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INTRODUCTION

Current technologies allow obtaining micro- and
nanoobjects, in particular, in the form of micro- and
nanowires (MNWs). It is difficult to study the electro-
dynamic properties of MNWs due to their microscopic
dimensions. Therefore, the role of noncontact methods
for researching the electrodynamic characteristics of
MNWs developed for the range of superhigh frequen-
cies (SHF) is increasing.

In addition, the use of MNWs for obtaining of
metamaterials is directly related to the practical appli-
cations of these materials, which usually exhibit unique
high-frequency properties (see, e.g., [1–3]). MNWs
serve for the preparation of unique radar absorbent
screens (controlled by external fields). It is also possi-
ble to obtain materials with negative dispersion [4, 5]
and other devices operating in this range of electromag-
netic fields.

In this work, we use theoretical approaches that allow
analyzing the experimental results. Note that these theo-
retical approaches were developed for the first time in
[6], whose results are discussed here. New results that
allow analyzing experiments on studying high-fre-
quency properties of MNWs are obtained as well.

DETERMINATION OF THE WIRE IMPENDANCE 
IN THE ABSENCE OF FREQUENCY DISPERSION 

OF THE MAGNETIC PERMEABILITY

In contrast with a direct current, an alternating cur-
rent in a conductor is distributed nonuniformly over its
cross section; it is concentrated over the surface. This
phenomenon is called the spin effect; it involves a
change in the effective resistance and self-inductance.
Below, we give the solution of the Maxwell equations

for cylindrical conductors; let us start with the primary
analysis of a semiplane.

We shall proceed from the equations for the electro-
magnetic field (Maxwell equation) in the CGS system:

(1)

(2)

where 

 

σ

 

 is the specific conductivity and 

 

μ

 

 is the mag-
netic permeability (

 

c

 

 is the light velocity in vacuum).

The displacement current density in the conductors
is low as compared to the conduction current density;
therefore, in the second equation, neglecting the second
term, we obtain

(3)

For a monochromatic field with the frequency 

 

ω

 

,

(4)

where

In a simplified case, when an infinite uniform con-
ductor occupies the semispace so that its surface coin-
cides with the plane 

 

z

 

 =0, the electric field and, therefore,
the current are directed along the 

 

X

 

 axis: (
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 = 0).
Let 
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 be dependent on the distance from the selected
point of the conductor to its surface and independent
of 

 

X

 

, 

 

Y.
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In this case, it is easy to obtain the equation from (3):

(5)

the general solution of which is as follows:

 

E

 

x

 

 = 

 

Ae

 

kz

 

 + Be

 

–kz

 

.

For this equation (and for the more complicated cases
below), we will use the complex-valued vector 

 

k

 

, the
modulus of which will be denoted by 

 

p

 

:

 

k

 

 = 

 

p

 

(1 + 

 

i

 

).

Let us select only the damped solution

(6)

Using the real part of this solution, we obtain the
solution in the usual form:

(7)

The current density is expressed by the formula

(8)

Hence, while penetrating deep into the conductor,
the electric vector phase varies linearly, and the ampli-
tude decays by an exponential law. In addition, the
main part of the current can be regarded to be localized
in the surface layer with the value

 

δ

 

 = 1/

 

p

 

.

At this depth, the current density is 

 

e

 

 times lower
than the current density near the conductor surface. The
introduced parameters (

 

δ

 

, 

 

k

 

, 

 

p

 

) can be used for the anal-
ysis of cylindrical conductors; the development of the
qualitative behavior of an electromagnetic field is use-
ful for the analysis of a more complicated case. Note
that, for comparison, the mentioned parameters are
often used for nonmagnetic samples (when the mag-
netic permeability 

 

μ

 

 = 1); in this case, we shall denote
them using 

 

δ

 

0

 

, 

 

k

 

0

 

, and 

 

p

 

0

 

.
The alternating current in a cylindrical conductor is

also concentrated on its surface; the effect is stronger at
higher current frequencys. The current concentration
on the surface involves a change in the resistance and
self-inductance; hence, these value variations depend
on the current frequency. If the total current is concen-
trated in the surface layer of a cylindrical wire, then the
resistance of the latter must approach the resistance of
the cylindrical surface having walls of respective thick-
ness (on the order of 

 

δ

 

). As the frequency increases, the
thickness of the conducting layer decreases; therefore,
the conductor resistance must increase. Since the anal-
ysis of the plane is of interest for us only in comparison
with a cylindrical conductor, let us proceed to this case.

Consider a cylindrical conductor with the radius

 

r

 

0

 

 

 

≡

 

 

 

r

 

zh

 

. Let us introduce a cylindrical coordinate sys-
tem, the axis of which coincides with that of the cylin-
drical wire. The direction along the wire axis is taken as

E2
x∇

E2
x∂

z2∂
---------- 2i p2Ex,= =

Ex Be pz– ei ωt pz–( ).=

Ex Be pz– ωt pz–( ).cos=
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the direction of the field 

 

E

 

. The intensity of 

 

E

 

 is equal
to the projection of 

 

E 

 

on the axis 

 

z

 

 in modulus; it
depends on the coordinate

 

 r

 

 only. In this case, equations
of type (3)–(5) are written in the form

(9)

There is only one solution (accurate within an arbi-
trary constant factor) of the equation that remains final
on the wire axis; this solution is called the zero-order

Bessel function of the argument 

(10)

The asymptotic expressions have the following
form: if

 

pr

 

0

 

 

 

� 1, or r0 � δ,

then

(11)

and if

pr0 � 1, or r0 � δ,

then

(12)

The amplitude of the real part of the current density
will increase while moving from the current axis in pro-
portion to

In the case of high frequencies and thick wires pr0 � 1,
an approximate expression can be used:

(13)

At a considerable distance from the wire, this
expression can be extrapolated in the form of (in order
to compare this result with formulas (6) and (7))

(14)

The asymptotic formula for the current will be
expressed as follows:

(15)

As one can see from formula (15), the current density
decreases exponentially while moving from the conduc-
tor surface deep into the conductor; that is, the main part
of the current is localized in the surface layer, which is in
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complete agreement with analogous formula (8). For the
electric field intensity in the general form,

(16a)

(for the sake of convenience, we again use the complex
wave vector k = (1 + i) p = (1 + i)/δ).

For the magnetic field intensity, using the Maxwell
equation (formulae (1), (2)), we obtain

Since

then, finally, for the magnetic field intensity,

(16b)

Note that the same factor const enters the electric
and magnetic field. We can assume that, on the conduc-
tor surface,

In concept, the value of this constant can be
expressed through the electric current I. (The latter is
equivalent to the so-called Leontovich–Shchukin
boundary condition and is not always valid for small
particles).

Let us write the result for the electric-to-magnetic
field ratio, which determines the wire’s complex resis-
tance per unit of length (that is, the complex resistance
of the wire unit length):

(17)

where the notion of the surface resistivity or complex
resistance per unit of length at a constant current is
introduced:

(18)

Equation (17), generally speaking, does not depend
on the boundary conditions; it is rather general for
MNWs.

Formula (17) is of great help for experimental anal-
yses (see, e.g., [6–9]); however, the domain of its appli-
cability is not limited to the magnetic resonance that

often takes place in ferromagnetic materials. Below,
we discuss the theory taking into consideration the fer-
romagnetic resonance (FMR).
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LINEARIZED LANDAU–LIFSHITZ EQUATIONS 
FOR AMORPHOUS FERROMAGNETICS

The ferromagnetic properties of substances are
described by the Landau–Lifshits equation:

(19)

where γ is the gyromagnetic ratio, where  = Hexch +
Hanis + Hext; Hexch = α∇2M; Hanis is the internal field,
which is the anisotropy field and is proportional to the
mechanical stresses and magnetostriction in the case of
amorphous ferromagnetics; and Hext is the external
magnetic field.

To linearize the equation, we consider the system’s
magnetization intensity in the form of a constant and
small variable (time dependent) component:

M = M0 + m(t). (20)

We shall neglect the second-order terms, assuming
that the external field

Hext = H0 + h(t) (21)

also consists of a constant and small variable (time
dependent) component.

Let us present the linearized variant of equation (19)
in Cartesian coordinates by setting

(22)

where the two-component vector –m(mx, my) is intro-
duced.

Thereupon, equation (21) has the form

(23)

Equations (14) can be diagonalized by introducing
coordinates with vectors:

a± = x ± iy. (24)

Using their properties, we obtain for the magnetiza-
tion vector

(25)

Here,

(26)

Let us introduce the resonance and nonresonance
magnetic permeabilities:

(27)

We shall take into consideration the relaxation phe-
nomena replacing ω by   ω – iγ, where γ is
responsible for the ferromagnetic resonance width.
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CYLINDRICAL WAVE DISPERSION 
IN AMORPHOUS WIRES

We shall begin with the rearrangements of the Max-
well equations in a rotating coordinate system. Let us
consider the formula

The first term in the right-hand side of this formula
in fixed coordinates is zero; however, it must be taken
into consideration in a rotating system.

We shall write the Maxwell equation in a rotating
coordinate system:

(28)

The general solution of the equations will be pre-
sented in the form of an eigen-function series of the oper-
ator ∇2 in a cylindrical coordinate system (we choose
only the functions that do not diverge at r  0). These
functions have the form

(29)

where k is the propagation constant.
There is a limiting case of proceeding to formulae

(16a), (16b) when

(30)

Let us present the nabla operator in the form

This operator in a spherical coordinate system is as
follows:

Thereupon, using the relations for the Bessel func-
tions ρ  = –n Jn(ρ) + ρ Jn – 1(ρ),

we obtain

(31)

The introduced nabla operators are analogs of birth
and annihilation operators.

Using the properties of the functions (their orthogo-
nality), we present the expansion of H and B into an
eigen-function series, where the value of the wave vec-
tor parameter K is not determined yet (here, it is pre-
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sented as an undetermined parameter of the problem);
n ranges from 1 to infinity

For the decomposition amplitude, we obtain (intro-
ducing a yet undetermined dimensionless wave vector K)

(32)

For a homogeneous system, a nontrivial solution
takes place only in the case if the system’s determinant
is zero. We obtain the equation for the determination of
the parameter K:

(33)

Hence,

(34)

The dispersion equation with respect to the parame-
ter K, if it is determined, is a binary cubic. Therefore, it
describes three types of dispersion. This is the disper-
sion of fundamental, spin, and surface waves (spin and
surface waves will not be discussed below).

If the characteristic sizes of an object are less than
the wavelength, then (according to the Leontovich–
Shchukin condition) we can introduce the notion of
impedance Z(ω), which characterizes the relation
between the modes E and H at the conductor boundary
in the form

(35)

To find Z(ω), the known boundary conditions are
written; in our case, they are expressed in the form of
the continuity conditions Hϕ and Ez at the conductor
boundary (it is necessary to proceed to a cylindrical
coordinate system). Due to the awkwardness of these
relations, we will not give them here.

Since each n-mode is independent in a linear
approximation,

(36)
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Note that En and Hn are related by the Maxwell
equation and the external field En = Hn. For the com-
pleteness of the problem, we shall set the vector Bn, r
(or Mn, r) at the boundary taking into account the sur-

face magnetism:  –  = 0, K' =  and KS is

the surface magnetism anisotropy (A is the exchange
interaction).

We obtain the solution for Zn:

where

Therefore,

The coefficients A, B, …, X, Y have the form

If we neglect all the modes j except for the principal
uniform resonance, then

In the case when the skin layer is much less than the
radius, we can obtain the known formula for a plane,
when

Z ~ ρk,

where

It is this approximation that was used for the basic
research of FMR using standard microwave spectro-
scopes.

We will discuss the influence of spin and surface
waves on the resonance in a separate paper.

CONCLUSIONS

(i) The skin-effect theory is discussed using the
example of a ferromagnetic material taking into
account the FRM in the case of cylindrical samples.

(ii) The theoretical dependence of the wave resis-
tance of the MNWs on their magnetic permeability,
electromagnetic field frequency, conductivity, and wire
radius is obtained.

(iii) The result allows analyzing experiments on
studying the high-frequency properties of ferromag-
netic MNWs, which is an extremely important problem
in terms of studying the magnetic properties of
metamaterials.
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Electrolytic coatings characterized by such func-
tional properties as high corrosion resistance to hostile
environments at high temperatures, high strength, high
wear resistance, etc., have been extensively used in var-
ious branches of industry. Electrolytic chromium coat-
ings satisfy to a greater extent the above necessary set
of requirements. However, the technological conditions
of their obtaining from solutions that contain hexava-
lent chromium are considered to be ecologically
destructive ones; hence, a number of the European
Commission’s directives place restrictions on the
industrial application of this technology [1, 2].

As was shown in [3], the Co–W alloy electrolytic
coatings obtained from citrate solutions close to neutral
are found to be the most appropriate ones to replace
chromium coatings. An obligatory condition of the lat-
ter is the investigation of the various functional proper-
ties of such coatings along with the detailed examina-
tion of the optimal conditions for their realization. As is
shown in [4], the unique character of the corrosive and
mechanical properties of such coatings may be
explained by the fact that they are crystalline (the char-
acteristic size of the crystallites ranges within several
nanometers). It has been noted repeatedly that the func-
tional properties of such coatings depend to a great
extent on the alloy composition, first of all, on the tung-
sten content [3–7].

It is known that the cobalt–tungsten coatings
obtained from citrate solutions are referred to the cate-
gory of coatings whose electrodeposition occurs due to
the so called induced codeposition. The general proper-
ties of these processes have been examined for the dep-

osition of various metals of iron groups with molybde-
num, tungsten and rhenium [8–11]. Their characteristic
peculiarity is that the composition of such coatings and,
hence, their properties depend on the hydrodynamic
conditions of the deposition. Concerning the cobalt–
tungsten coatings obtained from citrate solutions, this
has been demonstrated, in particular, by [7]. However,
the results obtained in [7] are only qualitatively indica-
tive of the role of the hydrodynamic conditions in
obtaining cobalt–tungsten coatings by induced elec-
trodeposition, since the hydrodynamic conditions used
in this work were not, strictly speaking, controllable
ones.

Our series of papers, the first of which is the present
one, deal with the experimental investigation of the
deposition processes under controllable hydrodynamic
conditions and the application of a rotating cylindrical
electrode (RCE) and also of a so called Hull’s cell with
RCE [10–13]. The purpose of this series of papers is not
only the development of the fundamentals of the mech-
anism of the induced codeposition of cobalt–tungsten
alloys but also the study of the influence of the hydro-
dynamic conditions of the deposition on the technolog-
ical characteristics of the coating, for example, such as
the micro- and macrodistribution of the deposition
rates, as well as the composition and functional proper-
ties of the surfaces being obtained.

The present paper is devoted to the research of the
role of the hydrodynamic conditions in the electrodepo-
sition process of cobalt from a citrate solution as the
main process, the result of which is the deposition of an
alloy because tungsten fails to be deposited from aque-
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ous solutions without cobalt or other iron group metals
being deposited [8, 9, 12].

METHODS OF INVESTIGATION

 

The Electrolyte Composition and Its Peculiarities

 

In papers [4–7, 15], there was used an electrolyte for
the deposition of cobalt–tungsten alloys of the follow-
ing composition (mol/l): Na

 

2

 

WO

 

4

 

—0.2; CoSO

 

4

 

—0.2;
C

 

6

 

H

 

8

 

O

 

7

 

 (citric acid)—0.04; Na

 

3

 

C

 

6

 

H

 

5

 

O

 

7

 

 (sodium cit-
rate)—0.25; H

 

3

 

BO

 

3

 

—0.65 (pH = 6.6). The deposition
temperature equaled 60

 

°

 

C. It is these conditions that
will be used in the series of papers, the first of which is
the present paper. However, taking into account the aim
of the present paper, there was used an electrolyte of the
above composition but without sodium tungstate with
the pH being varied in the range of 4–7. In some cases,
for the purpose of comparison, there was used an aque-
ous solution of CoSO

 

4

 

 of the electrolyte concentration
but with no citrate, citric, or boric acids.

The electrolyte containing cobalt citrate and boric
acid was studied for the Co(II) content by means of
potentiometric titration using a solution of K

 

3

 

[Fe(CN)

 

6

 

]
with a tungsten electrode [16]. The method is based on
the reduction of the ammonia complex Co(II) using a
solution of Fe(III). The determination was performed in
the range of pH values from 4 to 7. This was correlated
with the fact that the pH of the initial solution of the
cobalt citrate complex with the boric acid equaled 4.95
and, after the sodium tungstate addition to it (of the
concentration relevant to the one of the electrolyte), it
made up 6.8. The pH was varied by the addition of both
the ammonium solution and NaOH. As will be shown
below, the essential changes of the Co(II) concentration
values were not determined due to the method of the pH
varying failing.

Both the aqueous solution of the cobalt sulfate and
the citrate solutions at various pH values were studied
by the measurement of the absorption spectra in the vis-
ible region with an SF46 spectrophotometer. 

 

The elec-
trochemical measurements

 

 were performed by making
use of the RCE from steel St3, the design of which is
presented in Fig. 1. The height of the RCE operation
surface 

 

h

 

 equaled 15 mm with its radius 

 

r

 

 being 5 mm.
The RCE of the visible area made up 4.7 cm

 

2

 

. The
remaining part of the area was insulated. The insulation
diameter 

 

a

 

 at the upper and bottom parts equaled
22 mm. The insulation height 

 

l

 

 = 25 mm.
Prior to the electrodeposition, the surface was

coated by a layer of nickel from an electrolyte that com-
prised nickel chloride (hexaqueous) with a concentra-
tion of 240 g/l and chlorohydric acid with a concentra-
tion of 80 g/l. The electrodeposition duration was 1 min
at a current density of 30 mA/cm

 

2

 

. The very technique
of obtaining the cobalt–tungsten coatings on steel (with
a nickel underlayer coating) was used earlier [4–7]. It
was also applied in the series of experiments discussed
in the present paper for the cobalt electrodeposition.

The deposition temperature of all the experiments here-
inafter described, except for specified cases, equaled
60

 

°

 

C.

The speed of the RCE rotation varied from 0.3 to
165 rpm. As will be shown below, the rotation speeds
varying from 0.3 to 11 rpm actually produced no
changes in the electrochemical characteristics of the
deposition, and, at higher values, there was observed an
influence, for example, on the potential of the deposi-
tion at a fixed current or on the current density at a fixed
potential. Evidently, the reason lies in the RCE attain-
ing certain Reynolds numbers. The turbulent regime is

known to be reached at the RCE when Re =  =

~200 (

 

ω

 

 is the cylinder rotation frequency, s

 

–1

 

; 

 

r

 

 is the
RCE radius; and 

 

ν

 

 is the kinematic viscosity, cm

 

2

 

/s)
[11–17].

For the purpose of the calculation the Reynolds cri-
terion, there was determined the kinematic viscosity of
the examined electrolyte at 60

 

°

 

C, which turned out to
be 0.72 

 

×

 

 10

 

–2

 

 cm

 

2

 

/s for the electrolyte with sodium
tungstate and 0.63 

 

×

 

 10

 

–2

 

 cm

 

2

 

/s for the electrolyte with-
out sodium tungstate. This implies that the transition to
the turbulent flow regime (characterized by the equal
availability of the electrode surface along its plane at a
diffusional regime and the known calculation ratios for
the definition of the thicknesses of the hydrodynamic

ωr2

ν
--------

 

l

r

h

a

l

 

Fig. 1.

 

 The RCE scheme (see the text for the details).
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boundary layer and the limiting diffusional currents
[11, 17]) is expected to be observed at the rotation
speeds of the cylindrical electrode of 45–50 rpm.

In the process of the RCE, the application the poten-
tiodynamic polarization curves was registered at vari-
ous rotation speeds, which were taken down at the
potential applying rates from 1 to 100 mV/s. This was
performed at the potential variation from stationary to
–(1.4–1.5) V. During all the measurements, there was
used a saturated silver–chloride electrode as the com-
parison electrode, the measured (or preset) values of
which were recalculated for the hydrogen scale. All the
values presented below correspond to the potentials in
relation to the hydrogen electrode. Along with the
potentiodynamic dependences, there were also fixed
the dependences of the current density on the time at a
fixed potential, including the use of a tungstateless elec-
trolyte with various pH values.

A 10 mm thick 60 

 

×

 

 40 mm graphite plate was the
anode. There were two variants of the measurements:
with separated and nonseparated anode and cathode
spaces. In the first case, the anode was located in a sep-
arate cell connected with the cathode by a salt bridge
filled with a 20% sodium sulfate solution.

Initially, in order to determine the region of poten-
tials in which the deposition occurs, the potentiody-
namic polarization curves at a temperature of 20

 

°

 

C and
the rate of the potential applying of 100 mV/s in a
nonagitated solution were fixed, while making use of
three kinds of electrolytes: the electrolyte containing
only sodium tungstate (electrolyte I), the electrolyte
containing only cobalt sulfate (electrolyte II) and the
electrolyte containing both tungstate and cobalt sulfate
(electrolyte III). All the remaining electrolyte compo-
nents and their concentrations remained constant (they
are presented above). The corresponding polarization
curves are illustrated in Fig. 2.

The basic electrolyte being examined in the present
paper was electrolyte II. Subsequent publications will
comprise the investigations of the composition and

properties of the electrolytic coatings obtained from
electrolyte III.

One can see that, in the electrolyte containing cobalt
sulfate in a citrate solution, in the region of the poten-
tials of –(0.9–1.3) V, there are observed the currents of
reduction missing in the solution that contains only
tungstate. The current densities in this region of poten-
tials increase significantly in electrolyte III. In other
words, the results presented in Fig. 2 clearly show the
effect of the induced reduction revealed in this solution
in the interval of potentials of –0.9 V and above that.

In the same region of potentials, there was defined
the current efficiency of the cobalt electrodeposition
fixed by the specimens’ weight increase after a certain
quantity of the electricity was applied. The value of the
transferred charge was measured on the basis of the
integration of the current–time curves at the potentio-
static mode. Since there were used solutions with vari-
ous pH values and the deposition was carried out at var-
ious rotation speeds, for which the current density val-
ues differed greatly, the values of the weight change
were various (occurring, among other factors, due to
the different values of the current efficiency), ranging
from 10 to 60 mg.

 

The morphology of the obtained surface

 

 was
observed by means of a scanning electron microscope
(TESCAN VEGA).

RESULTS AND DISCUSSION

 

The cobalt state in the solution 

 

As follows, for example, from [18] (see also [19]),
there may occur various forms of cobalt citrate com-
plexes (along with hydrated Co(II)) with regard to the
cobalt and citrate concentration in the solution (and
their ratios as well). The ratio of the various cobalt
forms significantly changes with the pH varying. In the
acidic solution, the hydrated cobalt ion concentration is
maximal, while, in the solutions close to neutral, that of
[CoCit]

 

–

 

 [18] prevails.
The probability of various cobalt complexes’ exist-

ence in the solution being explored is confirmed by the
potentiometric titration results (Fig. 3). It is evident that
the cobalt concentration determined by means of the
potentiometric titration method [16] corresponds to the
analytical concentration only up to pH values of about
5.5. With the pH increase to 7, the measured concentra-
tion decreases by several times. It should be empha-
sized that the change (with the pH increase) of the
cobalt concentration being determined is irrespective of
the kind of the added solution; this change may be pro-
vided by ammonia or NaOH (Fig. 3).

This is worth noting, since the potentiometric deter-
mination method of cobalt [16] is based on its ammonia
complex oxidation by a solution of K

 

3

 

[Fe(CN)

 

6

 

]. 
The probability of the origination of different forms

of complex cobalt compounds at various pH values has
been confirmed by the investigation results of the solu-
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, V
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Fig. 2.

 

 Voltamperograms obtained in electrolytes I (

 

1

 

), II (

 

2

 

),
and III (

 

3

 

) for the RCE at a rotation speed of 0 rpm and a tem-
perature of 20

 

°

 

C. The potential change rate is 100 mV/s.
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tions’ absorption spectra (Fig. 4, the thickness of the
utilized vessels was 0.1 cm). Figure 4 presents the
absorption spectra of the aqueous solutions of pure
cobalt sulfate along with the spectra in the presence of
a blend of sodium citrate and citric acid at various pHs.
One can see that, on the addition of the complex-form-
ing agents’ blend at pH 4, the character of the spectrum
(curve 

 

2

 

) actually remains unchanged. The absorption
peak found observed in the region of 510–530 nm for
the cobalt sulfate (curve 

 

1

 

) shifts to the long wave
region by 10 nm with increasing absorption intensity.
Such kind of behavior may be indicative of the forma-
tion of a low-molecular dimeric complex with a citrate
ion, as described in [20].

With the pH increase to 7, the solution coloring
intensity grows and the color changes from red-violet
to lilac dark blue. These changes are distinctly exhib-
ited by the sharp modifications of the absorption spec-
trum character (curve 

 

3

 

). The peak at 520 nm changes
its form and shifts still further to the long wave region,
and the absorption intensity increases. In the region of
680–780 nm, there appears a wide peak of medium
intensity. The occurrence of such a kind of broadened
peaks testifies to the formation of polynuclear poly-
meric compounds in the solution, similar to the ones
described in [21, 22].

Thus, it seems evident that, in the investigated solu-
tion, cobalt may exist in various kinds of forms at the
pH varying with these forms not being limited to only
low-molecular complexes, as was expected on the basis
of the data presented in [18, 19] in particular. The prob-
ability of the existence of the cobalt polymer com-
pounds, which is indicated by the absorption peak in
the region of 680–780 nm, was qualitatively shown by
us in the experiments on the gel-filtration separation of
the solution components. The results of these experi-
ments will be presented in an independent report.

In [7], it was shown that, in the citrate electrolyte, in
the presence of sodium tungstate, the absorption spec-
trum was similar to the one introduced in Fig. 4 (curve 

 

3

 

).
Taking into account that, when tungstate is added in a
concentration relevant to its content in obtaining the
cobalt–tungsten coatings (pH changes up to 6.8–7), the
formation of the polymer complexes may also be
observed at the citrate electrolytes’ application used for
obtaining such coatings.

 

Elecrodeposition at Low Current Densities (Potentials) 
The oscillatory deposition-passivation process

 

The electrodeposition in this region of the potentials
differed greatly with respect to the fact whether or not
it occurred under conditions of nonseparated (Fig. 5) or
separated anode and cathode spaces (Fig. 6). Moreover,
the oscillatory process being observed here took place
only in the case of relatively low rates of the potential
modifications (in particular, at 1 mV/s). At high rates,
for example, 100 mV/s, it failed to be registered.
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0
4 5 6 7

pH

 

Fig. 3.

 

 The dependence of the cobalt (II) concentration in the
citrate solution on the pH obtained by potentiometric titration
at its analytic concentration of 0.2 mol/l in the solution.
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 The absorption spectra of the aqueous solutions of
cobalt sulfate (

 

1

 

); CoSO

 

4

 

 + citric acid + sodium citrate at
pH ~ 4 (

 

2

 

); and the same at pH ~ 7 (

 

3

 

).
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Fig. 5.

 

 Voltamperogram obtained in electrolyte II at the RCE
rotating at a speed of 45 rpm at a 1 mV/s change of the rate in
a cell with nonseparated electrode spaces.
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Although electrodeposition in this region of the poten-
tials is actually not realized, the research of the occur-
ring processes is of great importance, since the macro-
distribution of the electrodeposited layers’ thicknesses,
i.e., the throwing power of the electrolytes, depends on
the rates of the reactions in this region.

From the curves in Fig. 5 and Fig. 6, one can see
that, when the potential shifts from its stationary value
to the cathode direction, there arise periodic sharp
peaks of the anode current at the various RCE rotation
speeds. The frequency of such oscillations increases
with the cathode potential growth and their amplitude
decreases (Fig. 6). Since, at the separated anode and
cathode spaces, this effect vanishes, one may assume
that it is caused by the cathode reduction of the dis-
solved oxygen, whose concentration sharply rises
under the conditions of its anodic generating. It is
known indeed that the final products of the dissolved
oxygen reduction are OH

 

–

 

 ions:

O

 

2

 

 + 2H

 

2

 

O + 4e = 4OH

 

–

 

. (1)

The abrupt alkalization of the solution may cause
the anodic dissolution of the depositing cobalt (or
nickel which serves as a substrate for the cobalt deposi-
tion) according to the following reactions:

Co + 2OH

 

–

 

 = Co(OH)

 

2

 

 + 2e, (2)

Ni + 2OH

 

–

 

 = Ni(OH)

 

2

 

 + 2e. (3)

The normal equilibrium oxidation–reduction poten-
tials for reactions (2) and (3) relatively equal –0.73 and
–0.72 V [23], and considering the alkalization due to
reaction (1), the equilibrium potential may shift
towards even greater cathode potentials. However, the
dissolution (in the region of the cathode potentials) of
cobalt (or a nickel substrate) according to reactions (2)

and (3) leads to the formation of a cobaltic (nickel)
hydroxide dead layer at the surface, further inhibiting
the dissolution.

With a further shift of the potential towards the cath-
ode region at this layer, the oxygen reduction will be
observed again and the process reiterates. At the poten-
tials exceeding –0.8 V, together with the oxygen reduc-
tion, there will occur Co(II) reduction, which will cause
the amplitude decrease of the anode oscillations and
their frequency growth actually up to the oscillatory
process’s total termination (see Fig. 6). It is evident that
the occurrence of these processes should lead to the
output decrease of the electrodeposition current.
Indeed, at the potential –1.0 V, the current efficiency
with the rotation speed of 85 rpm amounted to only
38% at the nonseparated anode and cathode spaces with
the electrolyte pH being 7.

It is evident that, under these conditions, along with
the electrodeposition of cobalt, there occurs the process
of its corrosion with the oxygen depolarizing.

The current efficiency with the electrolyte pH being 7
(at the same potential value but with separated anode
and cathode spaces) turned out to be even lower (24%),
and it remained constant at the RCE rotation speed
varying from 11 to 165 rpm. It is no wonder, since, with
the cathode current being registered at this potential
and with the nonseparated anode and cathode spaces,
the share of the anodic constituent is great (Figs. 5, 6).

Thus, the electrodeposition of cobalt from the citrate
solution at low current densities is accompanied by the
electrodeposited layer corrosion with the oxygen depo-
larizing, due to which a significant decrease of the elec-
trodeposition current efficiency takes place. It is evi-
dent that the current efficiency should increase at the
potential shift to the cathode region (current density
increase), since the influence of the corrosive processes
will be diminished.

 

Hydrodynamics and Electrolyte pH Effect 
on the Cobalt Deposition Rate

 

Figure 7 illustrates the current–time dependences
for the RCE at the rotation speed of 165 rpm (Re = 685)
for the citrate solution being studied at pH = 4 and
pH = 7 at the separated anode and cathode spaces under
the potentiostatic conditions (the potential equals –1.0 V).

There are at least three peculiarities of the obtained
dependences. The first one consists in the fact that the
achievement of the current’s stationary value is
observed after applying a considerable amount of elec-
tricity. For example, for the electrolyte with pH = 4,
after applying about 5 C/cm

 

2

 

 with 70% current effi-
ciency, it is relevant to the layer thickness on the order
of 1 

 

μ

 

m (Fig. 7). The second one consists in the signif-
icant influence of the pH on the deposition rate. At
equal rotation speeds and a fixed potential, the electro-

 

0

–0.6 –0.8 –1.0 –1.2

–0.01

–0.02

–0.03

–0.04

 

I

 

, A

 

E

 

, V

0.6
–0.6 –0.7 –0.8

0
0.2

 

I

 

, 10

 

–2

 

A

 

E

 

, V

0.2
0.4

 

Fig. 6.

 

 Voltamperograms obtained in electrolyte II at the RCE
rotating at a speed of 11 rpm at a 1 mV/s change of the rate in
the cells with separated (

 

1

 

) and nonseparated (

 

2

 

) electrode
spaces. In the insert, there is shown a fragment of the volta-
mperogram at the potentials close to stationary.
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lyte current density with pH = 4 increases more than
twofold at one and the same cobalt concentration in the
solution. Finally, the third one consists in the presence
of the chaotic current oscillations, which confirms, on
the one hand, the RCE turbulent character of the flow at
the Re numbers being used and, on the other hand, it
points to the presence of a concentration limit of the
deposition rate. As is shown, for example, in [24], it is
the presence of the chaotic current oscillations at a tur-
bulent mode of the flow that is considered to be the
qualitative characteristic of the diffusion rate limitation
in the electrochemical process.

The results represented in Fig. 8 clearly demonstrate
the rotation speed influence on the deposition current
density. In this figure, it is shown by how much the cur-
rent value increases versus the RCE rotation speed
growth. One can see that, until the rotation speed
reaches 11 rpm (i.e., until Re ~ 50), the rate of stirring
produces no effect on the current value (the current
density value).

Attention should be paid as well to a certain pecu-
liarity of the observed dependences. After the potentio-
static mode is on, a sharp current drop is detected, and,
only after applying a current quantity of about 5 C/cm2

(see also Fig. 7) is the stationary current value reached.
The obtained results allow one to assume that the con-
centration limits of the deposition rate are not the only
reason for the rate limitation of the process. Actually,
immediately after the current (potential) mode is on,
there arises a considerable barrier to the current flow,
and the establishment of a stationary diffusion limited
current is found to be reached only after the formation
of a fairly thick layer of the coating.

The dependence “stationary current density–poten-
tial” in this region of potentials is linear in the coordi-
nates i–E (Fig. 9). In other words, the most probable
reason for the limitations is the formation (at the initial

moment of the deposition) of a film, the charge transfer
through which has an ohmic nature.

In this region of potentials, the current efficiency
increases with the current density (the potential) growth
and attains more than 70%, which is considerably
higher than at the neutral medium deposition. Thus, the
pH decrease to pH ~ 4 leads not only to the increase of
the deposition current density but also to the growth of
the current efficiency (Fig. 9). This can be reasonably
explained by the fact that the current density increase
causes the decrease of the corrosion processes’ contri-
bution.

The data presented in Figs. 7–9 relates to the exper-
iments with the separated anode and cathode spaces.
However, the influence of the stirring rate on the depo-
sition current density occurs in the case of nonseparated
electrode spaces as well (Fig. 10). It should be noted
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Fig. 7. The dependence of the cobalt electrodeposition cur-
rent from electrolyte II at pH = 7 (1) and pH = 4.4 (2) on
time in the potentiostatic conditions (E = –1.0 V) at the RCE
rotating at a speed of 165 rpm (Re = 685) in a cell with sep-
arated anode and cathode spaces.
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Fig. 8. The dependence of the cobalt electrodeposition cur-
rent on the time in the potentiostatic conditions (E = –1.0 V)
in electrolyte II with pH = 4.4 for the RCE rotating at vari-
ous speeds of rotation in a cell with separated anode and
cathode spaces.
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Fig. 9. The dependence of a stationary value of the elec-
trodeposition current density and the current efficiency on
the potential of the RCE rotating at a speed of 165 rpm in
electrolyte II at pH = 4.4 in a cell with separated cathode
and anode spaces.
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that, for the sake of a more distinct picture, there were
removed the anode oscillations in Fig. 10, the origin
nature of which was discussed above.

The Morphology of the Electrodeposited Surfaces

It was remarked above that the solution pH change
provokes a cardinal modification of the composition of
the cobalt citrate complexes being formed, which, in
turn, changes the electrodeposition rate. In the acidic
solutions, the rate of the deposition (together with the
current density and the current efficiency) is consider-
ably higher than in the neutral ones at one and the same
cobalt analytic concentration. A lower deposition rate
in the neutral medium leads to the formation of more
compact coatings (Fig. 11). In the acidic medium, the
coatings are found to be more incoherent (Fig. 12). At
the same time, the degree of “compactness” is enhanced
with the cathode potential increase (Figs. 11, 12).
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Fig. 10. Voltamperograms obtained from electrolyte II with
pH = 6.7 at the potential rate change of 1 mV/s in a cell with
nonseparated anode and cathode spaces at the following RCE
rotation speeds (rpm): 11 (1), 45 (2), 85 (3), 165 (4).

(a) (b)
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(c)
10 μm 10 μm

Fig. 11. Images of the RCE surfaces obtained by the scanning electron microscopy after the electrodeposition from electrolyte II at pH = 7
in a cell with nonseparated anode and cathode spaces at a rotation speed of 85 rpm and the following potentials (V): –0.95 (a); –1.0 (b);
–1.05 (c).

(a) (b)
10 μm 10 μm

Fig. 12. The RCE pictures of the surfaces obtained by the scanning electron microscopy after the electrodeposition from electrolyte II at
pH = 4.4 in a cell with separated anode and cathode spaces at a rotation speed of 165 rpm and the following potentials (V): –1.0 (a);
–1.1 (b). 
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CONCLUSIONS

The results of the above experiments show that the
composition of the cobalt citrate complexes in the elec-
trolyte for the electrochemical deposition of cobalt–
tungsten coatings depends to a great deal on the pH. In
the neutral medium (unlike the acidic solutions), the for-
mation of polymer complexes is found to be possible.

The change of the complexes’composition leads to
the deposition rates varying in the controllable hydro-
dynamic conditions. In the acidic solutions, the deposi-
tion rate (together with the current density and the cur-
rent efficiency) significantly exceeds the one observed
in the neutral media at the similar RCE rotation speed
and the same potential. It was demonstrated that the
current efficiency decrease at low densities of the cur-
rent was due to corrosion upon oxygen depolarization,
owing to which in the systems with nonseparated anode
and cathode spaces the anodic oxygen liberation may
influence the cathode process. There was detected an
oscillatory process at the potentials close to stationary
and its mechanism is offered.

It is demonstrated that the hydrodynamic conditions’
influence (the increase of the deposition current density
with the RCE rotation speed growth) is observed only at
relatively high Re numbers (Re ≥ 200), and it takes place
at fairly great thicknesses of the electrodeposited layer.

The linear dependence between the current density
and the electrodeposition potential suggests the proba-
bility of the formation of a film at the initial period of
the deposition.
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INTRODUCTION

The surface strength of materials may be improved
not only as a result of perfecting their physical and
mechanical properties’ but also due to modifying their
processing with the deposition of protective and
strengthening coatings using concentrated sources of
energy, e.g., rod-shaped electrode electrospark process-
ing (ESP) in a gas medium.

It is known [1 and 2] that the highest energy concen-
tration in a heated spot is the energy of electric spark
pulses used as a metal treatment tool.

According to the data of the Melitopol plant of trac-
tor hydraulic aggregates (MePTH, Ukraine), the ware
resource of reconditioned hydraulic control valves of
the P75/80 type and the hydraulic system of the wheel-
and track-type tractors of over 180 modifications and
equipping more than 350 thousand tractors of the MTP,
YuMP, T-150, DT-75, KhTP-120 to 3510, and T-4 types
is two–six times lower compared to the new ones.
Therefore, an urgent problem of the resource conserva-
tion is the wear resistance improvement of the recondi-
tioned joint assemblies by means of technologies that
provide 100% of the ware resource of the hydraulic
control valves after their being reconditioned.

METHODS OF INVESTIGATION

The aim of the present investigation is to study at the
surface of steel 20H the phase composition, the micro-
structure and microhardness, the dimensions of the
grains (crystallites), and the physical and mechanical
properties of nanocomposite coatings resulting from
EST with compact rod-shaped electrodes of 65G and
Sv08 steels.

In the present work, the spool landing of the hydraulic
valve P-75 was used as the base surface. It is a 25 mm
cylinder made of steel 20H (HRC 56–63) that was ESP
coated with 65G and Sv08 steels. The choice of the mate-
rials was motivated by their practical merits [1].

The electrospark processing was carried out at the
turning machine (Fig. 1) by an Elitron-22 device in the
fifth energy mode (the discharge energy was 

 

W

 

 = 1.66 J,
the number of pulses was 

 

n

 

 = 100 Hz) [1]. The measure-
ment of the coating thickness was performed by a pass-
meter within accuracy of 2 mm. The mass was measured
using an analytical balance (VL-200).

The processed workpiece–cathode for the preset
mode of operation rotates at a constant rate. The elec-
trode–anode rotating at a frequency of 50 s

 

–1

 

 is brought
into proximity with it. After which, the longitudinal
feed of the electrode (at rates of 0.08, 0.114, 0.193, and
0.26 mm/rot.) is turned on at the machine.

Metallographic investigations of the specimens’
coating were carried out after their being processed at
the grinding-and-polishing machine “METKON
GRIPO 2V” with a “METAM PB-21” microscope and
a “DURAMIN-5” microhardness tester. Triboengineer-
ing testing of the friction couple “slide valve–framing”
were performed according to the scheme “roller–pad”
at a “CMT-1” friction machine in the mode of “on the
brink of sticking” and in conditions of the boundary
friction according to State Standard 23.224-86 [1].

The properties of the coating were studied by the
diffraction method with a “DRON-5M” diffractometer
in Cu K

 

α

 

 doublet radiation. The processing of the
X-ray spectra was carried out according to the standard
program PDW 4.0 (SPA “Burevestnik”).
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RESULTS AND DISCUSSION

The results of the measurement of the mass weight
gain of the specimens are presented in Fig. 2, which
shows that the change of the mass falling within the unit
of the processed surface at the velocity variation of the
electrode feed is of nonlinear character.

The loss of the mass weight gain of the detail can be
explained by the fact that, with the increase of the elec-
trode feed velocity, there occurs the reduction of the
time for the work-piece surface processing, or, in other
words, within a unit of time, there is performed a lesser
quantity of single acts of transfer.

The dependency of the coating thickness (Fig. 3)
upon the feed velocity is similar to the mass change
(Fig. 2), except that, beginning with the feed velocity of

 

s

 

 

 

≥

 

 0.114 mm/rot, the coating layer deposited by the
steel 65G electrode becomes thicker than that obtained
by the Sv08 steel. The correlation between the coating
thickness and the mass weight gain is actually linear,
which is indicative of the relative homogeneity (the
equality of the average density) of the coating.

The nonlinearity of the correlation between the
coating thickness and the electrode feed velocity can be
explained by the fact that the dependency of the pro-

cessing time on the feed velocity has an inverse charac-
ter. The specimen’s mass weight gain decrease with the
feed velocity increase leads to the coating thickness
reduction.

The X-ray exposure was performed at the speci-
men’s side surface. The distortions of the diffraction
picture caused by the specimen’s surface irregularity
were eliminated by means of the crevices selection.

The X-ray diagrams of the surfaces obtained with
the 65G and Sv08 electrode materials are depicted in
Fig. 4.

The fluctuation of the background line results from
the surface irregularity. The phase structure of the
examined coatings corresponds to the 

 

α

 

-Fe phase with
inclusions of iron oxide Fe

 

3

 

O

 

4

 

. The phase of the iron
carbide was not detected.

The half-width of the reflections increases with the
feed velocity growth (see the table), which is indicative
of the increased disordering of the coating structure.

The widening of the reflections resulted from the
small sizes of the grains, the distortions of the crystal-
line structure, and the inhomogeneity and was propor-
tional to sec

 

θ

 

, tan

 

θ

 

, and sin

 

2

 

θ

 

/cos

 

θ

 

, correspondingly,
due to which one can distinguish three types of widen-
ing. In the present paper, the parameters of the coating
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Fig. 1.

 

 The principal operation scheme of the experimental device “BIG-3” for reconditioning of cylindrical external surfaces in the
mechanized mode. 

 

1

 

—generator “

 

Elitron-22B

 

”; 

 

2

 

—the chuck of the turning screw-cutting machine; 

 

3

 

—a processed workpiece;

 

4

 

—the machining head.
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 The specimens’ mass varying versus the electrode
feed velocity.
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 The coating thickness versus the feed velocity.



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 45

 

      

 

No. 6

 

      

 

2009

 

THE PROPERTIES OF NANOCOMPOSITE COATINGS 457

 

substructure were calculated according to lines 110 and
211 of the 

 

α

 

-Fe phase [3].

According to the standard technique using the
method of approximation, it was defined that, for all the

specimens, the relation of the physical widening  is

less than the relation  Hence, the widen-

ing itself mainly results from the crystallite dispersion
and the coating inhomogeneity [4].

In the diffraction experiment, the average crystallite
size is determined by the Warren formula:

,

where 

 

k

 

hkl

 

 is the Scherrer constant, the value of which
depends on the crystallite form, the domain, and on the
indices (hkl) of the diffraction reflection; 

 

λ

 

 is the X-ray
wave length; 

 

θ

 

 is the X-ray beam tilt angle at the specimen

(Bragg’s angle); 

 

β

 

 =  is
the diffraction reflection widening; and FWHM

 

R

 

 is the full
width of the diffraction line at the half-height, which is
measured at a homogeneous specimen with a 1–10 

 

μ

 

m
size of the particles.

β211

β110
---------

Θ211sec
Θ110sec

------------------- 5.3.≅

D〈 〉
Khklλ

2 θβ θ( )cos
---------------------------,=

FWHV Mexp( )2 FWHMR( )2–

 

The X-ray diagram analysis (Fig. 4) showed that,
with the feed velocity increase, the average size of the
grain decreases.

The above effect is characteristic for both of the
coatings being examined and is correlated with the
reduction of the specimen processing time falling
within the surface area unit (the time of the thermal
action on the coating being formed is reduced, and the
clusters’ formation is retarded).

The size of the crystallite clusters irrespective of the
electrode feed mode are smaller at the coating formed
by the 65G electrode than at the coating deposited by
the Sv08 electrode (Fig. 5). This occurs due to the fact
that the white layer of the steel 65G coating has a mar-
tensitic structure with strengthening phases; therefore,
the microtensions in the substance structure are higher
than in the coating formed by the Sv08 wire.

In the zone of the electrode contact with the surface
of the detail being processed, the discharge temperature
attains 10

 

4

 

 K. Since the specimen is rather massive,
there occurs rapid heat transfer from the surface and,
hence, there takes place the local hardening of the
transferred substance. The process of the coating depo-
sition causes the entire specimen’s heating. Later on, it
gradually gets cooler down to the room temperature;
therefore, there occurs the specimen’s drawback.

In order to determine the character of the influence
of the structure change on the mechanical properties of
the specimens’ surface, there were carried out metallo-
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 X-ray diagrams of the coatings obtained at a feed velocity of 0.08 mm/rot. (

 

1

 

) and (

 

3

 

) are the reflections of iron oxide Fe

 

3

 

O

 

4

 

,
(

 

2

 

) is the reflection (110) of 

 

α

 

-iron, (

 

4

 

) is (200), and (

 

5

 

) is (211). (a) the steel 65G electrode; (b) the steel Sv08 electrode.

 

Half-width of reflections 110 and 211

Electrode—steel 65G Electrode—steel Sv08

feed velocity,
 mm/rot

half-width 110, 
degrees

half-width 211, 
degrees

feed velocity, 
mm/rot

half-width 110, 
degrees

half-width 211, 
degrees

0.080 0.492 0.990 0.080 0.447 0.937

0.114 0.535 1.044 0.114 0.480 1.059

0.193 0.610 1.219 0.193 0.501 1.013

0.260 0.635 1.269 0.260 0.599 0.987
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graphic investigations. Figure 6 depicts pictures of
transverse metallographic specimens. As follows from
Fig. 6, the coating consists of three layers: 1—the
deposited layer (the white layer); 2—the thermodiffu-
sion layer; 3—the substrate material (Fig. 7). The ther-
modiffusion layer’s thickness equals 1/2 to 3/4 of the
white layer. It is found to originate in the zone of the
highest thermal action of the ESP on the substrate.

The coatings are highly irregular and inhomoge-
neous. In the picture, one can distinctly see the pores
and oxides. With the electrode feed velocity increase,
the coating becomes less defective.

The white layer’s structure changes starting from
the coating surface to the diffusion layer, reaching the
highest density at its boundary (the light band on
the etched specimen). It may be assumed that, due to
the concentrated heat source action on the surface of the
steels, the boundary areas become enriched by carbon
and various defects, and, as a result, there develops
ultradisperse structure with 30–200 nm crystallites [5]. 

As a rule, at the reconditioning of the precision fric-
tion couples, the white layer is partially removed by the
attrition in (up to 50%) order to make use of the layer
of high uniformity characterized by the high bearing
capacity and wear resistance.

To determine the value of the microhardness by
Vickers at the surface of the transverse metallographic
specimen, there were made punctures with a preset step
beginning from the edge (Fig. 7). The substrate bound-
ary layer was taken to be the starting point because of
its being fairly even and easily observable.

By the fivefold repeating of the measuring and sub-
sequent averaging, the distribution of the microhard-
ness value based on the coating depth was obtained
(Figs. 8 and 9).

It was determined that the character of the coating’s
micrhardness change with regard to the depth is actu-
ally similar. For the hardened steels, the coating micro-
hardness from the surface to the substrate actually
decreases according to a linear law and reaches its min-
imum value in the thermodiffusional zone and, then,
increases to the initial value of the substrate.

The average microhardness of the diffusion zone
coating formed as a result of the 65G electrode process-
ing is 12% higher in comparison with that obtained
with the Sv08 electrode. This can be explained by the
fact that the Sv08 electrode wire is low-carbon, which
accounts for the structure of the diffusion zone being
low-carbon also. With the electrode feed velocity
increase, the weakened zone shifts into the substrate
depth.

The spread in the values of the microhardness (HV)
at the left-hand side of zero indicates the considerably
disordered structure of the coating. Such a behavior of
HV coatings may show that the deposition occurs in a
layer-by-layer mode with each subsequent layer being
deposited on the previous one. This leads to the anneal-
ing (vanishing of the structural defects) of the latter.
The annealing also accounts for the microhardness
value decreasing in the boundary layer.

Figures 10 and 11 display the character of the
dependence of the microhardness value at a distance of
15 and 34 

 

μ

 

m from the boundary coating substrate, i.e.,
the light band at the etched metallographic specimen
(Fig. 6), upon the electrode feed velocity.

The analysis of the experimental data shows that the
microhardness of the white layer of the highest density
during the 65G electrode treatment is found to be
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Fig. 5.

 

 The dependency of the average size of the crystallite
on the feed velocity.
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Fig. 6.

 

 A picture of the etched transverse specimens with the coatings. (a) and (b) the electrode of steel 65G, the feed velocity is
0.193 mm/rot, 

 

×

 

400; (c) the electrode of steel Sv08, the feed velocity is 0.114 mm/rot, 

 

×

 

300; (d) the electrode of steel Sv08, the
feed velocity is 0.193 mm/rot, 

 

×

 

125.



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 45

 

      

 

No. 6

 

      

 

2009

 

THE PROPERTIES OF NANOCOMPOSITE COATINGS 459

 

attained at the electrode feed velocity of 0.114 mm/rot
(0.26 mm/rot for the Sv08 electrode).

As follows from Fig. 3, the coating’s greatest thick-
ness is reached at the electrode feed of 0.114 mm/rot.
Therefore, the more preferable technological require-
ment is the reconditioning of the worn slide valves by
the 65G electrode at a feed of 0.114 mm/rot. In this
mode of the coating deposition, the average size of the
crystallite clusters equals 26 nm (see Fig. 5).

The value of the macrotensions (the remaining ten-

sions) was defined by the method of  (Fig. 12) [4].
The character of the dependency of the remaining

tensions on the feed velocity is nonmonotonic both for
the 65G and Sv08 steels, which suggests that the struc-
ture formation process in the surface layer is a compli-
cated one. One may assume that, with the decrease of
the thermal action time, the mobility of the defects that
can penetrate into the upper layers varies in a certain
manner.

From Figs. 10, 11, and 12, it follows that, for the
coating of steel 65G, with the decrease of the remaining
tensions of stretching, the microhardness increases up

ψ2sin

 

to its maximum value at the longitudinal electrode feed
of 

 

s

 

 = 0.114 mm/rot. Hence, if a coating is exposed to
surface plastic deformation, its microhardness should
increase.

The wear resistance of the coatings was determined
by the comparison of the wear intensity of the test spec-
imens of steel 20H (HRC 56–63) versus similar speci-
mens after the coating layer deposition by the ESP and
grinding in. The triboengineering testing demonstrated
that the wear intensity of the friction couple whose roll-
ing element surface is fused with the steel 65G at the
electrode feed of 

 

s

 

 = 0.114 mm/rots is 1.8–2.4 times
less than that of the test compound (Fig. 13). This
occurs due to the fact that the microhardness of the
coating is 1.27 times more than that of the substrate,
and the value of the complex irregularity is 2.8 times
less as compared to the test rolling element.

In addition, the friction surface of the rolling ele-
ment is well lubricated due to the presence of recess
holes holding the lubricant [1].
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 .The general character of the changes with regard to
the depth of the coating microhardness value obtained at the
steel 65G coating and feed velocity of 0.08 mm/rot.
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 The general character of the changes with regard to
the depth of the coating microhardness value obtained at the
steel Sv08 coating and the feed velocity of 0.26 mm/rot.
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 The dependency of the microhardness value at a
distance of 15 

 

μ

 

m from the coating–substrate boundary on
the feed velocity.
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CONCLUSIONS
(1) The velocity of the longitudinal feed of the

workpiece at mechanized ESP leads to the decrease of
the mass transfer and the coating thickness due to the
reduction of the surface processing time; i.e, a lesser
quantity of single transfer events is performed for a
given time unit. The average density of the deposited
material is constant.

(2) The phase composition of the coatings being
examined corresponds to the phase of pure 

 

α-Fe with
inclusions of iron oxide Fe3O4.

(3) With the feed velocity increase, the crystalline
structure of the coatings becomes more disordered,
which mainly results from the ultradispersiveness of
the clusters.

(4) The microhardness dependency with regard to
the depth is heterogeneous. The HV behavior in the
coating can be explained by the fact that the coating
deposition is performed in the “layer-by-layer” mode,
and each subsequent layer is deposited at the previous
one. This leads to the partial annealing of the latter. The
decrease of the microhardness value at the boundary
layer occurs due to the annealing.

(5) The dependence of the macrotensions’ value (the
remaining tensions) upon the feed velocity is nonmono-
tonic and correlates with the varying microhardness,
which is typical of both of the electrode materials.

(6) The wear intensity of the friction couple whose
rolling element surface is deposited with steel 65G by
means of the ESP at the electrode feed s =
0.114 mm/rot is 1.8– 2.4 times less than that of the test
compound.
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INTRODUCTION

The deposition of iron-based composite electro-
chemical coatings (CECs) makes it possible to signifi-
cantly expand the range of efficient application of the
technology due to the considerable improvement in the
quality and wear resistance of electrodeposited coat-
ings [1–3]. The selection of an electrolyte for obtaining
a CEC matrix and a filler is determined by the scope of
the treated components and the conditions of their oper-
ation. White alumina micropowders are promising as
CEC fillers. Meanwhile, iron-based alloys, which allow
improving the physicomechanical properties of CECs,
are used as a binding agent [4, 5]. However, data on
their operation capability in conditions of abrasive wear
are scarce. It is impossible to find the relationship
between the mechanical properties of coatings and the
conditions of their obtaining on the basis of the avail-
able data, which limits the possibilities to select a CEC
matrix and to objectively judge the regularities of the
behavior of remanufactured components in the course
of their operation. At the same time, it has not been
determined in a unique fashion which sizes and volume
content of particles of the disperse phase (DP) in a coat-
ing provide the highest wear resistances of CECs in
conditions of abrasive wear. To develop the operating
procedure of the deposition of composite coatings on
fast wearing components of agricultural equipment, it
is necessary to study the influence of DP on the opera-
tion capability of CECs and to select the optimum con-
ditions for obtaining of the most wear-resisting base.

Therefore, the aim of this work was to develop a
method for the enhancement of the lifetime of fast
wearing components of agricultural equipment by

means of composite electrochemical coatings based on
iron–nickel alloys.

RESEARCH TECHNIQUE

The iron–nickel coatings were obtained from an
electrolyte of the following composition, kg/m

 

3

 

:
500FeCl

 

2 

 

· 4H

 

2

 

O; 100NiSO

 

4 

 

· 7H

 

2

 

O; 1.5Na

 

2

 

H4C

 

4

 

O

 

6 

 

·
2H

 

2

 

O. The iron–cobalt deposits were obtained from the
following electrolyte, kg/m

 

3

 

: FeCl

 

2 

 

· 4H

 

2

 

O—500;
CoSO

 

4 

 

· 7H

 

2

 

O—100; Al

 

2

 

(SO

 

4

 

)

 

3

 

 · 18H

 

2

 

O—80. The
electrolysis modes were varied as follows: the electro-
lyte temperature 

 

T

 

 ranged from 30 to 80

 

°

 

C; the current
density 

 

D

 

, from 13.4 to 46.8 A/dm

 

2

 

; the solution pH,
from 0.2 to 1.2. Studies of the steel preparation condi-
tions and the determination of the possibilities to use
literature recommendations concerning the anode treat-
ment were carried out in the electrolyte: 300–350 kg/m

 

3

 

H

 

2

 

SO

 

4

 

 and 20–22 kg/m

 

3

 

—FeCl

 

2 

 

· 4H

 

2

 

O [2]. The influ-
ence of the electrolysis parameters on the properties
and abrasive wear resistance of the coatings was stud-
ied with the use of second-order central rotatable uni-
form planning at 

 

k

 

 = 3 [6].

The CEC samples were obtained from an iron–
nickel electrolyte suspension (ES) containing white
alumina DP (M2–M40 grades) in a special bath with a
volume of 5 l (Fig. 1). The velocity of the flow of the ES
was set on the basis of the recommendations in [2]. The
ES flow entered the working part of the bath through
the perforated bottom damper. To measure the flow
velocity in a separate section, a Venturi-type flow-rate
meter with a differential gage was designed and
installed. The powder content in the ES was varied
from 25 to 150 kg/m

 

3

 

.
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The microhardness of the coatings was determined
by means of a PMT-3 microhardness gage according to
the State Standard GOST 9450-76. The abrasion tests
for friction using loose abrasive particles were carried
out according to GOST 23.208-79 by means of an ad-
hoc laboratory installation (Fig. 2).

Electrochemical coatings with a thickness of 0.5 

 

±

 

0.1 mm were deposited on plates of steel St3 (with a
length of 30 mm, a width of 30 mm, and a thickness of
1 mm). The force of the pressing of a sample to a the
rubber roller 

 

P

 

 ranged from 20 to 88 N; the roller revo-
lutions varied from 60 to 325 r/min, which corresponds
to the variation of the relative sliding velocity 

 

V

 

rel

 

 from
0.3 to 0.9 m/s. The time of the tests was governed by the
necessity to obtain an appreciable value of the wear

 

J

 

 (mg), which was measured by the weight method to a
precision of 0.05 mg.

As an abrasive material, we used fluvial sand with a
grain size of no more than 1 mm. The comparison stan-
dards were samples of quenched steel 65G, which is

most commonly used for the production of cutting units
of tillage equipment; “pure” iron–nickel; and iron–
cobalt coatings.

RESULTS AND DISCUSSION

The studies showed that the abrasive wear resistance
of the iron–nickel base in realistic conditions depends
on the electrolysis parameters. By the regression analy-
sis of factorial experiments, we obtained an empirical
relation adequately describing the dependence of the
wear of the electrolytic alloys on the electrolysis
parameters. After the suppression of the insignificant
coefficients, the equation took the following form (

 

X

 

1

 

 is
the temperature, 

 

°

 

C; 

 

X

 

2

 

 is the current density, A/dm

 

2

 

;
and 

 

X

 

3

 

 is the solution pH):

 

A decrease in the temperature led to an increase in
the wear resistance of the coatings; the optimum value
of the solution’s pH is at the center of the experiment’s
design (Figs. 3a, 3c). As the current density grew, the
wear of the alloys increased and passed through maxi-
mum at 35–40 A/dm

 

2

 

 (Fig. 3b).

Thus, the optimum mode of obtaining of wear-resis-
tant deposits free from inclusions is as follows: the
solution pH = 0.7–1.0; 

 

D

 

 = 35–40 A/dm

 

2

 

; 

 

T

 

 = 40–45

 

°

 

C.
The adherence to the recommended conditions for the
deposition of the alloys allows obtaining deposits with
their wear resistance being higher by a factor of 1.5–2
than that of the steel of a commercial plough [7].

JFe–Ni 8.8 0.95X1 0.6X3– 0.69X3
2+ +=

+ 0.5X1X2 0.94X1X3 0.66X2X3.+ +

 

1 2 3 4

5

6

 

+ –

 

Fig. 1.

 

 Bath with a concave bottom and a perforated baffle
plate for deposition of CECs: (

 

1

 

) depicts the anode; (

 

2

 

) the
cathode; (

 

3

 

) the thermometer; (

 

4

 

) the mixer; (

 

5

 

) the Venturi
flow-rate meter; and (

 

6

 

) the contact heater.
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4
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Fig. 2.

 

 Diagram of the installation for the abrasion resistance
testing of the samples: (

 

1

 

) is the rubber roller; (

 

2

 

) the sample;
(

 

3

 

) the support; and (

 

4

 

) the abrasive material.
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 Influence of the electrolysis modes on the microhard-
ness (

 

1

 

) and wear (
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).
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The study of the influence of the content and size of
the DP on the wear of the coatings revealed that the
solid particles of white alumina allow enhancing the
wear resistance of the CECs under abrasive wear by a
factor of 4–5 as compared to “pure” iron–nickel coat-
ings and by a factor of 8–10 as compared to quenched steel
65G. The highest wear resistance is found in the CECs
with the volume content of the DP up to 26–28 vol %
deposited from an ES containing micropowder of M14
aluminum oxide in an amount of 80–90 kg/m

 

3

 

 (Fig. 4).

In the conditions of the operation of the working parts
of tillage equipment, the wear takes place most often as
a result of repeated plastic deformation–redeformation
of the material’s surface microvolumes by rolling abra-
sive grains. It is known that a variation in the sliding
velocity and the force of pressing of the rubbing surfaces
leads to a change in the mode of interaction between the
rubbing surface and the abrasive material from the parti-
cles rolling to sliding and microcutting [8].

The analysis of the test results showed that an
increase in the load and the relative sliding velocity of
the friction pair led to an increase in the wear rate

 

I

 

 (mg/min) of the standards and samples coated with
the CECs (Fig. 5). In addition, the wear of the samples
with iron–nickel coatings and the standard of the
quenched steel 65G was more severe than that of the
CECs. The wear rate of the composite increased lin-
early with the load, remaining less by a factor of 4 than
that of the coatings without the DP and by a factor of 8
than the standard of the quenched steel 65G. The stron-
gest influence on the wear resistance of the CECs was
exerted by the relative sliding velocity; as it increased
from 0.3 to 0.9 m/s, the wear varied by a factor of 1.5.
At 

 

V

 

rel

 

 = 0.9 m/s, it was higher than the standard of the
quenched steel 65G by a factor of 12.

The high wear resistance of the CECs upon the stiff-
ening of the operation conditions can be explained by
the circumstance that, in the conditions of the com-
bined wearing-out processes, the solid phase exhibits a
considerable resistance to deformations and wear as

well as by the fact that, with the particle inclusion, the
strength of the binding material increases, although the
level of its internal stresses remains relatively high. An
increase in the load and the sliding velocity results in an
increase in the component of the microcutting and edg-
ing of the coating surface by the abrasive particles. The
filler particles play the role of contact patches and bar-
riers at the direct destruction of the surface; they dis-
tribute the stresses and shift the process of destruction
to a polydeformation one. This circumstance leads to a
significant increase in the relative wear resistance of the
CECs in comparison with coatings without DP.

The field service tests of the plough shares rein-
forced with CECs showed that their wear resistance is
higher by a factor of 1.5–2 than that of commercial
plough shares [7]. The iron–nickel and iron–cobalt
coatings, as well as the CECs on their basis, exhibited
high efficiency in the reconditioning and enhancement
of the wear resistance of excavator teeth, hydraulic con-
trol valve spools, K-700 friction plates, wrist pins, and
lifter bodies of 10D100 and D50 Diesel engines.

CONCLUSIONS

The conditions of obtaining of CECs based on iron
alloys with inclusion of white alumina as a filler, which
exhibit high wear resistance in conditions of abrasive
wear, were found. The introduction of solid particles of
M14 grade in a solution of 80–90 kg/m

 

3

 

 (in a coating of
26–28 vol %) into alloys of electrolytic iron allows
increasing their abrasive wear resistance by a factor of
8–10 in comparison with quenched steel alloys and by
a factor of 4–5 in comparison with coatings without DP.
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INTRODUCTION

The phenomenon of liquid electrodispersion has
been extensively used in engineering and technology
(see, e.g., [1–6] and the literature presented there). The
regularities of the occurrence of the capillary-electro-
static instability and the disintegration of charged jets
into drops have been thoroughly examined both exper-
imentally and theoretically [1–6]. Nevertheless, certain
problems correlated with the phenomenon in question
remained out of scope of the performed investigations.
In particular, this concerns the peculiarities of the dis-
integration into separate drops of jets with a fairly
strong charge. This was left out of the considerations of
theoreticians, and, as for experimenters [7 and 8], they
just mentioned the fact of the peculiar phenomenology
of the jet disintegration at high densities of the surface
charge, while offering no physical interpretation of the
observed phenomenon. According to the experimental
data [7 and 8], the strongly charged jets ejected from
the top of the meniscus of a liquid at the top of the cap-
illary via which the liquid is supplied into the discharge
system diverge in branches, jetting out subsidiary small
jets from the side surface (as a tree shoots out its
branches), and it is these small jets that disintegrate into
drops. The branching of the jet occurs in the form of the
chaotic throwing out (from the surface of the major jet
at an angle to its axis) of a number of far more thin jets,
which disintegrate into fine droplets. The physical
explanation for the described picture of the strongly
charged jet disintegration is discussed in ref. [9].

It is well-known that, at sufficiently high intensities
of the electric field near the surface of an ideally con-
ducting liquid, namely, a spherical drop [10 and 11] or
a plane surface, liquids [12 and 13] are exposed to
instability with respect to the negative pressure of the
electric field: the emitting bulges formed there are

called Taylor cones [14]. From the Taylor cones’ tops,
there are emitted strongly charged thin liquid jets disin-
tegrating into separate droplets, which carry away an
excess charge from the liquid surface [15]. It is this
kind of mechanism of the excess charge unloading that
has been offered in [9] for a jet of an ideally conducting
liquid as well at sufficiently high intensities of the elec-
tric field near its surface. In the present paper, it is pro-
posed to investigate an opportunity of realization of
electrostatic instability near the jet’s side surface of a
volumetrically charged dielectric liquid.

FORMULATION OF THE PROBLEM

Suppose there is one infinite cylindrical jet with
radius 

 

R

 

 of an ideal incompressible liquid moving
along the symmetry axis at a constant velocity 

 

U

 

0

 

 with
the mass density 

 

ρ

 

, the dielectric permittivity 

 

ε

 

in

 

, and
the coefficient of the surface tension 

 

σ

 

. The medium
around the jet is characterized by the dielectric permit-
tivity 

 

ε

 

ex

 

 and a negligibly small mass density. Let us
accept that the jet is charged and that, in the framework
of the model of a “freezed-in” charge, it is distributed
homogeneously in a volume with 

 

μ

 

 density with the
charge 

 

η

 

 

 

≡ π

 

R

 

2

 

μ

 

 falling within the jet length unit.
Since, in the present paper, a finite jet is being con-

sidered, in order to simplify the problem, let us use an
inertial coordinate system that moves together with the
jet at the same velocity 

 

U

 

0

 

. 
It is evident that, in such a coordinate system, the field

of the velocities of the liquid flowing in the jet 

 

U

 

(

 

r, t

 

) can
be totally determined by the possible (e.g., having a
thermal nature) capillary oscillations of its surface and
have a value of the same infinitesimal order as the
amplitude of the oscillations. We shall search for the
critical conditions of the realization of the instability of
the capillary oscillations of such a jet’s surface.
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All the calculations are to be performed in a cylin-
drical coordinate system with the 

 

OZ

 

 axis coinciding
with the jet’s axis of symmetry, ort 

 

n

 

z

 

 of which is
directed along the velocity vector 

 

U

 

0

 

. In the dimension-
less variables, where the jet radius 

 

R

 

, the liquid density

 

ρ

 

, and the coefficient of the surface tension 

 

σ

 

 have been
used as the main scales (

 

R 

 

= 

 

ρ 

 

= 

 

σ 

 

= 1), the equation of
the free surface of the jet exposed to random oscilla-
tions of small amplitude can be written as

 

r

 

 = 1 + 

 

εξ

 

(

 

ϕ

 

, 

 

z

 

, 

 

t

 

),

where 

 

ε

 

 is the oscillation amplitude (

 

ε 

 

�

 

 1), and 

 

ξ

 

(

 

ϕ

 

, 

 

z

 

, 

 

t

 

)
is the jet’s surface disturbance 

 

|ξ

 

(

 

ϕ

 

, 

 

z

 

, 

 

t

 

)

 

|

 

 

 

∼

 

1 caused by
the capillary waves at its surface (this time induced by
the thermal motion of the liquid molecules).

The mathematical setting of the problem of the cal-
culation of the capillary oscillations of the jet consists
of the equations of hydrodynamics and electrostatics
(on the assumption that the rate of the liquid’s motion
is far less than the relativistic one):

At the jet’s surface 

 

r 

 

= 

 

R

 

 + 

 

ξ

 

, there should be ful-
filled the following:

—the kinematic boundary condition

 and

—the dynamic boundary condition

–(

 

P

 

 – 

 

P

 

atm

 

) +  – 

 

P

 

q

 

 = 0.

At the jet’s axis, the field of velocities 

 

U

 

 should be
limited:

 

r

 

  0: 

 

|

 

U

 

|

 

 < 

 

∞

 

,

where 

 

P

 

atm

 

 is the atmospheric pressure; 

 

U

 

(

 

r

 

, 

 

t

 

), 

 

P

 

(

 

r

 

, 

 

t

 

)
are the field of velocities and the field of pressures
inside the jet; 

 

P

 

q

 

 is the electrostatic field pressure onto
the jet surface, which is calculated from the boundary
problem for the electric potentials inside (

 

Φ

 

in

 

) and out-
side (

 

Φ

 

ex

 

) the jet, respectively:

 

r

 

 = 

 

R

 

 + 

 

ξ

 

;

 

Φ

 

in

 

 = 

 

Φ

 

ex

 

,

 

r

 

  0:

 

Φ

 

in

 

  0,

 

r

 

  

 

∞

 

:

 

Φ

 

ex

 

  0.

Note that, in the model of the dielectric jet, the
charge is “freezed-in” inside the liquid, and the surface
lacks free charges. Therefore, the dependence of the
electric potential 

 

Φ 

 

upon the time can be totally deter-
mined by the changing of the jet’s surface form in time,
and the dependence upon the spatial variables of the
potentials inside (

 

Φ

 

in

 

) and outside (

 

Φ

 

ex

 

) the jet can be

∂U
∂t
------- U ∇⋅( )U+

1
ρ
---∇P; divU– 0.= =

dF
dt
-------

F 0=

0,=

divn

ΔΦin 4π μ
εin
------, ΔΦex– 0,= =

εinn ∇Φin⋅ eexn ∇Φex,⋅=

obtained from the solution of the electrostatic problem
written above.

In addition to the written conditions, there should be
fulfilled the requirement of the constancy of the jet seg-
ment volume, the length of which equals the wave
length λ:

DISPERSION EQUATION

The solution of the formulated problem can be
found by

(1)

where Im(k) and Km(k) are Bessel’s modified functions of
the first and second type, m is the azimuthal parameter,
and Cj are the indefinite constants. Omitting the proce-
dure of finding the solution described in detail by [6 and
16], let us proceed to writing the dispersion equation of
the problem for the azimuthal number m = 2:

(2)

The charge parameter W is defined as the ratio of the
pressure of the electric field of the self-charge onto the
jet’s surface to the pressure of the surface tension forces
under its cylindrical surface. Since W is expressed by
the charge falling within the jet’s length unit, and the
mathematical formulation of the problem comprises no
physical characteristics of the charge transfer, the
obtained dispersion equation can also be used for the
investigation of the waves at the homogeneously
charged surface of an ideally conducting jet when per-
forming the transition to the limit εin  ∞ in the dis-
persion equation. In the analysis performed with “phys-
ical” precision, the condition εin  ∞ may be replaced
with a weaker one: εin � 1. As a result, the dispersion
equation (2) can be applied for the analysis of the elec-

dzrdrdϕ
0

2π

∫
0

1 ξ+

∫
z0

z0 λ+

∫ πλ.=

ξ ϕ z t, ,( ) C1 i kz ωt– mϕ+( )[ ];exp=

ψ r t,( ) C2Im kr( ) i kz ωt– mϕ+( )[ ];exp=

Φin r t,( ) C3Im kr( ) i kz ωt– mϕ+( )[ ];exp=

Φex r t,( ) C4Km kr( ) i kz ωt– mϕ+( )[ ].exp=

ω2 g k( ) 3 k2 WF k εin εex, ,( )+ +[ ];=

W ωμ2 η2/π;≡≡

F k εin εex, ,( ) 1
εing k( ) εexh k( )–( )εinεex

-----------------------------------------------------------≡

× εin εex–( )2g k( )h k( ) εin εin εex–( )g k( )+[
+ 3εex εin εex–( )h k( ) 4εinεex+ ];

g k( ) 2
kI3 k( )
I2 k( )

---------------; h k( ) 2
kK3 k( )
K2 k( )

-----------------.–≡+≡
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trostatic instability of the jet’s side surface with any
final electroconductivity.

ANALYSIS OF THE OBTAINED RESULTS

From dispersion equation (2), it follows that, since
the multiplier g(k) is always positive, regardless of the
value of the parameter W, the jet surface is stable with
respect to the virtual wave deformations with m = 2

when the expression enclosed in square brackets on the
right hand side of the dispersion equation is positive.
The appearance of the complex solutions of the disper-
sion equation relevant to the unstable waves is corre-
lated with the passage of the right hand side of the dis-
persion equation crossing zero to the negative values’
region, which is possible at Fμ(k, εin, εex) < 0 and at
fairly large values of the parameter W when the follow-
ing correlation is fulfilled:

(3)

From Fig. 1, it is evident that the function Fμ (k, εin, εex)
is always negative and, to accomplish the electrostatic
instability, it is enough for the charge parameter to sat-
isfy correlation (3). In this case, the dispersion equation
will have two imaginary complex conjugate roots. The
positive sign root nearby the imaginary unit will corre-
spond to the occurrence of the spiral wave disturbances
with m = 2 at the jet’s surface. The amplitude of such
disturbances will exponentially increase with time, and,
from their tops, there will be thrown daughter jets dis-
integrating into separate drops in absolute compliance
with the theory of refs. [6 and 9] and the data of the
experiments of refs. [7 and 8].

Figure 2 illustrates the dependences of the frequency
squared on the wave number of the wave at the jet sur-

W
3 k2+

F k εin εex, ,( )
---------------------------------.≥

–1

–2

–3

1 2 3 k

Fig. 1. The dependence Fμ = Fμ(k) at εex = 1 and various
electric permittivities of εin of the jet. Along the right side
from the top to bottom: εin = 1.048 is liquid helium; εin = 5;
εin = 20; εin = 80.
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Fig. 2. The dependence of the frequency squared on the wave number of the wave at the jet surface calculated at εex = 1 for the
following: (a) Fμ = 1.048, W = 2, W = 3, W = 4, W = 5; (b) Fμ = 5, W = 2, W = 3.41, W = 4, W =5; (c) Fμ = 20, W = 2, W = 3, W = 4,
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face ω2 = ω2(k) calculated at m = 2 and εex = 1 for various
values of the liquid dielectric permittivity εin and the
charge parameter W. To the unstable waves with m = 2 at
the jet surface correspond the states with ω2 < 0. The
curves reaching the X-axis at the specified dielectric per-
mittivity εin correspond to the critical (for the beginning
of the realization) parameter W*. From Fig. 2, one can
see that W* with the increase of the dielectric permittiv-
ity of the liquid changes nonmonotonically; W* with the
increase of εin initially starts growing a little, attaining, as
the calculation shows, its maximum (W* ≈ 3.52) at εin ≈
3.1 and, then, decreases to W* ≈ 2.89 at εin = 80 with the
wave number relevant to the point of contact of the curve
ω2 = ω2(k) of the X-axis being increased. For the fixed
values of the charge parameter W, the increment value of
the most unstable wave and the wave number corre-
sponding to it grow with the increase of the liquid dielec-
tric permittivity εin. This conclusion is confirmed as well
by the calculation results displayed by Fig. 3, which
present the surfaces defining the location of the realiza-
tion region boundaries of the jet’s electrostatic instability
in the space of the parameters {k, εin, W} crossed by
the plane W = Wc = const. It can be seen from Fig. 3 that
the area of the geometrical locus where at a specified
Wc the electrostatic instability of the jet’s side surface is
realized arising at εex = 1, W = 2.89 into the vicinity of

the point εin. = 80 and k ≈ 0.78 increases with the increase
of Wc expanding either side by k and towards the
decrease of εin (at the accepted peak limitation of εin by
the value of εin = 80). At W = 3.04, the left k boundary of
the region of the electrostatic instability realization at
εin = 80 obtains the value of k = 0. At W = 3.13, the front
εin. boundary of the region of the electrostatic instability
realization obtains the values of εin < 20. The calculations
show that, at W = 3.25, the electrostatic instability may
be realized already at εin = 10 in the range of the wave
numbers’ values of 0 ≤ k ≤ 1.

LIMITATIONS CORRELATED 
WITH THE DISCHARGE PHENOMENA

The circumstance that the electrostatic instability of
the jet’s side surface in the wide range of values of the
dielectric permittivity of the liquid can be realized at fairly
great values of the charge parameter (2.89 < W < 3.25)
necessitates the researching of the probability of the
corona discharge ignition at the jet’s surface. More pre-
cisely, it is worthwhile to reveal the limitations imposed
by the probability of the corona discharge ignition on
the jet’s radii and the values of the surface tension coef-
ficients of the dispersed liquids.
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Fig. 3. The surface that determines the location of the boundaries of the realization region of the jet’s electrostatic instability within
the space of the parameters {k, Fμ, W} crossed by the plane: (a) W = 2.955; (b) W = 3.04; (c) W = 3.13.



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 45      No. 6      2009

ON ELECTROSTATIC INSTABILITY OF A SPACE-CHARGED JET 469

The field intensity at the surface of a volumetrically
charged cylinder with the radius R can be determined by
the known expression E ≡ 2πμR/εex. As to the corona dis-
charge, in the presence of a smooth cylindrical surface in
the air at a normal atmospheric pressure in the radial elec-
trostatic field, it may ignite according to the Peek empiri-

cal formula [17] Ecr ≈ 31 × (1 + 0.308/ ) kV/cm,
where R is measured in centimeters.

In the dimensional form, the parameter W is written
as W ≡ πμ2R3/σ ≡ E2R/4πσ. By substituting here the
obtained critical value using Peek’s formula (for the
corona discharge ignition in the vicinity of the R radius
jet) of the field intensity, one can find the maximum
allowable value of the charge parameter (calculated in
the Gaussian system of units):

In Fig. 4, there are presented the calculation results
of this relationship in the form of the dependence Wcr =
Wcr(R, σ) crossed by the plane W = const. The discharge
phenomena at the specified W = const produce no influ-
ence upon the development of the hydrodynamic pro-
cesses at the jet’s surface in the geometrical locus
where the surface Wcr = Wcr(R, σ) is located higher than
the plane W = const and is more significant there, where
the surface Wcr = Wcr(R, σ) goes under the plane W =
const . From Fig. 4, one can see that, at the charge
parameter variation in the range of 2.955 ≤ W ≤ 3.13,
the corona discharge at the jet’s side surface fails to
interfere with the electrostatic instability realization for
the jets of liquids with sufficient radii R > 25–30 μm in
the wide range of variation of the surface tension coef-
ficient value 1 < εin < 70.

R

Wcr

31 1 0.308

300 R
-----------------+⎝ ⎠

⎛ ⎞ 2
R

4πσ
--------------------------------------------------.≡

CONCLUSIONS

On the basis of the dispersion equation analysis for
the nonaxisymmetric capillary waves with the azimuthal
number m = 2 at the surface of a strongly volumetrically
charged cylindrical jet of an ideally incompressible
dielectric liquid, it was shown that, for liquids with
dielectric permittivilities varying in a wide range of val-
ues from εin = 1.048 for liquid helium to εin = 80 for
water, there may occur the electrostatic instability of the
jet’s side surface. The discharge phenomena at the side
surface of a strongly charged jet correlated with the prob-
ability of the corona charge ignition at the jet’s surface
are essential for thin jets with radii less than ≈25.
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INTRODUCTION

An EHD apparatus represents a classical example of
the application of nanotechnologies. In these devices,
ions introduced into a liquid are used to transfer an
impulse to a neutral medium (this is a way to cause the
liquid to move). The actual dimensions of EHD pumps
are rather small; the interelectrode gap may be 1 mm. It
has been repeatedly noted that the size of the molecular
complex set in motion by a single ion is rather big and
amounts to 10

 

12

 

 molecules. On the one hand, this is
associated with the generation of a supermolecular
structure in every ion field, the so-called salvation shell,
on the other, with the diffusive mechanism of impulse
transfer, which is highly efficient at small distances.

The major problem facing the designers of EHD
devices is the problem of taking the medium impulse
out of the region of the electric field action beyond the
boundaries of the interelectrode gap and the liquid
delivery through a closed hydraulic circuit to the ser-
viced objects. This problem is mainly associated with
neutralization of the impulse source (ions) beyond the
interelectrode gap boundaries. With the neutralization
not being complete in actual EHD converters, most of
the power is utilized for the formation of the so-called
internal recurrent vortices, thus reducing the EHD
pump’s efficiency.

The most widespread EHD pump construction is the
nonsymmetrical electrode system of needle-ring (con-
fusor) type proposed by Stuetzer [1]. The nonsymmet-
rical electrode systems usually used to create EHD
pumps have some shortcomings. In such systems, EHD
flows are set up in highly nonuniform electric fields
with the degree of nonuniformity amounting to quite
high values, especially in systems of needle-plate type.
Thus, there have been established conditions under

which the near-electrode processes at an electrode with
a small curvature radius are much more intensive than
at the counter electrode. For this reason, in some works,
there is postulated the generation of a charge only near
the needle electrode (unipolar injection). The authors
think that such a system should work in any low-con-
ductivity liquid; that is why an EHD pump is often con-
sidered for the pumping of low-conductivity liquids.
However, in the case of intense injection, the problem
of neutralization of the space charge carriers at the
interelectrode gap boundary is stubborn.

As the results show, the charge generation intensity
and thus the EHD flow velocity significantly depend on
the electrode–liquid boundary properties. It has been
revealed [2] that, by varying the composition and con-
centration of the impurities in the liquid, as well as the
material of the electrodes and their coatings, it is possi-
ble to control not only the velocity but the direction of
the EHD flow and its structure. Tests of classical con-
structions of EHD pumps of the needle–ring and blade–
plate types also revealed the governing influence of the
liquid impurity composition on the EHD pump opera-
tion [10].

The analysis of the theoretical works on the investi-
gation of the metal–dielectric contact, as well as the
metal–electrolyte contact, shows that, in the region
under examination, there appears a charged layer
caused by the difference of the contacting substances.
The electric current passage through the contact layer at
the metal–dielectric boundary is attended by electron
tunneling through the barrier. The ionization action in
the actual solution is a complex heterogeneous process
attended by a number of transformations. If a liquid
dielectric is described as a good insulating material, its
electric properties are determined by impurity mole-
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cules with higher electron-donor or electron-acceptor
qualities. Thus, it is deemed that the charge transfer at
the interface occurs at the impurity molecules.

Following these data, in work [2], it is suggested to
introduce the notion of an EHD converter but not a
pump, i.e., to recognize the device as a device for the
conversion of electric current energy into the working
liquid mechanical flow energy using as a working liquid
not any low-conductivity liquid but a fluid having a cer-
tain set of electrophysical and electrochemical features.

The EHD flow structure and direction are mainly
determined by the electrode–liquid contact nature;
thus, the liquid electrophysical properties, as well as the
electrode–liquid interface features, are the key charac-
teristics of the converter.

The main differences of EHD converters of the elec-
trochemical type from conventional EHD pump con-
structions are the absence or the secondary importance
of the geometrical asymmetry of the electrodes, focus-
ing the action of the electrode system and favoring the
elimination of the internal vortices, as well as the use of
the electrodes–liquid contact electrochemical asymme-
try to produce the pumping.

The electrochemical asymmetry is accomplished by
the use of electrodes produced from various materials,
the application of various electrode coatings, or the
implementation of a working liquid with impurities.

Using symmetrical systems of electrodes, it is pos-
sible (rather than to neutralize the charge carriers–ions
at the external boundary of the interelectrode gap) to
introduce a charge of the opposite sign into the liquid
neutralizing the medium space charge. As practice
shows, this is much simpler to be realized.

From this viewpoint, the study of EHD flows in a
symmetric system of electrodes is highly topical. There
are many works dedicated to this subject. Some of them
are experimental [3], and some are devoted to computer
simulation [9].

SIMULATION
The computer simulation of the process of EHD-

flow generation and development in symmetric elec-
trode systems of wire–wire type based on a complete
set of EHD equations in the two-dimensional case is the
aim of this work. For the first time, the association
between the charge generation degree and the local
field strength in the near-electrode region has been con-
sidered. The variation of the electrode–liquid contact
properties allows producing and investigating the dif-
ferent kinds of EHD flows. The results of the computer
simulation of the EHD flows for the case of unipolar
injection symmetrical to bipolar and nonsymmetrical
bipolar injection are presented in this work. The com-
plete set of equations has the following form [2]:

(1)
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Here, 
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 is the charge volume density; 

 

γ

 

 is the substance
density; 

 

v

 

 is the flow velocity; 
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 is the pressure; 
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 is the
dynamic viscosity; 
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 is the electric field potential; 
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the relative permittivity; 
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 is the vacuum permittivity;
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 is the diffusion coefficient; 
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 is the Faraday number;
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 is the recombination coefficient; 
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– are concentrations of positive and negative ions,
respectively; and 
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z
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 are the charging numbers.
For the simulation, a system was chosen with sym-

metric electrodes positioned in the channel with dielec-
tric walls as depicted in Fig. 1. The model comprises
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Fig. 1.

 

 The model’s geometry.
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two infinite cylindrical electrodes located in trans-
former oil. The electrode diameter is 1 mm, and the dis-
tance between the electrodes is 1 cm, corresponding to
the parameters of the experimental installations. As the
model has a vertical axis of symmetry, only half of the
model was built and the corresponding boundary con-
ditions were preset on the symmetry axis.

BOUNDARY CONDITIONS

(1) For the Poisson equation, the constant potential
value is +10000 V and 0 V on the upper and lower elec-
trodes, respectively. The symmetry condition 

 

n

 

 = 0 is
preset at the symmetric boundary. The condition of
screening of the electric field by the surface charge is
set at the outer upper and lower boundaries.

(2) For the Navier–Stokes equation, the condition of

adhesion  = 0 is prescribed on the electrodes. At the
symmetric boundary, we have the condition that the

normal velocity vector component  = 0 is absent. On
the outer side of the upper and lower walls, there is the
condition of the open boundary:

(6)

(3) The Nernst–Planck equation. As for the forego-
ing equations, the symmetry condition is prescribed at
the symmetric boundary and the condition of the “con-

vective flux”  = 0 is set on the
walls.

At the electrodes–liquid boundary, there is pre-
scribed the ion flow dictated by the following consider-
ations. As the current passage through the liquid dielec-
tric is not usually attended with dissolution of the elec-
trodes or with the release of substances, it is assumed
that the elementary act of the ion generation proceeds
through an oxidation–reduction mechanism:

—cathode Ox + e = Red;
—anode Red – e = Ox.
The metal-contact boundary current on the cathode

is determined by the difference between the work of the
yield from the metal surface and the oxidized form
electron affinity energy, and on the anode by the differ-
ence between the reduced form ionization energy and
the work of the yield from the metal surface.

The reactions of ion generation on the anode and
cathode are not the same. It is known that the ejection
of an electron from a molecule is energy consuming
and characterized by the ionization potential. For
instance, when molecular iodine is used as an impurity,
the energy of ionization of an iodine molecule into a
positive ion (

 

J

 

2

 

 – e

 

 

 

 J
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) is 9.7 eV. At the same time,
the attachment of an electron to an atom or molecule
can occur with the liberation of energy. In this case, it
is said that the particle possesses electron affinity. The
Electron affinity measure is the energy 

 

E

 

af

 

 liberated at
the ionization of the molecule into a negative ion. For
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an iodine molecule 

 

E
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≈

 

 3.2 eV; for the –OH, –CN, and
–NO

 

2

 

 groups, the 

 

E

 

af

 

 is 2, 3, and 3 eV, respectively. In
the context of the ionization–recombination mecha-
nism, the introduction of the impurity molecules of
halogens, as well as of molecules containing the –OH,
–CH, and –NO

 

2

 

 groups, possessing electron affinity
into the liquid should cause the intensification of the
ion generation processes on the cathode.

The assay of theoretical works on the study of the
metal–dielectric contact, as well as the metal–electro-
lyte one, shows that there appears a charged layer in the
examined region caused by the difference of the work
of the yield from the contacting substances. The electric
current passage through the contact layer at the metal–
dielectric boundary is attended with the tunneling of
electrons through the barrier. The ionization action in
the actual solution is a complicated heterogeneous pro-
cess attended by a number of transformations. If the liq-
uid dielectric is characterized as a good insulating
material, its electric features are determined by the
impurity molecules possessing high electron-donor or
electron-acceptor qualities. Thus, it is assumed that, at
the phase boundary, the charge transfer occurs only to
the impurity molecules.

As in most cases when the composition of the impu-
rity molecules determining the ion generation on the
electrodes is unknown, we use the dependence accord-
ing to the formula of Schottky [6]:

(7)

however, the coefficients 

 

A

 

 and 

 

B

 

 are chosen in such a
way that the integral current corresponds to the experi-
mental data. For this purpose, after the model is built, a
series of trial calculations are carried out and the value
of the parameter 

 

A

 

 is found at which the flow rate has
the same order as in the experiment. The value of the
parameter 

 

B is selected in such a way that, under steady
conditions, there is no flow upward; i.e., the flow struc-
ture is the same as is observed in the experiment.

The introduced function H(t) = 1 –  is nec-

essary in order that the solution converges at the initial
stages. The value t0 = 2; i.e., it can be said that the cur-
rent switching on proceeds smoothly within 2 seconds.

THE SIMULATION RESULTS 
AND THEIR DISCUSSION

It is shown that, in the case of unipolar injection,
there appears a charge lock hindering the through
pumping. In the case of symmetrical injection, there is
no through pumping but charge accumulation is also
absent; i.e., there is a charge neutralization region cen-
trally located in the IEG. In the case of nonsymmetric
injection, a through flow with the charge neutralization
region outside the interelectrode gap can be relized.
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The distribution of the electric charge volume den-
sity and the electric field lines are presented in Fig. 2;
the velocity diagram and the liquid streamlines at uni-
polar injection from the upper electrode are shown in
Fig. 3. In the interelectrode gap, the EHD flow is typi-
cal: a nearly immobile charged ring round the active
electrode and a thin charged jet spreading up to the pas-
sive electrode having a short area of acceleration and a
long area of uniform flow. However, though there is no
obstacle in the form of a wall, after the passive elec-
trode moves around the charge lock (Fig. 2), a recurrent
vortex (Fig. 3) hindering the liquid through pumping
occurs behind the electrode. This is connected with the
complicated mechanism of the ion neutralization on the
passive electrode’s surface. In some works, there are
proposed various variants of constructions to intensify
the process of the ion neutralization on the passive elec-
trode’s surface [2].

We consider the distribution of the main character-
istics of the flow with unipolar injection along the
streamlines. The streamlines are selected as is depicted
in Fig. 4.

Such distributions allow better understanding of the
EHD-flow dynamics. For this purpose, we will con-
struct and analyze the distribution of the electric force
and the velocity module along these streamlines.

It is seen from the obtained distributions for the
electric force and velocity that there is an area of vigor-
ous acceleration between the electrodes due to the Cou-

lomb force and then the deceleration of the liquid
occurs. Electric forces also take part in the deceleration
of the liquid behind the passive electrode. In addition,
it is observed that, behind the passive electrode, the
charge is not eliminated but accumulates. As is seen
from the diagrams, this substantially reduces the veloc-
ity in the behind-the-electrode area.

Thus, in our opinion, it is the most profitable to
introduce an opposite sign charge from the passive
counter electrode surface into the liquid but not to neu-
tralize the exhausted charge. In this case, the opposite
sign charges when mixing neutralize the medium in the
behind-the-electrode region.

In this case, the main task is the accurate balancing
of the charge generation processes on each electrode. In
a full-scale experiment, it can be achieved by the selec-
tion of the contact features: the cathode-impurity
admixture and the anode-impurity admixture. The
charge generation from the cathode can be intensified
by the introduction into the liquid of impurities pos-
sessing a high electron affinity or by the production of
electrodes from materials with a lesser work yield. The
charge generation process on the anode can be intensi-
fied by the introduction of impurities with a reduced
ionization energy. In the numerical experiment, it will
suffice to select the coefficients A and B in boundary
condition (2.2).

Using the same coefficients in (2.2), the solution
appears in the form of counter oppositely charged currents
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Fig. 2. Distribution of the electric charge volume density and
the electric field lines.
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Fig. 3. Outline diagram of the velocities in the model. The
white lines are the liquid streamlines.
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(Figs. 7 and 8). It is seen that the compensation of the
counter charges occurs in the middle of the interelectrode
gap, where oppositely charged jets meet. The through
pumping is almost absent, yet there is no charge accumu-
lation as well. For through pumping, it is necessary to

change the charge generation conditions on one of the
electrodes, for instance, on the cathode.

Let us consider the problem solution results
obtained at the following injection currents: the anode
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Fig. 4. Streamlines along which the unipolar flow characteristics are examined.
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A+ = 7 × 10–15, B+ = 7 × 10–3; the cathode A– = 3.5 × 10–15,
B– = 7 × 10–3; the potential difference is 10 kV.

The charge distribution and electric field force lines,
as well as the liquid streamlines and the velocity sur-

face diagram, are presented in Figs. 9 and 10. It is seen
that the EHD flows in this case occur in the form of two
thin charged jets: the positive one spreading “down-
ward” from the upper positive electrode surface and the
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Fig. 7. Distribution of the charge density and the electric field
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negative one spreading in the same direction from the
lower negative electrode surface. A charge lock does
not form in the behind-the-electrode area as in the case
of unipolar injection. The liquid streamlines smoothly
pass around the passive electrode producing no recur-
rent vortices, and the so called through EHD flow is
realized. Such a flow was obtained and thoroughly
studied in experiments using butanol as an impurity [3].
Besides the typical outline diagrams of the velocity, it
is useful to examine the distributions of the different
variables along the isolated streamlines. Such distribu-
tions allow better understanding of the process dynam-
ics of the charging and acceleration of the separate liq-
uid elements. In Figs. 11 and 12, there are presented the
distributions of the velocity and the Coulomb forces
along three streamlines located in the central EHD-flow
jet at 600 μm, 700 μm, and 1 mm from the model sym-
metry axis. As is seen from Figs. 11 and 12, the electric
field beyond the interelectrode gap does not decelerate
the through flow but accelerates it.

The velocity field (Figs. 10 and 12) has a number of
particular regions:

(1) Immediately at the active electrode, there is
some region surrounding the electrode—an immovable
liquid “sheath” somewhat outstretched upward. A sim-
ilar region of more complicated shape is round the pas-
sive electrode.

(2) The leakage area. As is seen from Fig. 10, the
liquid approaching the active electrode has a nonzero
velocity at the inlet. This can be explained by examin-

ing the pressure forces  =  affecting the liquidf ∇p–

along the streamlines. There is an under-pressure
region immediately under the active electrode. This is
because, behind the electrode, there is a separation zone
appearing at the obstacle flow-around due to the break-
down of the streamlines from the electrode. In this
zone, the pressure has a local minimum, which is to say
that the pressure gradient has a positive value at the
inlet into this region and a negative one at the outlet.
With the flow being ordinary, there occur recurrent vor-
tices behind the flown-around body. In our case, this is
not observed as, behind the active electrode, the liquid
is affected by the positive Coulomb force neutralizing
the negative force of the pressure and accelerating the
liquid immediately behind the electrode.

(3) The interelectrode acceleration area. After the
liquid particles acquire a positive charge near the active
electrode, they are affected by the Coulomb repulsive
force, which creates the main zone of acceleration
between the electrodes. As a result, the electric field
energy transforms into the liquid kinetic energy and the
velocity can amount up to a maximum of 6 cm/s. The
jet width in the center can be estimated from the veloc-
ity profile between the electrodes. From the velocity
distribution presented in Fig. 9, it is seen that a thin jet
of the charged liquid moves between the electrodes; the
charged jet’s thickness is 1.5–2 mm, which is equal to
3–4 radii of the active electrode. This value agrees well
with the values gained in practice [3].

(4) The near-electrode microvortex. There is a local
zone with a very small velocity (about some millime-
ters per second) ahead of the second electrode, but the
liquid in this zone flows in the opposite direction and
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the streamlines in this region are of closed “vortex”
nature. The existence of this microvortex was sug-
gested for the first time in [3] when analyzing the
experimental data on through and recurrent flows. Let
us consider more thoroughly the processes occurring
here. To understand their nature, we need to examine
the electric charge distribution density in the back-
ground of the near-electrode flow streamlines. 

It follows from the diagram that, near the passive
electrode, there occurs the microcirculation of the neg-
ative charge sideways along the positive electrode,
which the oncoming microvortex generates. It clearly
occurs under the action of the inverse Coulomb force
localized at the passive counter electrode, which creates
some negatively charged oncoming ministream. This
stream somehow decelerates the main one and causes a
local drop of the flow’s kinetic energy. Moreover, it
leads to the partial neutralization of the main positive
charge coming from the active electrode and to the par-
tial recharge of the stream reaching the flow’s tail part.

(5) Secondary acceleration zone. The recharge at
the passive electrode results in the appearance of the
secondary local peak of the Coulomb forces in the flow
tail. In turn, this causes the generation of the secondary
liquid acceleration zone behind the passive electrode
forming the flow type, which is called a through one in
the literature [2, 3, 9].

The typical zones of the through EHD flow are eas-
ily seen (Fig. 12) when examining the velocity module

distribution along the streamlines. Immediately ahead
of the active electrode, there is observed the first zone
of the liquid active acceleration; ahead of the passive
electrode, there is a local peak of the recurrent micro-
vortex; and, behind the passive electrode, there is the
zone of the liquid secondary acceleration.

Then, the flow velocity becomes stationary. This is
because, behind the passive electrode, the electric force
influences the negative charge only in a small behind-
the-electrode area (see Fig. 11).

In the case of the through EHD flow, the introduc-
tion of the charge from both the active and passive elec-
trodes results in their mutual neutralization; the charge
lock retarding the liquid through pumping does not
form in the behind-the-electrode area.

The described structure of the through EHD flow is
the optimum one in order to organize the electrochem-
ical type EHD pump operation and to remove the EHD
flow kinetic energy into the outer circuit. It is advanta-
geous to use such an EHD pump with the aim to pro-
duce flows in a closed channel necessary for the opera-
tion of EHD heat exchangers. To increase the flow rate,
it is also possible to utilize several parallel wires or net-
shaped electrodes.

CONCLUSION
A computer simulation of the process of generation

and development of EHD flows with a symmetrical sys-
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Fig. 13. Electric charge distribution and streamlines near the passive electrode.
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tem of electrodes of the wire–wire type on the basis of
a full set of EHD equations in the two-dimensional case
has been carried out. In the work, for the first time, the
connection of the charge generation degree with the
local field intensity in the near-electrode area was con-
sidered.

The assay of the EHD flow computer simulation
results is presented for the case of unipolar injection and
symmetric bipolar and asymmetric bipolar injection.

It is shown that, in the case of unipolar injection,
there forms a charge lock hindering the through pump-
ing. In the case of symmetric injection, there is no
through pumping, yet the charge accumulation is also
absent as there is a zone of charge neutralization
located in the center of the IEG.

In the case of the asymmetric bipolar injection, the
introduction of the charge from both the active and pas-
sive electrodes results in a through EHD flow in which
there occurs the mutual neutralization of the charge jets
flowing from each electrode in the behind-the-electrode
area. As this takes place, behind the interelectrode gap,
there appears the liquid secondary acceleration zone
favoring the through pumping but not the charge lock
hindering it.
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INTRODUCTION

The interactions of external electric, magnetic, or
electromagnetic fields with nonmagnetic liquids are
known and have been studied thoroughly enough in one
of the limiting cases—the high electric conductivity of
a liquid when the electric effects (fields) can be
neglected in comparison with the magnetic ones; this is
the domain of magnetic hydrodynamics (MHD). The
opposite case of low conductivity, when the magnetic
effects can be neglected, is known and studied to a
lesser extent. This is the domain of electric hydrody-
namics (EHD), which was formed into a scientific
direction not long ago (~20 years ago). However, as a
matter of fact, the cases of intermediate values of the
electric conductivity of water type liquids (running
water or sea water) or their solutions, weak electrolytes,
etc., when, as a result of the combined action of electric
and magnetic fields, the MHD and EHD effects can
appear to be competing, are still unknown and unstud-
ied. It is obvious that the respective hydrodynamic phe-
nomena can be called electro-magneto-hydrodynamic
(EMHD). We dealt with these phenomena in [1]; in par-
ticular, the ponderomotive forces causing EMHD
effects were discussed [2]. It was mentioned that, in the
most important cases, in the general expression for the
total electromagnetic force, we can be restricted to the

pure Coulomb (

 

ρ

 

) and ampere ( ) ones corre-
sponding to

(1)

E j B×
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 is the volume-charge density;  is the current

density; and  and  are the electric field intensity and
the magnetic flux density, respectively.

A criterion of the EHD or MHD-approximations
can be the order of the first-to-second term ratio
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lar for the MHD approximation in liquid metal type
conducting media. For sea water, the electric conduc-
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These estimates show that combined EHD and

MHD effects can occur in weakly conducting water
type liquids and that they are of concern; however, it is
appropriate to begin to study them separately.

Below, we discuss rotational motions of a weakly
conducting liquid in crossed electric and magnetic
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Abstract

 

—Two problems of rotation of a liquid in crossed electric and magnetic fields are formulated and
solved as applied to the study of the principles of the interaction between external electric and magnetic fields and
weakly conducting water type liquids (running water, sea water) and their solutions (
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). In
the first problem, the liquid is contained in the gap of a vertical cylindrical capacitor, while the second problem
deals with the liquid in a rectangular cuvette, two lateral vertical walls of which are used as armatures of a plane-
parallel capacitor. In either case, a constant vertical magnetic field is applied to the liquid, while a constant volt-
age is maintained between the armatures of the capacitor. Three sets of boundary conditions are considered in
the first case: the capacitor is of infinite length (throughout the height); the capacitor is confined by a solid bot-
tom from below and has a free boundary with the atmosphere at the top; the capacitor has closed ends and the
liquid occupies the entire capacitor gap. The results can be used in various practical applications, for example,
for pumping of weakly conducting liquids.
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fields; for their theoretical description, we can confine

ourselves to the magnetic component  in formulae
(1). Herein, the assumed low electric conductivity of
the medium allows us to regard the motion as isother-
mal, because the Joule heating is not taken into account.
The regard for the latter would have led to the appear-

ance of the term  which would have complicated the
problem significantly.

Two problems to be analyzed are given by the rota-
tion of a liquid in the gap of a cylindrical capacitor and
the rotation of a liquid in a rectangular cuvette (Fig. 2).

THE ROTATION OF A LIQUID IN THE GAP 
OF A CYLINDRICAL CAPACITOR

Let a liquid occupy the gap of a cylindrical capacitor
according to Fig. 1. The entire glass is situated in a verti-
cal constant uniform magnetic field. The cylindrical
capacitor is connected to a voltage supply 

 

ϕ

 

s

 

 with the
polarity as shown in Fig. 1. The force acting on the liquid

has the volume density  = 

(3)

where the current density is expressed by the formula
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where 
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 is the current density on the surface of the inner
electrode with the radius 
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 is the radius of the
outer cylinder.
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With regard for (4), it follows from (3) that
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Due to the azimuthal direction of the force, we seek the

solution for the velocity in the form  = 
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hereupon, the nonlinear term ( )  is omitted in the
Navier–Stokes equations, and they take the form

(6)

The last equation is the medium continuity equa-
tion; the previous ones are written taking it into
account. It is obvious that, under the action of rotation
force (5), the rotation of the liquid can take place; in
addition, from the considerations of the symmetry, we
assume that the pressure 
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 will not depend on 
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, and
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) owing to the last equation of set (6). There-
upon, from the first equation of set (6), we obtain
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where we call
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We shall solve equation (7) in three variants: if we
assume that the cylinder is unbounded neither from
below nor from above; if it is bounded by a solid bottom
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cylinder is sealed by solid dielectric lids both from
below and from above.

Unbounded Cylinder

The case in hand is the velocity distribution in a con-
siderably long cylinder at a distance from its ends, that
is, in its center portion. The velocity will be a function
of the radial coordinate r only; that is, υ = υ(r). Equa-
tion (7) is transformed into the ordinary one

(9)

In addition, if two conditions (of adhesion) are
fulfilled,

(10)

Upon the solution of the problem, (9)–(10) have the
form

(11)

In terms of the probable use of the given flow for
pumping of liquids (an MHD pump), the rate of the liq-
uid consumption through the longitudinal axial section
of a capacitor is of interest

or per unit of length of the cylinder

(12)

This is the steadily increasing function q(m); in addi-
tion, at m ≈ 20, the expression in parentheses amounts
to ≈0.9 and tends to unity at a further increase in m.
However, it is of concern that q ~ R2 is an extremely
strong dependence of the consumption on the outer cyl-
inder radius; it is encouraging with respect to the pump
effect as a function of its geometric parameters.

The Situation Corresponding to Fig. 1

It is necessary to solve equation (7) at the boundary
conditions

(13)

The last condition implies the absence of the tangen-
tial component of the stress tensor on the free liquid sur-
face, that is, the neglect of friction between the liquid and
the air.
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We shall seek the solution of equation (7) in the form

(14)

where solution (11) of the preceding problem is taken
in the capacity of u(r), and the function χ(r, z) plays the
role of a correction factor 0 ≤ χ(r, z) ≤ 1; in addition,
according to (13), it meets the boundary conditions

(15)

The substitution of (14) into (7) results in the equation

(16)

Taking into account that u(r) satisfies equation (9),
we obtain from (16)

(17)

The estimate of the separate terms of the left-hand side
of (17) in terms of the boundary-layer theory concep-
tions shows that the first term ~χ/δ2; the other, ~χ/R2

(at R � rs). Taking into account the small thickness of the
boundary layer δ on the cylinder bottom as compared to
R (δ/R � 1), we arrive at the conclusion that, in the
left-hand side of (17), we can be restricted to the first
term only:

(18)

where (ru) plays the role of the parameter owning to the
absence of derivatives with respect to r. With due regard
for the above, the general solution of (18) is as follows:

(19)

where we call

(20)

and C1(r) and C2(r) are the arbitrary r functions, which
are found from conditions (15). Definitely, we find

(21)

where u(r) coincides with (11)

(22)

It should be noted that, near the side walls, due to
u(r)  0, according to (21), υ(r, z)  u(r), because
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λ  ∞. Hence, υ(r, z)  0 at r  rs, and R is in a
complete agreement with the boundary conditions.

On the free liquid surface (z = h), the velocity distri-
bution is given by the dependence

(23)

In thin layers (λh � 1) within the accuracy of the
squared terms ~λ2h2, we obtain from (23)

(24)

However, according to the foregoing observation, near the
walls, this dependence transforms into υ(r, h)  u(r);
thus, we state the monotonous increase in the rotational
velocity of the film while approaching the capacitor
center.

A Capacitor with Closed Ends

A liquid occupies the entire gap of a cylindrical
capacitor. In this scenario, we must find C1(r) and C2(r)
in (19) from the conditions

(25)

We obtain

(26)

If we displace the origin of the coordinates to the capac-
itor center, that is, if we set z = z1 + (h/2) in (26), we find

(27)

whence it follows that the velocity is symmetric with
respect to the coordinates z1.

The discussed case of boundary conditions (25) is
more adequate in the applied “pump” aspect, because
the MHD device is designed to be hermetically-imper-
vious not involving air gaps. The rate of the liquid con-
sumption is determined by formulas similar to (12) and
the above, and, with due regard for (27),

(28)

υ r h,( ) u r( ) 1 e λh– 1 λhtanh+( )–[ ].=

υ r h,( ) Ah2

2r
---------,≅

χ r z,( )
z 0= 0; χ r z,( )

z h= 0.= =

υ r z,( ) u r( ) 1 h z–( )sinh λzsinh+
λhsinh

--------------------------------------------------– .=
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λz1cosh
λh
2
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Q z1 u r( ) u r( )
λ r( )z1cosh
λ r( )h
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rs

R

∫d
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=  z1 χ r z1,( )u rd

rs

R

∫d

h/2–

h/2

∫ z1d χ z1( ) q⋅ ⋅
h/2–

h/2

∫ κ h q,⋅ ⋅≡=

where the mean-value theorem was applied twice (in
the first case, with the weight u(r)); herein, we call

(29)

Thus, the rate within the accuracy of the proportional-
ity factor κ, which does not exceed unity and tends to unity
as h increases, is expressed by the same formula (12) as in
the case of an infinite cylinder.

THE ROTATION OF A LIQUID 
IN A RECTANGULAR CELL

Now consider the physical situation corresponding
to Fig. 2, which depicts a rectangular working cell situ-
ated horizontally in an external vertical uniform mag-

netic field with the magnetic flux density  The cell is
open at the top; in addition, all the walls are made of an
insulating material; the two walls hatched in Fig. 2 are
metal sheets of a plane-parallel capacitor, which is con-
nected to an external power supply with the voltage ϕs.
Under these conditions, the liquid will be in the field of
volume-distributed forces (3) with the density

(30)

where  denotes the unitary vector of the OX axis; by

analogy,   will denote the unitary vectors of the
other coordinate axes (lest they be confused with the cur-

rent density  or ). If we assume that all the quantities
in (30) are constant, we arrive at the conclusion that

(31)

and this force generates a pressure gradient along the

OX axis exactly as the gravity force  =  does ver-
tically. However, a more general equilibrium condition
resulting from the general equilibrium equation

(32)

is the equation rot  ≡ 0, which, as applied to equations
(30) and (31), takes the form

(33)

similar to the gravitation case ∇γ ×  = 0. Herein, as is
known [4], there are two possible directions of gradf,

namely, parallel and antiparallel to the direction  that

is, the force  The first one corresponds to stable equilib-
rium and the second, to unstable equilibrium. Therefore,

the motion of the liquid can take place if ∇f ↑↓  which

is equally matched with ∇f ·  < 0. Henceforth, we can

κ χ z1( ) z,d

h/2–

h/2
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be guided by analogy with the gravitational convection

probable at ∇γ ↑↓  Nevertheless, we will discuss one
of the simplest problems—the flow in a cell being con-
siderably long along the OX direction (Fig. 3). On the

basis of the continuity equation  = 0, we can see that
j = σE = const. Hence, gradf � 0 can appear only due
to the nonuniformity of the magnetic field B; that is,

(34)

The magnetic field nonuniformity can be easily gen-
erated if the cell is placed in the gap of a permanent
magnet (electromagnet) by partial removal of the
cuvette from the field along one or another direction; in
the case under study, OX along the side DC (Fig. 3).
The field will be weaker in the protruding cell portion
(DC) and dB/dx < 0 according to (34). The situation
resembles the case of a liquid heating from below. The
appearance of apparently cellular (in the event of
DC � AC) electromagnetic convection will be of the
threshold mode. On the basis of the analogies jB ~ γg,
we can introduce the Grashof number analog—the
“magnetic” Grashof number

(35)

where l is the layer thickness. It should be noted that
there is no direct analogy with the case of natural con-
vection, because the latter is a purely thermal phenom-
enon, whereas the problem under discussion is “iso-
thermal.”

Now let the working cell be removed from the mag-

netic field along the direction OY. We shall calculate rot

(36)

Therefore, in this case, equilibrium is impossible at all.
Consider the possible rotational motion in the direction
elongated according to Fig. 3.

g.

j∇

f∇ j B∇ j
dB
dx
------- ex⋅  ⇒ f∇ ex⋅ 0 ⇔ dB

dx
------- 0.<<= =

Grem
jΔBl3

γ ν2
--------------,=

f

∇ f× f∇ ex× j
dB
dy
-------ey ex× j

dB
dy
------- ez⋅ 0.≠–= = =

We shall assume the linear law of decreasing of B

(37)

where d ≡ CD is the cell width. Under the assumed con-
dition l � d and the flow according to Fig. 3, the veloc-
ity distribution in the center portion of the cell is found
from the equation

(38)

where the pressure gradient is neglected due to its con-
stancy as a consequence of the constancy on the hori-
zontal free surface.

The solution of this equation under the boundary
conditions υ(±d/2) = 0 is the function

(39)

that is, we have a flow with a cubic profile; this flow was
qualitatively substantiated by experiments [1].

Let us note that the assumed dependence (37) is the
simplest. It is obvious that B(y) is a decreasing but more
complicated function; therefore, the velocity profile in
a cell can differ significantly from the cubic one.

CONCLUSIONS

The discussed theoretical problems and their solu-
tions can serve as a prerequisite for carrying out new
physical experiments with a view to study and design
new EMHD devices for practical purposes. In addition,
it is possible to advance further by taking into account
the Joule heating and the resulting appearance of vol-

ume electric charges and Coulomb forces ρ  at the
next stage of the research. However, all the possible
problems concerning the theme under discussion
(MHD) are far from settled.
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INTRODUCTION

Diaphragm, capillary, and “end face” discharges
and those occurring in long (bent) tubes filled with an
electrolyte fall into low-voltage (not impulse) “under-
water” discharges (Fig. 1).

It is true for all these discharges that they ignite from
(not impulse) sources with a voltage in the range from

 

∼

 

500 V to several thousands of volts. In all the cases,
the discharge ignition is preceded by the generation of
steam and steam-gas bubbles in the electrolyte bulk,
and the estimations show that the most important role is
played by the steam generation caused by the local
overheating of the solution. The experience suggests
that the particular mechanism of bubble growth and
electric breakdown depends on the system’s geometry
and primarily on the diameter of the overlapping cross
section of the tube or diaphragm. Evidently, the mech-
anism in the case of discharge in a diaphragm or a nar-
rowing capillary end is simpler. It is generally agreed
that in this case the generation of a bubble results in the
overlapping of the transporting channel and the termi-
nation of the electrolysis current. The whole e.m.f.
source (plus the self-inductance e.m.f. in the case of an
alternating current supply) effects the generated bub-
ble. If this potential difference is large enough, electric
breakdown happens. The data of work [1] allow one to
specify the assumed scenario of the underwater dis-
charge formation for the case of a thin capillary. The
generation of a bubble in the form of a ring growing
from the side of the walls caused by the local solution
overheating will really result in the progressive narrow-
ing of the transporting channel along the capillary axis
and the increase of the voltage drop in this part. As in
the previous case, with the voltage drop being great

enough, there occurs the electric breakdown of the bub-
ble. However, the complete overlapping of the capillary
before the breakdown is not necessary. It is easy to ver-
ify that, in this case, the breakdown conditions will
depend on the full voltage in the cell and the system’s
geometry. The experimental data for capillary dis-
charges are not in contradiction with the described pic-
ture [2]. However, the investigation of the underwater
discharge forming in wide tubes with an electrolyte is
beyond the mentioned scope.

TEST CONDITIONS

An “end face” underwater discharge was ignited in
a glass tube with an inner diameter of 10 mm vertically
submersed into a solution with an electrolyte. The
graphite electrode overlapping the tube cross section
was placed at a distance of 5–15 mm from the tube cut
off. The second electrode was located in the bulk of the
main cell. Aqueous solutions of sulfuric acid and
sodium sulphate with concentrations of 0.01 M to
0.1 M were used as the electrolytes. The discharge was
ignited from the transformer at a frequency of 50 Hz
with the maximum voltage being not more than 2500 V
and the current being up to 1–2 A. The detailed experi-
mental pattern was described earlier [3]. The transition
to a tube with a large diameter leads to the fact that the
discharge development phases, including the growth of
the bubble and its breakdown, slowed down substan-
tially; it becomes easier to observe them and to analyze
them. By varying the voltage applied to the cell, it was
possible to terminate the process in one of the phases.
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SCENARIO OF THE FORMATION OF THE “END 
FACE” UNDERWATER DISCHARGE

 

Bubble Growth

 

With the voltage being relatively small, the steam-
gas bubble grows without further breakdown. The heat-
ing of the electrolyte is insufficient for the quick growth
of the steam bubble; therefore, the contribution of
the electrolysis to this process is great. Depending
on the spacing between the electrode and the tube cut
off, the bubble can be fixed immediately near the cut off

or in the intermediate position between the electrode
and the cut off. The generation of the bubble causes the
drop of the current in the circuit from 1–2 A to several
milliamperes. There remains a circular gap between the
bubble and the tube wall filled with the electrolyte.

 

Quite Discharge

 

When the voltage in the cell is higher, there occur
breakdowns in the electrolyte filling the circular gap
between the bubble and the tube walls (Fig. 2). They are
microdischarges quickly moving in a circle in this cir-
cular gap. The current force in the circuit grows from
several milliamperes to 

 

∼

 

20 mA.

The path of the microdischarges noticeably differs
from the circle and, in addition, moves upright. This
discharge form can steadily exist for a long time
depending on the voltage in the cell, the chemical com-
position of the solution, and its temperature. Then,
there is observed the development of a discharge in the
bubble itself, resulting in the bubble collapsing with
blowout of the active phase into the region of the main
solution and generation of a great sound wave in the
solution. The lifetime of the “quite” discharge form
observed experimentally is presented in Table 1.

The oscillograms of the current, voltage, and inte-
gral radiation intensity during the process of the “quiet”
discharge formation are shown in Fig. 3. The region 

 

a

 

corresponds to the generated bubble before the break-
down. The high voltage in the cell at very small current
and radiation is at the background level. At the transi-
tion to the “quiet” discharge (region 

 

b

 

), the current
grows, the voltage in the cell drops, and radiation of
small intensity appears synchronized with the outer
voltage.

 

Fig. 2.

 

 Microdischarges in the circular gap between the bub-
ble and the tube wall (the “quiet” discharge).

 

(a)

(b)

(c)

 

Fig. 1.

 

 An external view of underwater discharges. (a) dia-
phragm discharge; (b) “end face” discharge; (c) discharge in
a long dielectric tube filled with an electrolyte.
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Table 1.

 

  The lifetime of the “quite” discharge form

Solution Concentration, mol/l Electric conductivity, mSm/cm Time of steady burning

Na

 

2

 

SO

 

4

 

0.002 0.65 more than 1 h
H

 

2

 

SO

 

4

 

0.06 5 more than 1 h
Na

 

2

 

SO

 

4

 

0.02 5

 

∼

 

5 min
H

 

2

 

SO

 

4

 

0.015 10

 

∼

 

10 min
Na

 

2

 

SO

 

4

 

0.05 10 less than 1 min
Na

 

2

 

SO

 

4

 

0.1 15

 

∼

 

1 s
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Fig. 4.

 

 Active form of the underwater “end face” discharge.
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 The oscillograms of the current in the cell (

 

1

 

), the
voltage (

 

2

 

), and the integral radiation intensity (

 

3

 

). Na

 

2

 

SO

 

4

 

0.04 M. Repeated ignitions of the active discharge form.

 

The Active Discharge Form

 

The transition of the discharge into the active form
consists in the transmission of the breakdown to the
whole bubble volume with its following enlargement
accompanied by the blowout of the plasmolysis prod-
ucts and activated solution into the cell (Fig. 4). The
process is attended with the generation in the solution
of an intensive sound wave with the maximum ampli-

tude at a frequency of about 2 kHz. The afterglow with
a duration up to 

 

∼

 

0.1–0.2 s characterizes the active
form of the discharge.

The oscillograms in Fig. 5 illustrate the transition
from the “quiet” discharge to the active form.

The increase of the voltage in the cell causes the
appearance of the active discharge form without delay
at two intermediate phases—the bubble generation and
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the “quiet” discharge ignition. There are observed
repeated discharge ignitions (Fig. 6) transiting in the
limit (at high voltage and a heated solution) to burning
synchronized with the outer voltage.

The voltage of the “direct” ignition of the active
form of the discharge depends on the chemical compo-
sition of the solution, its electric conductivity, and tem-
perature. Some data for solutions at room temperature
are presented in Table 2.

CONCLUSIONS

One of the possible scenarios of the development of
low-voltage “underwater” discharge in dielectric tubes

filled with an electrolyte solution includes three main
phases: (1) generation of steam-gas or steam bubbles
not completely overlapping the tube cross section;
(2) ignition of “quiet” discharge in the electrolyte inter-
layer between the bubble and the tube wall; (3) the tran-
sition of the “quiet” discharge into the active form fill-
ing the whole bubble with the following collapse of the
plasma bubble. At relatively low voltages in the cell, all
the phases can be realized separately in time. At high
voltages, the two first phases are short and sometimes
not observed.
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Table 2.

 

  Voltage of the ignition of the active form of the “end
face” discharge at the solution temperature of 25

 

°

 

C

Solution Electric conductivity, 
mSm/cm

Breakdown 
voltage, B

Na

 

2

 

SO

 

4

 

, 0.05 M 9 400

Na

 

2

 

SO

 

4

 

, 0.025 M 5 450

Na

 

2

 

SO

 

4

 

, 0.02 M 0.65 1000

H

 

2

 

SO

 

4

 

, 0.015 M 9 950
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The use of an electric field is one of the promising
ways of transport of gaseous and liquid dielectric
media. The devices in which the electric energy is con-
verted into mechanical energy are called EHD pumps
(converters) [1–3] and are distinguished by the absence
of moving parts, their design simplicity, and their
higher capacity and economic feasibility. Various
designs of EHD pumps are known, but the potentialities
of a single-stage model (in most cases formed by two or
three electrodes) are limited from the point of view of
both the created head and the flow rate of the pumped
dielectric liquid.

Thus, single-stage EHD converters are arranged in
parallel and in series depending on the necessary output
characteristics. For these purposes, constructions with
three bar (wire) electrodes are the most plausible, per-
mitting one to easily improve the converter flow char-
acteristics due to their parallel arrangement forming
electrode grids located opposite to each other. The head
increase is attained with the help of a multistage pump
consisting of electrode grids [4]. However, there appear
additional factors, such as the mutual influence of the
stages, substantially affecting the operation efficiency
of the devices.

In this connection, the purpose of this work is to
investigate the influence of the gap between the stages
and the galvanically isolated voltage sources on the
characteristics of multistage converters.

The research work was carried out using an installa-
tion consisting of a rectangular reservoir filled with the
working medium (transformer oil with the electric con-
ductivity 

 

σ

 

 = 0.9 

 

× 

 

10

 

–11

 

 Ohm

 

–1

 

 m

 

–1

 

) in which there is
mounted a two-stage EHD pump (Fig. 1). Stages 

 

1 

 

and

 

2

 

 are located in rectangular casing 

 

3

 

 made from organic
glass. Each stage consists of two electrodes: the emitter

and the collector made in the form of grids from wires
stretched with certain spacing in parallel to each other
on a rectangular dielectric frame produced from shock
resistant polystyrene. The emitter wires are covered
with insulating coatings with holes on the collector
side. The stage electrodes are bonded together with the
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 Two-stage electrohydrodynamic pump.
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gap 

 

d

 

 = 2mm. The first stage 

 

1

 

 (Fig. 2) is bonded to the
casing 

 

3 

 

and is immovable. Stage 

 

2

 

 is connected with
the pump outlet pipe 

 

4

 

 and can move along the rectan-
gular channel formed by the casing 

 

3

 

. Grooves 

 

5

 

 and 

 

6

 

were made in the casing sidewall so that the current
leads could be moved when the distance 

 

l

 

 between the
stages is varied. The latter is determined with the help
of markings on the casing sidewall 

 

3.

 

The pump outlet pipe is connected with piezometer 

 

7

 

intended for the measurement of the pressure (head)
created by the pump. High voltage is applied from two
high-voltage supplies with one being fed from the accu-
mulator and the other, from a 220 V network.

The experiments were carried out at the zero flow
rate, thus permitting one to reliably reveal the influence
of the different factors on the EHD converter operation.

The relationships between the two-stage pump head
characteristics and the type of high voltage supply used
are presented in Fig. 2. In the case of the connection of
both stages to the same supply, the pump head charac-
teristic (curve 2, Fig. 2) is proportional to the pressure
produced by one stage (curve 

 

1

 

, Fig. 2) multiplied by
the coefficient 

 

k 

 

∼ 

 

1.4. The reason is that, between the
emitter 

 

E

 

2

 

 (Fig. 1) and the collector 

 

K

 

1

 

, under the action
of the electric field, there appear coulomb forces that
influence the ions not recombined on the collector 

 

K

 

1

 

creating additional resistance to the main flow of the
working substance. The effect of these forces is much
weaker when the stages are connected to separate high
voltage supplies galvanically isolated from each other
(curve 

 

3

 

, Fig. 2) with the head characteristic of the two-
stage pump being almost twice improved (

 

k

 

 

 

≈

 

 1.93).
However, some mutual influence of the stages is
retained at the expense of the polarization effects.

The mutual influence of the stages can also be
reduced at the expense of the increase of the gap
between them (Fig. 3) with the dependence of the head
on 

 

l

 

 being almost absent at a low voltage (curve 

 

1

 

). With
the voltage increasing, the relationship 

 

P

 

 = F(l) up to 

 

l

 

 =
7 mm becomes steeper (curves 

 

2

 

 and 

 

3

 

), indicating that
the mutual influence of the stages enhances. In what
follows, the pressure achieves a stationary state and, in the
range 

 

l

 

 = 8–14 mm, does not change. Thus, at 

 

l

 

 

 

≥

 

 8 mm,
the stages do not interact and the two-stage pump head
becomes equal to the algebraic sum of the pressures
produced by each stage under the conditions of a sin-
gle-stage converter.

To elucidate the efficiency of the use of galvanically
isolated sources in pumps with more than two stages,
there were mounted two additional stages. The connec-
tion diagram for the EHD-converter stage electrodes is
shown in Fig. 4. The obtained relationships (curves 

 

1

 

and 

 

2

 

, Fig. 5) indicate the diminution of the influence of
the galvanically isolated sources on the four-stage
pump performance. The heat increase is not more than
10 percent of the pressure produced by the pump con-
nected to one source (curve 

 

1

 

, Fig. 5). With 

 

l

 

 increasing,
particularly at 

 

l

 

 = 4 mm, the galvanic isolation of the
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 Relationship between the head and the potential dif-
ference between the electrodes: 

 

1

 

—one stage; 

 

2

 

—two
stages; 

 

3

 

—two stages connected to galvanically isolated
high voltage supplies; 
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= 2mm, 

 

l

 

 = 2 mm.

 

P

 

, 10

 

2

 

Pa

12

6

4

0 5 10 15

 

I

 

, 10

 

–3

 

 m

 

1

2

3

 

10

8

2

 

Fig. 3.

 

 Dependence of the head on the distance between the
stages in a two-stage pump at different voltages, 
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, kV:
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Fig. 4.

 

 The diagram of the connection of the electrodes to
the high voltage sources.
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sources does not influence the pump output character-
istic (curve 

 

3

 

, Fig. 5) with the latter changing with the
increase of the gap 

 

l

 

1

 

 between the second (the lower
stage is the reference point, Fig. 4) and the third stages
(curves 

 

1

 

 and 

 

2

 

, Fig. 6). At the distance 

 

l

 

1

 

 = 8 mm,
stages 3 and 4 hardly affect stages 1 and 2. The use of
galvanically isolated sources reduces the mutual influ-
ence between the third and fourth (1st and 2nd) stages,
thus increasing by 20 percent the pressure produced by
the pump (at 

 

U

 

 = 22 kV).
Thus, the application of galvanically isolated

sources is efficient at gaps between the stages compara-
ble with the interelectrode spacing with the number of
stages being not more than two. The optimum distance
between the pump stages connected to one voltage
source is 8 mm (in the studied range of the electric field
intensity) influencing the converter dimensions. There-
fore, to reduce the geometrical parameters of a multi-
stage pump, it is more expeditious to make use of gal-
vanically isolated sources and the location of single

stages or groups of stages at a distance close to the opti-
mum one.
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 Dependence of the head on the potential difference
between the electrodes at various ways of connection of the
electrodes to the voltage supplies; (
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 Dependence of the head on the potential difference
between the electrodes at various ways of connection of the
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INTRODUCTION

The engineering methods of calculation of the pulse
corona discharge (PCD) characteristics in strongly con-
ducting liquids when the fork corona turns into a con-
tinuous plasma formation (CPF) for a single-point elec-
trode system as proposed in the first part of the present
paper represents fairly reliable data concerning the
choice of the adjustable parameters of the pulse current
generator as part of a technological device and their
correspondence to the known experimental results.

The use of a PCD in technological applications
enables one to form in liquids fields of pressures of a
specified configuration due to a great number of points
distributed in the space in which there simultaneously
ignites a discharge [1 and 2]. Such a multipoint elec-
trode system may be brought into the nearest proximity
with the object being processed, and it allows one to
consider all the subtleties of the complicated surface
being processed without its (or the electrode it is pro-
cessed by) being mechanically shifted. The latter is of
particular importance since mechanically movable sys-
tems under conditions of high pulsed loads are consid-
ered to be the weakest points in the reliability of tech-
nological electrical discharge devices and require the
development of intricate systems of automatic control.
The use of parallel electrodes included into one dis-
charge circuit allows one to considerably expand the
technological capacities of PCD with CPF application.

The second part of the paper deals with the develop-
ment of engineering methods of the PCD technological
parameters’ calculation for selected parameters of the
pulse load center for a multipoint or multi-electrode
system.

THE PCD IGNITIONS 
IN A MULTIPOINT ELECTRODE SYSTEM

According to the investigations in [2], for the elec-
trolyte conductivities of 

 

σ

 

0

 

 

 

≥

 

 

 

0.1 Sm/m, the CPF igni-
tion is possible at 

 

n

 

 identical points simultaneously,
actually, with similar parameters of its development. In
this case, at elaborating the engineering methods of the
PCD calculation, there arises another condition con-
cerning the simultaneous charge ignition at 

 

n

 

 points.
According to [3], a necessary condition for the charge
ignition in an electrolytes is the development of over-
heating instability. The main characteristic defining this
process is the duration of its development 

 

t

 

n

 

, which
should be far less than the constant of the time of the
capacitive storage discharge 

 

C

 

:

 

t

 

n

 

 � 

 

R

 

g

 

C

 

. (1)

The initial resistance of the gap in this case is deter-
mined as

(2)

where 

 

R

 

el

 

 is the resistance of a gap at a single point and

 

r

 

el

 

 is the round-up radius of a single point.

The development of the overheating instability is
calculated as follows:

(3)

where 

 

ρ

 

l

 

 is the liquid density, 

 

c

 

p

 

 is the thermal capacity, 

 

α

 

is the temperature coefficient of the liquid’s electric con-

Rg
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ductivity, 

 

E

 

0

 

 is the electric field intensity at a single point,
and 

 

U

 

0

 

 is the initial voltage at the capacitive storage.

Thus, we obtain that  

 

�

 

 

where the maximum number of points at which the
PCD with CPF is to be ignited without fail should not
exceed

(4)

Expression (4) is supposed to be one of the criteria
for the selection of the parameters of the discharge cir-
cuit and the electrode radius 

 

r

 

el

 

.

The dissipation intensity of the energy liberated
from each of the 

 

n

 

 ignited CPF 

 

N

 

nam

 

 is determined as

(5)

where 

 

N

 

am

 

 is the energy released over the entire dis-
charge gap.

Then, according to the first part of the present
paper, the pressure at the plasma–liquid boundary of
each of the points reaches its maximum value from the
condition

(6)

where 

 

γ 

 

= 1.26 is the effective indicator of the discharge
plasma adiabat, 

 

A

 

s

 

 = 10

 

5

 

(V

 

2

 

 c)/m

 

2

 

 is the spark constant,

 

c

 

0

 

 = 1400 m/s is the sound velocity in water, 

 

k

 

* =
0.126 m/Sm is a coefficient, 

 

v

 

am

 

 = 10

 

3

 

 m/s is the veloc-
ity of the CPF expansion by the peak current moment,

 

L

 

 is the discharge circuit inductance, and 

 

ρ

 

0

 

 is the elec-
trolyte density.

Herewith, the coefficient 

 

k

 

 for the nonperiodic dis-
charge should also consider the gap resistance varying
due to the attenuation decrement change:

(7)

The peak radius of each of the CPF looks like

(8)
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and, relatively, the pressure of the shock-wave front
from each of the CPF may be defined as

(9)

where W0 is the energy accumulated in the capacitive
storage.

THE CALCULATION METHODS OF THE PCD 
PARAMETERS FOR A MULITPOINT 

ELECTRODE SYSTEM

On the whole, the calculation methods for n elec-
trodes should comprise the following items:

(1) The definition of the necessary parameters of the
discharge circuit from the conditions offered in first
part of the paper needed for obtaining the required pres-
sure level at the shock-wave front for a single electrode.

(2) For the chosen parameters, we fix the attenuation
decrement δ, which, in this case, serves as a similarity
criterion, and, with regard to a decrease of rel or an
increase of the storage capacity, n (the number of the
parallel points or electrodes) is selected.

(3) According to the dependence n = 

we define the maximum number of parallel electrodes
at which the CPF ignites. In the case when the calcu-
lated value is no less than the quantity of the selected
electrodes, the values selected by item 2 are taken. If
not, correspondingly, we make corrections to the
selected values of either the number n or the parameters
U0, C, and rel.

(4) It is necessary to control the similarity criterion
value β [4], which, in the case of n electrodes, is
defined as

(5) Thus, provided all the conditions are met, one
can use n parallel electrodes and calculate the pressure
using formula (9).

The calculation results according to the offered
technique of the maximum wall pressure of the PCD
plasma cavity and the shock-wave-front pressure in the
multipoint electrode system at each of the points with
their various quantities are displayed in the figure.

CONCLUSIONS

In the paper, there are presented the obtained analyt-
ical dependencies of the main technological parameters
of the PCD with CPF of the peak pressure at the bound-
ary of the CPF and its radius and the maximum pressure
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at the compression wave-front at a distance from the
CPF either for the multipoint or multi-electrode system,
which allowed us to offer engineering methods for the
calculation of the PCD characteristics with regard to

the external adjustable parameters of the pulse power
source with the capacitive storage of energy.
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INTRODUCTION

The research of the stability of linear and nonlinear
oscillations of charged drops has been due to the
numerous academic, engineering, and technological
applications (see, e.g., reviews [1–3] and the literature
mentioned therein). A charged drop is considered to be
an object of study in storm clouds [4, 5]; in liquid-metal
sources of ions [6, 7]; in mass-spectrometric devices for
thermally unstable and nonvolatile liquids [8, 9]; and at
spraying coating compositions, combustibles, and
insecticides [10].

However, the most intense interest in charged drops
in external electric fields relates to the theory of storm
electricity both with respect to the processes of
microseparation of the charges and the phenomenon of
lightning discharge realization [11–15]. According to the
existing concepts, lightning discharge initiation results
from the powerful electron avalanche (turning into a
streamer) arising at a corona discharge from a group of
closely located drops or melting hail stones falling inside
a storm cloud [11–13]. However, in situ measurements
inside storm clouds of the in-cloud electric fields and the
charges on the drops and hail stones show (see, e.g., [14,
ch. 10]) that the electric field intensities and charge val-
ues on the drops and hail stones are not great enough
both for the realization of the electrostatic instability of
the liquid surface in relation to the intrinsic and induced
charges [1] and for the corona discharge ignition. The
measured intensities of the in-cloud electric fields and
the charges of the drops and hail stones are too small to
enable the summarized intensity of the electrostatic field
of the induced and intrinsic charges (at the undisturbed
drops or water-bearing hail in the clouds) to reach the
value of ~20 kV/cm required for the corona discharge
ignition [15, p. 507] at a height of 4–5 km (where the air
pressure changes in the range of 460–400 mm Hg) at the
level of the wet growth of the hail and intensive separa-

tion of the electric charges. At the same time, it is known
that the deformation of the charged free surface of the
liquid in the external electric field causing the local
increase of the surface curvature also results in the local
increase of the electric field intensity proportional to
the amplitude of the deformation [1, 16 and 17],
which, when occurring in the direct vicinity of the
drop, may exceed the value crucial for the corona dis-
charge ignition.

In papers [18, 19], it has been shown that the electric
field intensity required for corona discharge ignition
may be observed at the tops of nonlinearly oscillating
weakly charged drops. It should be noted that the prob-
lems concerning the electric field intensity calculation
in the vicinity of a nonlinearly oscillating drop have
already been solved (see, e.g., [18–20]). However, there
were mentioned either only the external electric field or
only the charge, while, in real conditions, both of them
are present [14].

1. SETTING OF THE PROBLEM

We are to solve the problem concerning the location
of the electric field intensity in the vicinity of the sur-
face of a nonlinearly oscillating spherical ideally
incompressible conducting drop (with the radius 

 

R

 

, the
density 

 

ρ

 

, the coefficient of the surface tension 

 

σ

 

, and
the charge 

 

Q

 

) located in a uniform electrostatic field
with the intensity 

 

E

 

0

 

. All of the study is to be performed
using a simplified model assuming that the drop moves
with respect to the medium parallel to the external elec-
tric field where both the medium and its aerodynamic
resistance to the drop motion are not taken into consid-
eration. The role of the medium in the proposed model
will be reduced to providing the drop with uniform and
linear motion, and the entire examination will be car-
ried out in a spherical coordinate system correlated
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with the drop mass center in dimensionless alternatives
in which

 

 R

 

 = 

 

σ 

 

= 

 

ρ

 

 = 1. Let us assume that, at the initial
moment of time (

 

t

 

 = 0), the equilibrium spherical form
of the free surface of the liquid layer endured virtual
axisymmetric deformation of finite amplitude consider-
ably smaller than the radius 

 

R

 

 proportional to one of the
modes of the capillary drop oscillations. The equation
of the liquid free surface will be written as follows:

(1)

The liquid flow in the drop is assumed to be poten-
tial; i.e., we shall accept that the field of rates 

 

V

 

(

 

r

 

, 

 

t

 

) of
the wave motion in the liquid can be totally determined
by the potential of the field of rates 

 

ψ

 

(

 

r

 

, 

 

t

 

) by the known
correlation 

 

V

 

(

 

r

 

, 

 

t

 

) 

 

≡
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r
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t

 

).

The mathematical formulation of the problem on the
calculation of the nonlinear oscillations of a drop con-
sists of the Laplace equations for the potential of the field
of rates 

 

ψ

 

(

 

r

 

, 

 

t

 

) and the electrostatic potential 

 

Φ

 

(

 

r

 

, 

 

t

 

):

 

Δψ
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) = 0;

 

ΔΦ
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r
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t

 

) = 0;

along with the boundary conditions for them at the free
surface of the liquid:

kinematic

dynamic

the constancy of the electric potential of the free surface
of the liquid
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and the boundary conditions at infinity
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;

and in the center of a drop

 

r

 

 = 0:
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  0.

In the written correlations, 

 

Δ

 

p

 

 is the differential of the
constant pressures inside and outside the liquid at a bal-
anced state, 

 

p

 

E

 

 is the electric field pressure of the self-
charge and the external field on the free surface of a drop,

 

p

 

σ

 

 is the Laplace pressure, 

 

n

 

 

 

≡

 

 

 

∇
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ϑ
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ϑ
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 is
the unit vector of the outer normal to the surface of the
liquid layer, and 

 

Φ

 

S

 

(

 

t

 

) is the constant electric potential
along the free surface of the liquid.

Apart from the above boundary conditions, a num-
ber of other conditions should also be considered:
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—the permanencies of the intrinsic electric charge
of the system

—the permanencies of the liquid volume

—the fixednesses of the drop mass center

The initial conditions for the set problem shall be
formulated as the task of the initial axisymmetric defor-
mation of the equilibrium spherical form of the free sur-
face of a drop and the equality to zero of the initial rate
of motion of the free surface:

Here, 

 

ε

 

 is the dimensionless amplitude of the initial
deformation, being a minor parameter of the problem;

 

Pk (μ) is the polynom of Legendre of the k-th order; and
ξ0 and ξ1 are the constants determined by the conditions
of the permanency of the liquid layer volume and the
fixedness of the system’s center of mass.

It can be easily shown that if at the initial moment of
time only one k-mode is energized, then

2. THE PROBLEM’S SOLUTION

The formulated problem at the ε quadratic approxi-
mation will be solved by the method of multitime scales
[21] as has been done before for solving similar prob-
lems [18–20]. For this purpose, the required functions
ξ(ϑ, t)], Ψ(r, t), and Φ(r, t), which will be presented in
the form of asymptotic expansions of the minor param-
eter degrees ε, are considered to be dependent not
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merely on the time t but also on its various scales Tm
defined by the ratio Tm ≡ εm · t:

(2)

The derivatives of the time are calculated according
to the rule in [21]:

(3)

Inserting expansions (2) and (3) into the formulated
boundary problem and equating the terms of one order
of infinitesimals in each of the correlations, one will
easily obtain the set of boundary problems for the
sequential definition of the unknown functions ξ(m),
ψ(m), and Φ(m), which, for m ≥ 1, we shall search in the
form of a series using Legendre’s polynom:

3. SEARCHING FOR THE SOLUTIONS 
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Omitting the details of the mathematical procedure
for searching for the solutions scrutinized in [18–21],
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(5)
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As is seen from the written expressions, the coeffi-
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through (T0, Tl, …), which may be defined by way
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ferential equations (4) and (5).
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4. THE CALCULATION OF THE ELECTRIC 
FIELD INTENSITY NEAR THE SURFACE 

OF A CHARGED HAIL STONE

The expression for the electrostatic field intensity
E(r, t) ≡ –∇Φ(r, t) in the vicinity of the free surface of the
nonlinearly oscillating charged liquid layer is as follows:

(6)

where er and eϑ are the unit vectors of the spherical sys-
tem of coordinates. From the obtained expression, we
shall find the intensity of the electric field at the undis-
turbed spherical surface of the free surface of the liquid
layer. For this purpose, let us decompose (6) in the
vicinity of the equilibrium spherical form by the ampli-
tude of the deformation. Also, we shall define the deriv-
atives using the following coordinates:
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In order to find the normal constituent of the electric
field in the vicinity of the free surface of the nonlinearly
oscillating liquid layer En = n · E, let us write in the
explicit form the analytic expression for the vector of
the normal to the free surface of the liquid layer:

(8)

Within the accuracy of the items of the second order
of the infinitesimals by ε in the vicinity of the free surface
of the projections nr and nϑ at the unit vectors of the
spherical system of coordinates er and eϑ, the vectors of
the normal are defined by the following expressions:

The scalar product of expressions (7) and (8) consid-
ering nr and nϑ will give the expression for the normal
constituent of the electric field at the hail-stone surface:

(9)

+ ε2eϑ Fn
2( ) Pn μ( )∂

ϑ∂
-----------------

n 0=

∞

∑ 3E0 1 μ2– Mn
2( )Pn μ( )+

+ ε2eϑ m 2+( )Fm
1( ) Pm μ( )∂

ϑ∂
------------------

l 0=

∞

∑
m 0=

∞

∑
c---+ 6E0 1 μ2– Ml

1( )Pm μ( ) Ml
1( )Pl μ( ).

n F r ϑ t, ,( )/ F r ϑ t, ,( )∇∇ nr er⋅ nϑ eϑ.⋅+≡ ≡

r 1: nr 1 ε21
2
--- ∂ϑξ 1( )( )2

–= =

=  1 ε21
2
--- ωkt( )

Pk μ( )∂
ϑ∂

-----------------cos⎝ ⎠
⎛ ⎞

2

;–

nϑ ε∂ϑξ 1( ) ε2 ξ 1( )∂ϑξ 1( ) ∂ϑξ 2( )+( )+–=

=  ε ωkt( )
Pk μ( )∂

ϑ∂
-----------------cos–

+ ε2 ωkt( )cos[ ]2Pk μ( )
Pk μ( )∂

ϑ∂
----------------- M2 j

2( ) t( )
P2 j μ( )∂

ϑ∂
-------------------

j 0=

k

∑+
⎝ ⎠
⎜ ⎟
⎛ ⎞

.

En 3E0μ Q+=

+ ε 1 n+( )Fn
1( ) 2 3E0μ Q+( )Mn

1( )–{ }Pn μ( )
n 0=

∞

∑

+ ε2 1 n+( )Fn
2( ) 2 3E0μ Q+( )Mn

2( )–{
n 0=

∞

∑

+ 3 4E0μ Q+( )Mm
1( )Ml

2( ) c---
⎩
⎨
⎧

l 0=

∞

∑
m 0=

∞

∑

–
c--- m 1+( ) m 2+( )Mm

1( )Fl
1( ) Km l n, ,



500

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 45      No. 6      2009

KOROMYSLOV et al.

0

0 π/4 π/2 3π/4

1

2

3
E

θ

Fig. 1. The dependency on the azimuth ϑ of the value of the dimensionless intensity of the electric field at the surface of a drop at
the moment of time t = 1 for various modes that define the initial deformation: k = 8 (the thin curve), k = 10 (the curve of average
thickness), k = 12 (the thick curve). W = 0.1, w = 0.1, and ε = 0.1.
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Fig. 2. The dependence on the dimensionless time of the value of the dimensionless intensity of the electric field in the vicinity of
the free surface of a drop for various modes that define the initial deformation: k = 8 (the thin curve), k = 10 (the curve of average
thickness), k = 12 (the thick curve). At W = 0.1, w = 0.1, ε = 0.1, and at various angles ϑ with respect to the axis of symmetry of the
drop: (a) 0; (b) 0.15; (c) 0.3; (d) π/2; (e) π.
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5. DISCUSSION OF THE RESULTS

Figures 1 and 2 illustrate the results of the calcula-
tion of correlation (9). In all the figures, the straight line
E = 2.5 parallel to the X-axis is relevant to the dimen-
sionless intensity of the electrostatic field of 20 kV/cm
critical for the corona discharge ignition in a storm
cloud at a height of ≈4–5 km.
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INTRODUCTION

There exist three excited states of carbon C con-
nected with hybridization (by the method of the forma-
tion of atom orbitals with consideration for the repul-
sion of the valence shell electron pairs) of 2

 

s

 

- and
2

 

p

 

-atom orbitals. The hybridization degree can be
expressed as sp

 

n

 

. The exponent 

 

n

 

 = 3 is inherent in the
three-dimensional carbon polymer diamond, 

 

n

 

 = 2 in
planar graphite, and 

 

n

 

 = 1 in linear-chain carbine. There
also exist the transient (mixed and intermediate) forms
of elementary carbon. The forms with mixed short-
range ordering consist of accidentally organized atoms
of carbon of different hybridization (it is an “amor-
phous” carbon), as well as black coke and similar mate-
rials. The second group unites the intermediate carbon
forms for which 

 

n

 

 is not a whole number but a frac-
tional one (1 < 

 

n

 

 < 3); they are carbonic monocycles
and various closed-skeleton structures such as
fullerenes and carbonic nanotubes (CNT) [1].

The C excited state connected with 

 

sp

 

2

 

-hybridiza-
tion is the reason for the existence of alkenes (C

 

n

 

H

 

2

 

n

 

),
among these is ethylene, polyacetylene, and so on.
Alkenes are chemically active; their chemical proper-
ties are determined by the presence of the double bond.
It is possible to produce alkenes through catalytic dehy-
dration of alcohols. Thus, the dehydration of ethanol
results in the synthesis of ethylene:

CH

 

3

 

–CH

 

2

 

–OH  CH

 

2

 

=CH

 

2

 

 + H

 

2

 

O. (1)

As the view of the shock adiabats shows, substantial
changes (being the consequence of the breakdown of
the covalent bonds between the atoms of C and H and
the formation of new C–C and molecular hydrogen
H–H bonds) take place in the structure of organic sub-
stances at compression by shock waves. The results of

 

experiments on multistep shock compression of some
organic liquids put into special “conservation
ampoules” showed that, after the passage of the shock
waves (with maximum pressures up to 40 GPa), there
remained an amorphous black powder in the surviving
ampoules [1]. The decomposition of the original struc-
tures into their constituent elements is an important out-
come of these experiments.

It is supposed that the synthesis of fullerenes, CNT,
diamond, and carbine from organic compounds with
the hybridization degree being the same or near to the
hybridization degree of the produced material will
occur with a minimum consumption of energy. Thus, it
is necessary to look for substances suitable for produc-
ing new materials with the prescribed degree of hybrid-
ization of carbon atoms 

 

n

 

 in the class of compounds in
which carbon has like values of the hybridization
degree.

The purpose of this work is to produce carbonic
nanomaterials (CNM) through electrodischarge treat-
ment and to separate and investigate them.

PRODUCTION OF CNM THROUGH 
ELECTRODISCHARGE TREATMENT 

OF ALCOHOLS

The electrodischarge method is one of the proficient
ways of impulse action on a substance [2–4]. Under the
action of powerful electrodischarge current impulses
on hydrocarbons, there appears a region of high pres-
sure and temperatures in which the destruction and
decomposition of hydrocarbon molecules into their
constituent elements occurs according to the scheme

C

 

n

 

H

 

m

 

  

 

n

 

C + 0.5

 

m

 

H

 

2

 

.
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In this case, the carbon is liberated as a solid phase
in different allotropic states, and hydrogen is released
in the gaseous form.

We studied the processes going on at the electrodis-
charge treatment of alcohols. As the C–O bond break-
down energy in alcohols 

 

ε

 

 = 333.1 kJ/mol is smaller
than the C–H bond energy, with the alcohols being
affected by the high temperature in the course of the
electrodischarge treatment, there initially occurs their
dehydration according to scheme (1) with the genera-
tion of alkenes (C

 

n

 

H

 

2

 

n

 

). Gaseous alkenes will first be
liberated in the liquid and subjected to the further elec-
trodischarge treatment.

In the course of intensive electrodischarge treat-
ment, the breakdown of intercarbon bonds is also pos-
sible.

The energy necessary for the proceeding of the men-
tioned chemical reactions in the local area of the spark
effect (in a volume of an alcohol with the mass 

 

m

 

) can
be calculated by the expression

where 

 

M

 

 is the alcohol’s molecule molar mass, and 

 

ε

 

i

 

 is
the bond energy.

The C-H energy bond in molecules of alkenes 

 

ε

 

1

 

 =
433 kJ/mol is smaller than the C+C double bond energy

 

ε

 

2

 

 = 588 kJ/mol; thus, it can be assumed that, by select-
ing the energy of a single electrodischarge effect 

 

W 

 

in
the alcohol local volume in the range 

 

E

 

1

 

 < 

 

W

 

 < 

 

E

 

2

 

, it is
possible to produce carbon having predominantly

 

sp

 

2

 

 hybridization in the solid phase.
The possibility is shown of the proficient synthesis

of nanocarbon in macroamounts at the electrodischarge
action on alcohols. The powders are roentgen amor-
phous; i.e., they contain a mixture of various allotropic
forms of carbon.

Microphotos of CNM particles obtained through the
electrodischarge treatment of ethyl C

 

2

 

H

 

5

 

OH, butyl
CH

 

3

 

(CH

 

2

 

)

 

2

 

CH

 

2

 

OH, and isoamyl ((CH

 

3

 

)

 

2

 

CH(CH

 

2

 

)

 

2

 

OH)
alcohols are presented in Fig. 1. It is well seen that the
powder particles have a regular layer structure with their

Ei

εim
M

--------,=

 

size reducing as the length of the carbon chain of the initial
alcohol molecules decreases.

During the drying process, the powder greatly aggre-
gates up to particle sizes of about several tens of 

 

μ

 

m due
to the high chemical activity and large specific surface of
the carbon nanoparticles (from 150 to 250 m

 

2

 

/g).
The regularities of the distribution of the powder par-

ticles according to their size, area, and form factor have
been studied with the help of the program MEGRAN
(designed by the Admiral Makarov National University
of Shipbuilding in Nikolaev). Based on the data of the
computer processing of the microphotos of the powder,
it is possible to reach a conclusion concerning the variety
of the obtained forms of ultradispersed carbon particles
and the size distribution. Electron-microscopic pictures
of the specimens with higher resolution were used to
specify the morphology of these particles. The results of
the investigations carried out with the help of the pro-
gram MEGRAN are presented in Table 1.

CNM ELECTROKINETIC PROPERTIES

It is known that different carbonic nanostructures
can be charged negatively or positively; thus, it is sug-
gested to separate the produced CNM by the electro-
phoresis method.

Research work was conducted using a laboratory
electrophoresis device at different voltages to deter-
mine the intensity and conditions of the CNM separa-
tion. To study the electrokinetic properties of the nano-
carbonic material powders, they were dispersed by the
electrophoresis method in the alcohol and placed into a
cell with flat electrodes. The applied voltage was varied
in the range from 10 to 600 V with the current intensity
depending on the powder specimen type.

There is no current in the pure alcohol at 

 

U

 

 = 400 V;
that is, no electrochemical reactions proceed in the pure
solvent.

With the dispersion of an industrial graphite powder
in the alcohol at a voltage of 

 

U

 

 = 350 V, the current
intensity amounted up to 25 mA. No active boiling of
the liquid phase was observed, and the surfaces of the
electrodes, anode, and cathode remained clean.

 

(a) (c)
30 

 

μ

 

m
(b)

30 

 

μ

 

m 20 

 

μ

 

m

 

Fig. 1.

 

 Microphotos of carbon particles produced at the treatment of alcohols: a—ethyl; b—butyl; c—isoamyl.
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With the CNM produced at the electrodischarge
treatment of the alcohols, the current amounts up to a
value of 

 

I

 

 = 110 mA even at 

 

U

 

 = 150 V with the process
being accompanied by active boiling and a black film of
the carbonic material depositing on the anode.

With carbonic material produced at the electroex-
plosion of graphite conductors in organic liquids, there
forms a film of dark brown color on the anode possess-
ing high hygroscopicity. The process is characterized
by the parameters 

 

U

 

 = 200 V and 

 

I

 

 = 110 mA. Active
boiling begins at 

 

U

 

 = 300 V.

The experimental data prove that the nanocarbon
particles are negatively charged. This CNM feature
could be used both in the processes of separation of the
produced carbonic nanomaterials and the production of

highly active deposited sorbents. Utilizing the electro-
phoresis method, it is possible to form with the help of
CNM uniform layers of a material on the surface of an
article with a complex configuration thus improving the
wear resistance.

The investigation of the movement of the CNM
microparticles shows that the use of the electrophoresis
device (with a [UIP]-1 apparatus for the direct current
supply (varying the voltage from 10 to 600 V)) did not
allow the rapid and complete separation of the CNM.
The high-voltage electrophoresis method was origi-
nally used to increase the rate of the processes of the
CNM separation and enrichment.

A high-voltage source of electric energy was uti-
lized ensuring a voltage in the range from 1.5 to 10 kV
was applied to the vessel’s electrodes. The electric field

 

Table 1.  

 

The results of computer processing of the CNM specimens produced by the electrodischarge treatment of alcohols

Microphoto of specimens Production conditions
Area of the particle 

distribution (number of 
particles for the analysis)

The form factor 

 

F

 

s

 

 
of the particle distribution

Butanol electrodischarge 
treatment

32 percent falls into the 

range from 20 to 40 

 

μ

 

m

 

2

 

; 

S

 

min

 

 = 10 

 

μ

 

m

 

2

 

; S

 

max

 

 = 

250000 

 

μ

 

m

 

2

 

 (1057)

48 percent has 

 

F

 

S

 

 

 

≈

 

 1; 

20 percent has from 0.6 to 
0.7

 

n

 

-butanol electrodischarge 
treatment

16 percent falls into the 

range from 16 to 30 

 

μ

 

m

 

2

 

. 

S

 

min

 

 = 8 

 

μ

 

m

 

2

 

; S

 

max

 

 = 

100000 

 

μ

 

m

 

2

 

 (1199)

64 percent has 

 

F

 

S

 

 

 

≈

 

 1; 

12 percent has from 0.6 
to 0.7

Electrodischarge treatment 
of isoamyl alcohol

32 percent falls into the 

range from 12 to 50 

 

μ

 

m

 

2

 

. 

S

 

min

 

 = 7 

 

μ

 

m

 

2

 

; S

 

max

 

 = 

100000 

 

μ

 

m

 

2

 

 (1736)

23 percent has 

 

F

 

S

 

 

 

≈

 

 1; 

50 percent has from 0.4 
to 0.7

The Saltykov form factor is determined from the formula 

 

F

 

S

 

 = 4

 

π

 

S

 

/

 

p2, where S is the particle area, m2; and p is the perimeter, m.

100 μm

100 μm

200 μm
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Table 2.  Characteristic diffractograms and microscopic pictures of the CNM produced by the electrodischarge treatment of
butanol and separated using the electrophoresis method

Electrode Diffractograms of the CNM Microscopic picture of the CNM

Anode

Cathode

Note: C—graphite, Nb—substrate; J—radiation intensity, θ—angle of reflection.

30 50 70 90 110 13010

500

600

400

J,  rel. un.

2θ

C

Nb
C

Nb

Nb

NbNb

10 μm

30 50 70 90 110 13010

500

600

700

800

400

J,  rel. un.

2θ

C

Nb

C

Nb
Nb

Nb

No

37.2
?

10 μm

intensity in the vessel amounts up to 104 kV/m. An
external view of the electrophoresis device is presented
in Fig. 2.

The use of the high-voltage electrophoresis device
allowed separating the CNM and collecting it on the
electrodes. The CNM collected from the anode surface
and dried is a fine black powder and that collected from
the cathode surface is a grey flocculation one. 

The materials obtained on the anode and cathode
have been investigated at the Institute of Metallophys-
ics of the National Academy of Sciences of Ukraine by
the methods of X-ray diffraction analysis and chemical

analysis; the typical results are presented in Tables 2
and 3 (butanol is the source of the carbon).

The chemical composition of the powders obtained
after the electrophoretic separation showed that it is
necessary to purify them in order to remove impurities.

The results of the X-ray diffraction analysis of the
CNM produced by the electrodischarge treatment of the
ethyl alcohol after the separation in the high-voltage
electrophoresis device are presented in Fig. 3.

The presented results (see Tables 2 and 3) allow one
to draw a conclusion concerning the proficient separa-
tion of the CNM produced by the electrodischarge
method in the high-voltage electrophoresis device. As

Table 3.  Data of the chemical analysis of the CNM produced by the electrodischarge treatment of butanol and separated using
the electrophoresis method

Electrode
The element amount, mass %

C O Fe Al, Ca, Na S Total

Anode 70.1 16.1 11.0 2.2 0.6 100

Cathode 77.0 10.5 10.5 1.5 0.5 100
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the X-ray diffraction analysis shows, the materials col-
lected from the anode and cathode differ greatly, but the
carbon hybridization degree is close to n = 2. The dif-
fractograms of similarly charged amorphous CNM pro-
duced by the electrodischarge method from different
lower alcohols are similar.

The assay of the obtained results shows that the
CNM collected from the anode and cathode are com-
posites represented by different carbon phases in differ-
ent ratios and mainly containing carbon and iron oxide.
Evidently, the difference in the charge of the CNM par-
ticles is caused by the high content of electronegative
oxygen in the specimen deposited on the anode.

CONCLUSIONS

The method and products of the electrodischarge
treatment of alcohols have been investigated. A proce-
dure for the separation of the CNM produced from
lower alcohols by the high-voltage electrophoretic
method was proposed and tested. It has been estab-
lished that the high-voltage electrophoretic separation
is more efficient than the low-voltage one. However, as
the X-ray diffraction analysis results show, its imple-

mentation does not allow one to completely solve the
problems connected with the separation and enrich-
ment of the CNM. It is impossible to realize the com-
plete separation of the crystallites into different allotro-
pic forms of carbon using only the electrophoresis
method; it is necessary to utilize complex ways of the
CNM enrichment.
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Fig. 2. The external view of the electrophoresis device.
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Fig. 3. Diffractograms of negatively charged (upper curve)
and positively charged particles (lower curve) of CNM
obtained at the electrodischarge treatment of ethyl alcohol. 
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Convection heat sources are widely used for mount-
ing and demounting of electronic modules on printed
circuit boards in small-scale and pilot production [1].
Air is used as a heat carrier, which, passing through the
heater (thermofan), acquires a high temperature. The
heating efficiency and the temperature in the working
zone considerably depend on the construction of the
thermofan nozzle [2]. The process of heat transfer from
the thermofan to the surface of the printed circuit board
is described by the equation

(1)

where 

 

λ

 

 is the air’s thermal conductivity, 

 

S

 

 is the area of
the heated zone, 

 

t

 

 is the time of the heating, 

 

Δ

 

T

 

 = (

 

T

 

S

 

 – 

 

T

 

m

 

)
is the difference between the temperature of the heat
source and the ambient temperature, and 

 

l

 

 is the dis-
tance between the heat source and the surface.

When calculating the heat quantity eliminated in the
working zone, one should take into account the factors
that influence the air dissipation at the head nozzle out-
let of the thermofan (Fig. 1); for example, the coeffi-
cient of dissipation and the angle of dissipation 

 

α

 

,
which depend on the nozzle construction

(2)

where 

 

r

 

 is the radius of the nozzle, and 

 

a

 

 is the distance
over which the air dissipates when leaving the nozzle

 

a

 

 = 

 

l tan

 

(

 

α

 

), (3)

where 

 

α

 

 is the dissipation angle defined by the con-
struction peculiarities of the head.

Then, the heat quantity eliminated in the working
zone is calculated as follows:

(4)

Q
λStΔT

l
----------------,=

Kr
r

a r+
-----------,=

Q Kr
λStΔT

l
----------------.=

 

The heating temperature of the circuit board surface
depends on the time, the heat exchange conditions, and
the heat capacity of the circuit board material:

(5)

where 

 

T

 

HC

 

 is the temperature of the heat carrier, and 

 

τ

 

h

 

is the heating time constant

(6)

where 

 

C

 

T

 

 is the heat capacity of the material of the cir-
cuit board (0.9 J/

 

°

 

C for glass fiber plastic), and 

 

α

 

 is the
heat exchange coefficient of the heat source with the
circuit board surface.

(7)

TH THC 1 e

t
τh
-----–

–
⎝ ⎠
⎜ ⎟
⎛ ⎞

,=

τh

CT

αSn

---------,=

α P
SnΔT
-------------,=
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where 

 

P

 

 is the power of the convection heat source

(8)

The power of the convection heating at the temper-
ature difference 

 

Δ

 

T

 

 = 255

 

°

 

C, the time of the heating of
20 s, and the average heat conductivity of the air in the
temperature range of 80–300

 

°

 

C, which amounts to
14.96 W/mK, decreases nonlineary when the distance
between the heat source and the surface increases
(Fig. 2). The temperature in the heating zone reaches its
maximal values within 15–20 s and also depends on the
distances to the heat source (Fig. 3). The temperature in
the working zone increases slowly when the distance
to the source increases; this lowers the thermal shock
on the printed circuit board.

The main advantage of convection heat sources is
the ability to use various thermofan heads for the air
flux dissipation. This method of heating is appropriate

P Kr
∂Q
∂t
------- Kr

λSΔT
l

--------------= = .

 

to use while repairing electronic modules. The process
of demounting of microcircuits using a thermofan
includes the following operations: placing of the vac-
uum grip on its surface, melting of the solder alloy by
hot air (Fig. 4a), and demounting (Fig. 4b). The process
of demounting using hot air is rather complicated, since
the temperature in the heating zone depends on the dis-
tance to the heated surface and also on the relative incli-
nation angle of the tool to the surface.

It is necessary to use precise solder dosing at con-
vection heating, since the greater the solder mass is, the
longer time is necessary for its unsoldering; this implies
that the printed circuit board is subjected to the action
of high temperature for a longer time, which is critical
for its durability parameters. The application of lead-
free solders with higher melting points makes the prob-
lem of demounting by convection heaters more compli-
cated, since it demands that one control the temperature
in the working zone very precisely.

 

P

 

, W
250
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0 0.004 0.008 0.012

 

l

 

, mm

 

Fig. 2.

 

 Power eliminated in the heating zone of the convec-
tion heater versus the distance to the thermofan nozzle.
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Fig. 3.

 

 Thermoprofile of heating by a convection heater for
various distances to the source.

 

(a) (b)

 

Fig. 4.

 

 Mounting (a) and demounting (b) of the component from the board using a thermofan.
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Sources of infrared (IR) heating are also widely used
for mounting of surface-mounted electronic components
on printed circuit boards and for heating of circuit boards
in the process of mounting or repairing of electronic
modules. Infrared heating possesses several advantages,
though their practical application depends on the con-
struction of the installation for the IR heating [3].

Depending on the specific conditions, reflectors
with various geometry are used that form a heat field in
the heating zone: focusing, diffuse, and with a nozzle
head. The main advantages of IR heat sources are as
follows: the higher heating temperature, its stability
during the soldering process, and the ability to pre-
cisely control the temperature in the heating zone.
However, at IR heating, a large amount of heat is
absorbed by the cases of components, since their area is
large as compared with the connections.

The intensity of the IR radiation can be presented as
the sum of the intensities of the direct and the reflected
fluxes [4]:

 

I

 

 = 

 

I

 

dir

 

 + 

 

I

 

ref

 

. (9)

The intensity of the direct radiation flux depends on
the power of the IR source 

 

P

 

s

 

, the distance to the source

 

h

 

, and the dimensions of the heating zone:

(10)

where 

 

l

 

 is the heating zone length, and 

 

x

 

 is the halfwidth
of the heating zone (Fig. 5).

The intensity of the IR radiation flux with account
for the coefficient of reflection is

(11)

where 

 

R

 

r

 

 is the radius of the reflector, 

 

f

 

 is the focal dis-
tance, 

 

K

 

S

 

 is the coefficient of the useful mirror surface
of the reflector, and 

 

μ

 

 is the coefficient of the reflection.
The reflection coefficient is defined using the geo-

metrical dimensions of the IR source and the reflector
surface

(12)

where 

 

S

 

S

 

 and 

 

S

 

r

 

 are the surface areas of the IR lamp and
the reflector, respectively.

The intensity of the resultant flux of the IR radiation
impinging the surface is limited by the width of the
reflector base

(13)

Idir 2
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i 1=

n

∑
n

----------------------------------------------------------------------,=

where n is the number of intervals chosen for the heat-
ing zone discretization relative to its center.

Then, the intensity of the direct IR radiation is

(14)

The temperature in the zone of the IR heating is
determined according to the Stefan–Boltzmann law:

(15)

where K is the Stefan–Boltzmann constant.

The temperature in the heating zone also depends on
the process duration:

(16)

where Theat is the temperature in the heating zone, τ is
the duration of the heat flux action, and τh is the heating
time constant.

(17)

where Ssurf is the area of the heating zone confined by
the geometrical dimensions of the reflector, α is the
heat exchange coefficient with the circuit board mate-
rial, and CT is the heat capacity of the circuit board
material.

(18)

where ΔT is the difference between the heating temper-
ature and the ambient temperature, and PH is the heat-
ing power

PH = I(SS + Sr). (19)
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Fig. 5. Schematic view of the IR heater
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The dependence of the power eliminated in the zone
of heating by the IR source versus the distance is shown
in Fig. 6 (see the relevant parameters in the Table).

The temperature in the heating zone depends both
on the process duration and the distance to the IR heat-
ing source (Fig. 7). The temperature in the working
zone increases sufficiently fast (for 5–7 s) and, unlike
with convection heating, is not critically sensitive to the
changing of the distance to the surface.

In the process of mounting and demounting of elec-
tronic modules using convection heat sources, the
printed circuit board is heated using an IR radiation
source to maintain the board temperature and prevent

its thermal shock (Fig. 8). This combined method of
heating was implemented in an ERSA IR/PL650 instal-
lation for repairing of electronic modules [5], which
represents the third-generation of systems for IR sol-
dering combining three main technological systems: IR
and convection heating, temperature feedback control,
and contactless temperature measurements. The instal-
lation exhibited good performance while working with
complex printed circuit boards with a large number of
components when a lead-free technology was used.

While using IR heat sources, one should take into
account the reflector construction and the distance from
the source to the board surface; otherwise, the radiation
will not focus well in the heating zone. This can lead to
overheating of the board or component, or the quantity
of the eliminated heat will not be sufficient to melt the
solder. It is especially important to control the temper-
ature accurately when a lead-free technology is
employed. In this case, automated temperature control
systems should be used that ensure the specified pro-
cess’s thermoprofile.

Modeling of thermoprofiles of convection and IR
heating sources allows one to calculate the temperature
in the heating zone as a function of the process time and
to optimize the process of mounting and demounting of
electronic modules; this is very important when expen-
sive components are used. For convection heat sources,

T = 265 ºC

245 ºC

230 ºC

180 ºC

Fig. 8. Heating of the electronic module by convection and
IR heaters.
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Fig. 6. Power eliminated in the heating zone of the IR heater
versus the distance to the source.

Parameters of the source and the zone of IR heating

Ps, W hs, m Rs, m l, m f, m x', m l' , m Reflector surface 
area Sr, m
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Fig. 7. Thermoprofile of IR heating for various distances to
the source.
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it is necessary to optimize the head construction for the
optimal spreading of the heat flow, the air pressure, and
the spreading rate in the heating zone.
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