ces and not treated with MMR was lower for no. 71
and higher for no. 36 as compared to a reference
(soaking in distilled water). The MMR treatment of
Streptomyces resulted in their solution having a stimu�
lating effect on the germinating power of tobacco
seeds in all the types of treatments (Fig. 2). The best
results were obtained after a five�minute exposure for
form no. 71 (23%) and a three�minute exposure for
form no. 36 (30%).

To conclude, the Streptomyces treatment with
MMR leads to a significant growth of the physiologi�
cal activity of their exometabolites as evaluated by the
changes in the seeds’ germinating power.

2.2. Influence of the Density of the Stream

The experiments demonstrated a considerable
growth of the biomass of the S.c. CNMN�71 strains as
compared to the reference for the capacity density
(CD) of 6.22 mW/cm2 and a decrease in the biomass
with the CD of 10.4 mW/cm2 (Fig. 3). According to
Fig. 3, the “biomass–capacity density” curve follows a
nonlinear pattern.

Next, we used solutions of exometabolites (EM)
exuded from MMR processed Streptomyces with a CD
of 4.7 and 10.4 mW/cm2 in order to evaluate the phys�
iological activity of the Streptomyces exometabolites in

a sprouting energy test; the test was performed for the
seeds of haploid maize form 245 × rf. In comparison
with the reference, we observed much longer coleop�
tiles for the five�day sprouts and the considerable
growth of the main root in the variant with the CD of
10.4 mW/cm2 (Table 4). No differences were found in
the number of lateral roots or the dry weight of the
coleoptiles and roots. It is interesting though that the
variant that turned out to be stimulating for the micro�
organisms irradiation (according to the biomass yield)
was also stimulating for the seeds presoaked in the
solutions of Streptomyces’ exometabolites of the same
variant.

Supposedly, treating Streptomyces with MMR with
a CD of 10.4 mW/cm2 facilitates the increased synthe�
sis of phytohormone substances (auxins, gibberellins,
etc.) by this strain, as well as the synthesis of proteino�
genic and essential amino acids, as established earlier
for the stimulating variant of the radiation treatment of
this strain with gamma and UV rays [7].

Later, a check was conducted to test whether these
exometabolites retained their biological effect after
long�term storage (six months at a temperature of
+5°C ). The assessment criterion was the change in
the length of the coleoptiles and roots of maize sprouts
(Debut hybrid) as a result of the processing with
exometabolites. At the preliminary stage, the exome�
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Fig. 2. The germinating power of the tobacco seeds (Barley variety) influenced by the exometabolites exuded from the MMR�
treated Streptomyces. nos. 36 and 71—the Streptomyces strains; the test bars on the bar chart correspond to the MMR exposures
lasting for zero, one, three, and five minutes, respectively.
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Fig. 3. The Streptomyces strains’ biomass after the treat�
ment with MMR of various densities.
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tabolites were kept in their native state (variant 1) and
pasteurized (variant 2). We found out that after long�
term storage, the variant 1 curve of the “sprout
growth–density of the radiation applied to the Strepto�
myces” remained nonlinear in nature, and this was
typical for the initial state of the exometabolites
(before storage). The coleoptile length stimulation was
seen at 8.5 mW/cm2, and clear signs of inhibited root
length were noted at 4.7 and 10.4 mW/cm2. At the
same time, the dosage curve for variant 2 (pasteurized
exometabolites) was not nonlinear; inhibition was
observed, which increased along with the rising capac�
ity density of the radiation applied to the Streptomyces
(Fig. 4).

CONCLUSIONS

For wheat seeds, the mediated MMR’s influence
coming through water was more effective than the
direct influence.

Imbibed wheat seeds are more responsive to direct
and mediated MMR’s influence than dry seeds.

MMR treated water stimulates tomato seeds’ ger�
minating power. These effects are comparable with the
results of MMR’s influence on dry and presoaked
seeds.

Water can develop a “memory” for the MMR’s
influence (evaluated according to the germinating
power of tomato seeds presoaked in this water). The
“memory’s” duration increases if the seeds are stored
at low temperatures. During the long�term and low�
temperature storage, tap water’s “memory” of the
influence lasts longer than in the case with distilled
water.

Microorganisms of the Streptomyces genus (Strep�
tomyces canosus CNMN (no. 71 and 36)) influenced
by MMR undergo a change in the physiological activ�
ity of their exometabolites’ solutions (evaluated
according to the germinating power of seeds presoaked
in these solutions). The effect depends on the expo�
sures and the density of the radiation capacity. Thus,
the germinating power of the tobacco seeds presoaked
in a solution of exometabolites of strain no. 71 became
1.8 times higher during a five�minute exposure, and it
grew by 2.3 times more during a three�minute expo�

Table 4. Physiological parameters of the haploid maize sprouts after the seeds had been treated with exometabolites (EM)
of Streptomyces (Streptomyces canosus CNMN�71) that had been influenced by MMR of various density of capacity

Variant no. Variant name

Length, mm
No. of lateral 

roots

Dry weight, mg

coleoptiles main root coleoptiles rootage

1 H2O (ref.) 16.0 56.3 2.09 433.0 538.0

2 EM (ref.) 15.9 61.6 2.34 406.0 523.0

3 4.7 mW/cm2 21.8* 59.2 1.96 400.0 521.0

4 10.4 mW/cm2 17.8 59.2* 2.31 431.0 539.0

* —the differences are significant.
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0
10.48.56.64.72.4Ref

Root

1
2 30

20

10

0
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Fig. 4. Length of the coleoptiles and roots of the four�day maize sprouts (Debut hybrid) with the seeds exposed to the mediated
MMR influence conducted through the Streptomyces exometabolites. The seeds were presoaked in a solution of the exometab�
olites exuded from the Streptomyces for 24 h. The Streptomyces were pretreated with MMR with a wavelength of 5.6 mm for five
minutes with the following densities: 2.4, 4.7, 6.6, 8.5, and 10.4 mW/cm2. (1, 2) native and pasteurized exometabolites, respec�
tively. 
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sure of strain no. 36. When treating stain no.71 with
MMR of various densities followed by five�minute
exposures, we observed stimulation in the variants with
4.7 and 8.5 mW/cm2; the stimulation was reflected in
the growth of both the strain’s biomass and the germi�
nating power of the maize seeds presoaked in the solu�
tion of the exometabolites exuded from this strain.
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INTRODUCTION

It is known that one of the main problems of the
preparation of nanocomposites is the prevention of the
mobilization of nanoparticles and their homogeneous
distribution in the bulk polymer phase [1–3]. There are
physical and chemical methods for the immobilization
of nanoparticles in the solution of polymers during the
preparation of polymer nanocomposites [1]. It should
be noted that the use of the mentioned methods for the
prevention of the mobilization of nanoparticles consid�
erably depends on the properties of the polymers and
nanoparticles. Numerous experimental data demon�
strate that the active centers of the stabilization present
in a polymer can be the areas of nucleation (regions of
clusterization) and mobilization of nanoparticles.
However, the development of the large clusterization of
nanoparticles cannot be accepted, because, at the clus�
ter sizes of more than 300 nm, the composite obtained
is transformed into a macrocomposite; that is, it loses
the nanoproperties [1].

If we proceed from the fundamental concept,
which assumes that the physicomechanical and, con�
sequently, electromechanical properties of the matrix
composites depend on the mobility of the macromol�
ecules of the polymer phase and the interface interac�
tion, then the piezoelectric and electromechanical
characteristics of the composites can be intentionally
regulated and be effective during the creation of

energy�intensive sources of energy and acoustic waves
by the variation of the factors mentioned. The
advances in nanotechnology make it possible to solve
this problem by combining matrix polymer compos�
ites with nanosized dielectric and microsized piezoce�
ramic particles. For the first time, we suggest a tech�
nology of the creation of a novel class of piezoelectric
composites combining nano� and microcomposites
with a single polymer matrix (a hybrid system). The
principle of the development of hybrid nano� and
microcomposites is based on the difference in the tem�
peratures of the dissolution and fusion of the regions of
the polymer phase of the composite, the structure of
which is formed under the effect of and not under the
effect of the surface of the micropiezoelectric parti�
cles. It is known that, in matrix piezocomposites used
as piezoelectric transducers, the source of the
mechanical and electrical energy loss is mainly the
near�electrode (or near�surface) area of the composite
element. The substantial decrease in the mechanical

compliance ( ) and the mechanical ( ) and elec�
trical (tanδ) losses and the increase in Young’s modu�

lus ( ) of the near�electrode area of the composite
by the application of nanotechnologies represent top�
ical problems. The possibility of “hybridization” of
composites based on various polymer matrix and
nanoparticle composites with the aim to obtain mate�
rials with novel properties is a topical problem, the
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emerging of which is directly related to the achieve�
ments of nanotechnology [4, 5].

There are the following purposes of this work:
(1) to develop a more effective technology of the

immobilization of nanoparticles in a polymer medium
of nanocomposites by the use of the plasma of an elec�
tric discharge;

(2) to reveal the physicotechnological features of
the creation of a novel class of high�performance
piezoelectric materials based on a hybrid of a matrix
nano� and micropiezoelectric composites.

In order to accomplish this, the following problems
were solved:

—the creation of active centers of localization of
nanoparticles in the polymer phase of a composite by
the crystallization of a composite under the conditions
of the plasma of an electrical discharge, that is, the
creation of the seeds for subfine clusters;

—the realization of the technology of the immobi�
lization of nanoparticles in polymer solutions by local
electrical discharges of various energies;

—the development of the technology of the prepa�
ration of piezoelectrics based on a hybrid matrix of
nano� and micropiezoelectric composites;

—the design of a method of control of the immo�
bilization of nanoparticles in a polymer matrix.

ROUTINE OF THE EXPERIMENT

Matrix composites (type 0–3) based on piezocer�
amics of the family of zirconate–titanate–lead of the
PKR�3M type (rhombohedral, PZT�5A) thermoplas�
tic polymer of polyvinylidenefluoride (PVDF) of the
production of OAO Plastpolimer (Saint Petersburg)
and BaTiO3 nanoparticles with a diameter of 50 nm
were considered. The choice of the carbochain poly�
mer PVDF was determined by the fact that it is char�
acterized by high reproduction due to its composition,
structure, and physicochemical properties. The
choice of the piezoceramic PKR�3M (PZT�5A) is
related to the fact that it has a sufficiently high piezo�
modulus (d33 = 110 × 10–12 C/N), Young’s modulus

(  = 0.57 × 1011 Pa), and dielectric permittivity
(ε33/ε0 = 450). The plasma crystallization of the com�
posite provides for the formation of active centers of
physical and chemical natures in the polymer phase
[6–8]. The duration of the effect of the discharge
changed in the range from 5 to 30 minutes depending
on the properties and the volume content of the poly�
mer and the piezoceramic in the composite, the thick�
ness of the gas gap where the microdischarges were ini�
tiated, and the amplitude of the voltage applied to the
dielectric–gas–composite system [7–10].

The selected BaTiO3 nanoparticles have substantial
surface activity and sufficiently high chemical activity.
This is determined by the large fraction of the surface

Y11
E

of the atoms relative to the total amount in the bulk
particles. The high surface energy of the nanoobjects
gives rise to the formation of unusual surface charac�
teristics and reactions. Therefore, one of the problems
of the development of polymer nanocomposites is the
effective dispersion and stabilization of the nanoparti�
cles and prevention of their mobilization in the poly�
mer matrix of the composite. The problems indicated
were solved by the technology of the modification of
the polymer phase suggested by us, which involves the
crystallization starting from the fusion temperature
under the conditions of the plasma of an electrical dis�
charge in an electronegative gas and electroplasmic
crystallization [7, 8].

The stabilizing effect is determined by the forma�
tion of active centers of oxidation and submicrosized
ranges of cross linking of macromolecules under the
effect of the plasma of an electrical discharge in the
polymer phase of the composite for the localization of
the dielectric nanoparticles. This results in the forma�
tion of a robust structure from the BaTiO3 particles and
oxidized and crosslinked local areas of the polymer
macromolecules. The dielectric nanoparticles occupy
the active areas in the polymer matrix. It should be
noted that the enhancement of polymers with disperse
nanofillers is a fundamental problem for the creation
of polymer materials for various applications [1–5]. It
is considered that the two main factors of the enhance�
ment are the particle sizes or the specific surface of the
filler and the polymer–filler bond [1, 2]. Notably,
among the broad class of polymer composites, poly�
mer nanocomposites (NC) represent a novel type of
filled materials in which at least one of the sizes of
bond disperse phase (length, width, and height) does
not exceed 100 nm [1, 4]. Due to the ultradispersity of
inorganic dispersants (fillers), such systems may have
unusual electric [1, 2], mechanical [1, 5], and thermo�
physical [1] properties not represented by microcom�
posites. Composites of the indicated type were
obtained from a homogeneous powder mixture of the
components. The temperature and pressure of the
pressing of the composites were set in the range from
437 to 463 K and 30 MPa, respectively. The thickness
of the piezocomposite was set at 250 × 10–6 m, and the
diameter of piezoparticles was (160–200) × 10–6 m.
The piezoelectric modulus of the composites was
determined in the quasi�static mode with an accuracy
of 10%.

Notably, the process of hot pressing results in the
additional purification of the bonded composite from
the solvent molecules and the abandonment of the
microphase separation of the nano� and microcompos�
ites. Thus, a quasi�monolithic structure is formed on
the basis of which piezoelectric transducers of various
uses with high electromechanical and piezoelectric
characteristics are obtained. The volume content of the
nanophase was varied in the range from 0.1 to 3%.
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RESULTS AND DISCUSSION

Let us primarily consider the technology of the cre�
ation of active centers of clusterization of nanoparticles
in the polymer phase of the composites by the perfor�
mance of their crystallization under the effect of the
plasma of an electrical discharge. The crystallization of
the composites under the plasma of an electric dis�
charge involves heating of the material up to the melting
point and keeping it at that temperature for 5–30 min
(and, not relieving the effect of the discharge) with fur�
ther cooling down to the temperature of the crystalliza�
tion of the polymer phase with a rate from 0.5 to
4 K/min with the aim of the directed changing of the
chemical (oxidation) and physical (supramolecular)
structures of the polymer matrix. The melting point of
the composite was determined by the temperature of
the third peak of the spectrum of the thermodepolariza�
tion current (Fig. 1, curve 2). The duration of the crys�
tallization tkr was limited to the saturation of the optical
density of the oxygen�containing groups (for example,
OH and C=O), which evolved in the IR spectrum of the
polymer–piezoceramic composite as a result of
the action of the electrical discharge, and changed in
the range from 5 to 30 minutes.

The experimental results demonstrate that, in the
IR�spectrum of the polymer matrix (PVDF) of the
composite, after its crystallization under the effect of
the plasma of the electrical discharge, new highly
polar oxygen�containing groups, C=O and OH, are
formed. In Fig. 2, the change in the optical density D
of the IR spectrum is given for the mentioned groups
in the polymer matrix that crystallized under the con�
ditions of the plasma of an electrical discharge. It is
seen that the change in the optical density D within the

time of the crystallization up to 15 min has a linear
character. The centers of oxidation can be the seeds for
the clusterization of nanoparticles. The next stage of
the immobilization is the dissolution of the polymer in
toluene. After that, the BaTiO3 nanoparticles (≤50 nm)
are introduced into the solution in the range from 0.5
to 3.0 vol %.

Let us consider the processes providing the immo�
bilization of the nanoparticles in the polymer solution.
The immobilization of the nanoparticles in the dis�
solved polymer phase of the composite was performed
in the following way:

—the introduction of dielectric nanoparticles
BaTiO3 into the solvent (toluene);

—the dissolution of the polymer used in toluene at
the temperature determined from the spectrum of the
thermostimulated depolarization current (Fig. 1, the
first maximum, curve 2) of the composite;

—the preparation of a mixture of the toluene–
polymer and toluene–nanoparticle solutions;

—the conduction of the chemical precipitation of
the polymer nanostructured by the BaTiO3 particles on
the piezocomposite under the conditions of the
plasma of an electrical discharge.

Now, let us consider the process of the immobiliza�
tion of BaTiO3 nanoparticles in a polymer under
chemical precipitation. In Fig. 3, a cell is represented
where the immobilization of BaTiO3 dielectric parti�
cles in the polymer solution is performed during the
BaTiO3 chemical precipitation. The dielectric struc�
ture composed of the metal–dielectric–gas medium–
polymer solution–dielectric and metallic electrode is
under the effect of a sinusoidal voltage with an ampli�
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tude of 35 × 103 V and a frequency of 50 Hz. At a def�
inite value of the voltage applied to the system men�
tioned, the electrical discharge is formed in the gas
phase between the upper dielectric barrier and the
solution of the polymer with nanoparticles.

The structure of the discharges in the gas phase
between the dielectric and the polymer solution with
BaTiO3 nanoparticles was recorded by an electron–
optical transducer (Fig. 4). As is seen, the discharge
forms at various sites of the dielectric surface and the
polymer solution. The solution is under the influence
of intensive impacts of powerful microdischarges. The
energetical parameters of the discharges can be con�
trolled in broad ranges by the variation of the distance
between the dielectric attached to the high�voltage
electrode and the surface of the solution or the thick�
ness of the air gap between the dielectric anode and the
surface of the polymer solution. By trying the modes of
the processing and the energetical parameters of the

discharge, the formation of large clusters can be pre�
vented. Under the effect of intensive impacts of the
plasma channels of the discharge, the partitioning of
the large clusters into subfine ones takes place and the
conditions for their capture by the nucleation centers
are provided, and the conditions for the homogeneous
distribution of the nanosized particles by the bulk
polymer solution are created. The energy W and the
transferred charge Q of the microdischarge in the gas
phase (gap) of the dielectric–air medium–polymer
solution–dielectric system can be calculated in the
following way:

(1)

(2)

if we experimentally determine the following parameters
included in the expressions indicated: Uinitial, Uextinction,
and ΔS [11, 12]. Here, Cd and Cg are the capacities of
system dielectric and gas medium, respectively; Uinitial

and Uextinction are the initial and extinction microdis�
charge voltages, respectively; and ΔS is the area of the
surface of the composite (dielectric) discharged by the
microdischarge.

We demonstrated that the energy of the microdis�
charge can be determined by the synchronous record�
ing of the optical image of the microdischarge’s devel�
opment (Fig. 4) and microdischarge corresponding
voltage or current impulse [11 12]. After the determi�
nation of Uinitial and Uextinction, as well as the value ΔS
(by EO converter images), the values of W and the
charge Q were calculated for various values of the
thickness of the gas phase of the discharge cell at a
constant high sinusoidal voltage applied to the cell
(Table 1).

It was experimentally determined that the immobi�
lization of the BaTiO3 nanoparticles in the polymer
solution substantially depends on the structure (Fig. 4)
and the energy (Table 1) of the individual microdis�
charges. Under the effect of microdischarges with an
energy of W = 8.2 × 10–6 J propagating in the air
medium with a thickness of 4 mm between the dielec�
tric and the surface of the polymer solution (Fig. 4, a),

W 1
2
��ΔS

S
������ Cdielectric Cgas+( ) Uinitial

2 Uextinction
2–( ),=

Q ΔS
S

������ Cdielectric Cgas+( ) Uinitial Uextinction–( ),=

1

2 3 4
5 6

Fig. 3. Experimental cell of the conduction of the immo�
bilization of the dielectric particles of BaTiO3 in the poly�
mer solution under the effect of powerful channels of elec�
trical discharge: (1) microscrew, (2) dielectric leaf,
(3) electrode, (4) gas and liquid medium, (5) dielectric
cup, and (6) insulator.

(b) (c)(а)

Fig. 4. Optical image of the development of microdischarges in the air medium between the dielectric (polytetrafluoroethylene
with a thickness of d = 2 mm) and the surface of the polymer solution. (a) d = 4 mm, (b) d = 6 mm, and (c) d = 10 mm; U =
35 × 103 V.
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the immobilization of the nanoparticles almost does
not take place. The first and second maximum are
recorded clearly, as in the spectrum of the initial
PVDF; that is, the nanostructuring of the polymer
phase does not take place (Fig. 1, spectra 1 and 2).
Under the effect of microdischarges with an energy of
W = 26.3 × 10–6 J propagating in the air medium with
a thickness of 6 mm between the dielectric and the sur�
face of the polymer solution (Fig. 4, b), the develop�
ment of the immobilization of the nanoparticles starts to
take place: the shift of the second and third maxima to the
high�temperature range is observed (spectrum 3, Fig. 1).
Under the effect of the microdischarges with an energy
of W = 335.2 × 10–6 J propagating in the air medium
with a thickness d = 10 mm between the dielectric and
the surface of the polymer solution (Fig. 4, c), the
immobilization of the nanoparticles and their homoge�
neous distribution in the bulk polymer solution take
place: the first and the second maxima are not observed,
which are related to the initial PVDF and the compos�
ites on its basis (Fig. 1, spectrum 4).

For the composites with immobilized nanoparti�
cles, the amplitude of the maxima related to the poly�
mer phase drastically decreases and the heating up to
473 K does not give rise to the formation of the first
and the second maxima.

Proceeding from the values of the activation energies
of the maxima (0.57, 0.69, and 1.23 eV, respectively), it
can be suggested that the first two maxima are related to
the relaxation of the charge in the polymer. The transi�
tion of the spectrum of the thermodepolarization cur�
rent from the complex structure (three maxima) into
the simple one (one maximum, Fig. 1) demonstrates
that, at a definite energy (W ≥ 335 × 10–6 J) of the local
discharges, the immobilization of nanoparticles takes
place in the polymer phase.

During the chemical precipitation, the energetical
parameters of the local discharges change due to the
change in the thickness of the air gap. During the ter�
mination of the chemical precipitation, the plasma
channels of the discharge have direct contact with the
surface of the hybrid piezocomposite. After that, the
process of the plasma treatment and immobilization of
the BaTiO3 nanoparticles in the polymer phase termi�
nates. Thus, the immobilization and homogeneous
distribution of the nanoparticles in the polymer phase
precipitated on the surface of the piezocomposite ele�
ment take place.

The main difficulty is in the selection of the exper�
imental method for the control of the immobilization

and the study of its effect on the properties of the com�
posites. The control of the immobilization of the
nanoparticles in the hybrid composite is performed by
the analysis of the spectrum of the thermostimulated
depolarization current [13, 14]. The spectrum of the
thermostimulated depolarization current of the com�
posites only with micropiezoelectric particles, i.e.,
nonhybrid composites, has three maxima: the first and
second maxima correspond to the polymer phase not
having direct contact with the micropiezoparticles,
and the third maximum, to the polymer phase having
direct contact with the micropiezoparticles. The spec�
trum of the thermodepolarization current of the
hybrid composites has one broad maximum, and it is
considerably shifted to the high temperatures. The
absence of the first and second maxima in the spec�
trum confirms the nanostructuring of the polymer
matrix. Really, the introduction of the nanoparticles in
the polymer phase is limited by the heat oscillations of
the polymer chains and restricts the thermorelaxation
of the charges. Thus, using the spectrum of the ther�
mostimulated depolarization current, the nanostruc�
turing of the polymer phase of the composite can be
predicted.

Let us consider the possible mechanism of this inter�
esting and quite complex effect of the immobilization of
the nanoparticles in the polymer solution. The thermal
motion of the macromolecules in the solution deter�
mines not only the translational but also the rotational
motion. If any force field is applied to the solution, for
example, an electrical discharge, then, both the electri�
cal, hydrodynamic, acoustic, thermal, and light fields
and the torsional moment are applied to the chaotically
oriented macromolecules so that the homogeneous dis�
tribution of the BaTiO3 nanoparticles becomes more
probable without the formation of large clusters. The
comparison of the spectra of the thermostimulated
depolarization currents shows that the introduction of
the dielectric BaTiO3 nanoparticles into the PVDF
results in a considerable change (decrease) in the
molecular mobility and the packing of the macromole�
cules around the nanoparticles. The conditions of the
proceeding of the relaxation processes change. The
higher the number of the polymer molecules taking part
in the interaction with the surface of the BaTiO3 nano�
particles, the greater the degree of the mobility of the
polymer chains is restricted and the greater this affects
the properties and structures of the polymer phase and
the composition on the whole.

Let us consider the technology of the preparation
of the hybrid composed of nano� and micropiezoelec�

Table 1. Parameters of the discharge depending on the thickness d of the gas phase between the insulators

d, 10–3 m 3 4 5 6 7 8 9 10

Q, 10–9 Coulomb 0.46 0.93 1.48 2.11 3.15 5.0 8.4 16.4

W, 10–6 J 3.2 8.18 15.7 26.3 47.3 89.4 166.2 335.2
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Fig. 5. Scheme of the structure formation of the hybrid of nano� and micropiezoelectric composites PVDF–nanoparticle and
BaTiO3–piezoceramics PZT�5A. (a) micropiezoelectric composite PVDF–PZT�5A, (b) the micropiezoelectric composite in the
case of the dissolved subsurface polymer layer, and (c) the hybrid nano� and micropiezocomposite PVDF–BaTiO3–PZT�5A:
(1) piezoparticle, (2) interface polymer layer, (3) subsurface polymer range (phase); (4) interface layer in the case of the absence
of the subsurface polymer range, (5) piezocomposite structure (substrate) (b, 5), (6) nanoparticle BaTiO3, (7) nanostructure poly�
mer subsurface layer, and (8) nano� and piezohybrid composite.

tric composites. We used for the first time the effect of
nanostructuring of polymers for the creation of a novel
class of piezoelectric composites. A general model and
a scheme of the individual steps of the technology sug�
gested are given in Fig. 5. The technology involves the
following main stages: the preparation of the piezo�
composite composed of micropiezoceramic particles,
a polymer interface layer, and a near�surface polymer
region (Fig. 5, a); the dissolution of the near�surface
polymer phase (area) and the preparation of the piezo�
composite structure (substrate) composed of piezoce�
ramic particles and the polymer interface layer having
direct contact with the piezoparticles (Fig. 5, b); the

nanostructuring of the dissolved polymer phase
(Fig. 5, a, element 3) by the dielectric BaTiO3 nano�
particles; the chemical precipitation of the nanostruc�
tured dissolved polymer on the surface of the piezo�
composite substrate; and the preparation of the hybrid
(Fig. 5, c) from the polymer–nanoparticle BaTiO3 and
polymer–micropiezoceramic particle matrix systems.

For the realization of the indicated technological
processes, the important factor is the selection of the
value of the dissolution temperature of the near�sur�
face polymer phase of the composite. This tempera�
ture should be considerably lower than the fusion tem�
perature of the polymer interface layer with an aim to
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Fig. 6. Amplitude–frequency characteristics of the output acoustic signal of the electroacoustic transducers based on micropi�
ezocomposite PVDF + 50 vol % PZT�5A and hybrid nano� and micropiezocomposite PVDF + 0.4 vol % BaTiO3 + 49.6 vol %
PZT�5A. (1) for the micropiezocomposite, the scale is 1, and the excitation voltage is U = 25V, and, (2) for the hybrid nano� and
micropiezocomposite, the scale is 2, and the voltage of the excitation is U = 5 V. The conditions of the polarization of the piezo�
composite elements are as follows: Ep = 3.6 MV/m, Tp = 383 K, and tp = 0.5 h.
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preserve the integrity (consolidation) of the piezo�
composite substrate (Fig. 5, b). In Table 2, the electro�
mechanical parameters of the piezocomposite mate�
rial and the nanostructured hybrid piezoelectrical
composite are given. The results of the investigation
demonstrated that the electrophysical, mechanical,
and electromechanical parameters of the hybrid
piezocomposites are considerably higher than the
analogous parameters of the polymer–piezoceramics
composites. In Fig. 6, the amplitude–frequency char�
acteristics of the acoustic output signal are given in
pascals of the electroacoustic transducers based on the
miropiezocomposite PVDF+50 vol % PZT�5A and
the hybrid nano� and micropiezocomposite PVDF +
0.4 vol % BaTiO3 + 49.6 vol % PZT�5A. It is seen that
the hybrid piezoelectric elements have a wide fre�
quency range and a large output signal.

CONCLUSIONS

Thus, the approach to the preparation and control
of the immobilization of nanoparticles in polymer
matrices by the use of the plasma of an electrical dis�
charge (the affecting factor) and the method of the
thermodepolarization analysis (the method of con�

trol) can be considered sufficiently reasonable. Thus,
the preparation of a novel class of piezocomposite
materials with high piezoelectric and electromechani�
cal characteristics based on a hybrid matrix of nano�
and micropiezoceramic composites becomes possible.
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1 1. INTRODUCTION

Varistors (variable resistors) are poly crystal line
ceramic devices exhibiting highly nonlinear (non�
ohmic) electrical behavior and greater energy absorp�
tion capabilities. Several conduction mechanisms for
the varistor have been proposed based on this ceramic
microstructure, which has led to varistor behavior
being widely interpreted as resulting from the series�
parallel network formed by the zinc–oxide intergran�
ular�phase junctions. Capacitance measurements as a
function of voltage have supported the model of
Schottky barriers at grain boundaries. Electrically, the
varistors show highly nonlinear (I–V) characteristics
similar to the back�to�back Zener diode, but with
much higher voltage, current and energy handling
capabilities [1]. As a result, they are widely used as
surge absorbers in electronic circuits and core ele�
ments of surge arresters in electric power systems.

The fabrication of zinc–oxide varistors is done by
mixing semiconducting zinc–oxide powder with other
oxide powders such as Bi, Co, Mn, and Pr, and sub�
jecting the powder mixture to conventional ceramic
pressing and liquid�phase sintering techniques [2]. A
simple equivalent circuit for varistor is shown in
Fig. 1a. The sintering results in a poly crystalline
ceramic with a singular grain boundary property which
produces the nonlinear current�voltage (I–V) charac�
teristic of the device. A typical (I–V) characteristic of
a varistor is shown in Fig. 1b.

Microstructurally, the zinc–oxide varistors are
comprised of semiconducting n�type zinc–oxide
grains, surrounded by very thin (1–10–3 μm) insulat�
ing intergranular layers.

1 The article is published in the original.

Testing new fabricated varistors in recent years is
done using old methods. These old methods are based
on an operator, who measures voltage and current of
varistor point by point, and using measured values, he
estimates the I–V characteristic plot. This procedure
is time consuming, operator based and not accurate
[3]. Moreover in the quality control (QC) systems, we
need an automatic system in order to test varistors.

In many cases hysteresis occurs in specific frequen�
cies in the I–V characteristic of varistors. For finding
these hystereses and to illustrate them, we can use the
proposed device in this paper.

In this paper we proposed a device, which can test
new fabricated varistors automatically. This device is
produced for the first time and it is independent from
operator. We can illustrate I–V characteristic of varis�
tors in the forward and backward case, so we can see
hysteresis in the illustrated figures. Proposed device
can work in the frequency range of 0.001 Hz to 100 Hz
and amplitude range of 0 V to 600 V.

2. CIRCUIT BLOCK DIAGRAM

Device consists of five main parts:

1. Power Supply

2. Main Oscillator

3. Power Amplifier

4. Personal Computer

5. Oscilloscope Card

The connection of various Blocks of the device is
shown in Fig. 2.
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3. POWER SUPPLY

The block diagram of the power supply is shown in
Fig. 3. To reduce the noise of main supply we put on
RF�filter in the input of circuit, output of filter pass
through a rectifier and a low pass filter to become DC.
The next step is a switching element which makes a
square wave from the DC input. Amplitude of the
square wave reduces via an isolated transformer and

after rectifying and filtering goes to an Optocoupler to
have a constant voltage in output. The PWM control�
ler supplies the pulses which should apply to the
switching element which is a power Mosfet here.
These two blocks as shown in Fig. 10 are named power
switch. If we look at the feedback loop of the diagram
we can see the optically isolated error amplifier, which
consists of two parts. The first part is the voltage refer�
ence block which takes a reference from output and
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Fig. 1. (a) Varistor equivalent circuit model, (b) Typical Varistor’s (V–I) Characteristics.
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the second part is the Optocoupler which compare and
isolate the reference voltage and send a control signal
to the PWM block to fix the output voltage of power
supply. The efficiency of this circuit is more than 70%
and the peak to peak ripple voltage in maximum load
is less than 20 mV. The 20% variations in main supply
(180–260 volt) in maximum load make 15% changes
in the DC output of the power supply.

4. MAIN OSCILLATOR

The main part of this circuit is an 8051 Microcon�
troller which is connected to PC via a RS232 connec�
tion. A program is written in C# Language which gives
user friendly interface to select the output frequency.
The schematic of this software is shown in Fig. 4. As
shown in the figure there are 46 Buttons, each one for
selecting a frequency. When the user click on one of
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the Buttons, the frequency goes to the microcontroller
via serial port and the frequency of output signal will
be selected. The structure of circuit to make a sym�
metric Triangular wave as shown in Fig. 5 includes of a
Microcontroller and some Latches and the resistors
which put in the circuit in a Ladder form.

5. POWER AMPLIFIER

In this project, we need an op�amp with the work�
ing voltage of 620 volts, but according to our best
knowledge, we don’t have such an op�amp in market.
Instead of using an op�amp, we make a differential
amplifier, which its output is consisting of a buffer and
a Darlington amplifier. A differential amplifier, make a
relation among its output, input and the current of
current source. This relation is shown in Eq. 1.

(1)

Where (ν2 – ν1) is the differential input, I is the current

of the current source and  is a constant.

A typical differential amplifier is shown in Fig. 6. In
this figure, transistors Q5 and Q6 are connected in the
differential form. The amplification factor of this cir�
cuit is proportional to I.

Using the internal circuit of an op�amp and adjust�
ing the parameters of it, we could make an op�amp
which could act on the 0–620 volts range. The sche�
matic diagram of this circuit and the frequency
response of it are shown in Fig. 7. Like all of the ampli�
fiers we should discuss on important parameters to
understand the efficiency of circuit. The input imped�

ΔI Ic2 Ic1– K· I νi+ νi––( ).= =

K·

ance of the circuit, which is derived from a simulation,
is about 800 kOhm and the output impedance is less
than 50 Ohm. The voltage gain of this circuit is derived
from the following equation:

(2)

If we consider That R is a 1 kOhm resistor then we
will calculate Av according to the following equation

AV = R2(kOhm). (3)

If the maximum of peak to peak input voltage is 5 V,
and we want to have 600 V in output, so we need to use
a 120 kOhm resistor instead of R2. We use Pspice sim�
ulator this circuit in Transient, DC and AC Analysis
Fig. 6 shows the frequency response, input and output
wave forms.

6. CONCLUSIONS

In this paper we discussed a device which can be
used to achieve the (I–V) characteristics of varistors
and even for many other power components in differ�
ent frequencies and in an automatic way. Previously
testing new fabricated varistors was a time consuming
and operator based procedure, which could estimate
I–V characteristics after finding some discrete points.
With our proposed device this procedure will be done
automatically and can accurately estimate the I–V
characteristics of new fabricated varistors. In the pre�
pared device we can make some changes to be more
effective to multipurpose analysis, for example we can
change the discrete frequency range to a continues one
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with changing the microcontroller’s and C# program,
and another change which can be occurred is to
replace the symmetric triangular wave with a square
wave to achieve to other aims.

REFERENCES

1. Matsuoka, M., Nonohmic Propierties of Zinc Oxide,
Jpn. J. Appl. Phys., 1971, no. 10, pp. 736–741.

2. Lou, L.F., Current�Voltage Characteristics of ZNO–
Bi2O3 Heterojunction, Journal of Applied Physics, 1979,
vol. 50, p. 555.

3. Hasanli, Sh.M. and Harirchi, F., Influence of Impuri�
ties on Electrophysical Characteristics of the ZnO�base
Varistors, POWER ENGINEERING PROBLEMS,
2008, p. 92–95.

4. Milman, J. and Halkias, C.C., Integrated Electronics:
Analog and Digital Circuits and Systems, McGraw�Hill,
1972.

5. Sedra, A.S. and Smith, K.C., Microelectronic Circuits,
Oxford Universitypress, 1998.

6. Mazidi, M.A., Mazidi, J., and Mckinlay, R., The 8051
Microcontroller and Embedded Systems Using Assembly
and C. 2nd Edition, Prentice Hall.

800

600

400

200

0
10 kHz100 Hz1 Hz100 uHz

400

200

V

2.01.61.2010 MHz 1 MHz
Frequency

(b)
V

V(2)

A
B
C
D

Vcc

Vee

GND

AMP

Vi+

Vi–

V0

Rl
lk

RL
2k
Vi = Vi– = Vi+

V0 = (1 + R2/R1)Vi

120k

R2
Vcc

Vee

Vcc

Vee

Vi+

CIRCUT 1

Vi+

(a)

600

0.80.4

0
V(1)

5

Times, sV(2)

(c)

Fig. 7. (a) Schematic Diagram of Power Amplifier; (b) the frequency response; (c) top figure shows triangular wave, which is the
input of the circuit and the bottom one shows the output voltage.



ISSN 1068�3755, Surface Engineering and Applied Electrochemistry, 2011, Vol. 47, No. 1, pp. 89–93. © Allerton Press, Inc., 2011.
Original Russian Text © V.G. Zhekul, S.G. Poklonov, A.P. Smirnov, 2011, published in Elektronnaya Obrabotka Materialov, 2011, No. 1, pp. 101–105.

89

INTRODUCTION

During many years of service, the production rate
of operating petroleum, gas, pumping, and water wells
decreases due to the decrease in the permittivity of the
bottom�hole zone (BHZ) due to its mudding by
deposits of various natures. In order to increase the
performance of a well, different methods of demud�
ding are used, one of which is the electrodischarge
method [1].

The basic operating factor of the electrodischarge
effect is believed to be the pressure wave caused by
the electric discharge in the liquid, the amplitude of
which depends on the length of the interelectrode
gap (IEG). The maximal amplitude of the pressure
wave is achieved at the electrical discharge at the
optimal interelectrode gap [2]. During the electro�
discharge treatment of a well, an uncontrolled
change in the electroconductivity of the down�hole
liquid takes place. When using electrode systems of
the open type (OES), this leads to the necessity to
perform the electrical discharges in a short interelec�
trode gap in order to provide its stable breakdown.
This negatively affects both the working of the equip�
ment (its endurance considerably decreases) and the
effectiveness of the electrodischarge treatment (the
amplitude of the pressure wave substantially
decreases). In order to solve this problem, an elec�
trode system of the closed type was designed (CES)
[3]. Its main difference from OES involves the pres�
ence of an impermeable acoustically transparent
screen isolating the liquid in the discharge zone from
the well liquid and not allowing their mixing. The use
of CES makes it possible to permanently perform the
electrical discharge with the optimal interelectrode

gap, which considerably decreases the pre�break�
down losses of energy, stabilizes the electrical dis�
charge, and makes it possible to work at the maximal
amplitude of the pressure wave. At the same time, the
problem concerning the influence of the shell of the
closed electrode system on the transformation of the
parameters of the pressure wave caused by the electri�
cal discharge in the liquid and the reasonability of its
use has evolved.

Earlier, we performed a series of experimental and
theoretical works on the study of CES [4–8]. For
example, the experimental comparison of the effec�
tiveness of the electrode systems of the open and
closed types and the transformation of the impulse of
the pressure wave was performed while passing
through the shell under various hydrostatic pressures
in a well with the use of waveguide sensors of the pres�
sure [4, 5]. In [6], for the study of the transformation
of the impulse of the pressure during its passing
through the shell, a procedure of the measurement of
the specific impulse was used given by the discharge to
the pipe by the deviation of a pendulum from its verti�
cal position. It was also determined that the electrode
systems have the highest effectiveness at the optimal
interelectrode gap [7]. Work [8] is devoted to the
mathematical simulation of the effect of the shell of
the electrodischarge instrument on the hydroimpulse
stress in the well.

However, the ultimate answer to the problem men�
tioned earlier can be given only by the experimental
investigation of a physical model of the bottom�hole
zone of the productive layer, which should include the
following:
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—the study of the influence of the length of the
interelectrode gap on the effectiveness of the electro�
discharge effect, and

—the experimental comparison of the effective�
ness of electrode systems of various types.

Therefore, the purpose of this work is to perform an
experimental investigation of a physical model for the
determination of the reasonability of the use of CES
for the electrodischarge effect in the bottom�hole zone
of the productive layer.

In order to do this, the following problems should
be solved:

—the development of a procedure for the determi�
nation of the effectiveness of the electrodischarge
effect on the physical model of the bottom�hole zone
of the productive layer,

—the performance of experimental studies on the
determination of the effect of the length of the inter�
electrode gap on the effectiveness of the electrodis�
charge effect, and

—the performance of experimental studies on the
comparison of the effectiveness of the electrode sys�
tems of the open and closed types.

ROUTINE OF THE PERFORMANCE 
OF THE EXPERIMENTAL STUDIES

A procedure was developed with the aim to deter�
mine the effectiveness of the electrodischarge effect in
the demudding process. This procedure made it possi�

ble to perform experimental studies on the comparison
of the effectiveness of the electrode systems of the
open and closed types for physical models of the
cement sheath of the casing string of wells under
atmospheric pressure and on the effect of the length of
the interelectrode gap on the effectiveness of the elec�
trodischarge effect. The experiments were performed
according to the following algorithm:

(1) The experiments were performed using the
investigation scheme given in Fig. 1. The scheme is
composed of a model of the BHZ of a well composed of
steel pipe 1 with the orifices (2) uniformly distributed
over the surface of the pipe at a distance of 55 mm from
each other. The pipe 1 is surrounded by a cylinder made
from chain link with a 10 × 10 mm outer diameter (not
shown in the figure) for the retention of the cement ren�
dering 3 with a thickness from 10 to 15 mm. Inside the
model, an open electrode system was placed (4) with an
electrodischarge submersible pump (Skif�100). For the
simulation of the conditions of a closed electrode sys�
tem, it was sealed with an acoustically transparent
screen 5.

(2) The experiments were performed in a 670 × 700 ×
520 mm steel pit with windows filled with the working
medium (tap water with the specific conductivity σ0 =
0.06 S/m) in which the model with the electrode sys�
tem was placed. The parameters of the experimental
equipment corresponded to the parameters of the
electrodischarge equipment for the treatment of wells
(the Skif type): the charge voltage of the bank of
capacitors U0 = 30 kV, the capacity of the bank of
capacitors C = 1 mcF, the pulse repetition frequency of
is 0.25 Hz, and the number of impulses is 15.

(3) The preparation of the model was performed by
the application of a cement solution on the surface of
the pipe 1. The solution was obtained from mark
400 cement and sand at a one�to�four ratio. A solution
of 4 dm3 sand, 1 dm3 mark 400 cement, and 750 ml
water was prepared for one model. After the preparation
of the model, it was dried for two days.

(4) The electrode system of the open type was
tested on the model of a cement sheath at the follow�
ing interelectrode distances lIE, mm: 5, 10, 15, 22, and
35, where 22 mm is the optimal value of the interelec�
trode distance for the given parameters of the setup
calculated using the formula from [2]:

(1)

where r is the distance to the object of the treatment,
m; L is the inductance, H; and A is the spark constant,
V2 s m2 (for the spark discharge, A = 105 V2 s m–2).

(5) An electrode system of the closed type was
tested with the model of the cement sheath (at the
optimal interelectrode distance lIE = 22 mm) with two

loptimal r2 L/C0.5
U0

2C

A
��������4 ,=
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Fig. 1. The investigation scheme: (1) pipe, (2) orifice,
(3) cement rendering, (4) electrode system, and (5) acous�
tically transparent screens.
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types of acoustically transparent screens: a resin pres�
sure pipe with thread reinforcements and a polyethyl�
ene pipe.

(6) The influence on the model in the dynamical
mode was recorded with the use of video cameras, and
the moment of the first destruction of the cement
sheath in the orifice zone was recorded.

(7) The integral effect on the model was recorded
by the number of orifices purified from the cement
rendering as a result of the effect of the pressure wave
after 15 discharges.

It should be noted that this procedure at a slight
processing of the working object was also used for the
evaluation of the effectiveness of the electrodischarge
effect on viscous deposits [9].

RESULTS OF THE EXPERIMENTAL STUDY

For the comparison of the effectiveness of the elec�
trode systems of the open and closed types and the
determination of the effect of the length of the inter�
electrode gap on the effectiveness of the electrodis�
charge effect on the model of the bottom�hole zone in
the experiment, we determined the following:

—the moment of the first destruction of the
cement sheath in the orifice zone, and

—the integral effect on the model determined by
the number of orifices purified from cement in the
model after 15 discharges.

During the estimation of the integral parameter of
the effectiveness of the treatment, a nondimensional

coefficient of the effectiveness (Kef) was used, which
was calculated according to the following expression:

(2)

where Ni is the number of purified orifices during the
i�th experiment, and Nopt is the number of purified ori�
fices during the pilot experiment (the open electrode
system, IEG is optimal for this mode).

A series of experiments were performed in which
we investigated the following:

—the dependence of the effectiveness of the treat�
ment on the length of the IEG in the case of an open
electrode system, and

—the comparison of the effectiveness of the open
and closed electrode systems.

The following results were obtained.
In Fig. 2, the physical environment of the model of

the bottom�hole zone of the productive layer (a)
before and (b) after the treatment is given.

The variation of the interelectrode gap demon�
strated that it substantially influences the effectiveness
of the treatment of the model of the bottom�hole zone
of a well (Fig. 3), which is in complete accordance
with the considerations concerning the optimal length
of the IEG and its correlation with the amplitude of
the pressure wave [2].

An analogous tendency is observed at the analysis
of the start of the first destruction (Nd) of the cement
sheath in the orifice zone (Fig. 4).

These results make it possible to draw a conclu�
sion that the main factor of the electrodischarge
effect on the fragile sediments during demudding of a
well is the amplitude of the pressure wave. Conse�

Keffective
Ni

Noptimal

��������������100%,=

(b)(а)

Fig. 2. Outer view of the model of the bottom�hole zone of
the productive layer (a) before and (b) after the treatment.
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Fig. 3. Effectiveness coefficient of the treatment vs. the
length of the IEG.
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quently, during the treatment, the maximal possible
amplitude of the pressure wave should be achieved,
which can be accomplished by setting the optimal
length of the IEG at the given parameters of the gen�
erator (the electrodischarge instrument). The elec�
trodischarge treatment at low interelectrode gaps (5
and 10 mm) is characterized by the low effectiveness
of the electrodischarge effect. For example, at an
interelectrode gap of 5 mm, orifices not purified from
the cement were not recorded when using the model.

For the simulation of the working conditions of a
closed electrode system in the space between the zone
of the electrical discharge and the working object, a
bold acoustically permeable screen was placed, which
gives a minimal change in the amplitude of the pres�
sure wave while passing through it. A polyethylene (as
the acoustically most transparent material with
impedance close to the impedance of water) and a
rubber pressure hose (as the most technological mate�
rial) were selected as the material of the shell [4, 5].
The results obtained (see Fig. 5) demonstrated that the
installation of the shell made from polyethylene prac�
tically does not influence the effectiveness of the treat�
ment. While using the rubber pressure hoses as the
shells for the closed electrode system, the effectiveness
slightly decreases, which agrees with the data obtained
earlier [4, 5].

CONCLUSIONS

The electrodischarge treatment of a well with the
aim of its demudding is recommended to be per�
formed using the optimal interelectrode gap, which
provides the maximal amplitude of the pressure wave.
The electrodischarge effect at low values of the inter�
electrode gap is characterized by the low effectiveness

of the influence on fragile sediments: while working
with an interelectrode gap of 10 mm, Keff decreases by
32% relative to the work performed at the optimal gap.
At an interelectrode gap of 5 mm, no orifices purified
from cement were recorded using the model. Due to
the specific features in a well, only a closed electrode
system can provide constant work at the optimal inter�
electrode gap.

It is better to use a material with an impedance
close to that of water, for example, polyethylene,
which provides the minimal decrease in the amplitude
of the pressure wave while passing through the shell, as
the material of the CES shell.
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INTRODUCTION

The wide use of polymer materials in the electron�
ics industry requires the search for new high�dielectric
materials, which is based on the study of their behavior
under strong electric fields [1]. Under the above oper�
ational conditions, a breakdown is found to be one of
the main reasons for the failure of polymer insulation
[2]. Therefore, the study of the reasons and conse�
quences of the latter seems to be of certain interest [3].
It should be noted that the kinetics and the reasons (as
well as their stages) that induce the failure of the elec�
tric strength of polymers have been examined in a
great number of works [4]. However, the further
behavior of polymer materials that transfer into heter�
ogenic systems (HS) after the breakdown of the wires
inside of them has not been sufficiently studied yet
under the affect of the temperature fields.

Based on the aforementioned, the goal of this work
is to study the behavior and topology of a heterogenic
system under an electric field induced by a wire’s
explosion in a polymeric matrix followed by the heat�
ing–cooling of the composite with various contents of
a finely divided metal. Here, it is typical that, after the
dielectric structural failure of a cable upon an abrupt
increase in the current with no increase of the applied
voltage, the second phase of the breakdown takes
place, i.e., thermal and/or mechanical destruction
that involves the appearance of a conductive channel.
The transition of a metal into the heterogeneous sys�
tem that occurs in this case requires the study of the
processes correlated with the further possible directed
change in its electrical strength due to the structural
factors of the material. However, the HS’s microstruc�
ture (topology) and its effect on the electrophysical
properties of the material that experienced a break�
down also have to be examined. It was established that
[1] the finely divided metal particles formed in dielec�
tric materials due to a wire’s explosion remain sur�

rounded by the polymer matrix. The particles of a dis�
persed phase can be diversely distributed in the poly�
mer matrix [5]. Assume for simplicity that, due to the
conductor’s explosion, a system with a statistical
topology [6] is formed for which the phases with the
dielectric permeability s1 and s2 occupy the corre�
sponding volumes V1 and V2 (V0 = V1 + V2 is the total
volume). This approach allows one to obtain the aver�
aged values of the dielectric characteristics of the
material:

(1)

where  is the effective dielectric permittivity,

f2 = V2/V0, θ2 = E2/E1; E1 =  E2 = 

Taking into account that the finely dispersed metal
particles in the form of a system of small spheres
(phase 2) distributed in the matrix (phase 2) are in the
external electric field E, we have the following accord�
ing to [7]:

(2)

and then

(3)

Since, the electric field induced by this metal phase
at a distance r from the latter is a value on the order of

 [2] (where R is the radius of the sphere,

and E0 is the intensity of the external field), then r0 (the

ε ε1 f2θ2 ε2 ε1–( ),+=

ε

1
V0

���� E V;d
V1

∫
1

V0

���� E V.d
V2

∫

θ2
3ε1

ε2 2ε1+
���������������,=

ε ε1 3f2ε1
ε2 ε1–

ε2 2ε1+
���������������.+=

R3

r3
����E0

ε2 ε1–
ε2 2ε1+
���������������

Effect of the PVC System’s Topology on the Dielectric Losses 
in the Region of Strong Electric Fields

T. G. Lyashuk and B. B. Kolupaev
Rovno State Humanitarian University, ul. Ostafova 31, Rovno, 33000 Ukraine

e�mail: nightquesttg@rambler.ru
Received July 15, 2010

Abstract—The electrophysical characteristics of the electric cable’s transition into a state of a heterogenic
polymer system due to a wire’s explosion were examined. Using cyclic heating–cooling of the composite, the
changes in its topology were observed. The latter makes it possible to regulate the dielectric characteristics of
the system.

DOI: 10.3103/S1068375511010133

OPERATING 
EXPERIENCE



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 47  No. 1  2011

EFFECT OF THE PVC SYSTEM’S TOPOLOGY ON THE DIELECTRIC LOSSES 95

distance at which this induced field may be ignored)
will be as follows:

(4)

Thus, at f2 ≤ R3/  we have

(5)

which corresponds to the region of the considered
contents of the ingredient |f2 ≤ 0.1 vol %|. Taking into
account that, for the considered systems of ε2 > ε1, the

 values for the upper and lower boundaries are, cor�
respondingly, equal,

 (6)

 (7)

Using an analytical representation [8], we managed
to separate the dependence of  on the topology of the
composite structure. The gist is that the introduction
of the functions

(8)

and not separately as ε1 and ε2 for the HS, as well as

L = (1 – ε2/ε1)
–1, (9)

allow one to consider F(L) as an analytic function of the
complex variable L, since the composite must dissipate
energy. If it is dissipated by at least one phase (1, 2), then

 > 0, where Imε1 > 0. In our case, ImL ≠ 0; then,
ImF(L)/ImL < 0 for 0 ≤ L ≤ 1.

Thus, in the HS, the dielectric losses of energy are
fixed, and, taking into account the uniformity of the
electric field, the free energy of a volume unit of the
HS is [2]

(10)

where S is the entropy, ξ is the chemical potential, and
ρ is the mass of a volume unit of the substance. Corre�
spondingly, when the composite undergoes the effect
of the temperature field, its characteristics change by
the following value upon heating,

(11)

and upon cooling,

(12)
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Hence, in the heating–cooling mode of the com�
posite, the change of the free energy at a constant con�
tent of the ingredients is as follows:

(13)

where the difference ΔS between the entropy of the
states characterizes the direction of the process, Δξ is
the driving force of the system’s transition to a new

quasi�stationary state, and  is indicative of

the change of the energy value in the electric field that
occurs due to the presence of the HS in the field of
external forces. Knowledge of its value allows one to
ascertain the dissipation of energy in the composite
exposed to the external alternating (ω) electric field E.
Thus, the energy dissipated in the HS volume unit per
a unit of time is as follows [6]:

(14)

where (ω) is the frequency, E is the field intensity,  =

Re  δ is the angle of the losses,  depends on
the temperature and the content of ingredients in the
system, c is a constant, and S is the area of the curve

reduced by Re –

Let us analyze the experimental results of the
dielectric losses of energy in the composite using the
obtained analytic ratios.

EXPERIMENTAL

A PVKh–S–65 Polyvenyl chloride (PVC) (Kaustik,
Bashkortostan) with MM of 1.4 × 105 and Td = 354 K was
used as the basic material for the study.

Copper nanoparticles were introduced into the
PVC using the conductor’s explosion [3] with the con�
ductor being short�circuited to a battery with a capac�
itor of 50 mfd at a voltage of 10 kV. The predominant
size of the particles of the filler was 13 nm, and its con�
tent was varied in the range of (0–0.1) vol %.

The dielectric properties ε', ε'',  of the PVC
systems were studied using a P 5083 bridge at a fre�
quency of 100 kHz in the temperature range of (293–
393) K at a heating rate of the specimen of 3 K/min.

Melted quartz (εq = 3.8;  = 2 × 10–4) was used as
a reference specimen. The error of the measurements
was up to 1% [9].
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RESULTS AND DISCUSSION

Figure 1 shows the concentration dependence of ε,

   and  at T = 293 K. As is seen from the
obtained data, the dependence of ε(ϕ) after the first heat�
ing (Fig. 1a, curve 2) in the range of (0 ≤ ϕ ≤ 0.06) vol %
is descending. However, the character of the depen�
dence of ε(ϕ) varies inversely in the range of the filler
content of (0.06 ≤ ϕ ≤ 0.1) vol %. At the same time, in
the region of ϕ = 0.09 vol % of Cu, an anomalous
character of the dependence relevant to the minimum

of the  value is observed (Fig. 1c). It is character�
istic that, after the second heating of the specimens
(Fig. 1a, curve 3), in the range of (0 ≤ ϕ ≤ 0.06) vol %,
a linear increase in the ε(ϕ) value is registered, but this
character of the dependence is violated in the range of
(0.06 ≤ ϕ ≤ 0.1) vol %. However, the dependence of
ε(ϕ) after the first and second heating in the range
of (0.07 ≤ ϕ ≤ 0.1) vol % has a similar S character. The
calculations of the averaged dielectric permittivity 
showed that its value increases slightly (Fig. 1a) with
an increase in the nanofiller concentration and is
between the values of  and  (ratios (6) and (7))

ε, εl, εup, δtan

δtan

ε

εl εup

(Fig. 1b). In the case of the (ϕ) dependence for
the basic material, as well as after the first and second
heating, its changes were established to remain in the
entire range of the filler concentrations (Fig. 1c).
However, as in the case of ε(ϕ) (Fig. 1a), a pronounced
minimum of this value at ϕ = 0.06 vol % of Cu is
observed.

During the first heating of the specimens under
study at 293 K ≤ T ≤ 393 K in the range of the filler
content of (0 ≤ ϕ ≤ 0.07) vol %, the size of the areas
proportional to the value of the energy dissipation P
(ratio (14)) increase. However, after reaching ϕ =
0.08 vol %, it has a tendency to decrease (Fig. 2a). In
the process of the subsequent cooling of the same
specimens, a more uniform modifying of the P value
(Fig. 2b) is observed (the results in the form of histo�
grams are presented). During the following heating–
cooling of the specimens under study, the character of
the dependence P(S) = f(T)|ϕ, which has been observed
earlier, occurs as in the case of the first cooling.

Figure 3 shows the values of the areas in the form of
histograms that characterize the resulting process of the
heating–cooling of the specimens at (0 ≤ ϕ ≤ 0.1) vol %
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Fig. 1. Concentration dependences of the values of the dielectric characteristics of the HS (PVC + Cu) (T = 293 K): (a) ε(ϕ) (1—a basic
specimen, 2—after heating, 3—after the second heating, 4—  (calculation of (3)); (b) ε(ϕ)(1—   (calculation of (3) and (7)),

2—  (calculation of (6)); (c) tanδ (ϕ) (1—a basic specimen, 2—after the first heating, 3—after the second heating).
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of nanodispersed copper. The same as before (Figs. 1–3),
a nonlinear character of the modification of the prop�
erties of the composite is observed.

The results obtained earlier (Figs. 1–3) allow one,
using (14), to trace the character of the changes in the

values of  = f(T)|ϕ and  = ψ(ϕ)|τ, the mag�
nitudes of which are represented as histograms in
Figs. 4 and 5. In the process of the repeated heating of
the composite after its cyclic heating–cooling, relax�
ation changes of the topology of the material take
place that lead to the ordering of the structural forma�
tion of the system.

ε δtan ε δtan

It was established that, when the rate of the heating
of the composite is 3 deg/min, the destruction of the
material is not registered [10] in the considered range
of temperatures; therefore, the value of the magnitude

of  allows one to analyze the character of

the ΔS change (13). From the condition of the mini�
mum of ΔW at dρ = 0 (13), it follows that S0 < Sl. The
table lists the results of the performed calculations rel�
evant to the values that characterize the electrophysi�
cal properties of the material as a consequence of its
topological characteristics.
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Fig. 2. Histograms of areas of hysteresis curves of ε' = f(ϕ)|T: (a) heating; (b) cooling.
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CONCLUSIONS

On the basis of the studies, the polymer dielectric
materials were found to form heterogenic systems
under the effect of the electric breakdown and wire
explosion. In this situation, the dissipative processes
induced by the effect of the temperature and the alter�
nating electric field may occur due to the heating–
cooling of the composite. Using the analytical ratios
and the experimental results, it was shown that, in this
case, a change in the topology of the material followed
by a change in its properties occur. Taking into
account the statistic distribution of the nanodispersed
metal at ϕ ≤ 0.1 vol %, the use of a multicore cable is
feasible due to the directed effect on the composite
structure.
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The values of the areas of the hysteresis curves ε' = f(ϕ)|T(293–378) of the PCV systems resulting from the heating–cooling of
the material

ϕ, vol %
ε' ε'' tanδ

Sheat no. 1 Scool no. 1 Sheat no. 2 Scool no. 2 Sheat No. 1 Scool no. 1 Sheat no. 2 Scool no. 2 Sheat no. 1 Scool no. 1 Sheat no. 2 Scool no. 2

0 349.36 357.33 346.31 334.84 28.46 35.18 32.78 35.90 6.28 6.87 6.74 8.32

0.06 375.53 348.22 336.55 351.85 19.32 17.68 14.89 19.22 3.86 3.90 3.69 4.30

0.07 377.56 376.44 356.47 349.27 29.85 37.77 31.31 34.03 5.81 8.18 6.43 7.58

0.08 411.52 478.47 455.77 478.88 142.82 87.62 70.23 91.20 24.18 13.29 10.65 12.99

0.09 410.90 373.02 334.71 351.50 33.66 35.05 23.10 31.94 5.46 7.09 5.32 7.00
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The main consumers of coal in Ukraine are the
thermal power plants (TPP). A decision to develop the
coal strategy of the fuel supply of the TPPs has been
adopted for the country’s energy security [1]. Accord�
ing to most experts, coal will become a leading energy
source of power plants in the XXI century. This in turn
should lead to the widespread implementation in
practice of fundamentally new methods of preparation
of coal for burning in the TPPs. One way of its deep
processing is to create a water–coal fuel (WCF). The
latter is necessary mainly because, by the ash and sul�
fur contents and other indicators, coal is of little use in
its original form for efficient combustion in power
plants.

It is known that about 80% of the coal produced in
Ukraine has a sulfur content of more than 1.5%, and,
in some cases, it reaches 10%, so the solution to the
problem of its desulphurization requires careful con�
sideration and the creation of new high�performance
technologies allowing obtaining low�sulfur fuel.

The desulphurization process is rather compli�
cated. The sulfur is contained in coal in the form of
pyrite FeS2 or organic sulfur S. To get rid of it in full by
the traditional techniques of enrichment used on an
industrial scale (jigging, heavy�media separators,
hydrocyclones, countercurrent separation, etc.) is vir�
tually impossible. The level of the sulfur content (less
than 1%) is set by environmental standards.

The complexity of the process lies in the fact that
the pyrite is in coal in the form of nodules of various
shapes and sizes. Fine�grained inclusions of pyrite of
less than 100 microns, which are closely related to the
matrix with organic matter, are common in most coal
[2]. For their separation, the matrix should be cut into
a fraction of less than 100 microns followed by the
removal of the pyrite or sulfur particles. The operation
of crushing is the most time�consuming with high
costs of energy and resources.

According to the existing technologies, up to
150 kW h/t is consumed for grinding of the coal to fine
fractions (less than 200 microns) [3], and the grinding
process does not meet environmental standards for
environmental pollution.

In addition, the water–coal suspension obtained by
traditional methods of crushing of the coal cannot be
used as fuel without clearing it from the sulfur. Addi�
tional costs are required for the desulphurization of the
suspensions, since in practice the coal preparation using
traditional technologies based on gravitational effects
for the separation of the combustible mass of the fuel
and the inorganic impurities exhibit low efficiency of
the desulphurization (no more than 15–20%).

The purpose of this article is the generalization of
the results of monitoring the sulfur content in the
components of the WCF at their disintegration with
the use of electric discharges.

The replacement of the mechanisms of mechanical
crushing and grinding of the coal with an electrical
discharge provides the following [4]:

—The subtle disintegration of the coal to a fraction
below 50 microns with a significantly lower cost of
energy (up to 30 kW h/t).

—The decrease of the sulfur content to the standards
of the environmental requirements of less than 1%.

—The activation of the solid and liquid phases due
to the destruction and thermolysis of the water, the
formation in the interfacial environment of H2O2 and
O3 molecules, and the formation of a structural�
mechanical barrier and the stability of the suspension.

The dynamics of the electric discharge disintegra�
tion of coal are that the destruction of the matrix of the
original material occurs on the less solid interfaces of
the organic grains due to the tension and compression
of the matrices by impulsive loads of direct and
reflected waves generated by the electric discharge.
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The whole process of the destruction can be
divided into three stages (Fig. 1):

Stage I—the formation of cracks at the interfaces
between the grains and their development to a critical
state;

Stage II—the liberation of grains and their round�
ing at the expense of breaks of less tough projections;

Stage III—the rounding of grains to sizes of less
than 50 microns and the formation of a precipitate

from the grains destroyed along the boundaries and
fractures.

The dynamics of the electric discharge disintegration
of coal and the formation of the final product in the form
of small rounded particles are confirmed by the micro�
scopic analysis of the final product (Figs. 2 and 3).

From the distribution of the particles in Fig. 3 by
the form factor (the form factor is the ratio of the
smallest to the largest particle size), the vast number of

Stage I Stage II Stage III

Fig. 1. Stepwise electrical discharge disintegration of coal.

Fig. 2. Optical microscopy of particles (×50).

40

32

24

16

8

0
0.510.410.310.01 0.210.11 0.61 0.70 0.80 0.90 1.00

40241467 16 64 3 0 238

Values of the form factor Porosity: 20.64%

Fig. 3. Distribution of coal particles after processing according to the form factor.
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particles (238) have a shape close to spherical, and we
can assume that their further breakage would require a
significant amount of energy. In other words, the
grinding has reached its optimum value.

The electric discharge disintegration of coal occurs in
conjunction with the processes of its desulfurization.

It is known that the fine�grained particles associ�
ated with organic matter and not separated from them
during the separation by density even under laboratory
conditions [5] are the concentrators of many ash
microelements in raw coal. The desulphurization of
fine�grained coal and the removing of an amount of
the ash microelements may be accomplished using
electrical discharge processing.

In the process of the electric discharge desulphur�
ization, part of the organic sulfur is burned at high
temperature plasma as the part of pyritic sulfur settles
to the bottom of the electric discharge disintegrator
and is removed as sludge in the manufacture of water–
coal suspensions. The volume of sulfur can be reduced
from 3.5 to 0.5% as a result of the electric discharge
disintegration of the coal.

Subtle electrical discharge disintegration of coal is
possible due to the controllability of the energy dis�
pensed by optimizing the parameters and modes of the
discharge. The results of five experiments concerning
the complex process of grinding coal and desulphur�
ization are presented in the table.

Since the increase of the energy costs in experiment 5
compared with the experience of 4 does not affect the
fractional composition and the amount of sulfur was
reduced by only 0.1%, the increase in the energy con�
sumption becomes ineffective. Therefore, experiment 4
is considered the most rational and reasonable, and a
further increase in the energy costs is ineffective.

CONCLUSIONS

Electric discharge provides the disintegration and
desulphurization of coal and the production of a stable
water–coal suspension with an energy consumption
3–5 times smaller than at mechanical crushing and
grinding.

The processes of the disintegration and desulphur�
ization were carried out in the complex without violat�
ing environmental standards.

Thus, the electrical discharge disintegration not
only provides the dispersed phase production in the
water–coal suspension but will minimize the emis�
sions of sulfur compounds and a large group of heavy
metals into the atmospheric air.
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Results of the electrical discharge subtle disintegration and desulphurization of coal grade ASh (0–6)

Experience 
number

Source material Energy costs, 
kW h/t

Finished product

Size, mm Sulfur content, % Fraction, mm Sulfur content, %

1 6 3.5 12.0 0.2 2.0

2 6 3.5 16.0 0.1 1.8

3 6 3.5 20.0 0.08 1.2

4 6 3.5 26.2 0.05 0.6

5 6 3.5 29.2 0.05 0.5
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