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Electrodeposition, or template synthesis, is one of
the methods of manufacturing of meso� and nanoma�
terials. According to this method, on one of the sides
of a template, a conducting layer of metal is deposited
and the electrodeposition is performed into the mem�
brane pores with the sizes of the pores determining the
dimensions of the obtained nanoproduct [1–3].

Porous aluminum oxide is used as a template [4],
along with membranes obtained by ion etching [5] and
porous semiconductor structures produced, apart
from other methods, by anodic dissolution [6]. If the
pores are cylindrical, the deposition rate and the
layer’s thickness (at a specified quantity of the passed
charge) may be calculated following Faraday’s law:

(1)

where h is the deposit’s height, S designates the area of
a cylindrical pore, Q denotes the quantity of electricity
applied for obtaining the deposit, and ρ and C are the
density and electrochemical equivalent of the given
substance. From formula (1), it follows that the rate of
the deposition increase ν is constant and depends only
on the current density j:

(2)

However, the problem becomes more complex due
to the pore size variation in height, when the deposi�
tion rate already depends on the electricity quantity in
a complicated way and, hence, on the time. These

h C
ρS
�����Q,=

ν C
ρ
�� j.=

dependencies for the elementary geometry will be
derived below.

This paper describes the calculation peculiarities of
the rates in Faraday’s processes of deposition into real
pores with variable geometry.

PECULIARITIES OF THE TEMPLATE 
DEPOSITION INTO A PORE

If the nanopores are not cylindrical volumes and
their diameter varies in proportion to the deposit
height, the measured rate of its increase in a nanopore
has a more complex dependency than (1) or (2)
already by reason of geometry alone.

Below, we shall obtain the dependency of the dep�
osition height and the rate increase for a simple model
of a flattened cone.

Let us write Faraday’s law as follows:

(3)

where V is the deposit’s volume (the rest of the desig�
nations are identical to (1)).

It is seen from Fig. 1 that, unlike the deposit’s
increase in the cylinder, in the flattened cone, the vari�
ation of the deposit’s height h along the coordinate Z
also involves a change in the cross section area, which
results in the deposition rate varying. According to
Faraday’s law, the deposition rate for a cylindrical pore
must not depend on Z.

The preceding experiments (see, e.g., [7, 8]) show
that, in certain cases, the rate appears to be variable at
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ρ
��Q,=
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small quantities of the passed electricity. It was
assumed in those papers that the observed dependency
was obvious. Upon various activities of the surface
areas at the initial moment of time, nonuniform dep�
osition is possible on various areas. However, it is the
deposition’s maximum thicknesses (the deposition
rates) that are found to be fixed at the cross sections of
the membranes [7, 8]. With account for that in [7, 8],
at Q high values, the deposition rate is already been
independent of Z, and the mechanism involving the
leveling of the deposition rates at various sites with
high Q is not yet clear. Below, it will be shown that the
reason for the observed effects lies in the diameter
irregularity of the pores in relation to the membrane
height.

In addition to the geometry reasons of the deposi�
tion rate’s decrease, there are electrochemical,
kinetic, and other kinds of reasons. It is apparent that
the consideration of the geometry factor is necessary at
least in the case of a simple model as presented in
Fig. 1. Since, in the experiments [7, 8], the rate of the
deposition decreased upon the Q increase, one should
assume that, at the initial stages of the deposition pro�
cess, the diameter of the pores was smaller than that at
the subsequent stages. If we simulate the pore variation
using the model of a flattened cone, then, in the given
case, it should be positioned as illustrated in Fig. 1.

METHODS OF CALCULATION 
IN A FLATTENED CONE MODEL

The volume of a flattened cone filled with the
deposit up to the height h is known to be represented
(see, e.g., [9, p. 18]) by the following expression:

(4)

where R = r + h(Rz – r)/Z, and Rz is the maximum
value of the pore radius (when h = Z). It is convenient
to introduce a parameter of

V π
3
��h R2 rR r2+ +( ),=

αtan Z
Rz r–
����������� 1

αcot
����������,= =

which, by a value order (if r ~ 10 nm, Rz ~ 100 nm, Z ~
10 μm), equals tanα ~ 100.

The substitution of (4) into (3) gives an algebraic
equation of power 3 with respect to the value of h mea�
sured in the experiment:

h3 + ah2 + bh + c = 0, (5)

where 

The solution of Eq. (5) is known to be found using
Cardano’s formula. The standard substitution (see,
e.g., [9, p. 8])

h = y – rcotα,

leads (5) to a canonical form of the equation. Using
the solution for the equation, we get the following
formula:

(6)

With sufficient accuracy, one may estimate the rate
of the galvanostatic (in the case of a direct current I)
increase of the deposition from the expression
obtained from (6):

(7)

It is seen from formula (7) that the rate of the dep�
osition will decrease in time according to a compli�
cated exponential law:

ν ~ t–2/3. (8)

Note that, for the deposition into a cylindrical
pore, the deposition rate is constant (see (2)); i.e., it
does not depend on the time.

METHODS OF CALCULATION FOR MORE 
COMPLEX MODELS AND THE SIMPLEST 
GEOMETRICAL THEORY OF SIMILARITY

One of the reasons for the feasible divergences of
formula (6) and its results from the experimental data
is the alternate angle of the slope of the flattened cone.
If we accept this supposition, then it is possible to
account for the fact that only at the initial period of the
electrodeposition is the rate of the deposit growth a
nonlinear function of Q [7,8]. At large thicknesses, the
electrodeposition is already performed into the cylin�
drical pore, which involves the linear dependency of h
on Q and the independence of the deposition rate of
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Fig. 1. Diagram of the simplest pore model in the form of
a flattened cone.
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the quantity of the passed charge. In these events, the
experimental dependency may be intermediate
between the dependency of (6) and the linear depen�
dency of h on Q (see (1)) for a cylindrical pore of a
constant diameter.

Based on these arguments, one may assume that, in
a general form, the dependency of the deposit’s height
on the passed electricity can be as follows:

H ~ q1/L. (9)

In this part of the paper, we shall use the dimen�
sionless values of the height and charge, which, unlike
the preceding dimensional ones, will be designated as
H and q, correspondingly. Whereby, H and q are the
simplexes, and the nondimensionalizing is performed
by the normalizing using certain standard values of h
and Q. The parameter L introduced by us, the value of
which is presented in the table (see below), may use
any number and thereat characterize the geometrical
parameter of the electrodeposition process.

The latter can be demonstrated by trivial argumen�
tation. Suppose the electrodeposition is performed
into a pore that is a body of rotation. Let the process be
carried out in the galvanostatic mode within the range
of negligibly small current densities when the current
efficiency tends to 100%. Then, for the body of rota�
tion, from (3), we obtain the expression

(10)

where R(h) is the height function of the radius (in our
case, it is the deposition height).

From (9) and (10), it follows that

(11)

For the unknown function R(h), the approxima�
tion is as follows:

R(H) ~ H(L – 1)/2 ~ HK, (12)

where another important parameter is introduced
into (12),

K = (L – 1)/2. (13)

Thus, using (9), the pore may be presented as a
body of rotation with any (power) dependency of the
radius on the height, and, in the limiting case, it may
transform into a form close to cylindrical. As a purely
mathematic example, let us study the event when a
pore is a body of rotation whose generatix line is preset
by the simplest parabola, i.e., K = 2, and the root
parabola at K = 1/2. The geometrical parameters
introduced by us for all these events are presented in
the table.

R2 H( ) H q,∼d
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COMPARISON 
WITH THE EXPERIMENTAL RESULTS

Figure 2 shows the experimental dependencies of h

on  in logarithmical coordinates, where  denotes
the density of the passed charge. These dependencies
are taken from [7, 8], correspondingly, for the elec�
trodeposition of silver from a thiocyanate solution and
copper from a pyrophosphate solution into mem�
branes with the average diameter of the pores of
200 nm at a current density of 6 mA/cm2 (for the elec�
trodeposition of copper [8]).

The experimental results shown in Fig. 2 relate
only to the initial stages of the electrodeposition. At

high values of  the dependence of the rate on the
time fails to be observed. These results make it possible
to experimentally obtain the value of 1/L from (9),
which appeared to equal 0.72 ± 0.02 for the silver elec�
trodeposition [7] and 0.68 ± 0.09 for the copper elec�
trodeposition [8]. Despite the fact that these values
were obtained for the dimensional magnitudes, it
seems evident that they characterize the value of 1/L
exactly; i.e., the ratio for the dimensionless parameters
is the same, as was confirmed by the relevant numeri�
cal estimations.

The dependencies observed experimentally mostly
correspond to the situation when the diameter of the

Q Q

Q,

The geometrical parameters for the simplest pores

Pore form L K

Cylindrical 1 0

Cone 3 1

Square–parabolic 5 2

Root–parabolic pore 2 1/2

100
h, μm

10 100

10

Ag

Cu

Q, C/cm2

Fig. 2. Dependency of the deposit height of silver [7] and
copper [8] into the membranes from the porous Al2O3 with
an average size of the pores of 200 nm based on the density
of the passed charge.
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pores varies at the initial moment of time of the depo�

sition with transition to a cylindrical pore at high 
(long deposition times). This is vividly demonstrated
not only by the absence of the dependency of the dep�
osition rate on the time (see [7, 8]) but also by the 1/L
value’s estimation. For copper, the observed slope
(0.68 ± 0.09) appears to be average at various times. At
relatively short times, it equals 0.56, and, at longer
ones, the dependency is as follows: h ~ Q0.92. It is clear
that, in the case of silver electrodeposition, the
observed dependency appears to be the average value
as well at a certain Q interval.

Thus, in the examples described in the present
paper, the following experimental dependency is
traced:

h ~ Q2/3. (14)

If we use the experimental values of (14), we shall
obtain the following approximation for the unknown
function of R(h):

R(h) ~ h1/4. (15)

Thus, upon the accomplishment of (9), the pore
may be presented as a body of rotation with a weak
dependency of the radius on the height in the limit
transforming into a pore of a form close to cylindrical,
which agrees with the described experimental data.

CONCLUSIONS

It is shown that, in the electrodeposition based on
the template synthesis into pores of variable (in height)
diameter, the height of the manufactured layer of the
nanoproduct becomes a nonlinear function of the
passed charge. At a cone form of the pores, h ~ Q1/3

(h is the layer height, Q is the charge). The previous
experimental results [7, 8] show that, at minor values
of the passed charge, h ~ Q2/3. The obtained results are
the outcome of the pore noncylindricity only for the
layers of the membranes close to the initial electrode
surface or when the pores represent the internal sur�
face of bodies of rotation with a weak dependency of
the radius on the pore height (R ~ h1/4).
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This paper, a continuation of a preceding one [1],
deals with the electrodeposition of Co–W coatings
from citrate solutions. The principal peculiarities of
the manufacturing and properties of such coatings are
as follows. Firstly, they occur due to the so�called
induced codeposition [2–5]. Despite the fact that the
mechanism of the induced codeposition is character�
ized as “anomalous” [5] and appears to be ill�defined
until now, there is a whole group of alloys obtained by
this method. In particular, the category of such pro�
cesses includes the electrodeposition of metals from
the iron group with refractory metals (W, Mo, and Re)
[2–18]. The second peculiarity of similar coatings is
that the materials of this type are nanocrystalline [6, 7,
9–12, 14, 15, 17, 18]. For the Co–W and Fe–W coat�
ings produced from citrate solutions, this is vividly
shown by Fig. 1 taken from [18].

Figure 1 also shows that the degree of “nanocrys�
tallinity” largely depends on the tungsten concentra�
tion in the coating. The small size of the crystallites is
an important factor for achieving certain properties of
the coatings, in particular, the anticorrosion [3, 6, 19]
and mechanical ones [3, 16, 18, 20, 21].

Finally, a third peculiarity of these coatings is the
technology of their production. As is noted in [21],
since the electrodeposition of CoW–alloys is based on
an ecologically pure electrolyte whose properties may
successfully compete with those of the electrolytic
chromium ones, such coatings appear to be the best

alternatives for the coatings deposited from solutions
of hexavalent chromium taking into account the eco�
logical risks resulting from the production technology
of the latter.

Concerning the induced codeposition of the iron
group metals comprising refractory metals, it was repeat�
edly noted that the composition of the coatings and
hence their properties strongly depend on the hydrody�
namic conditions of their manufacturing [4, 5, 22].
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Fig. 1. The influence of the alloy’s W content on the grain
size in the Co–W and Fe–W electrolytic coatings
obtained at a constant current and pH = 6.7 (1), a pulse
current and pH = 6.7 (2), and a pulse direct and current
and pH = 8 (3) [18].
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In the present paper, the influence of the hydrody�
namic conditions (the ion mass transfer effects) on the
electrodeposition rate, the composition, and the mor�
phology of the coatings manufactured from a definite
citrate electrolyte used previously in a number of
papers [16, 18, 19, 22] is investigated. The estimated
regularities are assumed to be important not only for
the applied composition of the solution but for other
processes in manufacturing the Co–W coatings along
with the processes of the induced codeposition of the
iron group of metals comprising the refractory metals.

EXPERIMENTAL

Electrolyte Composition and Electrodeposition Modes

The electrolyte of the following composition was
used for the manufacturing of the cobalt–tungsten
coatings (mol/l): Na2WO4—0.2; CoSO4—0.2;
C6H8O7 (citric acid)—0.04; Na3C6H5O7 (sodium cit�
rate)—0.25; H3BO3—0.65 (pH = 6.8). The deposi�
tion temperature was 60°C. The electrodeposition was
performed onto a rotating cylindrical electrode
(RCE), the form and geometric parameters of which
were presented in [1]. The (RCE) rotation velocity was
varied from 0.3 to 165 rot/min. Under the above tem�
perature, the kinematic viscosity of the solution was
0.72 × 10–2 cm2/s, making it possible to vary the
Re number from 1 (0.3 rot/min) to 600 (165 rot/min).
A graphite plate served as the anode.

It is known that the RCE developed turbulent
mode with the known ratios that determine the ion
mass�transfer rate may be achieved at Re ≥ 200
[23, 24]. Lower rotation rates provided for the unifor�
mity of the deposited layers since the anode was fixed
only at one side of the cylinder. As in [1], the influence
of the hydrodynamics (on the deposition rate (the cur�
rent density), the current efficiency, and the coating
composition) was registered only at the RCE rotation
velocities above 11 rot/min (Re > 40).

The electrodeposition was carried out both under
galvanostatic and potentiostatic conditions. In all the
events, the potential was measured with regard to a
saturated argentum chloride electrode and recounted
for the hydrogen scale. The PARSTAT 2273 (Prince�
ton Applied Research) was used as the potentiostat–
galvanostat. The electrodeposition was performed on
St 3 specimens. Immediately prior to the electrodepo�
sition, the surface was coated by a nickel layer, as is
described in [1].

Determination of the Current Efficiency, Composition, 
and Morphology of the Coatings

The current efficiency was determined by the weight
increase of the specimens upon the transmission of a
certain quantity of electricity. The value of the passed
charge was measured by integrating the current–time
curves at the potentiostatic mode or fixing the time at
the galvanostatic one. The measured gains in weight
varied from ~30 to ~70 mg.

The current efficiency was calculated (irrespective
of the alloy composition) using the value of the elec�
trochemical equivalent of the alloy equaling
0.311 mg/C [25]. The morphology of the coatings was
studied using scanning electron microscopy (SEM),
and the elemental composition of the alloy was deter�
mined by EDX analysis (a TESCAN VEGA scanning
electron microscope with an EDX analysis supple�
ment). The coating composition, apart from Co and
W, incorporated carbon and oxygen (hydrogen fails to
be determined by the EDX analysis). The values of the
composition of the coatings (presented below) include
only the content of the elements (in atomic percents)
of the alloy metal fraction (without account for the
light elements). The analysis was carried out at three
arbitrarily selected points of the RCE surface. The
average values together with the standard deviations
from the arithmetic mean are presented.

RESULTS AND DISCUSSION

Galvanostatic Electrodeposition. The Influence 
of the Hydrodynamics on the Process Rate, 

Current Efficiency, and Composition of the Coatings

Figures 2–4 show the galvanostatic measurement
results in the potential–time coordinates at various
current densities and a constant velocity of the RCE
rotation (Fig. 2), the dependency potential and rota�
tion velocity (number Re) at various current densities
(Fig. 3), and the dependence of the current density�
potential at various Reynolds numbers (Fig. 4). The
values of the potentials and current densities presented
in Figs. 3, 4 are relevant to the established magnitudes
of the obtained values (see, e.g., Fig. 2).

A number of peculiarities of the obtained depen�
dencies have been observed. The first one suggests that
the hydrodynamic effect is involved only at a certain

–1.2

–0.8

–0.6

4002000 600
Time, s

1

2

3E, V

–1.0

Fig. 2. The dependency of the potential on the time for the
various current densities of the electrodeposition at the
RCE rotation velocity of 165 rot/min (Re = 600). 1—0.03;
2—1.0; 3—3.0 A/dm2.
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region of the current densities (potentials). At the low
current densities (up to 0.5 A/dm2), this kind of influ�
ence fails to occur, just as at the high ones (Fig. 3).

The second one conveys that the hydrodynamic
influence may be observed only at sufficiently high
Reynolds numbers (at Re > 40 or at the rotation veloc�
ities above 11 rot/min). The cause may be that,
according to [23, 24], the expression for the limiting
current density determined by the rate of the ionic
mass transfer to the RCE is as follows:

ilim = 0.079nFC0ω(ωr/ν)–0.3(ν/D)–0.644, (1)

where C0 is the concentration of the electroactive par�
ticles, ω denotes the frequency of the cylinder’s rota�
tion, ν implies the kinematical viscosity, D designates
the diffusion coefficient, F is Faraday’s constant, and
n stands for the number of the transferred electrons
during the electrochemical reaction.

In accordance with (1), the rate of the ionic mass
transfer (convective diffusion) is proportional to the
cylinder rotation frequency of the power 0.7, and the
RCE surface itself is equally available for the mass
transfer processes (the absence of variation of the ionic
mass transfer rate versus the cylinder’s height). How�
ever, according to [23], (1) can be performed only at
Re = ωr2/ν ≥ 200. From the results shown in Fig. 3, one
may see that, experimentally, the hydrodynamic influ�
ence is observed precisely at the Reynolds numbers
above 200 (measurements in the range of 40 < Re < 200
were not performed). At a high enough current density
(3 A/dm2), one may assume that the dependency on
the RCE rotation velocity is absent (the mean value of
the potential at all the Re numbers being used was
⎯1.20 ± 0.01 V, Fig. 3).

The third peculiarity of the obtained dependencies
suggests that, at fairly high current densities (precisely
when the hydrodynamic effect occurs), the current
density is directly proportional to the potential and,

hence, the nonlinearity of Tafel’ coordinates is
involved (Fig. 4). An identical dependency was
detected in [1] upon cobalt deposition from the same
solution (but without sodium wolframate).

The presence of such a linear dependency implies
that the process rate is determined by the transfer in
the surface film with the film conductivity apparently
being of the electron type. However, the film composi�
tion is defined among other factors by the conditions
of the ionic mass transfer in the solution, since the
slope of the current density curve and the potential
depends on the hydrodynamic conditions (Fig. 4).

Such a hydrodynamic effect is also characteristic
for the dependency of the current efficiency on the
current density (Fig. 5). At low rates of mixing (up to
Re ≤ 40), a similar influence is absent, and the high
rotation velocities lead to a substantial enhancement
of the current efficiency.

0.95

0.85

0.75

–
E

, 
V

10 100
n, rot/min

1

nRe=200

2

3

101

4

51.20

Re100101

Fig. 3. The dependency of the electrodeposition potential
on the RCE rotation velocity (Re) at the various current den�
sities, A/dm2: 0.03 (1); 0.1 (2); 0.5 (3); 1.0 (4); 3.0 (5).

12

6

2

1.61.41.21.0 2.0
–E, V

12

Current density, A/dm2

0.8 1.8

0

4

8

10

Fig. 4. The polarization curves at the galvanostatic mode
and various Re numbers: 40 (1); 600 (2).

80

50

40

30
1

Current density i, A/dm2

1

2
3

Current efficiency η, %

0.1

60

70

Fig. 5. The dependency of the current efficiency on the
current density at various RCE rotation velocities (Re),
rot/min: 165 (1); 11 (2); 0.3 (3).



94

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46  No. 2  2010

BELEVSKII et al.

The reaction of the hydrogen release is known to be
a side reaction at the Co–W coating manufacturing.
One can see that its contribution increases upon an
increase of the current density (with the electrodepo�
sition potential growth exhibiting a linear dependency
on the current density). However, since at certain Re
values, due to the hydrodynamics effect, the potential
shifts to the region of positive potentials (i.e., it
decreases, Fig. 3), this, in turn, involves the current
efficiency enhancement due to the decrease of the
charge share needed for the hydrogen release reaction.
Thus, the hydrodynamics appears to have a dual effect
on the electrodeposition rate, increasing its current
density along with the current efficiency.

At low current densities, the current efficiency
decreases, and the influence of the hydrodynamics is
absent (Fig. 5). It is not inconceivable that the latter
is caused by the corrosion processes in the region of
the potentials close to the stationary potential of the
de�energized electrode (the mixed corrosion poten�
tial) in the electrodeposition electrolyte.

The potential variation due to the influence of the
hydrodynamics leads to the composition modification
of the coatings, namely, to a substantial decrease of the
tungsten concentration in the metal fraction of
the alloy (and, hence, the cobalt share increases) in
the coating (Fig. 6). The comparison of the results pre�
sented in Figs. 6 and 3 shows that it is the electrode
potential value that determines the alloy composition
(of the metal constituent). And, when it shifts towards
the positive potentials, the cobalt concentration
increases (and that of the tungsten decreases). How�
ever, for this composition of the solution (and for the
temperature), the influence of the potential (the cur�
rent density) varying has a limit of 30 at % W. The RCE

rotation velocity fails to influence the coating compo�
sition upon reaching this limit (Fig. 6).

Potentiostatic Deposition. 

The influence of the hydrodynamics according to
(1) in the presence of the process rate limitations
resulted from the ionic mass transfer in the solution,
and the current density is proportional to the rotation
frequency ω with the power 0.7. This very dependency
is observed under the conditions of the potentiostatic
deposition at various potentials (Fig. 7). Moreover, it
should be noted here that Fig. 7 shows the current
density values obtained at ω relevant to the Re num�
bers above 200. One can also see that the control of the
process rates appears to be a diffusion�kinetic one with
the current density being predominantly influenced by
the electrode potential variation. However, unlike the
galvanostatic mode, the potentiostatic deposition
(with the same Re numbers at which the potential,
current efficiency, and coating composition (Figs. 3,
5, 6) are affected by the hydrodynamics) is not sub�
jected to such an influence. (Fig. 8).

If for the estimation of the role of the hydrody�
namic conditions in the coating composition forma�
tion the absence of their influence is evident (Fig. 8),
then, for the current efficiency, it needs explanation,
since a minor dependence still exists (Fig. 8). However,
it ranges within the limits of the experimental error. In
fact, the mean value of the current efficiency in the
range of the Re numbers of 40–600 equals 59 ± 3% (the
standard deviation from the arithmetic mean is given
as the interval value) at a maximum deviation from the
average by 5% (Fig. 8). It is evident that, if such a devi�
ation is regarded as the one falling within the limits of
the experimental errors in case of the current effi�
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ciency determination under the conditions of the
described experiments, then one may state the absence
of such influence both on the coating composition and
on the current efficiency. For comparison, in the gal�
vanostatic experiment at the current density, say, of
1 A/dm2 and in the same range of the Re numbers, the
current efficiency increases from ~50 to 80% (Fig. 5).

It seems evident that both the coating composition
and the current efficiency are predominantly influ�
enced by the electrode potential. And, if it shifts in the
positive direction at the RCE rotation velocity, then
only in this case is the coating composition modified
(in particular, the tungsten and cobalt ratio) along with
the current efficiency varying.

The Surface Morphology

Figure 9 shows the electronic images of the surface
after the deposition of the coatings at a charge density
from 4 × 103 to 6 × 103 C/dm2. One can see that not
only the coating composition but the morphology of
its surface is determined by the electrode potential.
The morphology of the surface changes (Fig. 9) only
when the hydrodynamics influence the potential. It is
mostly manifested upon maintaining the constant cur�
rent density of 0.5 A/dm2 (Figs. 9a and b). At Re
increasing from 40 to 600, the potential at maintaining
this current density decreases by ~75 mV (Fig. 2).
And, as a consequence, the morphology modifies. At
keeping the potential constant and under the galvano�
static conditions at actually the same potential, the
surface morphology is identical (Figs. 9c and d). The
latter is valid also for the high current density
(3 A/dm2), the potential of which actually fails to be
influenced by the hydrodynamics (Fig. 3, Figs. 9e and f).
Here, it is worth noting that, at the high current densi�
ties, the surface fracture formation occurs due to the
coating’s internal tension onset.

Kinetics of the Electrodeposition, Composition, 
and Structure of the Coatings

It follows from Fig. 1 that the degree of the “nanoc�
rystallinity” of the obtained electrolytic deposits
depends significantly on the tungsten concentration in
the coating and, hence, on the solution composition
and the deposition modes, including the hydrody�
namic conditions. The analysis of the results presented
in the paper asks for an explanation of the following
experimental factors as viewed from the unified posi�
tions: (a) the linear dependency of the current density
on the potential, whose slope is defined by the hydro�
dynamic conditions; (b) the hydrodynamic influence
on the composition, the morphology of the coatings,
and the current efficiency under the galvanostatic
conditions and the absence of a similar influence
under the potentiostatic ones.

The set of these experimental factors may be
explained by accepting the hypothesis that the deposi�

tion occurs through a nonstoichiometric coating layer
with the electron conductivity under the conditions of
equilibrium between the anions (cations) of the solu�
tion and the coating layer [26, pp. 749–758]. The
present hypothesis allows one to explain the linear
dependency between the current density and the
potential. And the presence of the equilibrium
between the cations of the layer and the metal involves
the following dependency at the film–electrolyte
boundary [26, p. 753],

(2)

and at the equilibrium between the anions of the layer
and the electrolyte [26, p. 751],

(3)

where  and  are the standard potentials, and

αMe +  denote the relevant activities.

Despite the fact that the exact composition of the
near�electrode layer is unknown, the presence of the
rigid dependencies of the (2) and (3) type resulting
from the equilibrium at the film–solution boundary
makes it possible to explain why, at keeping the poten�
tial constant, the coating composition is exposed to no
modifications upon the hydrodynamic conditions
variation. And that is precisely because of the fact that,
due to the equilibrium, the constant surface concen�
tration of the solution components remains
unchanged. At the same time, under the galvanostatic
conditions, the surface concentration, for instance, of
that of cobalt citrate, may increase and, hence, the
potential may decrease and the cobalt concentration
increase in the surface film, which appears to be
observed in the experiment.

The presence of the nonstoichiometric phase film
(see Fig. 10) implies that the coating composition may
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Fig. 8. The influence of the RCE rotation velocity
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ing (1) and the alloy current efficiency (2) at the elec�
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(b)

(c)

(а) 30 μm 30 μm

30 μm30 μm (d)

(e)
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Fig. 9. Electron images of the coating surfaces obtained under the galvanostatic (a, b, c, e, f) and potentiostatic (d) conditions at
the current densities, A/dm2: 0.5 (a, b), 1.0 (c), 3.0 (e,f), at the potential of 1.0 V (d) and the following Re numbers: 40 (a, c, e),
200 (d), 600 (b, f).
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comprise not only Co and W but also the components
of the electrolyte. Indeed, as the results of the EDX
analysis have shown, regardless of the deposition con�
ditions, the overall content of cobalt and tungsten in
the coating makes up ~60 at %, and ~40 at % falls on
the light elements (C, O, according to [27] using the
example of the Fe–W deposits; the coatings may be
observed to contain hydrogen as well). And although
such a high concentration of the light elements may be
doubted, considering the accuracy of their determina�
tion by the EDX analysis, the presence of these ele�
ments in the film (in the coating) is doubtless.

Presently, there are two groups of papers devoted to
the mechanism of the induced codeposition of the
metals of the iron group with refractory metals, which
make it possible to explain the influence of the hydro�
dynamic conditions on the alloy composition. The
first group [4, 28, 29] (Podlaha�Landolt’s mechanism)
is based on the assumption that the deposition of the
metals follows two ways (reactions a–c):

(a)

(b)

(c)

Considering that, simultaneously, the reaction of
hydrogen release takes place, it should be written as

(d)

Depending on the ratio of the concentrations of the
metal components of the iron group and the refraction
metal, the reduction of the metal complex of the iron
group occurs straightforwardly up to the metal state
(reaction (a)) or it appears to be used as a reducer for
the refraction metal complex with the formation of the

intermediate product of [MeCitW  type (reac�
tion (b)). This intermediate reduces afterwards to the
metal (reaction (c)). Reaction (a) may be diffusion
controllable and the reactions (b–c), kinetic. At other
concentration ratios, the opposite variant is possible.
It is noteworthy that each of these reactions appears to
be electrochemical, and the dependency of its rate on
the potential is the Tafel one. An adequate mathematic
model [28] allows one to predict the metal ratio in the
coating with account for the degree of the surface fill�
ing by the intermediate. The kinetic constants used for
this purpose are taken from the experimental data.
However, according to the inferences of the authors
themselves [28], the model�based degrees of the coat�
ing filling are found to be abnormally low, which
allows one to distrust the model’s validity.
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Nevertheless, qualitatively, the very idea of the two�
way electrodeposition (reactions (a–c)) accompanied
by the (d) reaction agrees with the experimental results
of the present paper provided the (a) reaction is diffu�
sion�controllable and the (b–c) reactions are kinetic.
However, considering all these, the present model
should be modified with account for the existence of
the nonstoichiometric coating surface layer that has
the electron conductivity.

The possibility of an advance in the development of
the model of the induced electrodeposition on the
basis of the fundamental estimation of the composi�
tion of the resulting complexes that are the sources of
manufacturing the coatings has been described in a
number of papers [30–32] generalized in [5]. It has
been assumed that a source for manufacturing of the
coatings is the intermediate (as applied to the deposi�
tion of the W alloy); [(Me)(HWO4)(Cit)]2– obtained
using reaction (e),

(e)

or even [(Me)(HWO4)2(Cit)]3+ obtained using reac�
tion (f),

(f)

with the subsequent reduction of this intermediate to
the metal state (e.g., in relation to the nickel�tungsten
coatings, to NiW, or even to NiW2).

Thus, unlike [4, 28, 29] the intermediate, it is
assumed to be formed in the solution as a result of the
chemical reactions, e.g., (e, f). Evidently, depending
on the ratio of the concentrations of the components,
(a) the intermediate composition may vary or (b) its
formation (as a complex with a specific stoichiometry)
may be controlled by the convective diffusion of some
of the components of the blend. In addition, the
present results show that the initially forming interme�
diate (due to the reactions (b, e, f) or any others) sub�
sequently (during the reduction) is found to be trans�
formed into a phase film with the electron conductiv�
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Fig. 10. Phase diagram of the electrode with a coating layer
of the electron conductivity for the electrodeposition of
the Co–W coatings from the citrate solution.
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ity (probably of a nonstoichiometric composition)
through which the process of the induced codeposi�
tion seems to be realized.

The intermediate being transformed into the sur�
face layer with the electron conductivity should not
necessarily be considered as a heterocomplex (het�
eropolycomplex). It is shown in [1] that the linear
dependency of the current density on the potential has
also been registered during the deposition of Co from
a citrate solution of the composition under study. To
the composition of the forming complexes (presum�
ably of a polymer nature) should be devoted an inde�
pendent course of investigations.

CONCLUSIONS

The results of the present investigation showed that
the composition of the coatings with Co–W alloys
produced from the citrate solutions (and determining
the degree of its “nonocrystallinity”) is influenced by
the hydrodynamic conditions.

The influence of the hydrodynamic conditions on
the current density, the current efficiency of the elec�
trodeposition, and the morphology of the coatings is
accomplished immediately through the electrode
potential variation. Under the potentiostatic condi�
tions, the hydrodynamics influence neither the alloy
composition nor the current efficiency.

A hypothesis has been put forward that the induced
codeposition occurs through the surface coating layer
with the electron conductivity, and the coating com�
position is determined by the surface concentration of
the blend of the components being in electrochemical
equilibrium with the components of the coating layer.
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INTRODUCTION

One of the important problems in automotive engi�
neering and tractor construction is to enhance the
operational life of the components of the cylinder–
piston group of the internal combustion engines, in
particular, the piston rings. At present, the basic mate�
rial used for their fabrication is cast iron with a plate�
like and spherical shape of the graphite. The short life
of the rings is most often attributed to the inadequacy
of their structure compared to the requirements of
State Standart.

High quality can be obtained by the crucially new
technique of casting of piston�ring blanks into a water�
cooled mold not involving rods that has been devel�
oped at the Institute of Metal Technology of the
National Academy of Sciences of Belarus. The tech�
nique is based on the principles of freeze casting [1],
which allows fabricating cast�iron castings with a
compact highly dispersed structure and increased
physicomechanical properties in comparison with tra�
ditional casting methods. Thus, for example, the rela�
tive elongation of the castings obtained by this high�
strength spheroidal graphite cast iron (SGCI) of the
ferrite class is comparable with the analogous parame�
ter for steel samples and it is 12–15%. These castings
are characterized by their high elastic properties,
which are preserved under heating up to temperatures

of 300–4000°C. As a consequence, the castings with
these physicomechanical properties have become
commonly used for fabricating piston and sealing rings
for various applications; however, the use of them
appears to be the most efficient in the production of
sealing rings for turbocompressors whose service abil�
ity and lifetime depend directly on the rotor seal with
its body and bearing. The elastic split ring applied as a
sealing element is placed without clearances with an
expansion end gap of 0.01–0.05 mm; due to the elastic
forces, it must remain motionless as the rotor rotates
with a frequency up to 160000 r/min. The specified
value of the ring joints in the free condition is usually
obtained by their heat fixing. However, it should be
noted that a decrease in the ring size causes difficulties
in both the obtainment of the castings and the fabrica�
tion of the product proper. The latter is attributed, e.g.,
to the circumstance that the diametral compression
force of a ring of SGCI with a diameter of 13 mm must
be at the level of the analogous characteristic for the
upper compression ring with a diameter of 85 mm of a
Mercedes�Benz engine that has a cross sectional area
larger than the 13�mm ring by a factor of 4.5 [2].

Therefore, studies focused on finding methods and
techniques for the obtaining of the desired structure of
the cast�iron castings used in domestic mechanical
engineering and the required physicomechanical
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properties of the small�diameter compression rings
made of them are of current concern.

The traditional methods of improvement of the
structure and properties of cast�iron castings have
been studied thoroughly enough for the moment. It is
possible to obtain a new complex of their physicome�
chanical properties only by way of nonconventional
impacts on the cast iron, in particular, by magnetic�
pulse treatment (MPT). The number of works con�
cerned with the MPT of cast iron is relatively small
[3–6]; however, the available data confirm the appli�
cability of this technique for variations in the structure
and properties of iron–carbon alloys. Thus, e.g., the
authors of [4] studied the effect of a high�frequency
magnetic field on the variation in the structure and
properties of СЧ�25 vermicular graphite cast iron
obtained by the method of continuous�cycle freeze
casting. It is found that the structure effects of a high�
frequency magnetic impact on cast iron are the heal�
ing of surface defects, the dispersion of perlite, a
reduction in the ferrite content in the structure due to
the ferrite–graphite complex transformation into per�
lite, the enlargement and variation of the internal
structure of the graphite inclusions, and changing the
cementite morphology. It is recorded that the observed
structural variations of cast iron are accompanied by
an increase in the hardness of automotive components
of the cylinder–piston group prepared of it.

In this work, we study the possibility to apply a
high�frequency magnetic impact to vary the structure
and to enhance the elastic properties of sealing rings of
SGCI.

EXPERIMENT AND RESEARCH TECHNIQUES

As the experimental samples, we used sealing rings
of various diameters being components of turbocom�
pressors (Fig. 1, Table 1). The rings were made of
SGCI (Table 2) by freeze casting.

The high�frequency magnetic�pulse treatment
(HFMPT) of the rings was carried out using an exper�
imental installation of the Institute of Physics of the
National Academy of Sciences of Belarus according to
the impact cyclogram given in [7]. A diagram of the

samples’ arrangement in the operating space of the
installation (inductor) is shown in Fig. 2.

The cast�iron structure variations due to the
HFMPT were studied by the method of sighting met�
allography using an MIKRO�200 metallographic
complex. The metallographic sample of the cast�iron
ring under study was marked and then photographs of
it were taken before and after the treatment. The
chemical etching of the metallographic samples’ sur�
face for the examination of its microstructure was car�
ried out using a 4% solution of nitric acid in ethyl alco�
hol. The macrostresses were studied by X�ray structure
analysis by virtue of a DRON�3M installation in CuKα

radiation in the line of ferrite (110).
The ring resistance to tensile loads was studied

using a toolmaker’s microscope according to the dia�
gram in Fig. 3. In the course of the measurements, we
determined the value of the difference d – d0, where d0
is the gap between the ring edges in the nonloaded
condition; d, at a tensile load with weight m.

RESULTS AND DISCUSSION

In the initial state, the ring material’s structure is
represented by a perlite matrix (Fig. 4a) with spheroi�
dal inclusions of graphite (Fig. 4b). The HFMPT does
not result in a significant change in the graphite distri�
bution in the matrix; however, there are variations in

Fig. 1. Sealing rings.

Table 1.  Parameters of the rings

Ring number Diameter, mm

1 13.0

2 16.1

3 18.0

4 19.3

5 23.0

6 26.0

7 29.6

1234
5

67
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the sizes of the free cementite inclusions (Fig. 5) and
the eutectoid morphology, which can be seen clearly
enough in the rectangular fragment in Fig. 6, which
contains a region of the metallographic sample in the
neighborhood of the arrow head in Fig. 5.

One of the consequences of the variation in the
structure of the perlite component of the cast iron is a
decrease in the spread of the values of the microhard�
ness ΔHμ (Table 3), which is indicative of the increas�
ing uniformity of its structure.

As is seen from Table 3, the HFMPT leads to a
decrease in the spread in the values to a range of
1000 MPa: after two and six impact cycles for rings
number 1, four and six cycles for number 2, two and
four cycles for number 3, two and four cycles for num�
ber 4, six cycles for number 6, and two and four cycles
for number 7.

The observed decrease in the spread of the values of
the microhardness is illustrated in a diagram form in
Fig. 7.

The variation in the perlite structure and the
cementite morphology is connected with the increase
in the Rockwell hardness (HRC) of the cast iron

Table 2.  Composition of the cast iron

Element content, wt %

Fe Si Mn Cr Ni Cu Mg C

Base 2.8–3.0 0.4–0.6 0.1–0.2 0.5–0.6 0.7–0.9 0.04–0.06 2.8–3.0

12

Fig. 2. Diagram of the samples’ arrangement in the induc�
tor: 1 is the inductor, 2 is the sample under treatment, and

 are the magnetic field lines with the intensity H.H

d

m

Fig. 3. Diagram of the determination of the rings’ resis�
tance to a tensile load with the weight m.

Table 3.  Spread in the values of the microhardness ΔHμ

Number of 
HFMPT cycles

Ring number

1 2 3 4 5 6 7

0 1644.0 1098.8 1275.3 1069.3 1644.0 1098.8 1275.3

2 491.5 1903.6 997.9 878.7 491.5 1903.6 997.9

4 1825.8 1273.1 1690.5 1591.4 1825.8 1273.1 1690.5

6 1910.8 1272.4 1270.8 1427.4 1910.8 1272.4 1270.8

H H
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(b)(а) 50 μm 250 μm

Fig. 4. Structure of the rings in the as�received condition: (a) the perlite matrix and (b) the spheroidal graphite inclusions.

(b)(а) 10 μm 10 μm

Fig. 5. Variation in the sizes of the free cementite inclusions: (a) the as�received condition and (b) after two cycles of HFMPT.

(b)(а)

Fig. 6. Variation of the eutectoid structure (enlarged fragment of Fig. 5): (a) the initial state and (b) after two cycles of HFMPT.
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(Table 4). The most significant increase in the hard�
ness is found in rings numbers 5 and 7. In addition, we
can see the influence of the HFMPT on the periodic
variation of the HRC values of the rings depending on
the number of cycles of their treatment.

A characteristic effect of the HFMPT is the varia�
tion in the internal structure of the spheroidal graph�
ite, which is similar to the one found earlier by the
authors of [4] for cast iron with platelike graphite.

According to [8], the structure type of the section
of spheroidal graphite is determined by the position of
the sectional plane with respect to the spherocrystal
center (Fig. 8). In addition, there is a “central spot”
that is recorded in the event that the sectional plane
runs above the crystal center.

Figures 9 (the rectangular fragment) and 10 represent
photomicrographs of inclusions of spheroidal graphite.
The data show that the HFMPT results in the evolution
of the structure of the central part of the inclusion
accompanied by an increase in the central spot sizes.

The morphology of the fringe region of the inclusion
varies with the tendency for forming flat facets.

The revealed variations in the structure of the
graphite inclusions can be explained by several rea�
sons. Among them, one can find the intensification of
the diffusion processes, as well as the possible diffusion
of carbon atoms along a flat facet in the central spot
and variation in the step structure of the section
periphery. The change in the intensity of the interfer�
ence lines counts in favor of the variation in the carbon
structure in a magnetic field [4]. We should also take
into account the possible ferromagnetism of the cast�
iron graphite both due to the great amount of ferro�
magnetic inclusions (iron) and due to the variation in
the magnetic properties of the graphite in a magnetic
field [9].

A variation in the stress state of the ferrite in cast
iron can also have an effect on the graphite inclusion
type by deforming it similar to the deformation of the
diamond indenter of a microhardness gage [8], when
concentric rings or polyhedra appear in the section.
The results of the X�ray structure analysis show that
mainly compression macrostresses take place in the
ferrite phase under HFMPT (Table 5). The stress val�
ues are the difference between the stresses of the initial
and treated samples. In the respective calculations, the
stress of the first kind for the initial rings was taken
equal to zero.

The stress state variation is connected with the
change in the ring’s resistance to tensile loads
(Table 6). An increase in the compression stress level
enhances the load resistance (decreases the inflection
d – d0, Table 6).

The variation in the pattern of the stress state of a
sample is governed by the nonuniform distribution of
the pressures in the sample under HFMPT (Fig. 11).

Fig. 7. Microhardness values of ring no. 7 in the initial state
and after cycles of HFMPT.

Table 4.  Variation in the HRC hardness of the rings as a result
of the HFMPT

Ring 
number

Number of HFMPT cycles

0 2 4 6

1 63.600 66.450 53.800 65.950

2 73.100 74.650 73.950 75.200

3 71.850 71.350 70.300 71.800

4 73.625 74.450 73.050 74.700

5 73.900 75.350 74.800 76.450

6 74.300 69.780 72.850 74.950

7 73.450 77.550 76.500 76.150

Central spot

Sectional plane

Fig. 8. Diagram of a graphite spherocrystal section accord�
ing to the metallographic sample’s plane.

6000
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0
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(b)(а) 10 μm 10 μm

Fig. 9. Structure of a spheroidal graphite inclusion: (a) the as�received condition and (b) after two cycles of HFMPT.

(b)(а) 10 μm 10 μm

Fig. 10. Variation of the internal structure of a graphite inclusion: (a) the as�received condition and (b) after two cycles of HFMPT.

x0

Piece

Limit of
elasticity

I III

II

P

Fig. 11. Distribution of the pressures in a piece under a magnetic�pulse impact: II is the tensile region; I and III are the compres�
sion region [10].
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According to the data of [10], the tensile and com�
pression regions alternate in the section of a piece
treated in a magnetic field. In zone I, the pressure has
a negative value and, as applied to our case, it is
directed towards the inductor and induces variations
in the macrostresses that can be recorded by X�ray
structure analysis.

CONCLUSIONS

The results of our studies are as follows.

(i) It is found that the HFMPT of SGCI sealing
rings leads to variations in the eutectoid morphology,
the internal structure of the graphite inclusions, and
the sizes of the free cementite inclusions, which results
in an enhancement of the ring’s hardness.

(ii) It is revealed that the HFMPT of sealing rings
induces compression stresses in them, which leads to
the enhancement of the rings’ hardness.

(iii) It is shown that the physicomechanical proper�
ties of the rings resulting from the HFMPT change
periodically upon the variation in the number of treat�
ment cycles. The optimum mode corresponds to two
cycles.
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INTRODUCTION

The effect of the electrodischarge plasma energy,
along with the mechanical impact of various intensity
(MPA and UM), on a material results in the activation
of the processed surface, the increase of the internal
energy of the material, the acceleration of the interac�
tion processes in the anode–cathode system, the for�
mation (at their vibro�impact contacting) of a thin
transitional layer essential for the consequent diffusion
saturation, and the creation and sustaining in the con�
tact zones of the surface and bulk waves of the required
degree necessary for the relaxation of the remaining
tensions [1]. The problem of the MPA and UM
parametetric optimization using a model of small
vibrations of a system with a limited number of degrees
of freedom is solved for the determination of the
mechanisms and optimization of the modes of
the combined energy effect at various intensities of the
ultrasonic processing based on the developed physico�
mathematical models of the electrode erosion in the
process of the microplasmaspark alloying and the cal�
culation of the time of cooling of a droplet of the mol�
ten anode material [2].

The results of the experiments on the formation of
the strengthened surfaces performed in trivariant
microplasmaspark alloying are discussed from the uni�
fied theoretical positions [2]:

⎯Variant 1: Microplasmaspark alloying (MPA)
along with a low frequency (~150 Hz) mechanical
vibration of the anode. A strengthened surface with a

stochastic character of the properties (composition,
porosity, initial state) is created as a result.

⎯Variant 2: Microplasmaspark alloying with the
consequent ultrasonic (at a frequency of f > 20 kHz)
modifying of the cathode surface by means of vibra�
tion processing using the anode (MPA + UM). The
formation of a surface with a more uniform micro�
structure, controllable porosity, and roughness with a
reduced degree of the internal tensions is predicted.

⎯Variant 3: Preliminary mechanical vibrational
high frequency (>20 kHz) anodic processing of the
cathode surface with its subsequent microplasma alloy�
ing and ultrasonic modifying (UM + MPA + UM). The
layers of a higher quality and regular structure with a
reduced degree of internal remaining tensions are
expected to be manufactured on a metal substrate with
a random structure and hardness at the initial state.

1. THEORETICAL ANALYSIS

As follows from the analysis of the various physical
mechanisms that contribute to the strengthened surface
formation due to various combinations of the exterior
effects (MPA, MPA + UM, UM + MPA + UM), it
appears inaccessible to construct a universal theory
based on the fundamental principles of the solid state
physics that explains and predicts the results of each of
the methods for the surface processing based on the
MPA process.
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In this relation, a new integrated approach valid
both for the description of each of the studied variants
of alloying and for their comparative analysis and,
hence, adequate for their parametrical optimization is
offered in [3]. The approach is based on a physical
interpretation of the mass�transfer experimental data
in the surface processing by the above methods. The
nonuniform character modification of time of the
value of Δm/Δt for each of the studied alloying variants
evidences for the modification in the course of time of
the state of the contacting surfaces of the interacting
electrodes due to various physical mechanisms and
phenomena including the following:

⎯modification of the roughnesses of the cathode
and anode surfaces, which leads to the timewise mod�
ifications of the conditions for the electrospark dis�
charge onset according to Paschen’ law [1];

⎯modification of the hardness of the materials of
both electrodes in the near surface layers due to the
mechanical hardening phenomenon;

⎯modification of the microstructure of the near
surface areas of both of the electrodes due to their
nanostructuring.

Thus, the offered approach for the physical inter�
pretation of the set of the experimental data on the
mass�transfer appears to be based on the assumption
that, at the transition from one variant of the cathode
processing to another (i.e., upon modification of the
intensity and frequency of the mechanical impact),
the state of the initial structure of the processed surface
integrally changes, which in turn effects the subse�
quent development of the alloying. In terms of the the�
ory of small oscillations of the systems with the final
number of degrees of freedom, a set of such states can
be interpreted in the form of the influence coefficients
in a differential equation that describes the free oscil�
lations of the mechanical systems in [4, 5]. This theory
appears valid both for the optimization of the modes of
the discussed variants of the microplasmaspark pro�
cessing and for the prediction of the resulting proper�
ties of the surface being formed.

The overall view of the time dependency of the
anode mass loss based on the experimental data anal�
ysis shows that the set of these results may be generally
represented as a solution for the stochastic differential
equation of second order. This choice is accounted for
by the fact that the class of solutions for the first�order
differential equation is too narrow: its solution has the
form of an exponentially increasing or decreasing
function, which dissatisfies the arguments of the uni�
versality of the problem being solved. The differential
equation of a higher order appears invalid for attaining
a more precise solution due to the arising calculation
complexities. In addition, the coefficients of the
higher order equations seem to lack an explicit physi�
cal content.

The behavior description of the system performing
small oscillations is based on the assumption that its

free oscillations decrease in real conditions, since its
component elements are found to be effected by cer�
tain forces of the Rj resistance causing the dissipation
of the overall mechanical (kinetic and potential)
energy. For a mechanical system with stationary bonds
that has a single degree of freedom, the length of the
path r travelled by a point of the system is a function of
the generalized coordinate q of this system depending
on the time t [5]:

r = r(q).

Hence, the velocity of each system point is

Suppose the force of the R resistance effecting certain
i points of the system is proportional to the velocity:

R = –μν,

where μj is the corresponding coefficient of the pro�
portionality.

In a general form, the summarized force of the
resistance is determined as follows:

Since

then

Substituting these values into the expression of the
generalized force of the resistance, one obtains

Let us introduce the dissipation function (the
notion of it was presented by Rayleigh in the classic
work of his ”The Theory of Sound”), or the scattering
function, whose form is identical to that of the expres�
sion for the kinetic energy:

Then, the generalized forces of the resistance will
be determined according to the following formula:

ν ∂r
∂q
�����q =   dr

dt
����

def
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To write the differential equation of motion of the
system with a single degree of freedom, one may use
Lagrange’s equation [220]:

(1)

where QP =  are the so called “regaining” forces

that tend to bring the system into the equilibrium
state, and T and U denote the kinetic and the potential
energies of the system, correspondingly.

For the system with a single degree of freedom in
the generalized system of coordinates, the expressions
for the kinetic T, potential U, and dissipation Φ ener�
gies look as follows [4, 5]:

and the relevant generalized “regaining” forces QP and
the forces of the resistance QR are

Substituting these expressions into Lagrange’s
equation (1), one obtains

(2)

Let us introduce the designations such as

c = k2/a; b = 2n/a.

Then, equation (2) will be as follows:

(3)

Let us consider the general case of motion of the
system with a single degree of freedom near the posi�
tion of equilibrium when the points of the system are
affected by the QP regaining forces (tending to return
the system to the equilibrium state), the QR forces of
resistance (counteracting the substrate’s state modifi�
cation), and the QF perturbing forces (determining the
external effect on the system, i.e., of the electric param�
eters, monitoring the coating process). At QF = 0, i.e., at
equation (3) with the right side being equal to zero, the
forced oscillations of the system are absent: in
the studied MPSA process, this state is relevant to the
anode mass loss at the processing startup only.

Thus, the Lagrange equation for the system in
question with account of the perturbing forces is

∂
∂t
���� ∂T

∂q·
�����⎝ ⎠
⎛ ⎞ ∂T

∂q
�����⎝ ⎠
⎛ ⎞– QP QR,+=

∂U
∂q
������–

T 1
2
��aq· 2

, U 1
2
��cq2

, Φ 1
2
��bq· 2

,= = =

QP cq; QR– bq· 2
.–= =

aq·· cq– bq· .–=

q·· 2n
a

�����q· k2

a
����q+ + 0.=

∂
∂t
���� ∂T

∂q·
�����⎝ ⎠
⎛ ⎞ ∂T

∂q
�����⎝ ⎠
⎛ ⎞– QP QR QF.+ +=

By substituting the values of all of the indicated
magnitudes (see Eqs. (1) and (2)) into this equation,
one obtains

(4)

Equation (4) is a generalized differential equation
of the forced oscillations of the system with a single
degree of freedom.

Considering the right hand side of equation (4) as
that describing the Gaussian distribution with indepen�
dent excesses, one may calculate the k, n, and a coeffi�
cients by which the forces of the resilience, resistance,
and inertia of the system are brought into agreement.
These coefficients are calculated on the basis of the uni�
form equation (3), which determines the free oscilla�
tions of the mechanical system in real conditions in the
presence of the resistance forces that induce the
mechanical energy dissipation of the system.

2. METHODS OF CALCULATION

The results of the calculations of the a, n, and k
coefficients in the medium of the Mathematica soft�
ware package are presented below along with the
application of the experimental data obtained by the
MPA methods at the mean voltage values of U = 96 V
and the current of I = 0.6 A, along with the UM mean
parameters of UUSM = 125 V and I = 0.8 A for the
described variants of the alloying processes: MPA,
MPA + UM, and UM + MPA + UM. The input
parameters can be written as follows:

MPA:

(5)

MPA + UM:

(6)

UM + MPA + UM:

(7)

The third order interpolation spline S3(x) is con�
structed according to the nodes of the interpolation
of expressions (5), (6), and (7) while obeying the fol�
lowing:

q·· 2n
a

�����q· k2

a
����q+ + 1

a
��QF t( ).=

0.5 0.0050,{ } 1. 0.0100,{ } 1.5 0.0115,{ },, ,{

2. 0.0045,{ } 2.5 0.0175,{ } 3. 0.0180,{ },, ,

3.5 0.0190,{ } 4. 0.0200,{ } 4.5 0.00205,{ },, ,

5. 0.0215,{ }.

0.5 0.00465,{ } 1. 0.0026,{ } 1.5 0.0185,{ },, ,{

2. 0.00275,{ } 2.5 0.0027,{ } 3. 0.00225,{ },, ,

3.5 0.0021,{ } 4. 0.00205,{ } 4.5 0.00155,{ },, ,

5. 0.0016,{ }.

0.5 0.00022,{ } 1. 0.00012,{ } 1.5 0.00008,{ },, ,{

2. 0.00025,{ } 2.5 0.00005,{ } 3. 0.00005,{ },, ,

3.5 0.00022,{ } 4. 0.00024,{ } 4.5 0.00012,{ },, ,

5. 0.0002,{ }.
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(1) S3(x) is assumed to be a third order polynomial
in each interval of time [tk – 1, tk], k = 1, …, 10 at fixing
the anode material mass�transfer;

(2) within the entire time interval of the alloying
process under study (from 0.5 to 5 min [0.05, 5.0]
S3(x)), there are the continuous derivatives up to the
ones of second order inclusively;

(3) S3(tk) = f(tk) are the values of the anode mass
loss.

Figures 1 and 2 show the interpolation splines for
the MPA, MPA + USM, and UM + MPA + UM pro�
cesses, respectively.

The constructed splines are used for the recalcula�
tion of the quantity of the interpolation nodes (the ini�
tial time data is presented with a step of 0.5, and due to
the spline interpolation it becomes possible to calcu�
late the values of the anode mass loss at any t, since
they are determined in each point of the time interval
[0.5, 5.0] relevant to the initial moment of time of the
experimental determination of the anode mass loss
(0.5 min) and to the final one (5 min)). At the next
stage, the calculation of the a, n, and k coefficients of
Eq. (3) is produced. For this aim, the numeric integra�
tion of Eq. (3) is done for each of the technological
variants of the alloying with the initial conditions that

This operation is performed with specified values of
the a, n, and k coefficients until a certain group of the a,
n, and k values (selected according to a special rule)
attains the most optimal result (from the viewpoint of sat�
isfying Eq. (4)). In this fashion, the a, n, and k coeffi�
cients were calculated for the MPA (5), MPA + UM (6),
and UM + MPA + UM (7) at the metal substrate alloy�

y 0.5( ) S3 0.5( ), y ' 0.5( ) S3' 0.5( ).= =

ing in the MPA range of modes: I = 0.6 A, U = 96 V; UP:
I = 0.5 A, U =85 V; and UM: I = 0.8 A, U = 125 V:

{k = 8.98433, n = 0.04965, a = 0.454860}, (8)

{k = 0.00044, n = 1.56958, a = 0.673953}, (9)

{k = 3.67472, n = 0, a = 0.841726}. (10)

The following stage of the described algorithm is
the calculations of the right hand side of Eq. (4)
according to the methodology of the calculation of the
a, n, and k coefficients of uniform equation (3). In the
given case, the ck coefficients in the expansion of the
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Fig. 1. Interpolation splines of the anode mass loss dependency Δm on the alloying time t.
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Fig. 2. The alloying time dependency t of the system’s
overall energy (T + U) at MPA in the mode of I = 0.6 A;
U = 96 V.
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right hand side of the equation are calculated instead
of the a, n, and k coefficients:

(11)

where J0(x) is Bessel’s function of the first kind and
zero order, and zk denotes the roots of this function.

Let us determine the coefficients ck confined to the
final number of items in the right hand side of (5). The
calculated right hand sides of Eq. (11) allow one to
solve equation (4) and to predict the evolution of the
anode mass loss for the future values of time at longer�
term alloying.

Let us now analyze the calculations of the a, n, and
k coefficients obtained using the described algorithm
for the various variants of the microplasmaspark alloy�
ing (Table 1).

1
a
��QF x( ) ckJ0

zk

10 0.5–
��������������� x 0.5–( )⎝ ⎠
⎛ ⎞ ,

k 1=

∞

∑=

Table 1 presents the values of the coefficients k, n,
and a calculated within the framework of the offered
algorithm of a numeric solution of Lagrange’s equa�
tion describing the small vibrations of the system and
the interpretative state of the anode and cathode con�
tacting surfaces for the same modes of the combined
processes under study.

The analysis of the data from Table 2 shows that, in
the triple processing of UM + MPA + UM, the k coef�
ficient, which characterizes the system’s resilience, is
less than the one at the standard MPSA alloying. The
decrease of the cathode surface’s roughness (due to
the preliminary ultrasonic processing) is considered to
be responsible for the k coefficient’s value reduction in
the case of the intensified method, which promotes
the elimination of the stochastic character of the cre�
ated conditions for the spark discharge initiation. The
n coefficient determining the system’s resistance at the
triple alloying, vice versa, appears to be higher, which
indicates the more rapid decay of the system’s oscilla�
tions. In the conventional MPSA, the latter implies the
faster transition of the anode mass loss velocity to the
stationary mode. A higher coefficient a value character�
izing the inertance of the oscillation system suggests a
more gradual decline of the stochastic character of the
spark discharges at the USM + MPSA + USM due to
the increase of the cathode surface’s hardness resulting
from the preliminary USM.

As follows from expressions (1–3), the state of the
anode–cathode simulated model is characterized by
its kinetic T and potential U energies along with their
sum (T + U). Figures 2–4 show the time dependencies
of the overall energy of the system under study for each
of the alloying variants being compared.

Justification tests of the performed optimization
calculations were performed via the experiments on
fixing the cathode de�erosion value (Fig. 5) with
respect to the microstructure state of the processed
surface (Fig. 6) and the thicknesses of the created
coatings (Fig. 7) in the surface processing in accor�
dance with the studied variants within the optimal
range of the electric modes of the MPA and UM.

One can see the advantages of the triple processing
from the figures presented below.

Table 1.  Experimental data of the anode mass loss

Time, 
min

Electrode Δm mass loss, g

MPA MPA + UM UM + MPA + UM

0.5 0.0050 0.00465 0.00022

1.0 0.0100 0.0026 0.00012

1.5 0.0115 0.00185 0.00008

2.0 0.0045 0.00275 0.00025

2.5 0.0175 0.0027 0.00005

3.0 0.0180 0.00225 0.00005

3.5 0.0190 0.0021 0.00022

4.0 0.0200 0.00205 0.00024

4.5 0.0205 0.00155 0.00012

5.0 0.0215 0.0016 0.0002

Table 2.  Calculated values of the k, n, and a coefficients and
the overall (the kinetic T + the potential U) (T + U) energy of
the system

Coeffi�
cients

Coefficient values

MPA MPA + UM UM + MPA + UM

k 8.98433 0.00044 3.67472

n 0.04965 0.56958 0

a 0.45486 0.673953 0.841726

T + U 110 9 30

8

6

4

2

T + U, rel. units

54321
t, min

Fig. 3. The alloying time dependency t of the system’s
overall energy (T + U) at MPA + UM in the modes of
MPA: I = 0.6 A, U = 96 V; UM: I = 0.8 A, U = 125 V.
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CONCLUSIONS

A vivid correlation between the resilience proper�
ties, the resistance forces, the inertance of the anode–
cathode oscillation system, and also between the max�
imal values of its mechanical energy and the properties
of the coatings developed by the alloying variants
under study was noted based on the performed data
analysis. The highest resilience of the system (deter�
mined by the k coefficient’s value) and the minimal
resistance to the energy impacts (determined by the n
coefficient’s value) at the microplasmaspark process�
ing, combined with the high inertance of the anode–
cathode system and the maximal overall kinetic

energy, can be attained upon processing in the follow�
ing modes using the following:

—the conventional method of the MPA: I = 0.3 A,
U = 45 V;

—the method of the MPA + UM: I = 0.4 A, U =
67 V; UM: I = 0.8 A, U = 125 V;

—the method of the UM + MPA + UM: I = 2.4 A,
U = 67 V; UM (before): I = 0.5 A, U = 85 V; UM
(after): I = 1.3 A, U = 125 V.

It is only for the calculated modes of the processing
that the optimal indices of the developed surface state,
the mass�transfer velocity, and the maximal and uni�

5

4

3

2

1

ΣΔκ, 10–3 mg/mm2

1062 40
t, min

8 12

1
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2

Fig. 5. Influence of the intensity of the energy impact on
the cathode de�erosion value at the P6M5 steel alloying by
the electrode from the BK in the optimal modes of the
combined processing. 1—MPA; 2—MPA + UM; 3—
UM + MPA + UM.

(b)

(c)

(а) 10 μm

10 μm

Fig. 6. Microstructure of the coating on the steel P6M5
after MPA (a), MPA + USM (b), and UM + MPA + UM
(c) in the optimal range of the electric modes.
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Fig. 4. The alloying time dependency t of the system’s
overall energy (T + U) at UM + MPA + UM in the modes
of MPA: I = 0.6 A; U = 96 V. UM (before): I = 0.5 A; U =
85 V. UM (after): I = 0.8 A; U = 125 V.
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Fig. 7. Effect of the processing method on the thickness of
the created coating on the surface of the P6M5 steel sub�
strate at the strengthening in the optimal range of the electric
modes. 1—MPA; 2—MPA + UM; 3—UM + MPA + UM.
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form thicknesses of the created coatings are accom�
plished.
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1 1. INTRODUCTION

Corrosion process in H2S environment has been
widely studied [1–3] due to the interest that petro�
chemical industry have shown to understand the
mechanisms involved in corrosion processes The pres�
ence of sulphides compounds in pipelines and tanks
that are used to store and transport oil and gas has
resulted in economical losses to petrochemical indus�
try because corrosion produces failures in pipelines
and equipments due to wet cracking. Many works have
been focused on the inhibition corrosion mechanisms
in the presence of sulphide species, as well as on the
development of protective coatings that guarantee the
isolation of this aggressive media to the materials used
as storage. Petrochemical industry has been used
widespread the carbon steel on pressure vessels, pipe�
lines and other equipments; nevertheless, this material
and its welded joints are easily attacked by the sulphur
atoms during corrosion events.

Metallic coatings can be used as a protective film in
sulfurous media because their properties promote the
resistance to oxidation [4, 5]. In the present work we
study the properties of a passive nickel film deposited
on a steel sheet by two different techniques. This

1 The article is published in the original.

nickel film can be used as a protective film for the
metallic substrate because the interaction of the elec�
trolytes will occur with the nickel oxide instead of the
nickel metal or the steel. The deposition techniques
used in this work were the magnetron sputtering and
the electrolytic deposit. Magnetron sputtering [6, 7]
has been reported in literature as a promising tech�
nique in the deposit of metallic thin films, even in large
areas, acting as an anticorrosive barrier [8–10].

2. EXPERIMENTAL

Mild carbon steel AISI 1018 (UNSG 10180) sheets
(2 × 2 × 0.1 cm) were used during the study. Samples
were exhaustively cleaned, degreased and washed with
a commercial detergent. Afterwards they were ultra�
sonically cleaned using acetone during 10 min. In
order to finish the cleaning process, these samples
were dried.

Once the steel samples were cleaned, they were
coated with nickel using two different techniques in
order to obtain different deposit characteristics. The
first technique was the electrolytic film deposit, where
a typical Watt’s bath [11] was employed. The electro�
lytic solution used during the film deposit was 1.07 M
NiSO4, 0.15 M NiCl2 and 2.38 M H3BO3; the process
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was galvanostatically carried out with a current density
of 0.08 A/cm2 and a pH = 4. The steel samples were
immersed in the bath at 60°C for 90 s. The second
technique carried out during the study was the magne�
tron sputtering technique using a 99.99% nickel circu�
lar target with a 500 mm diameter and a 6 mm thick�
ness. 99.99% purity argon was used as the gas during
the plasma process. The sputtering pressure, the
potential and the time during the deposit were 34.6 Pa,
1000 V and 15 minutes, respectively. These values were
kept constant during all the deposits.

Structural, morphological and topological studies
of the samples surfaces were carried out using a scan�
ning electron microscope Jeol 5600�LV. The SEM
micrographs were obtained with backscattering elec�
trons at 20 kV. Samples were observed without any
special (metallic) recovering in order to study the sur�
face characteristics of the as�deposited films, as well as
the ones that were electrochemically attacked during
the corrosion processes. Cross fractured sectional
samples were also prepared to determine the films
thickness from SEM observations.

For this study, the nickel oxide film NiO2 [12–15]
was electrochemically obtained. The synthesis of
nickel oxide thin films procedure was controlled by an
ACM Gill AC potentiostat version 4.2.9 used in the
polarization mode. An over potential around 1500 mV
and a 15 min exposure in a solution of 28 wt % NaOH
at pH 12 (current density = 6.5 mV/min) was used.
The Electrochemical Impedance Spectroscopy (EIS)

technique was employed for the evaluation and char�
acterization of the nickel thin films in order to identify
imperfections in the films and to evaluate the protec�
tive properties when the metal is put in contact with
the acid medium. The typical configuration of three
electrodes was the following: platinum wires were used
as reference together with auxiliary electrodes, while a
coated sample was used as the working electrode. The
electrochemical measurements were carried out in an
aggressive acid media (saturated, pH = 3): H2O + H2S.
The impedance conditions used during this test were
the following: maximum and minimum frequencies
10.000 and 0.01 Hz, respectively; amplitude of 10 mV
and the number of integration of 10 cycles.

3. RESULTS AND DISCUSSION

3.1. SEM Results

From SEM observations, it was found that film
thickness was 1300 nm in average. The SEM micro�
graphs show an irregular texture in the surface of the
mild steel in all the samples. After applying the differ�
ent nickel deposits and evaluating them by SEM, dif�
ference in texture and morphology has been detected.
It was observed that samples made by the electrolytic
deposition technique (Figs. 1b and d) show an
increase in their surface roughness compared to those
made by the sputtering technique (Figs. 1a and c).
This behavior can be due to the way the samples were
made. In the case of the sputtering deposition, the film

(b)

(c)

(а) 100 µm 100 µm

50 µm50 µm (d)

Fig. 1. SEM micrographs of: (a) Steel�Nickel made by sputtering process, (b) Steel�Nickel made by electrolytic process, (c) Steel�
Nickel made by sputtering with a nickel oxide film, (d) Steel�Nickel made by electrolytic process with a nickel oxide film.
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is deposited in a regular way forming a homogenous
film, contrary to the way it is formed when the electro�
lytic technique is used. The heterogeneity of the sam�
ple’s surface made by electrolytic deposit is shown as
roughness, porosity, unfilled zones and fractures. This
heterogeneity was observed on the samples even before
their exposure to the corrosive environment, what
make us think that the nickel deposit made by the
Watt’s bath technique is a deficient deposit technique.
Actually, nickel deposit coming from the acid bath
produces internal stresses in the coating as is explain in
references [16–18]. Samples with the nickel oxide
layer also show non regular deposits (see Fig. 1d) and
imperfections in the surface that could result in local�
ized corrosion.

On the other hand, the surface of Steel�Nickel
coating made by sputtering is shown in Fig. 1a. A more
regular texture in almost all specimens made by this
technique was obtained. The morphology of the coat�
ing shows that nickel has grown in the same way as the
steel substrate without any pores or pollution.

After oxidation of these non homogenous films a
localized damage can be observed. This oxidation is
promoted by the defects produced during the electro�
lytic deposit as can be seen if Fig. 1d, and not due to
the NaOH electrolyte. This is a clear example that a
poor application of a protective coating at a small
depth in a material results in localized corrosion and
damage, instead of getting a protective layer on the
substrate.

Figure 1c does not show the presence of localized
corrosion for the sputtering deposit of nickel followed
by the film oxidation. We think that the sputtering pro�
cess is able to cover the “valleys and peaks” present in
the steel surface. Even if this surface seems to be more
heterogeneous than the electrolytic nickel one, no
defects were observed in the coating.

3.2. Electrochemical Impedance Spectroscopy (EIS)

Nyquist and Bode diagrams present the spectra of
corrosion process evaluating the different coatings. A
noisy signal as well as some disperse points compli�
cated the explanation of the behavior of Nyquist dia�
grams. In the same way, Bode diagrams show different
time mechanism for all the deposits and techniques,
which didn’t allow making any kind of analysis for the
results, even using a Faraday’s cell. We continue work�
ing on Bode diagram in order to get a better under�
standing of our results. To explain three different steps
during the electrochemical process, Bode values that
correspond to three zones with different frequencies
(100, 101, 102 Hz) were chosen Fig. 2 shows the imped�
ance spectroscopy results in presence of H2O + H2S
(sat) that correspond to the mild steel, the sputtering
and the electrolytic techniques, as well as their respec�
tive oxides. The aim of this test was to compare both
deposit techniques.

As can be seen in Fig. 2 the impedance’s value of
mild steel exposed to this media is the lower value
obtained for all the frequencies used in this work. It
means that mild steel behaves as the most corrosive
material even though it is compared with the films
made by the electrolyte deposit. The corrosion rate
can be measured by an indirect way using the imped�
ance values and the Stern and Geary equation. The
impedance values indicate an inverse relation with Rp.

The results show that nickel bulk and his oxide
layer present a better behavior than mild steel for any
frequency. This fact demonstrates that nickel is a good
option to be used as an inhibitor barrier for this media.
The nickel thin film coating in any configuration pre�
sents better impedance values than the one obtained
by the naked steel. It was also seen that nickel and
nickel oxide deposited by the electrolytic technique
show better properties than the mild steel and even
than the nickel bulk for all the frequencies studied in
this work. The electrolytic depositions showed total
protection for this medium.

Nickel and the nickel oxide deposited by sputtering
show the higher impedance value compared with other
deposits. From another point of view, the corrosion
rate is lower in the presence of the steel nickel sputter�
ing oxide when compared to mild steel. These values
are those who have the higher anticorrosive properties
for this media.

When performing the impedance characterization
to the Nickel/Nickel oxide (NiO2) it shows that its
anticorrosive protection is much better than the pro�
tective coating formed on other samples. In the pres�
ence of saturated water with sulfhidric acid, the nickel
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Fig. 2. Behavior of different materials exposed to H2O +
H2S electrolyte for frequencies of 100, 101 and 102 Hz with
the Bode values, for the following coatings materials:
(A) mild steel, (B) Ni bulk, (C) Ni bulk oxide, (D) steel Ni
electrolytic, (E) steel Ni electrolytic oxide, (F) steel Ni
sputtering, (G) steel Ni sputtering oxide.
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oxide can act as a protective film that presents the
properties of being highly adherent and stable.

Differences between the nickel film textures made
by the sputtering process and the electrolytic deposit
are shown in Figs. 3a and b, respectively. The coating
which presents the worst deterioration in the surface is
the electrolytic nickel oxide. However, this was
observed before the pre�oxidation process and also
after the coating was exposed to the sulphur media.

The coatings, after the electrochemical test,
present surface corrosion attack. The coating in both
cases has been deteriorated, but in the case of the elec�
trochemical coating the destruction of the film was
more aggressive than the one presented when it was
done by the sputtering coating.

The behavior observed during the impedance test
can be related with the SEM micrographs. The best
impedance values got from the nickel coatings were
obtained by the sputtering technique. In Fig. 3c, the
film brake down in located corrosion type. This
micrograph shows that the film is not destroyed com�
pletely, but the corrosion product grew from inside the
metal to its surface. A devastation of the surface sam�
ple in the case of the electrolytic process in shown in
Fig. 3d, where steel nude zones are exhibited and no
presence of the nickel film is observed. The best anti�
corrosive properties are presented in the case of the
steel�nickel sputtering oxide thin film. The presence
of the oxide in the film created a dramatic modifica�
tion of the surface film, which promoted a passive bar�
rier. This effect inhibited the interaction of electrons

between the metallic interphase and the electrolyte
reducing the corrosion rate.

The corrosion behavior of the coated steel is
strongly influenced by the deposit technique. It not
only depends on the electrochemical properties of the
coating, but also on the surface defects (such as rough�
ness, deposited droplets, porosity, cracks and
scratches) present in the coating. This result can be
observed in the micrographs showed in this work.

4. CONCLUSIONS

The nickel coatings made by sputtering present
homogeneity in the entire surface, contrary to the
results obtained by the electrolytic deposit, which can
be corroborated by the impedance results. Electro�
chemical characterization shows that work must be
done in the electrolytic deposit process in order to
form a thicker coating that can be able to protect the
steel from the corrosive acid media. We obtained that
nickel oxide sputtering thin film supports the corrosive
media much better than the other coating techniques
do. The EIS technique seems to be suitable to evaluate
the optimal thickness in the metallic thin film.
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INTRODUCTION

The study of the possibility of the ignition of a
corona discharge near the surface of a melting hailstone
in a cumulonimbus cloud is of considerable interest for
the theory of thunderstorm electricity [1–3], because,
according to the current conceptions, it is this discharge
that initiates lightning strikes. Nevertheless, many
problems related to the possibility of corona discharge
ignition in the neighborhood of large droplets and melt�
ing hailstones have been scarcely studied up till now.
This situation has initiated this work.

FORMULATION OF THE PROBLEM

We shall solve the problem of the determination of
the electric field intensity near the surface of a nonlin�
ear oscillating spherical layer of a perfectly conducting
incompressible liquid with the radius R on the surface
of a solid spherical nucleus R0. We shall assume that
the liquid has the density ρ and the surface tension
coefficient σ and that the entire hailstone is situated in
a uniform electrostatic field with the intensity E0. The
whole analysis will be exercised in dimensionless vari�
ables where R = σ = ρ = 1 in spherical coordinates
with the origin in the center of mass of the system.
Thereupon, the free liquid surface equation is written
in the form

F(r, ϑ, t) = r – 1 – ξ(ϑ, t) = 0, |ξ| � 1.

The liquid flow is set to be potential; that is, we
shall assume that the field of the velocities V(r, t) (the
wave motion in the liquid layer) is completely deter�
mined by the velocity potential function ψ(r, t) by the
known correlation: V(r, t) ≡ �ψ(r, t).

The mathematical formulation of the problem of
the calculation of the nonlinear oscillations of a liquid
layer on the surface of a solid spherical nucleus con�
sists of the Laplace equations for the velocity field
potential ψ(r, t) and the electrostatic potential Φ(r, t):

Δψ(r, t) = 0; ΔΦ(r, t) = 0,

and the boundary conditions to them:

r  ∞: –�Φ(r, t)  E0; r = R0: ∂ψ(r, t)/∂r = 0.

In the written correlations, Δp is the constant pressure
difference inside and outside the liquid in the equilib�
rium state, and n ≡ �F(r, ϑ, t)/|�F(r, ϑ, t)| is the unit
vector of the outer normal to the droplet surface.

The following conditions must also be taken into
account: the absence of an intrinsic electric charge of
the hailstone at the initial instant:

the constancy of the liquid layer volume:

r 1 ξ: Φ r t,( )+ 0; ∂ξ
∂t
����� ∂ψ

∂r
������ 1

r2
���– ∂ψ
∂ϑ
������ ∂ξ

∂ϑ
�����;= = =

∂ψ
∂t
������– 1

2
�� ∇ψ( )2– ∇Φ( )2

8π
������������� div n–+ 0;=

1
4π
����� n∇Φ( )dS

S
∫– 0; S

r 1 ξ ϑ t,( );+=

0 ϑ π;≤ ≤

0 ϕ 2π;≤ ≤⎩
⎪
⎨
⎪
⎧

= =

r2 r ϑsind ϑd ϕd
V1

∫
4
3
��π 1 R0

3–( );=
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and the immobility of the hailstone’s mass center:

ρ∗ is the dimensionless density of the solid nucleus.

Let us formulate the initial conditions for the prob�
lem by way of setting the initial axisymmetric defor�
mation of the equilibrium spherical form of the free
surface of the liquid layer and by setting the initial
velocity of the motion of the free surface to zero:

Here, ε is the dimensionless amplitude of the initial
deformation being a small parameter of the problem;
Pk(μ) is the kth order Legendre polynomial; and ξ0

and ξ1 are the constants determined by the conditions
of the droplet volume constancy and the system’s mass
center immobility in the form

THE PROBLEM’S EXPANSION IN ORDERS 
OF INFINITESIMALS

We shall solve the problem formulated in the qua�
dratic approximation in ε by the method of multiple
time scales as in [4–6]. For this purpose, we shall rep�
resent the desired functions ξ(ϑ, t), ψ(r, t), and Φ(r, t)
in the form of asymptotic expansions in powers of the
small parameter ε and consider them to depend not
just on the time t but on its various scales Tm defined by
the correlation Tm ≡ εmt:

(1)

Substituting expansions (1) into the initial set of
equations and the boundary conditions to it and equat�

V1

R0 r 1 ξ ϑ t,( );+≤ ≤

0 ϑ π;≤ ≤

0 ϕ 2π;≤ ≤⎩
⎪
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=

r V1 ρ* r V2d
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∫+d
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V1d
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m 0=

∞

∑=

ing the summands of the same order of infinitesimals in
each correlation, we can easily obtain a set of boundary
problems for the time�series identification of the
unknown functions ξ(m), ψ(m), and Φ(m), which will be
found for m ≥ 1 as series in Legendre polynomials:

(2)

FINDING OF THE SOLUTION

In the zero order of infinitesimals in terms of the
wave amplitude, the perturbations of the free surface
of the liquid layer are absent; hence, the solution to the
problem has the simple form

(3)

In calculations of the first order of infinitesimals,
we obtain the infinite set of connected differential

equations for finding the coefficients (T0, T1, …),
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(4)

In the calculations of the second order of infinites�
imals, we also obtain the set of inhomogeneous differ�
ential equations for finding the unknown coefficients

(T0, T1, …):

(5)
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where  and  are the Clebsch–Gordan

coefficients [7].

The problem’s analysis in the quadratic approxi�
mation in ε allows determining the dependence of the

coefficients (T0, T1) only on the time scale T0 ≡ t.

In addition, (T0, T1) ≈ (t) + O(T1); for the

surface perturbation, we obtain the following estimate:

(6)

The unknown coefficients  and  are

obtained as a result of the numerical calculation of sets
(4) and (5) by the method of successive approxima�
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Thus, the expression for the electric field potential
corrected for the constant depending only on the time
has the form

DERIVATION OF THE ANALYTIC 
EXPRESSION FOR THE ELECTRIC FIELD 

INTENSITY NEAR THE SURFACE 
OF A CHARGED HAILSTONE

The expression for the electric field intensity
E(r, t) ≡ –�Φ(r, t) in the neighborhood of the free sur�
face of a nonlinear oscillating liquid layer has the form

(7)

where er and eε are the unitary vectors of the spherical
coordinates. From expression (7), we shall find the
electric field intensity on the unperturbed spherical
surface of the free droplet surface. For this purpose, we
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expand (7) in the neighborhood of the equilibrium
spherical form in terms of the deformation amplitude
and multiply it by the expression for the normal vector
near the free liquid surface:

n ≡ �F(r, ϑ, t)/|�F(r, ϑ, t)| = nrer + nϑeϑ.

As a result, we obtain the analytic expression for the
normal component of the electric field intensity on the
hailstone surface:

(8)

ANALYSIS OF THE RESULTS

Before we study the expression for the electric field
intensity (8), we should obtain solutions to sets of
equations (4) and (5) for finding the coefficients
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showed that, upon the initial excitation of the kth
mode, an appreciable contribution to the capillary
mode spectrum comes only from the modes being
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the following calculations, in the first order of infini�
tesimals, only five modes were taken into account:
(n, n ± 1, n ± 2). In the second�order calculations, the
modes with numbers from 0 to 2n + 4 were considered.
Here, we take into account that, in the calculations of
the second order of infinitesimals for single�mode ini�
tial deformation, all the even modes with numbers
from 0 to 2n are excited due to nonlinear interaction
[3–6].

Figures 1–4 depict the results of the calculations by
(8) when the initial deformation of the equilibrium
spherical form of the water layer on the hailstone sur�
face is determined by one of the oscillation modes with
the number n � 2. Figure 1 illustrates the polar angle ϑ
dependences of the dimensionless intensity of the elec�
tric field in the neighborhood of the free surface of the
charged liquid layer on the surface of a wet hailstone

calculated for the initial instant. One can easily see that
the field intensity distribution depending on the angle ϑ
has a symmetrical form and that the field intensity
achieves the value of corona discharge ignition only in
the neighborhood of the tops ϑ ≈ 0 and ϑ ≈ π.

Figures 2–4 represent the nondimensional time
dependences of the nondimensional electric field
intensity on the wet hailstone’s surface on the system’s
symmetry axis for various thicknesses of the liquid layer
in the situations when the initial deformation is deter�
mined by various high modes. It is seen from the figures
that the field intensity on the hailstone tops increases
with the growing mode number and with the decreasing
water layer thickness on the hailstone’s surface.

Finally, we should note that the above illustrations
of analytic expression (8) for the field intensity value
on the hailstone tops are of qualitative nature; they

2

0

2

4
0.750.500.250 t

E

Fig. 1. The polar angle ϑ dependences of the dimensionless intensity of the electric field in the neighborhood of the free surface
of the charged liquid layer on the surface of a wet hailstone when the initial deformation is determined by the mode with the num�
ber k = 14 (thin curve), k = 16 (dashed curve), and k = 18 (thick curve) at t = 0; W = 0.1, w = 0.1, ε = 0.1; R0 = 0.98. Here and
in the other figures, the straight line E = 2.5 parallel to the axis of the abscissas corresponds to the nondimensional intensity of
the electrostatic field of 20 kV/cm, which is critical for the corona discharge ignition in a cloud at a height of 4–5 km.
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Fig. 2. Time dependence of the dimensionless intensity of the electric field on the surface of a watered hailstone on the axis of
symmetry of the system ϑ = 0 (a) and ϑ = π (b) for various values of the liquid layer thickness R0 = 0.9 (thin curve), R0 = 0.94
(dashed curve), and R0 = 0.98 (thick curve) when the initial deformation is determined by the fourteenth mode (n = 14) at W = 0,
w = 0.1, and ε = 0.1.
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demonstrate only the tendencies of variation of the
intensity upon the variation in the physical parame�
ters, because they are calculated with violation of the
asymptotic property.

CONCLUSIONS

In the quadratic approximation in terms of the
amplitude of the oscillations of the water layer on the
surface of a wet hailstone in a uniform external elec�
trostatic field, the expression for the electric field
intensity in its neighborhood has been obtained and
analyzed. It has been found that, even at low values of
the intensity of the external electric field, the intensity
of the electrostatic field near the capillary wave crests
in the water layer on the surface of a hailstone in the
neighborhood of its tops is sufficiently high for the
ignition of a corona discharge.

ACKNOWLEDGMENTS

This work was supported by the Federal Education
Agency of Russia (project no. 2.1.1/3776) and the
Russian Foundation for Basic Research (project
no. 09�01�00084).

REFERENCES

1. D’yachuk, V.A. and Muchnik, V.A, Corona Discharge
from a Watered Hailstone, the Basic Mechanism of Ini�
tiation of Lightning, Dokl. Akad. Nauk SSSR, 1979,
vol. 248, no. 1, pp. 60–63.

2. Grigor’ev, A.I. and Shiryaeva, S.O., The Possible
Physical Mechanism of Initiation and Growth of
Lightning, Phys. Scr., 1996, vol. 54, pp. 660–666.

3. Shiryaeva, S.O. and Grigor’ev, A.I., Zaryazhennaya
kaplya v grozovom oblake (Charged Droplet in a Cumu�
lonimbus Cloud), Yaroslavl: Demidov YarGU, 2008.

2

0

2

0.750.500.250

E

2

0

2

0.750.500.250 t

(a)

4

4

4

4

(b)

Fig. 3. The same as in Fig. 2 yet for the sixteenth mode (n = 16).

4

0

4

8
0.750.500.250

E

4

0

4

0.750.500.250 t

(a)
8

8

(b)

Fig. 4. The same as in Fig. 2 yet for the eighteenth mode (n = 18).



126

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46  No. 2  2010

GRIGOR’EV et al.

4. Grigor’ev, A.I., Koromyslov, V.A., Shiryaeva, S.O., and
Volkova, M.V., On Nonlinear Oscillations of a Charged
Droplet in an Aerodynamic Flow, Elektron. Obrab.
Mater., 2004, no. 6, pp. 25–31.

5. Koromyslov V.A. and Grigor’ev, A.I., Nonlinear Oscil�
lations of a Charged Layer of Conducting Liquid on the
Surface of a Solid Spherical Nucleus, Zh. Tekh. Fiz.,
2008, vol. 78, no. 2, pp. 42–50.

6. Grigor’ev, A.I., Koromyslov, V.A., and Shiryaeva, S.O.,
On the Possibility of Corona Discharge Ignition near
the Surface of a Nonlinear�Oscillating Liquid Layer on
the Surface of a Charged Hailstone, Zh. Tekh. Fiz.,
2009, vol. 79, no. 11, pp. 10–19.

7. Varshalovich, D.A., Moskalev, A.N., and Kherson�
skii, V.K, Kvantovaya teoriya uglovogo momenta (Quan�
tum Theory of Angular Momentum), Leningrad:
Nauka, 197s5.



ISSN 1068�3755, Surface Engineering and Applied Electrochemistry, 2010, Vol. 46, No. 2, pp. 127–130. © Allerton Press, Inc., 2010.
Original Russian Text © Yu.V. Titova, V.G. Stokozenko, A.I. Maksimov, 2010, published in Elektronnaya Obrabotka Materialov, 2010, No. 2, pp. 49–52.

127

INTRODUCTION

It has been shown in works [1, 2] that plasma�solu�
tion activation starts the processes of delignification of
stem fibers, thus greatly increasing the degree of lignin
dissolution at the stage of the following alkaline treat�
ment in comparison with the known methods based on
the usage of special chemical reagents. It is established
that, for the hemp stem fiber produced from the non�
cannabinoid hemp varieties, when treated by a gas dis�
charge in an electrolyte, there are some “latent”
destructive processes effecting the lignin carbohydrate
complex. This leads to the weakening of the chemical
bonds in the lignin macromolecules causing its
destruction and quick dissolution with the further
action of alkaline solutions. The degree of lignin
removal from the hemp fiber is up to 64%, whereas,
under the conditions of the chemical treatments, only
a value of 38% has been attained [3, 4].

The high wearing quality, shrinkage capacity, dura�
bility, good hygienic properties, and capacity to absorb
up to 95% of the ultraviolet rays are the main and evi�
dently attractive features of textile products produced
from hemp fibers. However, their coarseness and rigid�
ity are their fundamental defects. Two countries
(France and Australia) know the secret of manufac�
turing soft cloth. A long and complicated process of
making the fibers and textile materials agreeable to the
touch is responsible for the high price of the final
hemp products, thus they have become elite and
exclusive.

We think that the production of chemically modi�
fied hemp fibers having a complex of both technolog�
ical and service properties is rather promising and eco�
nomically sound.

The development of the optimum conditions of the
process of the chemical fiber modification and the
obtaining of raw materials with the physical and
mechanical properties necessary for the further pro�
cessing into textile products should be based on clear
ideas on the properties of these fibers, on the compo�
sition of the main impurities, and the behavior charac�
teristics at different kinds of chemical treatments.

The aim of this work is to investigate the influence
of the treatment by an atmospheric pressure gas dis�
charge originating inside an electrolyte on the hemp
fiber’s lignin properties.

EXPERIMENTAL TECHNIQUE

A lignin specimen produced from hemp fiber using
the sulfuric acid method [5] was the subject of the
study in this work. The yield was 5.4% by mass.

The lignin specimens were subjected to alkaline
boiling under conditions similar to those used for the
chemical modification of the fiber: the sodium
hydroxide concentration was in the range from 5 to
20 g/l, the temperature was 100°C, and the duration
was up to 120 min [1–4]. The treatment in the plasma�
solution system was carried out in sodium hydroxide
with a concentration of 0.4 g/l at a discharge current of
~1 A. The system’s volume was 0.8 l, the lignin’s
weight was 2 g, and the treatment duration was 20 min.
The reactor’s schematic sketch, the electric circuit,
and the discharge description are given in [2, 6, 7]. The
lignin’s dissolution degree was determined using the
gravimetrical method according to the difference in
the specimen’s weight before and after the treatment.
The infrared spectroscopy procedure was utilized to
investigate the chemical structure of the lignin. The
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infrared spectra were obtained with the help of a
VERTEX 80v spectrophotometer in the range from
4000 to 600 cm–1 in tablets with KBr.

RESULTS AND DISCUSSION

Lignin is a natural polymer with an extremely com�
plex composition with phenylpropane structures
being the basis of it connected between each other by
simple ester and carbon–carbon bonds. There are
p�hydroxyphenylpropanoic (Fig. 1) and guaiacyl
(Fig. 2) structures in hemp fiber lignin. Forming rigid
links with the cellulose constituent, the lignin
“armours” the elementary fibers fastening them into
long and hard complex bunches.

The data obtained at the treatment of the lignin
extracted from the hemp fiber using the conventional
technology are presented in Table 1.

It can be seen that, even at the high alkali concen�
tration (20 g/l), the lignin dissolution degree does not
exceed 25%, though the fiber delignification degree
should be not less then 50% to produce a fiber with the
properties necessary for the further processing [3, 4].

Here are also presented (the bottom line) the data
on the lignin solubility as a result of the two�stage

treatment: stage 1—the treatment in the plasma�solu�
tion system when the atmospheric pressure gas dis�
charge is originated inside the electrolyte (NaOH,
0.4 g/l) for 20 min; stage 2—the boiling in an alkaline
medium for 60 min at a different concentration of the
alkali.

With such a treatment procedure, the lignin’s solu�
bility is three times as much even at the smallest alkali
concentration. The influence of the plasma�solution
treatment on the lignin was investigated using the IR
spectroscopy method. In Fig. 3, there are presented
the IR spectra of the lignin specimen produced from
the hemp fiber, and, in Fig. 4, there is depicted its
spectrum after the plasma�solution treatment. The
characteristic absorption bands of the lignin speci�
mens are presented in Table 2.

When analyzing the changes in the IR spectra of
the hemp fiber lignin specimens (1, 2) occurring under
the action of the plasma�solution treatment, it should
be noted that, in spectra 2, there disappear weak bands
at 955–967 and 1650 cm–1 corresponding to the dif�
ferent kinds of vibrations of the ethylenic bonds. Thus,
the interaction of the original (OH•, H, esolv) and the
secondary active particles generated in the plasma�
solution system in the alkaline medium (O–, HO2,

CHO C C
C

H3CO

HO C C

Fig. 2. The lignin guaiacyl structure. 

Table 1.  Solubility of the stem fiber lignin during the alkaline and plasma�solution treatments

Time of the treatment
by the alkali, min

Lignin dissolution degree (weight % of the initial one) at different
NaOH concentrations (g/l)

5 10 20

30 10.1 13.0 17.0

60 14.0 17.0 21.0

120 16.9 21.0 24.4

Plasma�solution treatment (20 min) + 
chemical treatment (60 min)

44.0 57.0 56.4

Fig. 1. The lignin n�hydroxyphenylpropanoic structure.
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 H2O2, etc.) [9, 10] with the lignin proceeds, in
particular, over double bonds, some number of which
exist in its composition. The band at 1210 cm–1 in 1
shifts in 2 toward the smaller wave numbers, and the
absorption intensity grows, most likely indicating the
appearance of new C–O bonds and new OH�groups
forming in the lignin macromolecule. Probably, this
band shift is caused by the change of the substituent’s
morphology in the phenylpropane and guaiacyl struc�
tures of the lignin. The position and the form of the
aromatic rings in 1 and 2 do not change, and the
absorption intensity in 2 is somewhat higher than in 1,
being most likely connected with the elimination of
the relatively low molecular fragments from the pro�

O2
–

, pane chains at their interaction with the active parti�
cles generated in the plasma�solution system and the
transition of them into the solution.

The increase of the solubity of the lignin specimen
after plasma�solution interaction at the subsequent alka�
line chemical treatment cfn be explained by the intro�
duction of the additional hydroxyl groups in aliphatic
part of macromolecules, as well as those, that change the
structure of propane components of the macromolecule
of the lignin inhibits the flow of the condensation reac�
tion and thus impedes the transition of lignin into water�
soluble form in alkaline medium [11].

Moreover, the phenol rings of the lignin macromol�
ecule also begin to interact with the active particles in

0.9

0.6

0.3

300020001000 λ, cm–1

T

955

1045

1110
1263
1210 1650

1715

3400

Fig. 3. IR spectrum of the hemp fiber lignin.
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Fig. 4. IR spectrum of the hemp fiber lignin after the plasma�solution treatment.
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the solution with the formation of various products.
These groups oxidizing there generate aromatic alde�
hydes and ketones with different compositions, in par�
ticular, vanillin, n�hydroxybenzaldehyde, and so on
[12], which is indicated by the change of the intensity
and shape of the band corresponding to the deforma�
tion vibrations of the OH groups in the phenols. More
complicated processes causing the opening of the aro�
matic rings and the generation of relatively low molec�
ular carboxylic acids must not be ruled out.

REFERENCES

1. Titova, Yu.V., Voronova, M.I., Stokozenko, V.G.,
Konycheva, M.V., Ermolaeva, N.A., and Maksimov, A.I.,
The Influence of Gas Discharge Plasma Treatment in
the Electrolyte on the Cellulose Material Properties,
Trudy 5 Mezhdunarodnogo simpoziuma po teoreticheskoi
i prikladnoi plazmokhimii (Proc. 5th Int. Simp. on Theo�
retical and Applied Plasma Chemistry), Ivanovo, 2008,
vol. 2, pp. 470–473.

2. Titova, Yu.V., Stokozenko, V.G., and Maksimov, A.I.,
The Usage of Plasma–Soluble Treatment to Modify the
Stem Fiber, Elektr. Obrab. Mater., 2009, no. 1, pp. 20–24.

3. Gubina, S.M. and Stolozenko, V.G., Analytical and
Technological Aspects of Chemical Cottonizing, Tekst.
Prom., 2006, no. 1, pp. 18–20.

4. Nemanova, Yu.V., Stokozenko, V.G., Gubina, S.M.,
and Ermolaeva, N.A., Influence of Alkali–Reducing
and Alkali–Oxidizing Treatments on the Hemp Lignin

Solubility, Izv. VUZov. Tekh. Tekst. Prom., 2007, no. 5,
pp. 35–38.

5. Khabarov, Yu.G. and Pes’yakova, L.A. Analiticheskaya
khimiya ligninov (Analytical Chemistry of Lignins),
Arkhangelsk, 2008.

6. Maksimov, A.I., Physics, Chemistry and Applications
of the AC Diaphragm Discharge and Related Dis�
charges in Electrolyte Solutions, Contr. Plasma Phys.,
2007, vol. 46, nos. 1–2, pp. 1–8.

7. Titova, Yu.V., Voronova, M.I., and Maksimov, A.I.,
Influence of Gas Discharge Plasma inside Electrolyte
on Cellulose Properties, Zh. Prikl. Khim., 2008, vol. 81,
no. 5, pp. 817–820.

8. Bazarnova, N.G. et al., Metody isledovaniya drevesiny
(Timber Investigation Methods), Barnaul: Izd�vo Alt.
gos. un�ta, 2002.

9. Maksimov, A.I and Nikiforov, A.Yu. Khim. Vys. Energ.,
2007, v. 41, no. 6, pp. 513–519.

10. Kutepov, A.M., Zakharov, A.G., and Maksimov, A.I.,
Vakuumno�plazmennoe i plazmenno�rastvornoe modifit�
sirovanie polimernykh materialov (Vacuu–Plasma and
Plasm–Solution Modification of Polymer Materials),
Moscow: Nauka, 2004, p. 496.

11. Obolenskaya, A.V. Khimiya ligninov (Chemistry of
Lignins), St. Petersburg: LTA, 1993, p. 78.

12. Taraban’ko, V.E. and Koropachinskaya, N.V. Catalytic
Methods of Production of Aromatic Aldehydes from
Lignin Containing Raw Materials, Khim. Rast. Syr’ya,
2003, no. 1, pp. 5–25.

Table 2.  Absorption bands in the infrared spectra of the lignin specimens [8]

Absorption band maximum, cm–1

Absorption band assignmentThe initial hemp 
lignin specimen (1)

The hemp lignin specimen after 
the plasma�solution treatment (2)

3400 3415 O–H Valence vibrations

2920 2920
C–H Valence vibrations in –CH3 and 

1850 1850

1715 1730 C=O Valence vibrations

1650 – Ethylenic double bonds a, b

1610 1610 Skeletal vibrations of the aromatic ring

1510 1510

1464 1464 Deformation vibrations of the C–H bond in groups –CH3 and –CH2

1400–1415 1400 Deformation vibrations of the OH groups in phenols

1263 1263 Skeletal vibrations of the guaiacyl structures

1210 1190 Deformation vibrations of the OH groups in phenols and the 
valence vibrations of the C–O– bonds

1110 1110 Symmetric and asymmetric C–O–C simple ester bonds
in aliphatic esters1045 1045

970 – Deformation vibrations of C–H– bonds with the ethylenic
double bond955 –

CH2
––
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INTRODUCTION

The engineering techniques of the calculation of
the pulsed corona discharge (PCD) characteristics in
strongly conducting liquids when a fork corona turns
into a continuous plasma formation (CPF) offered in
the first and second parts of the present paper [1, 2]
were tested for single� and multipoint electrode sys�
tems. The adjustable parameters of the pulse generator
and the geometrical dimensions of the electrodes
selected in accordance with the given methods and
with respect to the parameters of the medium, along
with the requirements of the technological parameters
of the process, showed reliable compliance with the
known experimental results.

The PCD technological applications make it possi�
ble to form fields of pressures of a specified configura�
tion in liquids using a great number of semispherical
points with the CPF distributed in space [3, 4]. On the
other hand, the PCD with the CPF can cover the
extended points of a random shape [5–7]. This PCD
property allows one to create plasma areas actually of
any preset configuration and fields of pressures rele�
vant to them. Figure 1 presents images of the PCD
ignition with plasma areas of various configurations: a
linear semicylinder limited by the dielectric, which
covers the metal edge, and a semitorus with an external
broadening on a disk electrode. In addition to the cre�
ation of complex profiles of pulsed pressures in the
conventional technological applications of such
pulsed discharges, extended plasma pistons make it
possible to process the liquid media in plasmachemi�

cal reactors, thus embracing far greater volumes of the
liquids subjected to the processing in comparison with
common spark discharge.

The third part of the paper deals with the elabora�
tion of the engineering methods of the calculation for
the PCD technological parameters at the selectable
parameters of the pulse power center for extensive
plasma pistons using the example of a linear semicyl�
inder and an exterior semitorus, formed by the rele�
vant electrode systems. One of the peculiarities of such
extensive PCD with CPF, unlike the preceding ones, is
that, upon the initial electroconductivity of the elec�
trolyte above 2.2 Sm/m (the Black Sea water conduc�
tivity), a discharge may pass from the critical into the
oscillatory mode provided the linear size value of the
extended piston is adequate.

THE IGNITION OF THE PCD THAT FORMS 
THE EXTENSIVE PLASMA PISTON 

At elaborating the engineering methods for the
PCD calculation in this case, a condition correlated
with the simultaneous ignition of a discharge along the
entire length of the point arises. Similarly to the simul�
taneous ignition on a multipoint electrode system [2],
the time of the plasma layer formation for an extended
point is characterized by the development of the over�
heating instability along the entire point tn and its
comparison with the discharge time of the capacitive
storage C [8]:

tn � RinC. (1)
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The initial resistance of the gap in the case of a model
with semicylindrical layers will be determined as follows:

(2)

where l and rel are the linear size and the point round�
ing radius, h denotes the distance to the cathode (i.e.,
the processed item or the discharge chamber wall),
and σ0 designates the initial electroconductivity of the
electrolyte.

The time of the heating instability development in
[8] and the geometry under study are determined as

(3)

where ρ0 is the density of the liquid, cp symbolizes the
heat capacity, α stands for the temperature coefficient
of the electroconductivity of the liquid, E0 denotes the
intensity of the electric field of the point, and U0 des�
ignates the initial voltage at the capacitive storage.
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Thus, by way of comparison of these values under
the terms of (1), we shall have the maximal linear size
of the lm point on which the PCD will ignite along its
entire length without fail:

(4)

The lm naximum value estimations for the parameters of
the pulsed power sources most frequently used in prac�
tice (U0 = 5–50 kV, C = 1–100 μF, rel = 0.5–2 mm) lie
in the range of 0.01–0.6 m, which agrees with the
experimental data [5, 7].

Similarly, for the ignition of a plasma piston on a
disk electrode with the R radius, the value of the disk’s
maximal radius can be obtained as follows:

(5)

The transition threshold of the forked pulse corona
with the CPF, as before [1, 2], is controlled by the
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Fig. 1. Photodiagram of the process dynamics of an extensive plasma piston on linear (a) and disk (b) electrodes. The time interval
between the images is 8 μs (a) and 25 μs (b).
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dimensionless criterion [9]:

(6)

where L is the inductance of the discharge framing.
The criterion of β is a measure of the ratio of the cur�
rent densities of the electric field energy and the
energy of the dynamic pressure of the liquid medium
per unit of length for both the point’s linear dimension
and the circle perimeter length of the disk electrode.
Just as in the preceding events, one may discuss the
PCD with the CPF at β > 0.2.

THE CALCULATION 
OF THE HYDRODYNAMIC PARAMETERS 

OF THE PCD WITH EXTENSIVE 
PLASMA PISTONS 

After the ignition of the PCD with the CPF, the
pressure inside of it abruptly increases and, due to the
plasma area’s expansion, the surrounding liquid is
forced out. The equation of the energy balance with
account for the CPF model in the shape of an expand�
ing semicylinder with the radius a(t), the volume

V(t) =  –  and the accepted in [1] allow�

ances is reduced to the form

(7)

where γ is the efficient index of the discharge plasma
adiabat, Pa(t) denotes the pressure on the piston wall,
and the power Na(t) = I2Ra, being released in the CPF,
is expressed through the current I in the discharge cir�
cuit and the plasma resistance Ra.

The discharge current is obtained using the circuit
equation:

(8)

where Rl is the resistance of the electrolyte layer, and
the Ra resistance at the approximation of the plasma
uniformity properties with account for the radius and
length of the CPF linear piston is expressed as

(9)

Whereby, for the plasma formation, the spark
approximation is valid, which unites the Pa pressure
and the a conductivity through the As spark constant,
which corresponds to the undersurface spark dis�
charge [10]:

Pa = As(γ – 1)σa. (10)
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Upon reaching the power maximum, which for the
PCD is relevant to the maximal pressure [5], by the
moment t, the parameters will take on the following
values: a(t) = am; Pa(t) = Pam; Na(t) = Nam; dam/dtm =
vam. From (7) we obtain

(11)

To calculate the maximum power at a nonlinear char�
acter of the load, let us accept, as in [1], that the max�
imum current corresponds to the power maximum
and is determined according to the character of the
electric discharge of the capacitive storage on the load.
The decrement of the attenuation of the discharge
oscillations for the symmetry of the semicylinder is as
follows:

(12)

In this case, the maximal power with account for (9)
and (10) will be

(13)

where k = e–2 for the critical discharge (δ ≈ 1), k =

 at B = δ +  for the aperiodic discharge

(δ > 1), or k =  for the

oscillation discharge (δ < 1) [11].

With account for (13), expression (11) takes the
following form:

(14)

The k* coupling coefficient of the pressure maximum
with the electroconductivity is calculated in [1] using
the data of [12] and is estimated to equal 0.126 m/Sm.

Having performed similar calculations for the
geometry of the plasma piston in the shape of a semi�
torus with account for the attenuation decrement

(15)
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we shall have

(16)

The parameters of the compression wave calculated
using those of the plasma piston in the acoustic
approximation [13] at the distance r from the cylindri�
cal symmetry axis have the following form of their dis�
tribution:

(17)

where  =  and r is the current radius of the cylin�

der, which varies from am to h.

Then, with account for the accumulated energy in

the capacitive storage W0 =  and in the approxi�

mation of the linear law of the plasma piston’s expan�
sion till the moment the power reaches its maximum,
we shall obtain the following expression of the pressure
distribution at the moment of the power attaining its
maximum for the cylindrical symmetry:

(18)

and for the torus

(19)

where b = 1 +  k1 = 1 at δ ≈ 1, and k1 =

 at δ > 1 or k1 =  at δ < 1.

The parameter δ was calculated with account for the
plasma piston’s symmetry (12) or (15). The indefinite
parameter vam in the extended pistons, according to
the experimental data of [7], accepts a value in the
range of 100–180 m/s, which is less by an order than
for the semispherical symmetry of the plasma piston’s
development [12].

The acoustic coefficient of the efficiency of the
PCD indicating the share of the energy transferred
into the acoustic Wac (the compression wave) is deter�
mined as in [14]:

(20)
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The dependency for the acoustic energy on Pm for the
time when the pressure becomes 10 times less in the
cylindrical symmetry looks as follows [13]:

(21)

where τ is the time of the energy release, and c0

denotes the sound velocity in the liquid. Then, for the
electroacoustic coefficient of the efficiency for the
PCD with a linear plasma piston, one has

(22)

and, respectively, for the torus, one gets

(23)

ENGINEERING METHODS 
OF THE CALCULATION 

The initial parameters that determine the PCD
mode appear to be the following: U0 is the voltage of
the capacitive storage, C denotes the storage capacity,
W0 designates the potential energy of the accumulator,
L stands for the discharge circuit’s inductance, σ0 is
relevant to the electrolyte’s electroconductivity, rel
implies the round�up radius of the electrode point, h
symbolizes the distance from the point to the area
being processed, and ρ0 corresponds to the density of
the electrolyte (the type of the electrode point is a lin�
ear or a disk one).

The constants and physical parameters used for the
calculations are as follows: As = 105 B2 s/m2 is the
spark constant, c0 = 1400 m/s is the sound velocity in
water, γ = 1.26 is the index of the impact adiabat, k* =
0.126 m/Sm is a coefficient that considers the electro�
lyte’s conductivity effect, and vam = 102 m/s is the
expansion rate of the CPF by the peak current
moment.

Calculation of the PCD Characteristics

Step I. Calculation of the condition of the PCD
with the CPF obtaining per unit of the electrode
length (5):

If β > 0.2, the PCD with CPF will occur; if β < 0.2,
then one has to change the external adjustable param�
eters of U0, C, and rel to obtain the PCD with CPF.
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Step II. Calculation of the maximum linear size of
the point (4),

or the maximum radius of the disk electrode (5),

The electrode size has to be selected with a value of
either less than lm or Rm. If it is selected in advance and
exceeds the maximal value, then either the parameters
of U0 and C should be increased or rel should be
decreased. After that, one has to return to Step I to
verify the value of the β criterion.

Step III. Calculation of the electric discharge
mode for the linear point (12),

or for the disk (15),

If δ ≈ 1, the coefficient k = e–2, k1 = 1 should be selected.

If δ > 1, the coefficient k =  k1 =  should

be selected, where B = δ +  If δ < 1, the coeffi�

cient k =  k1 =

 should be selected.

Step IV. Calculation of the maximal pressure on
the compression wave front for the cylindrical symme�
try of the piston (18),

or, for the torus (19),

where b = 1 + 
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Step V. Calculation of the electroacoustic coeffi�
cient of the efficiency of the PCD with a linear plasma
piston (22),

or, for the torus (23),

The calculation results based on the proposed
methods of the maximum of the pressures on the wall
of the extensive plasma pistons and the pressures on
the compression wave front are presented in Figs. 2–4
for the pistons with the cylindrical and toroid symme�
tries at various lengths of the linear electrode and radii
of the disk electrode along with the point rounding
radius (rel). The small plateaus on the graphs show the
pressures in the plasma piston. Parenthesized in the
figure captions are the maximal values of lm and Rm for
the relevant parameters of the pulse generator, the
operation medium, and the geometrical parameters of
the electrode system. The analysis of the results shows
that the maximum of the pressure on the wall of the
extended piston is found to be around 3 times less than
of the semispherical symmetry PCD [1]. However, the
pressure of the compression wave�front becomes
almost equal for various symmetries at a distance of
approximately 4–5 cm from the piston boundary. The
latter is indicative of the high potential of the techno�
logical applicabilities of the PCD with extensive
plasma pistons. However, the electroacoustic coeffi�
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Fig. 2. Calculation of the maximum pressures on the wall
of the cylindrical plasma piston and on the compression
wave front considering the distance to the CPF for C =
3 μF, U0 = 50 kV, L = 6 μG, σ0 = 10 Sm/m, h = 0.1 m, and
rel = 0.001 m at various l(m) lengths of the linear electrode
(lm = 0.247 m): 1—0.02, 2—0.04, 3—0.1, 4—0.2.
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cient of the efficiency of such discharges calculated
using expressions (22) and (23) makes up less than 1%,
unlike the semispherical discharges, whose coefficient
of efficiency may attain 8% at certain parameters [1].
On the whole, the character of the modifications of
the obtained calculation parameters agrees well with
the known experimental data of [5, 7].

CONCLUSIONS

The proposed engineering technique for the calcu�
lation of the PCD characteristics with extensive
plasma pistons makes it possible to carry out the pre�
dictive evaluation of the pressures on the compression
wave front in the proximity of the item being processed
based on the external adjustable parameters of the
pulse generator as a component part of the technolog�
ical electrodischarge device with account of the oper�
ating medium’s parameters and the electrode system’s
geometry. Similarly to the offered methods for the
cylindrical and toroid geometry of the extensive
plasma pistons discussed in the paper, there may be
performed calculations for random geometry of
extended pistons.
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INTRODUCTION

During the plasmochemical etching of polymer
materials (fabrics and films), an effect of loading is
observed; i.e., the specific rate of etching of the mate�
rial diminishes with the increase of its amount. The
effect of loading is associated with the formation of
gaseous products of heterogeneous reactions and the
variation of the boundary conditions for the active par�
ticles [1, 2]. As a result, the physical parameters of the
plasma; the rates of the generation of the active parti�
cles; and, consequently, the rate of the end process
change. The features of manifestation of this effect are
determined by numerous factors involving the compo�
sition of the plasma�forming gas and the chemical
composition and geometrical structure of the polymer.
The studies of the plasmolysis of fabrics of polyethyle�
netherephthalate (PETP) fibers in air [3] and oxygen
[4] have shown the following. For all the other condi�
tions being equal, the oxygen plasma is more stable to
the loading effect than the air plasma. In oxygen, the
rates of the mass loss and formation of gaseous prod�
ucts of etching occur relatively slowly when the area of
the fabric increases. In both the cases, the rates of gen�
eration of active particles in the discharge diminish.
Moreover, in the air plasma, the ratio of the fluxes of
the active particles on the sample changes; in particu�

lar, the relative fraction of O(3P) atoms decreases and
the ratio of the channels of heterogeneous reactions,
respectively, changes.

The obtained data allowed one to suggest that the
loading effect in any case should be accompanied by
changes of the content of various functional groups on
the polymer surface disproportional to the surface
area. Actually, it was stated that, under the action of
oxygen plasma on the surface of a polypropylene (PP)
film, the concentrations of all the analyzed groups
increase in the case when the load is large [5].

The aim of the present study was to investigate the
effect of loading on the kinetics of etching and the
content of various functional groups under the action
of an oxygen–nitrogen plasma on the surface of PP
films.

EXPERIMENTAL METHOD

Experiments were performed by virtue of the
installation whose scheme is presented in [5]. The
same experimental method and parameters were used.
The plasma�forming gas was prepared in a vessel by
mixing nitrogen and oxygen; their proportion was
controlled by measuring their pressure. More accu�
rately, the composition was determined directly in the
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reactor according to the mass�spectral measurements
without discharge. The gas pressure in the reactor was
100 Pa, the discharge current was 80 mA, the linear
flow rate recalculated for the normal conditions was
30 cm/s, and the process time was 10 min. During this
time, the optical densities of the oxygen�containing
functional groups reached their stationary values.
Samples of commercial films of isotactic PP (GOST
26996�86) with a thickness of 70 μm were placed as a
cylinder on the thermostated wall of the reactor (T =
333 K) in the zone of the positive column. The gener�
atrix of the polymer cylinder was varied in the limits of
1–12 cm. The position of the left edge of the sample
remained unchanged, and the fraction of the reactor
surface covered by the polymer increased from 2.5 to
30%.

The mass loss of the samples was determined by
weighing on an analytical balance (WA�34). The
weighing accuracy was 1 × 10–4 g.

The composition of the PP surface layer was stud�
ied by the method of Fourier Transform Infrared by
Attenuated Total Reflection (FT�IR ATR). An Ava�
tar�360 spectrometer (Nicolet, USA) was used. A zink
selenide crystal with twelve�fold reflection was used as
the ATR crystal. The regime of signal accumulation
over the results of 32 scans was used; the resolution was
2 cm–1. The band of the symmetrical stretching oscil�
lations of C–H in the –CH2 group of the main poly�
mer chain with the maximum corresponding to the
wave number 2915 cm–1 was used as the reference
band. The results of the measurements of the optical
densities of the bands were averaged over the data
obtained for more than five samples processed in
plasma in identical conditions. The time interval
between the sample removal from the reactor and the
measurement did not exceed 10 min.

RESULTS AND DISCUSSION

Fig. 1 shows the average specific rates (W) of the
mass loss for the film treated in the air and oxygen dis�
charge dependent on the reactor loading degree; in
Fig. 2, their ratio is presented. As in oxygen, in the air,
the load evidently influenced the kinetics of the
destruction process for small quantities of the treated
material when the fraction of the reactor surface cov�
ered by the sample was less than 10%. Further, the rate
changes become less significant. The data presented in
Fig. 2 show that the effect of loading of the reactor by
the material is greater for the air plasma than for the
oxygen plasma. This is qualitatively similar to the
result obtained earlier for fabrics of PETP fibers.

The further research was carried out in a wide range
of the O2 : N2 ratios in the plasma�forming gas. Using
the results obtained above, we studied in detail the
samples with the generatrix of the polymer cylinder of
2 cm (the fraction of the reactor surface covered with
the sample was 5%) and 12 cm (the fraction of the
reactor surface covered with the sample was 30%).
Denote them as the low load ratio (LLR) and the high
load ratio (HLR).

The data for the etching rates of the small and large
samples for the transition from O2 to N2 are shown in
Fig. 3 (WLLR and WHLR are the specific rates of the
mass loss for the respective sample); the ratio of the
WLLR/WHLR rates is shown in Fig. 4. It can be seen that
the loading effect occurs in the entire range of the
compositions of the plasma�forming gas and it is more
pronounced for the lower oxygen content in the mix�
ture. From the point of view of the intensity of the
influence of the composition of the plasma�forming
gas on the loading effect, two intervals can be noted in
the range of compositions of the O2 : N2.
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In the first interval, when the O2 content in the
plasma�forming gas changes from 100 to 10%, the
rates of the mass loss diminish approximately linearly
and relatively slowly both for the LLR and HLR; the
rate of etching diminishes by a factor of 2.5 on average
when the fraction of O2 molecules diminishes by a fac�
tor of 10. As was shown earlier [6], the oxidation of the
PP surface in oxygen plasma was reached at the com�
bined action of O2(a1Δg) molecules and oxygen mole�
cules in the ground state, while the O(3P) atoms are
involved both in the processes of oxidation and
destruction of the oxygen�containing groups that lead
to the formation of gaseous products. Evidently, the
kinetics of the destruction of the polymer in the first
interval to a large degree are defined by the competi�
tion of the processes involving the molecular and
atomic oxygen. Actually, according to the data in [7]
obtained for air plasma, in the O2 : N2, simultaneously
with the channel of dissociation of the O2 by a direct
electron impact, new channels of dissociation of oxy�
gen appear owing to the reactions involving the excited

states N2(A3  and N2(B3Πg). As a result, the flux of

O(3P) atoms on the reactor wall diminishes signifi�
cantly less than one might expect based on the
decrease of the concentration of O2 molecules in the
initial plasma�forming gas. The metastable state
O2(a1Δg) is deactivated in the bulk of the plasma at col�
lisions with NO molecules. A large quantity of novel
particles appear possessing accumulated energy, which
can dissipate this energy; in the first place, those are
the oscillatory�excited nitrogen molecules. Conse�
quently, the quantity of the surface�active centers on
the surface of the treated material and, hence, the pos�
sibility of interaction of the oxygen with the polymer
should increase. As a result, when the oxygen content
in the initial gas decreases, the fraction of the gaseous
products of the polymer etching with respect to the

Σu
+
)

reagent (oxygen) increases; i.e., the loading effect
becomes more significant. The difference between the
WLLR and WHLR rates in this interval slowly increases
approximately from 1.5 to 2 (Fig. 4); i.e., the influence
of the composition of the initial gas on the loading
effect of the PP is not large. For a woven fabric, for all
the other conditions being equal, the reciprocal influ�
ence of the gas composition and the surface area of the
polymer is more pronounced, since the effective (real)
surface of the fabric subjected to the action of the
active particles is larger than the geometrical surface
area [4].

In the second interval, when the N2 content in the
mixture amounts to 90–100%, the rate of etching
sharply falls and the WLLR/WHLR ratio increases from
2 to 6; i.e., the influence of the loading degree signifi�
cantly increases. The rates of the channels of the oxy�
gen dissociation should extremely depend on the com�
position of the gas mixture owing both to the changes
of the ratio of the concentrations of N2 and O2 and the
electrophysical parameters of the plasma. Evidently,
all the channels of formation of atomic oxygen begin
to close when the O2 content in the mixture is lower
than 10%. According to [8], in these conditions, in the
gas phase, the fraction of the products increases whose
formation needs less oxygen (CO and H2). Their yield
increases nonlinearly; the water from the products of
the reaction becomes a reagent. When the N2 content
exceeds 0.95, NH3 molecules appear among the prod�
ucts of the destruction of the PP; the oxygen expendi�
ture in the reactions of etching becomes much more
intensive. The increasing reciprocal influence of the
heterogeneous and volumetric processes facilitates the
fast increasing of the influence of the loading effect.

For the identification of the IR spectra of the sam�
ples of the treated and untreated PP samples, the data
of works [9–12] were used. It was stated that the
plasma action on the surface of the PP leads to the for�

4

3

2

1

0
100806040

2

1

0 20

5
W, 10–7 g/(cm2 s)

N2 content, %

Fig. 3. Rate of the mass loss of the PP samples versus the
composition of the initial gas. (1) LLR, (2) HLR.

4

3

2

1
1008060400 20

6

WLLR/WHLR

N2 content, %

5

Fig. 4. Ratio of the rates of the mass loss of the PP samples
corresponding to the LLR and HLR versus the composi�
tion of the initial gas.



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46  No. 2  2010

LOADING EFFECT AT ETCHING OF POLYPROPYLENE FILMS 141

mation of end double bonds of the vinyl (V) and
vinylidene (VD) type independent of the composition
of the mixture and the dimensions of the sample of the
film. The appearance of the bands of deformation
oscillations of C–H groups (910 and 889 cm–1,
respectively) confirms this fact.

The double bonds are formed under the action of
the main physical factors of the plasma (UV radiation
quanta and ionic bombardment); the O2(a1Δg) mole�
cules mainly contribute the processes of their destruc�
tion, and O(3P) atoms are also involved to a certain
degree [6]. In the plasma of the O2 and N2 mixture, the
flux of quanta of UV radiation associated with the
excited states of the atomic oxygen diminishes in com�
parison with the oxygen plasma. However, the UV
radiation with a longer wavelength (λ = 215–350 nm)
arises owing primarily to the luminescence of the
excited states of the NO(A2Σ) molecule [7]. The con�
sequence of the loading effect is the decreasing of the
flux of O(3P) atoms on the sample. Since the ratio of
the rates of the processes of formation and destruction
of the double bonds changes, their concentrations on
the PP surface increase both with the increasing of the
N2 fraction in the mixture and the loading degree
(Fig. 5). The ratio of the concentrations of the double
bonds for LLR and HLR virtually does not depend on
the gas composition.

For all the compositions of the plasma�forming
gas, including nitrogen, the oxygen�containing groups
form at the PP surface. The increase of the absorption
intensity was registered in the IR spectra of the treated
samples in the following ranges: in the range of 1600–
1800 cm–1 related to the stretching oscillations of the
carbonyl group in various neighborhoods; in the range
of 1000–1350 cm–1, where the bands of the stretching
oscillations of the C–O bond and the deformation

oscillations of the O–H bond of acids, alcohols, and
ethers are located; and in the range of 3100–3400 cm–1

corresponding to the stretching oscillations of the O–H
bonds in alcohols. The presence of oxygen�containing
groups on the surface modified in nitrogen can be
explained in the following way. The concept of pure
nitrogen is conventional, since, according to the data
of the mass�spectral analysis, it contains not less than
0.2% oxygen and approximately the same amount of
water vapor. Moreover, at the initiation of the dis�
charge, some quantity of impurities (mainly water
vapors) is eliminated from the reactor walls; a small
addition of oxygen can appear owing to the cleanup of
the electrodes in the gas.

The formation of ammonia in the reactions of
destruction of the PP in mixtures rich in nitrogen gives
evidence that nitrogen�containing groups are present at
the surface treated in these conditions. Imines were reli�
ably identified (ν = 1550 cm–1 and 3300–3400 cm–1

correspond to the deformation and stretching oscilla�
tions of the N–H group, respectively; ν = 1660 cm–1

corresponds to the stretching oscillations of the C=N
group). The presence of primary amines is also possible
(ν = 1620 cm–1 and 3100–3400 cm–1 correspond to the
deformation and stretching oscillations of the N–H
group, respectively). As can be seen, the bands of the
absorption of oxygen� and nitrogen�containing groups
can overlap each other; therefore, it is difficult to inter�
pret the results.

The data related to the character of the variation of
the optical densities of several bands are presented in
Figs. 6–8. From the set of the carbonyl bands, we con�
sidered those that do not fall in the range of absorption
of double bonds (ν = 1640–1670 cm–1 corresponds to
the stretching oscillations of C=C bonds) and nitro�
gen�containing groups. This is the band of stretching
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vibrations of the carbonyl group in γ�lactones (ν ~
1766 cm–1), esters (ν ~ 1743 cm–1), and ketones (ν ~
1718 cm–1). The wide bands of the stretching oscilla�
tions of the OH and NH groups are located in the
same spectral range. The absorption corresponding to
ν = 3340 cm–1 qualitatively reflects the changes in the
integral band. The value of the optical density of the
band ν = 1550 cm–1 allows one to estimate the relative
content of imine groups on the surface.

The analysis of the obtained data showed the fol�
lowing.

In the range of compositions of O2 : N2, the same
two intervals can be noted as those observed when we
studied the kinetics of the etching. This agrees with the
fact that the balance of the processes of formation and
degradation of oxygen�containing groups, on the one
hand, to a large degree defines the rate of etching of
the polymer and, on the other hand, the content of
these groups on the surface. In the first interval, where
the O2 content in the mixture amounts to 100–10%,
the concentrations of compounds that contain oxygen
groups on the whole weakly depend on the composi�
tion of the mixture. Increasing of the load leads to the
shift of the balance to the direction of formation of
these groups and, hence, to the increasing of their
content in the modified layer (Figs. 6 and 7). The
nitrogen�containing groups are absent on the surface,
or their concentration is relatively small.

In the second interval, when the O2 content in the
mixture is less than 10%, the concentrations of oxygen�
containing groups to a certain degree diminish and
sometimes reach their initial values (Fig. 6). A redistri�
bution of these groups occurs; the effect of loading on
their content partly or completely disappears. Simulta�
neously with the oxidation, the nitriding of the surface
was registered. According to the data shown in Fig. 8,
the concentration of imines increases faster than lin�
early when both the N2 content in the mixture and the
load increase. In connection with this, one can suggest
that the absorption owing to the oscillations of the
N–H bond becomes prevailing (Fig. 7) in the integral
band corresponding to ν = 3340 cm–1. If we assume that
the interaction of the chemically active particles of oxy�
gen, water vapor, and nitrogen with the polymer
involves the same surface active centers, the processes of
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the oxidation and nitriding of the polymer surface com�
pete. This competition becomes more distinct when the
loading degree of the reactor increases.

CONCLUSIONS

During the plasma�chemical etching of the PP film
in the oxygen and nitrogen mixture, the effect of load�
ing is observed in the entire range of the compositions
of the initial gas. The effect of loading means that,
when the quantity of the treated material increases,
the specific rates of the etching decrease; at the same
time, the concentrations of the functional groups (the
double bonds in any case, oxygen� or nitrogen�con�
taining groups dependent on the composition) on the
polymer surface increase. The loading effect is gener�
ally more pronounced in the case when the initial gas
contains less oxygen. The entire range of O2 : N2 ratios
can be divided into two parts according to the degree
of the influence of the mixture’s composition on the
loading effect. When the fraction of O2 in the mixture
amounts to 100–10%, the influence of the gas’s com�
position on the loading effect is relatively small; the
kinetics of the polymer destruction process are prima�
rily determined by the competition of the processes
involving the molecular and atomic oxygen. The
increasing of the load leads to the increasing of the
concentration of the oxygen�containing groups on the
PP surface; the nitrogen�containing groups were not
registered. When the fraction of O2 in the mixture is
lower than 10%, the reciprocal influence of the volu�

metric and heterogeneous processes significantly
increases. Owing to the oxygen deficiency, water
vapors enter the reactions of etching and, at the same
time as oxidation, the nitriding of the polymer surface
takes place. The competition of the processes of the
oxidation and nitriding occurs, which is more pro�
nounced when the degree of the reactor loading is
larger.
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Despite the fact that many works are concerned
with NdSrMnO3 compounds [1–5] and that their state
diagram has been composed [3], interest in them is
still significant. It is well known that the magnetic and
electric properties of these compounds strongly
depend not only on the composition but also on the
degree of crystallinity; the type of substrate; and, as a
consequence, on the stresses that appear at the inter�
face [6], on the availability of vacancies in the sample
under study, and on the film thickness [7]. The aim of
this work is to study the effect of the thickness and of
the method of deposition (RF magnetron sputtering
[5] and DC magnetron sputtering) on the magnetic
and conducting properties of semidoped NdSrMnO
films with various thicknesses with a deficiency of
manganese and oxygen ions.

The films were obtained by DC magnetron sputter�
ing from a ceramic substrate. The target was prepared
using a traditional ceramic processing technology with
a small deficiency of manganese. The assumed chem�
ical formula of the target (by loading of oxides) is
Nd0.5Sr0.5Mn1 – xO3 – y. According to the X�ray investi�
gation of the target, it has an orthorhombic symmetry
with the lattice parameters a = 5.4302, b = 7.6177, and
c = 5.4860 Å. Additional studies of the target by the
method of scanning electron microscopy using an
X�ray microanalyzer on a JSM�6490LV scanning elec�
tron microscope (JEOL, Japan) showed that the
chemical composition of the target is closer to the for�
mula Nd0.55Sr0.45Mn1 – xO1 – y (with x < 0.1). The films
were sputtered on a substrate of SrTiO3 (100). The sub�
strate temperature was 650°C. According to the data of
the X�ray diffraction, the films appeared to be single�
phase with “cube�on�cube” epitaxial growth and with

the parameter a = 3.774 Å. The parameter of the sub�
strate is a = 3.896 Å; that is, it “compresses” the film
(the 2a parameter of the film is less than the b parameter
of the target by 0.9%). The annealing of the films was
carried out at 900°C during 2 h in the air with subse�
quent slow cooling. Three films were grown: HC�1 (60
nm thick), HC�2 (120 nm), and HC�3 (240 nm). The
film thickness was determined by the time of the sput�
tering. The HC�2 film thickness was measured using an
MII�4 interference microscope to be 120 ± 20 nm.

The magnetic moment was studied using a SQUID
magnetometer; the resistance was measured by the
traditional four�point probe technique. The x�ray pat�
terns were measured by a DRON installation.

Figure 1 depicts the field dependences of the mag�
netic moment of the three films measured at various
temperatures; Fig. 2 shows the temperature depen�
dences of the resistance of the same films. It is seen
from Fig. 1 that, at low temperatures, the m(H) curves
are a sum of certain spontaneous values of the mag�
netic moment and the m(H) dependence, being
almost linear with the field characteristics of an anti�
ferromagnetic or a paramagnetic. Using the extrapola�
tion of this part of the magnetic moment to the zero
field at the temperature T = 10 K, the values of the
spontaneous moment m0 were obtained and then cal�
culated in μB units per formula unit (f.unit). These val�
ues are as follows: 0.96 for HC�1; 1.83 for HC�2; and
2.31 for HC�3, which is less than the value of 3.6 that
corresponds to the complete ferromagnetic (FM)
ordering of the spins of the Mn4+ and Mn3+ ions.
These data allow reaching the conclusion that, at low
temperatures, the film state is magnetic two�phase
(MTP). An antiferromagnetic (or paramagnetic)
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matrix comprises FM clusters; in addition, the size of
the latter increases as the film thickness grows. Figure 3
shows the temperature dependence m0 for all three
films. The Curie point TC was determined by extrapo�
lating the steepest part of the m0(T) dependence to the
zero value of the magnetic moment. The Curie point
TC is 230 K for the HC�1 film; 200 K for the HC�2,

and 175 K for the HC�3. Thus, we can see that, as the
thickness of the films increases, their TC decreases.

As is seen from Fig. 2, all the films at room temper�
ature exhibit a low resistance, which increases with
lowering temperature. Except for the HC�1 film, in
which the R(T) maximum is not observed even at
77 K, the thicker films have the maximum tempera�
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ture Tmax of the film resistance (on the order of 118 K),
below which the resistance decreases again. As the
temperature falls from 300 K down to Tmax, R(T)
exhibits a semiconductor behavior; below, a metallic
one. The Rmax/R(300 K) ratio for the HC�1 film is
more than 2000; HC�2 = 68, and HC�3 = 48; that is,
as the film thickness increases, this ratio appreciably
decreases, particularly in the thickness range from 60
to 120 nm. Usually, the values of TC and Tmax are close
to each other. In our case, they are significantly differ�
ent. The great value of Rmax/R(300 K) for the 60�nm�
thick film cannot be explained by the possible “insu�

lar” pattern of the sputtering, because, at 300 K, their
resistances differ insignificantly. The source of which
such strong scattering of the charge carriers occurs in
a thin film remains not to be seen.

Thus, the magnetic and electric properties of the
films under study show that the chemical composition
of the films is really such that, at low temperatures, it
must be described by the left�hand side of phase dia�
gram (3), i.e., by the region of an FM metal. At high
temperatures, all the samples had a low resistance;
that is, they did not transit into the paramagnetic insu�
lating phase as shown in phase diagram (3), and the
magnetic moment exhibited a diamagnetic behavior.

The most interesting result of the magnetic mea�
surements of the films is the revealing of the diamag�
netic properties in them at high temperatures. The tem�
perature dependences of the susceptibility χ defined as
the Δm/ΔH ratio are represented in Fig. 4. At 300 K,
the highest value of χ in units of 10–8 emu/Oe is 1.48 for
the HC�1 film, 0.629 for the HC�2, and 0.45 for the
HC�3. It is seen that, as the film thickness increases by
fourfold, the diamagnetic susceptibility decreases by
more than 3 times.

An increase in temperature in HC�1 leads to a
jump of the magnetic moment from a positive value to
a negative one in the region of 140 K in the field H =
10 kOe and in the region of 170 K in a field of 5 kOe.
In fields of 1 kOe and below, no jumps of the magnetic
moment are observed. The temperature of the “null�
ing” of the susceptibility increases from 196 K in the
HC�1 film to 253 K in the HC�3.

The cause of the appearance of diamagnetism at
high temperatures in our films can be explained if we
take into account the following:

(i) The observed diamagnetism is not caused by the
substrate, because, even if it appeared to be diamag�
netic by chance, then its contribution would be almost
equal for all the three films, since its thickness is four
orders higher than that of the films.

(ii) The strong decrease in the negative magnetic
moment with the increasing film thickness can be
explained by the possible occurrence of a layer with
diamagnetic properties near the interface. Such a layer
was observed in [5], though it was FM.

(iii) Diamagnetism at high temperatures was
observed in metal glass in [8], where it was shown that
the particular connection between the FM particles
and an amorphous matrix can lead to a giant diamag�
netic response. Diamagnetism above the Curie point
was also observed in a nanocrystalline sample of man�
ganite [9]. The authors assumed that it can be caused
by a metastable nanocrystalline configuration result�
ing in the localization of wave functions of electrons
with a large orbital radius and that it appears in a
strongly inhomogeneous stressed sample. Thereupon,
there is a good probability of the appearance of local�
ized electron orbits with a radius of tens of nanometers
limited by the dislocation network. T.A. Onishchenko
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[10] showed that the macroscopic inhomogeneity of
crystals, which is attributed, e.g., to deformations,
leads to the electron spectrum dependence on the
space coordinates. If the depth of the space modula�
tion of the energy is much higher than the band width
E0 and if the band gaps eg are considerably wide (which
is not improbable in our narrow�band material), then
the electron wave functions must be localized, and

they can generate diamagnetism being a few orders
higher than the Landau diamagnetism.

It follows from the above that the necessary condi�
tion of the occurrence of diamagnetism is the localiza�
tion of electron wave functions at least in separate
small�volume regions of the sample under study. This
requires the macroscopic inhomogeneity of the sam�
ple (or layer) induced by stresses with the formation of
a dislocation network or other causes. At the interface
of our samples, due to the disagreement of the sizes of
the unit cells of the film and the substrate, stresses
appear in the film and form a dislocation network. As
the film thickness grows, the stress relaxation takes
place and the dislocation network broadens consider�
ably. It is known that the current carrier motion in
manganites occurs along the intraplanar chains Mn–
O–Mn. Due to the deficiency of manganese and oxy�
gen ions, these chains will be broken much more fre�
quently than in nondeficient samples and form sepa�
rate properly conducting regions. The totality of
the regions limited by the dislocation network and the
regions with proper conductivity can induce the
desired space modulation of the energy in separate
regions for the localization of electrons. The orbital
moment of such localized electrons is the probable
origin of the diamagnetism in a thin layer of the sam�
ples near the interface.
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The usage of an electric discharge to produce car�
bonic nanomaterials (CNM) holds a firm place among
similar methods [1–3].

The chief advantage of this approach lies in the fact
that liquid hydrocarbons are used as the initial raw
material without any special ways of supply into the
reaction zone; the process is conducted at normal
pressure and room temperature. Furthermore, dis�
charge�pulse methods, including the electric dis�
charge in a liquid, are based on thoroughly elaborated
analytical [4] and electrotechnical [5] principles.

The obtained carbonic materials are mainly in the
solid phase, so they are easily liberated from the initial
raw materials through such conventional methods as
centrifugation and filtration.

The study of the quantitative regularities of the pro�
cess of the electrodischarge destruction of liquid
hydrocarbons with different contents of carbon atoms,
as well as with different degrees of the carbon atom
hybridization, is the purpose of this work.

EXPERIMENT

Such substances as hexane (AR grade), cyclohex�
ane (AR grade), cyclohexanone (undiluted), benzol
(AR grade), kerosene ТС�1 (GOST 10227�86), white
spirit (GOST 3134�78), and solar oil (GOST 305�82)
were selected as the subject of the investigation.

The discharge installation diagram is presented in
Fig. 1. The experiments were carried out under the fol�
lowing electric parameters: the working voltage was

varied from 3 to 35 kV; pulse energy was from 100 J to
10 kJ.

The refraction factors (nD) were measured with the
help of a universal laboratory refractometer (URL TU
25�05�1540�74) in order to ascertain the changes in
the composition of the organic liquids in the course of
the electrodischarge treatment.

The mass spectra of the gases adsorbed by the pro�
duced powders were registered with the aid of a mass
spectrometer (МИ 1201В). The powered samples
were heated in vacuum to perform the desorption of
these gases. The gas ionization in the ionic source of
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the spectrometer was carried out by an electron bunch
with energy of 70 eV. The measurements were con�
ducted in the range of 1 ≤ m/z ≤ 250, where m/z is the
ion mass–charge ratio, a.u.m. (atomic unit of mass).

The yield of the carbonic nanomaterials was deter�
mined gravimetrically after the previous centrifuge
processing of the produced suspension (3000 r/min)
and the removal of the initial remaining liquid residue
by drying the powder to a constant weight at a temper�
ature from 80 to 100°C.

RESULTS AND DISCUSSION

With high�power electrodischarge pulses influenc�
ing the liquid hydrocarbons, there appears a region of
high pressure and temperatures where the destruction
and the decompounding of the hydrocarbon mole�
cules take place with carbon in the solid form and
hydrogen in the gas form being the final products. The
carbon can evolve in different allotropic modifica�
tions, the type of which should depend, in our opin�
ion, on the initial raw materials. It is supposed that the
synthesis of fullerenes, carbonic nanotubes, and dia�
mond or carbine from organic compounds having
their hybridization degree equal or close to the hybrid�
ization degree of the produced material will proceed
with a minimum energy input.

The investigation results on the influence of the liq�
uid hydrocarbon carbon skeleton length on the yield of
the solid carbonic materials are presented in Table 1.

It is easily seen that, with the carbon chain length
growing, the ultimate product yield increases almost
in direct proportion at the same energy input. Thus, if
a mixture of carbon nanomaterials is the desired ulti�
mate product, the solar oil can be suggested as an ini�
tial raw material. However, to produce certain allotro�
pic modifications of the carbon (fullerenes, nanodia�
monds, carbine), it is necessary to use a raw material

with the carbon atom hybridization degree similar to
that in the ultimate product [6].

In order to elucidate the mechanism of the hydro�
carbon destruction process under the action of the
electric discharge, we measured the refractive index of
the liquids under treatment before and after such an
impact. The data of these measurements are presented
in Table 2.

The minor changes of the refractive index of the
hydrocarbons indicate that no other liquid hydrocar�
bons with a smaller number of C atoms are generated
during the process of the electrodischarge treatment.
That is, the formation of the carbonic materials occurs
through the complete dehydrogenation of the mole�
cules of alkanes and can be described by such an over�
all equation as CnH2n + 2  nC + (n + 1)H2.

In order to elucidate the gaseous product composi�
tion, we carried out the investigation of the mass spec�
tra of the gases adsorbed by the carbonic powder.

The mass spectra of the gases of the powder pro�
duced at the electrodischarge treatment of kerosene
are presented in Fig. 2. The mass spectroscopy data
allow reaching a conclusion on the presence of the fol�
lowing gaseous substances adsorbed on the solid phase
material: H2 (m/z = 2), H2O (m/z = 18), C2H4 (m/z =
28), C3H6 (m/z = 42), and C3H8 (m/z = 44).

The presence of hydrogen confirms the proceeding
of the alkane dehydration process, yet the presence of
the gaseous hydrocarbons C2H4, C3H6, and C3H8
points to the more complicated mechanism of this
process. Based on these data and taking into consider�
ation that the reactions with the participation of
alkanes mainly proceed according to the free�radical
mechanism, the pattern of the electrodischarge
destruction process can be presented by the example
of n�hexane in the following form:

Table 1.  Dependence of the CNM yield on the carbon source at the electrodischarge treatment of the organic liquid

Carbon 
source

Number of atoms 
in the molecule

Raw material 
weight, kg

CNM weight after the ultra�
centrifuge process, kg

Dried CNM 
weight, kg CNM yield, %

Hexane 6 0.660 0.150 0.015 2.27

White spirit 10 0.600 0.200 0.023 3.83

Kerosene from 10 to 14 0.660 0.330 0.040 6.06

Solar oil frpm 11 to 20 0.720 0.380 0.067 9.30
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(H*, CH3*, C2H5*, C3H7*, C4H9* are the radical par�
ticles).

This pattern explains both the formation of the
solid phase of the C and CNM and the gaseous phase
composition. It is peculiar that the realization of this
pattern results in the change of the hybridization
degree of the carbon atoms from sp3 (C–C) to sp2
(C=C) and sp (C≡C) during the treatment process.
This should influence the phase composition of the
produced carbon nanomaterials.

It is clearly seen from the microphotos typical for
the CNM produced using the electrodischarge
method presented in Fig 3 that the CNM have a devel�
oped surface (with the specific area of the surface
being ~150 m2/g) and a complex hierarchy structure
with the size of the single constituent particles being
~100–200 nm.

In Fig. 4, there are shown the common diffraction
patterns of the CNM produced in kerosene (the upper
curve), hexane (the middle curve), and cyclohexane
(the lower curve), which are characterized by a wide
halo of about 2θ ≈ 30° in Co K

α
 radiation being typical

for the amorphous structures.

Thus, the process of the electrodischarge destruc�
tion of the liquid hydrocarbons is governed by the fol�
lowing regularities. The overall product yield increases
with the growth of the carbon chain of the initial
hydrocarbon raw materials: the destruction of the
hydrocarbons is accompanied by the formation of the
solid phase carbon materials with amorphous struc�
tures and of the gaseous products containing, along
with hydrogen, lower hydrocarbons with different
degrees of the saturation of the carbonic bonds; the
liquid phase product after the treatment does not con�
tain other liquid hydrocarbons besides the initial one.

C6H14 C3H7* + C3H7*
C3H7* CH3* + C2H4

C3H7* + H*  C3H8
C3H7* C3H6 + H*

C6H14  C2H5* + C4H9*
C2H5*  C2H4 + H*

C4H9*  C2H5* + CH2=CH2

CH2=CH2  CH2=CH* + H*
CH2=CH*  CH≡CH* + H*

C2H2  CH≡C* + H*
CH≡C*  C≡C* + H*

H* + H* H2.

Table 2.  Refractive indices nD of the carbonic liquids before and after the electrodischarge treatment measured at 20°C

Carbon source Number of pulses nD, before treatment nD, after treatment

Hexane 1100 1.3832 1.3841

Cyclohexane 7200 1.4261 1.4296

Cyclohexanon 7200 1.4502 1.4502

Benzol 7200 1.5008 1.5037

Kerosene 300 1.4406 1.4425

Kerosene 1000 1.4406 1.4444

White spirit 1000 1.4441 1.4439

Solar oil + kerosene (1 : 1) 300 1.4529 1.4541

Solar oil + kerosene (3 : 1) 100 1.4589 1.4595

Solar oil + kerosene (3 : 1) 300 1.4589 1.4590

Solar oil + kerosene (3 : 1) 500 1.4589 1.4599
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Fig. 2. Mass spectra of the gases liberated by the specimens under study. (All the spectra are normalized to the peak with the high�
est intensity).
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Fig. 3. Electron microphotos of the products of the electrodischarge treatment of kerosene: (a) a separate particle–agglomerate,
30 µm; (b) a particle, 1 µm; (c) a particle, 300 nm.
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The obtained data should be taken into consider�
ation at the development of the discharge�pulse meth�
ods of production of carbon nanomaterials.
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INTRODUCTION

The data on a significant concentration of defects
in the anion sublattice of binary and ternary chalco�

genides of the A3B6 and A3B3  type are available in
the literature [1–3]. This fact is particularly pro�
nounced in sulfides of the above compounds. TlInS2 is
one of a few semiconductor compounds whose crystals
of monoclinic modification exhibit a sequence of
incommensurate and ferroelectric phase transitions. It
is obvious that the vacancies available in the anion
sublattice of these compounds must affect the features
of the electric conductivity in the temperature range of
170–220 K and the photoelectric properties.

A characteristic feature of TlInS2 crystals is their
capability of forming stacking faults that have a strong
effect on the electric conductivity of these crystals
[4, 5]. To all appearances, this high concentration of
intrinsic defects is attributed to the strong anisotropy
of the bonding forces in such structures, which con�
tributes to the appearance of many defects of layer
interfacing, vacancies, and dislocations. This leads to
a violation of the translation invariance of the crystal�
line structure and to the appearance of localized states
in the band gap of the crystal. The effect of stacking
faults on the electric properties of imperfect crystals
and the interaction between these faults and the radia�
tion defects have not been studied until now.

In this work, we discuss the results of the study of
the anisotropy of the electric conductivity of TlInS2
crystals of the hexagonal modification (HM) irradi�
ated with γ�quanta at room temperature.

MEASUREMENT TECHNIQUE

For the study, we grew TlInS2 single crystals by
annealing single crystals of the monoclinic modifica�

C2
6

tion at 650 K for 30 days. The crystals exhibited the
n�type conduction and a resistivity of (1–6) × 106 Ω
cm. The unit cell parameters of these crystals had the
following values: a = 3.82 Å and c = 14.85 Å. Indium
was used as ohmic contacts. The measurements were
carried out in the direction parallel and perpendicular
to the c axis of the crystals [6]. The samples were irra�
diated with γ�quanta by means of a Co60 installation at
room temperature. In the process, in order to avoid
heating of the crystals, they were cooled by liquid
nitrogen vapors, and their temperature did not rise
above 290 K.

RESULTS AND DISCUSSION

Figures 1 and 2 depict the temperature depen�
dences of the electric conductivity of TlInS2 crystals of
the HM in the direction perpendicular (σ⊥) and paral�
lel (σ��) to the c axis irradiated with γ�quanta at 300 K.
As is seen from Fig. 1, the electric conductivity of the
unexposed crystals in the direction σ⊥ in the tempera�
ture range of 210–220 K exhibits a deep minimum
with the activation energy E + 0.49 eV and undergoes
exponential growth at a further decrease in the tem�
perature (curve 1). Upon the exposure of the samples
to doses of 50 and 100 krad, the electric conductivity
of the crystal increases and the dependence behavior
remains unchanged; however, the shift of the minimum
towards high temperatures (250 K) is observed. As a
result, its depth and width decrease (curves 2 and 3).
Figure 2 also shows a minimum in the curve of the
dependence σ(T) in the temperature range of 180–
190 K; it also shifts towards high temperatures, and its
depth and width decrease as the exposure dose
increases. The analysis of the temperature dependence
of the electric conductivity showed that, according to
the data of [7, 8], in the TlInS2 crystals of the HM, the

Anisotropy of Electric Conductivity in Irradiated TlInS2 Crystals
R. S. Madatov, A. I. Nadzhafov, V. S. Mamedov, and M. A. Mamedov

Institute of Radiation Problems, National Academy of Sciences of Azerbaijan, 
ul. Agaeva 9, Baku, AZ�1143 Republic of Azerbaijan

e�mail: msrahim@rambler.ru
Received October 7, 2009

Abstract—The anisotropy of electric conductivity in hexagonal TlInS2 crystals irradiated with γ�quanta are
studied. It is found that, upon light exposure (~50 krad), radiation defects accumulate in the interlayer space
and in the layer plane. As a result, the electric conductivity σ⊥ and σ�� decreases. As the exposure dose
increases (above 200 krad), due to the interaction between the radiation defects and the initial inhomogene�
ities, complex defects appear with the result that the electric conductivity in either direction increases expo�
nentially.

DOI: 10.3103/S1068375510020122

ELECTRICAL PROCESSES 
IN ENGINEERING AND CHEMISTRY



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46  No. 2  2010

ANISOTROPY OF ELECTRIC CONDUCTIVITY IN IRRADIATED TlInS2 CRYSTALS 155

difference in the conductivity mechanisms in the dif�
ferent crystal directions results from the influence of
uncontrolled impurities precipitating on stacking
faults. In all probability, this is the cause of the
decrease in the anisotropy of the electric conductivity
in the entire temperature range with the increasing
exposure dose.

Figure 3 represents the dependences σ⊥c and σ��c on
the exposure dose at room temperature. As we can see
from the figure, at doses up to 30 krad, the electric
conductivity of the crystals varies insignificantly in
either direction. For exposure doses in the range of
30–120 krad (curve 1), the σ⊥c ~ f(D) dependence,
passing through the minimum, increases sharply; an
insignificant rise in the electric conductivity is
observed at a further increase in the irradiation dose. It
is pertinent to note that, in the range of 30–120 krad,
the electric conductivity increases exponentially in the
direction parallel to the c axis (σ��c); subsequently, the
behavior of the σ��c ~ f(D) dependence is repeated as in
the case of σ⊥c ~ f(D). The comparison of curves 1 and
2 (Fig. 3) shows that, under light exposure of non�
doped n�TlInS2 of the HM, radiation defects of the
intrinsic acceptor type are introduced into the bulk
and the interlayer space of the crystal.

In point of fact, the results show that the difference
in the conductivity mechanisms in the different crystal
directions is due to the influence of uncontrolled
impurities precipitating on stacking faults of TlInS2
crystals. The specified behavior of the electric conduc�
tivity of the n�TlInS2 crystals of the HM shows that a
continuous series of deep acceptor levels taking over a
part of the electrons are formed in the band gap of the
TlInS2 upon the exposure [9]. Further irradiation
leads to a change in the behavior of the dependence σ��

and σ⊥c ~ f(T) (Figs. 1, 2). This is attributed to the fact
that long�term irradiation shifts the Fermi level closer
to the middle of the band gap and that the radiation
levels induced by the exposure appear to be of this
level. Hence, as the temperature rises, the electric
conductivity increases due to the increasing concen�
tration of electrons in the conduction band. It is this
which is the cause of the decreasing anisotropy of the
electric conductivity in the entire temperature range
with the increasing exposure dose. The decrease in σ⊥c

in the dose interval up to 60 krad in comparison with
σ��c occurs due to the accumulation of radiation
defects in the interlayer space of the crystal. This
means that the accumulations of radiation defects in
the interlayer spaces lead to a distortion of the conduc�
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Fig. 1. Temperature dependences of the electric conduc�
tivity of the n�TlInS2 of the HM in the σ⊥c direction before
(1) and after irradiation with γ�quanta with a dose of 50 (2)
and 100 krad (3).
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Fig. 2. Temperature dependences of the electric conduc�
tivity of the n�TlInS2 of the HM in the σ||c direction before
(1) and after irradiation with γ�quanta with a dose of 50 (2)
and 100 krad (3).
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Fig. 3. Dependence of the specific conductivity (at 293 K)
of n�TlInS2 on the irradiation dose in the direction (1) per�
pendicular to the c axis and (2) parallel to the c axis.
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tion band bottom and to the formation of potential
wells for charge carriers. An increase in the amount of
defects causes a disorder in the arrangement of the lay�
ers and so contributes to the growth of an interlayer
barrier. The wide range of values of the anisotropy of
the electric conductivity results from the presence of
the above mentioned uncontrolled impurities, which,
precipitating on stacking faults, introduce a disorder
along the c axis. The dislocation of these impurity
inclusions under heat treatment favors the manifesta�
tion of the three�dimensional pattern of the “c” band
of the TlInS2 crystals of the HM.

The results, in particular, the decrease in σ upon
light exposure, show that, starting with a dose
(depending on the initial impurity concentration), the
accumulation of radiation defects is observed in the
interlayer space along the plane and in layers. As a
result, the mobility of the majority the carriers and
thus the electric conductivity in either direction
decrease. As the irradiation dose increases, due to the
interaction between the radiation defects and the ini�
tial inhomogeneities, complex defects are formed; as a
result, the electric conductivity in either direction
increases exponentially. We assume that the decrease
in the electric conductivity upon light exposure in the
case of σ⊥c is due to the partial compensation of the
initial donor level. The high�dose irradiation (above
200 krad) of n�TlInS2 of the HM leads to the accumu�
lation of radiation defects in the interlayer space and to
strong compensation of the material.

The analysis of the experimental results showed
that the nonequilibrium point radiation defects
formed in layers, migrating, accumulate in the inter�
layer space and so decrease the crystal anisotropy upon
high�dose irradiation.
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The breakage of the tissue membranes is an impor�
tant process in the food production engineering con�
nected with the extraction of juice from vegetable
resources. The juice yield and the expenditures for its
extraction depend on the degree of the breakage of the
cell membranes. It is also important that, after the
treatment, the cellulose cell envelopes do not pass into
the juice hindering its extraction and clarification.
This can be attained by the previous processing of the
vegetal resources by various physical methods before
the juice extraction.

There are known different ways of increasing the
permeability of the cell membranes of vegetal
resources: mechanical, thermal, biological, and
chemical treatments and electric, magnetic, acoustic,
radioactive, and ray methods. The mechanical and
thermal ways of vegetal resource treatment are the
most extensively employed ones. The fermentation
(biological) method is seldom used because of its long
duration. The electrophysical methods are at the stage
of optimization and production testing [1–5].

The use of short electric pulses, the action of which
has some advantages over the other electric tech�
niques, is promising for the electric processing of food
products. The electric energy concentration and the
following acute impulse action on the processed mate�
rial lead to qualitatively new effects, which can be
taken as the basis for the elaboration of highly efficient
technological approaches [6–8].

Combined methods of influence on plant tissues
are promising as well; mechanical crushing (grinding,
cutting into chips, etc) is usually used at the first stage.
The smashing of berries to ensure the fermentation
process is employed in the case of grapes before the
extraction of the juice to produce wine.

The results of the investigation of the electric
impulse influence on the crushed grape permeability
are presented in this work.

The dependence of the resistivity of the crushed
mass of the grapes on the specific energy introduced
into the electroplasmolysis zone (Fig. 1, curve 1) is

obtained, and it is seen that the increase of the intro�
duced energy within the range from 0.5 to 30 W hr/kg
causes the reduction of the resistivity of the crushed
mass. This, in turn, points to the plasmolysis of the
grape berries’ tissue cell protoplasm. However, the
specific energy consumption at the level of 30 W hr/kg
is substantial. Thus, the research work was carried out
with the aim to reduce the electric energy consump�
tion and to provide the highest efficiency of the elec�
troplasmolysis.

There was studied the possibility of the crushed
grapes’ mass plasmolysis with the previous heating up
to the regime corresponding to the conventional man�
ufacturing process. The infusing of the marc with
heating is used at the processing of red grape varieties
to intensify the diffusion of the coloring agents from
the skin into the juice. The plasmolysis with the tem�
perature rise leads to the reduction of the specific
energy consumption (Fig. 1, curves 2–4); it is about
30 W hr/kg at the temperature of 20°C and only
3 W hr/kg at 60°C.

It has been established experimentally that this
manufacturing process ensures the growth of the free�
flowing juice yield by 6% in comparison with the stan�
dard one. The juice yield at the crushed mass pressing
after the removal of the free�flowing juice increases up
to 2% (Fig/ 2). The content of coloring agents in the
juice produced with the use of the electric treatment
rises from 1.3 up to 1.95 g/l (Fig. 3).

A planned experiment on the study of the influence
of the specific plasmolysis energy and the temperature
on the resistivity of the grapes’ tissue was carried out.
A two�factor plan was used (see the table).

The processing of the results permitted us to obtain
the following mathematical model to describe the
crushed grapes’ plasmolysis process:

R ΔW W hr/kg; °C,( ) 62.978/X1 170.257482/X2+=

+ 22.480538/X1
3

11461/X2
2 0.007454/X1X2+–

– 92.483914/X1
2 0.013518X1

2
,+
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Fig. 1. The grapes’ crushed mass resistivity versus the specific plasmolysis energy characteristic at the following temperatures, °C:
1—20; 2—40; 3—50; 4—60.
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Fig. 2. The dependence of the free�flowing juice yield (curve 1) and the total juice yield (curve 2) on the specific energy consump�
tion in the course of the electric treatment.
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Fig. 3. The dependence of the coloring agents in the juice on the specific energy consumption in the course of the electric
treatment.
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where R is the grapes’ tissue resistivity, kOhm cm; X1 is
the specific plasmolysis energy, W hr/kg; and X2 is the
grapes’ tissue temperature, °C.

Thus, the electroplasmolysis of the previously
heated to 60°C crushed grapes’ mass allows one to
increase the free�flowing juice yield and the coloring
agent content and to reduce by 6–10 times the energy
consumption for the plasmolysis process compared
with the customary treatment of vegetal resources at a
temperature in the range from 15 to 20°C.
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Table

Factors Specific electroplasmolysis energy ΔW, W hr/kg Temperature, °C

The main level (Xoi) 6 40

Variation ranges (ΔXi) 4 20

Upper level (xi = Xoi + ΔXi) 10 60

Lower level (xi = Xoi – ΔXi) 2 20

Star point (xi = Xoi + 1.414ΔXi) 11.6 68.3

Star point (xi = Xoi – 1.414ΔXi) 0.35 12
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INTRODUCTION

Highly informational and technological methods of
modifying polymeric materials and multifunctional
composites on their basis under the effect of various
electrophysical, mechanical, electrochemical, and
thermal factors have been elaborated [1–5]. Forecast�
ing and optimizing of the modifying modes are consid�
ered to be urgent problems that require unifying a num�
ber of measuring systems for the determination of vari�
ous physicochemical effects (the oxidation, the free
radical state, the charge formation at an interphase
boundary, the crystallization, the erosion, the inter�
phase interactions, the synthesis of active gaseous low�
molecular compounds [6–10], and the parameters of
the modifying factors (the accelerated electrons, the
ionizing irradiation, the mechanical and electric fields,
and the electric discharge plasma of various natures)
[11–13]). It is only the complex study and prediction of
the parameters of the above modifying factors that will
make it possible to optimize the modifying regimes and,
namely, the crystallization of polymeric materials for
the purposeful variation of their physicomechanical,
electrophysical, photoelectrical, piezo� and piroelectri�
cal, and electret properties.

EXPERIMENTAL

The creation of a complex device for the optimiza�
tion of the modes of crystallization of polymer–segne�
topiezoelectric ceramic composites based on the simul�
taneous effects of the temperature and the electric dis�
charge plasma in the air medium between the dielectrics
(electroplasmic crystallization) is described.

Figure 1 shows the principal scheme of the created
complex device for the optimization of the plasma

crystallization modes and the study of the properties of
the polymer composites.

The development of the complex device for the
composite’s modification is aimed at the determina�
tion of the optimal modes of the composite’s crystalli�
zation (under the simultaneous action of the electric
discharge plasma and temperature) while revealing the
correlation between the electric discharge parameters
and the process of the modification of the physico�
chemical structure of the polymer matrix and the for�
mation of a high–charged, thermo�, electrolumines�
cent, and piezoelectric state in the polymer–piezoce�
ramics composite. Heated to the melting temperature,
the composite is exposed to the action of the electric
discharge plasma in an electronegative gas. In addi�
tion, the processes that may eventually activate the
formation of a high piezoelectric state may occur in
the gaseous media and the composite:

• the introduction of nonequilibrium carriers of
the electric charges from the zone of the charge’s
development into the composite;

• the oxidation of the composite’s polymer phase
and the origination of the localization centers for the
introduced nonequilibrium charges from the plasma
channels into the composite;

• the synthesis of the chemically active gaseous
products in the plasma channels;

• the ionizing irradiation arising due to the recom�
bination of the electric charge carriers;

• the free�radical state’s origination and the devel�
opment of the oxidative–destructive phenomena in
the composite polymer phase.

The intensity of the above processes definitely
depends on the energy parameters (the energy and the
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transferred charge) of certain plasma channels. Such
factors as the temperature and the time of the compos�
ite’s modification under the plasma action of the elec�
tric charge are important, whose incorrect selection
involves the marked erosion of the composite’s poly�
mer phase and the consequent deterioration of the
physicochemical, thermoxidative, mechanical, and
piezoelectric properties. Therefore, the complex sys�
tem of crystallization of the composites must comprise

the functional units for the optimal task and purpose�
ful variation of the following electrophysical factors:

• the parameters of the electric discharge plasma
(the energy and transferred charge);

• the high and low temperature limits and the tem�
perature rate variations under the conditions of the
electric discharge plasma effect;

• the time of the plasma modification or the com�
posite’s crystallization;
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Fig. 1. The technology of modification of the composites under the condition of the simultaneous effect of the electric discharge
plasma and the temperature (electroplasmic crystallization).
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• the concentration of the active gaseous products
(O, O3, NO, OH, and CO) synthesized in the channels.

The Unit for Adjusting and Measuring the Parameters 
of the Electric Discharge (UAMED) 

in the Electronegative Gas Medium between 
the Dielectrics (the Barrier Discharge—BD)

Such a dielectric structure is created by limiting the
air gap between the studied composites: the metal–
composite–air layer–composite–metal. The dis�
charge in such a dielectric medium makes it possible to
uniformly process and oxidize the polymer phases of
the composite. The electric discharge is initiated by
the action in a high sinusoidal direction with an ampli�
tude from 12 × 103 to 26 × 103 V and a frequency of f =
50 Hz. The discharge parameters varied upon chang�
ing the dielectric characteristics (ε, tgδ, and ρ

ν
) of the

composites, the gas medium (d), the composite thick�
nesses (h), and the amplitude of the voltage (U)
applied to the dielectric structure. For the BD measur�
ing, we used the method of synchronous registration of
the spacial (an electron optical image of the microdis�

charge channel’s development (EOP) (Fig. 2b)) and
time (a pulse oscillogram of the voltage or current)
image of the discharge (Fig. 2a). It is seen that each
discharge is accompanied by the discrete arising of
microplasma channels in space and time. The integral
characteristics of the discharge (the energy and the
charge for the period of the sinusoidal voltage) were
determined by the method of the volt–coulomb char�
acteristics. For this purpose, a special system (syn�
chronizer) was developed that allows one to start the
oscillograph at the moment of the zero value of the
amplitude of the sinusoidal voltage applied to the test�
ing cell. The dependency of the Q charge at the cell
electrodes on the instantaneous value of the voltage U
on it is observed at the oscilloscope display. The
dependency we obtained, Q = f(U), has the shape of a
parallelogram (cyclogram) with a distinct transition
from one area of this dependency to the other one
(Fig. 3). However, in the investigation process, it was
determined that the cyclograms appeared to be unsta�
ble. Therefore, the obtained images (due to the over�
lapping of a few dependencies Q = f(U) at the oscillo�
scope display (Fig. 3a)) hardly make it possible to cal�

(b)

(а)

1

2

3

4

Fig. 2. Synchronously taken electric (a) and optical (b) images of the discharges in the gas medium. 1—the closing pulse of the
EOP; 2—the cell voltage variation; 3—the calibrating voltage; 4—the voltage pulses at the moment of arising of separate series
of microdischarges.

(b)(а)

Fig. 3. Volt–coulomb characteristics of the discharge at continuous (a) and single (b) modes.



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46  No. 2  2010

A DEVICE FOR THE COMPLEX STUDY OF THE MODES OF CRYSTALLIZATION 163

culate the Uz ignition voltage, the energy, and the
charge of the discharge. To remove the above disad�
vantages, the oscillograph remained in the triggering
mode only for 0.02 s, i.e., during a single period of the
sinusoidal voltage. Thus, only one oscillogram of the
dependency Q = f(U) is formed at the oscilloscope
screen (Fig. 3b).

The Unit for the Selection of the Temperature–Time 
Modes of the Composite’s Crystallization

The selection of the temperature modes of the
composite’s crystallization is of great significance. It is
important to determine the temperature of the melting
for the composites and their temperature–time mode
of crystallization (the heating and cooling rates) under
the conditions of the plasma and mechanical tension
effects. We developed devices for heating the investi�
gated composite according to the linear law at various
rates with stabilizing at any temperature selected from
the operation range. The upper and lower limits of the
operation interval were determined by the methods of
thermomechanical (TM) measurements and obtain�
ing the current spectra of the thermostimulated depo�
larization (TSD). A construction unit was provided for
the synchronous registration of the thermodepolarized
current at a mechanical impact on the composite
specimen. The program positioner is constructed
using the pattern of a digital–analog converter. The
rate of the specimen’s heating is set due to the fre�
quency change of the clock pulse passing. In the mode
of stabilization, the generator of the clock pulses dis�
connects the temperature selector. The main technical
characteristics of the program’s temperature selector
are presented in [14]. The lower (393 K) and upper
(433 K) temperature limits of the composites of the
piezoceramics polyolefin and piezoceramics haloge�
nous polymer were determined using the TSD and TM
methods and the registration of the temperature
dependence of the composite’s specific resistance (the
posistor effect) (Fig. 4). The lower limit of the crystalli�
zation temperature corresponds to the temperature of
the TSD’s first spectrum maximum (Fig. 4, curve 1).
The upper temperature limit for the plasmothermoc�
rystallization is determined by averaging the tempera�
tures corresponding to the TSD’s second spectrum
maximum (Fig. 4, curve 1), the marked deformation
growth (εd) of the thermomechanical dependency εd =
f(T) (Fig. 4, curve 2), the maximum of the resistivity
(ρ

ν
) of the dependency ρ

ν
 = f(T) (posistor peak, Fig. 4,

curve 3), and the marked decrease of the composite’s
density (Fig. 4, curve 4).

The System of Determination of the Optimal Time 
for the Composite’s Processing

The system of determination of the optimal time
for the composite’s processing under the electric dis�
charge plasma effect is based on the infra�red spectra

obtained using the spectrometer. The variations of the
optical band of the absorption of the oxygeneous
groups (C=O, OH, C–O–C) that appeared in the IR
spectrum are studied. Upon the time increase of the
composite’s plasma crystallization, the optical density
of the absorption of the above groups first increases
and then tends to saturation. The time required for
achieving the saturation by the band of the absorption
of the oxygeneuos groups is regarded as the optimal
time of the composite’s modification.

The Systems of Polarization and Measurement 
of the Electrophysical and Physicomechanical 

Properties of the Plasmacrystallized Composites

The systems of polarization and measurement of
the electrophysical and physicomechanical properties
of the plasmacrystallized composites are the final
functional units of the complex device for optimizing
the crystallization process modes under the conditions
of the electrodischarge plasma effect. The optimal
modes of polarization (the electric field intensity En,
the temperature Tn, and the time of the polarization tn)
of the piezoelectric composites are determined by the
units of the TSD spectrum registration and the posis�
tor peak (PP). The units of the TSD and the PP regis�
tration make it possible to determine the energy Ea of
the activation and concentration of the charges stabi�
lized during the electrothermopolarization at the local
levels of the quasi�forbidden zone of the composite
polymeric matrix. They also allow one to define the
value of the potential barrier at the phase boundary
(polymer–ferroelectric) of the composite.
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Fig. 4. The spectrum of the thermostimulated depolarized
current (1) and the thermomechanical curve (2) of the
PEHP–BT composite, and the temperature dependencies
of the resistivity (3) and the specific density (4) of the
PEHP–BT composite.
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The Unit of Registration of the Active Gaseous Products 
of the Discharge is based on a Gas Chromatograph 

of the Kristal–2000M Type

The concentration of the active gas products syn�
thesized in the plasma channels of the discharge with
respect to the energy parameters of the microdis�
charges may be determined.

CONCLUSION

The created device makes it possible to determine
the optimal modes of the plasmacrystallization and
the electrothermopolarization of the composites,
along with the discharge parameters, in the dielectric–
gas–dielectric system under whose effect the crystalli�
zation of the polymer composites is accomplished.
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INTRODUCTION

The fabrication of polymer compositions with spe�
cific electrophysical, electrete, sensor, and tensosensi�
tive properties, to a large degree, depends on the
filler’s nature; on the form, dimensions, and distribu�
tion of the particles; and on the interaction level
between the components. Depending on the nature of
the polymer matrix and the filler type, various meth�
ods are used to obtain an electroactive state. Various
dielectric and electrophysical methods are used to
study the peculiarities of the charge stabilization.

Numerous experimental data [1–5] give strong evi�
dence that the electroactive properties of a heteroge�
neous polymer–filler system are primarily defined by
the charge state of the phases, the specific features of
the structure, the interphase interation, and the distri�
bution of the polarization in the composite. The con�
trol over the charge accumulation and relaxation pro�
cesses in polymer composites under the action of an
electric discharge in air is of great scientific and prac�
tical interest since this allows us to clarify the interre�
lations between the polarization parameters and the
peculiar features of the structure and interphase inter�
action.

The present work is devoted to the investigations of
the influence of the electric discharge on the current–
voltage characteristics (CVC), the resistivity value (at a
constant voltage), and the dielectric permittivity of
composites on the basis of the nonpolar polymer
polypropylene (PP) and single�crystalline silicon.

1. EXPERIMENTAL METHOD

Monocrystalline semiconductor silicon (p�Si) and
nonpolar polypropylene (PP) powder were used as the
composite components. The composites were pre�
pared from a homogeneous mixture of powders by hot
pressing. The content of the composite components
was varied in a wide range (1–60% for silicon and
99.99–40% for polypropylene, respectively). The fol�

lowing method was used to prepare the material of the
specified composition for thin�film composite varis�
tors. A necessary quantity of a mixture that consists of
Si(C) and polypropylene (PP) is weighed and ground
with the dimensions of the particles being less than
60 μm in a porcelain ball mill. Then, the mixture is
placed in a mold and subjected to hot pressing accord�
ing to the following procedure. First, the mixture is
heated at a pressure of P = 1 MPa to the melting tem�
perature (T = 200°C) during 20 minutes; then, the
press pressure is increased to P = 15 MPa, and the
melted mixture is held for five minutes at this pressure.
The obtained thin�film composite varistor is cooled by
quenching in water. This cooling method allows one to
prepare more elastic films.

The thickness of the samples amounted to 150 μm.
The electrodes for the measurements with their diam�
eter of 6 mm were prepared by applying a silver paste
on the samples.

The studied samples were subjected to a barrier
electric discharge for 3–15 min. The installation
shown in Fig. 1 was used to apply the electric discharge
at room temperature.

The dependences of the current–voltage charac�
teristics, resistivity, and dielectric permittivity versus
the duration of the electric discharge were studied for
all the samples. These parameters were registered at
T = 293 K.

2. DISCUSSION 
OF THE EXPERIMENTAL RESULTS

The experimental results are shown in Figs. 2–5,
which exhibit the influence of the duration of the elec�
tric discharge on the current–voltage characteristics
and the dependences of the resistivity and dielectric
permittivity of the composites.

Note that, for all the studied composites, a notice�
able variation of the electric current was observed. As
an example, in Fig. 2, the current–voltage character�
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istic is shown of a composite of 30%(Si) + 70%(PP).
The figure shows that the value of the electric cur�
rent through the sample strongly increases after the
barrier discharge and does not depend on the dis�
charge duration. Particularly, after the discharge time
tdischarge = 15 min, the current value through the com�
posite changes by 2–3 orders (Fig. 2).

The dependence of the resistivity on the discharge
duration is shown in Fig. 3. It is evident that the resis�
tivity diminishes slowly until tdischarge = 8 min and then
it sharply falls at tdischarge = 15 min.

According to published data [6–8], after the dis�
charge, both the surface and bulk conduction of the
composites increase. The increasing of the surface
conduction is associated with the appearance of a
semiconducting layer of moist and low�molecular
products of the composite destruction or with the
absorption of charged particles from the zone of the
discharge action. The bulk conduction of the compos�
ite after the discharge can increase owing to the fol�
lowing reasons:

(1) the formation of a space charge (SC) inside the
studied sample involving the injection of charged par�
ticles from the discharge zone;

(2) the diffusion inside the sample of low�molecular
compounds formed as a result of the oxidative destruc�
tion of macromolecules of the surface layer; and

(3) the changes of the polarization processes in the
sample, since its structure changes under the action of
the discharges.

Note that the SC arises in the polymer since the
charge carriers drift from the zone of action of the dis�
charge or from the electrode surface into the sample.
These charges lose their energy owing to collisions and
spread between the polymer molecules in so�called
traps, which appear owing to the irregular structure of
the macromolecules. First these carriers are located in
a zone near the sample surface, but, when all the traps
in this zone become filled, they drift in the bulk of the
sample owing to the diffusion in the field of the space
charge till all the traps in the sample are filled.

Taking into account these facts, the observed
decreasing of the resistivity (and increasing of the con�
duction) is obviously associated, on the one hand,
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Fig. 1. Experimantal cell. (1) Upper electrode, (2) vitroceramic plate, (3) isolating supports, (4) sample, (5) lower electrode.
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with the injection of the charged particles in the bulk
of the composite and, on the other hand, with the
increasing of the space charge in the composite. The
sharp decreasing of the resistivity after tdischarge = 8 min
gives evidence for this.

The observed dependence of the dielectric permit�
tivity on the filler percentage (Fig. 4) also confirms the
increasing of the space charge in the composite. Note
that the role of destruction of the surface layer after the
discharge also cannot be excluded.

The dependences of the dielectric permittivity on
the filler percentage before and after the barrier dis�
charge are shown in Figs. 4 and 5. The following fea�
tures of the dependence ε = f(tdischarge) can be seen in
the figures. First, independent of the frequency of the
measurements (f = 100 Hz or f = 1 kHz), the value of
the dielectric permittivity ε before and after the dis�
charge sharply increases when the filler percentage
increases. Second, the comparison of curves 1 and 4 in
Fig. 4 shows that, after the electric discharge with the
duration of tdischarge = 15 min, the ε value at the fre�
quency f = 100 Hz is an order of magnitude larger than
for tdischarge = 0 min.

The increasing of the dielectric permittivity with
the increasing of the discharge duration can be
explained as follows. When the discharge duration
increases, the degree of polarization of the composite,
in general, increases [9–10] owing to the accumula�
tion of the space charge. The observed decreasing of
the dielectric permittivity when the frequency
increases can be explained by the fact that, at high fre�
quencies, the charged states defining the barrier
capacitance do not have enough time to recharge. At

high frequencies, the capacitance of the system is
defined by the intergrain capacitance of the silicon
particles.

Thus, the analysis of the obtained results allows one
to state that, in the studied composites, the resistivity
strongly diminishes, though the dielectric permittivity
increases when the duration of the electric discharge
increases.
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Electrets are materials capable of retaining a long
electrolyzed state after the external polarizing voltage is
turned off. Recently, these materials have found applica�
tion in many fields of engineering. Electrets, being sensi�
tive elements of electroacoustic converters, air cleaners,
and electric transducers [1], find use in medicine [2]. The
electrets of polymer films have been studied rather well
[3, 4]. In this connection, it is of great interest to create
electret materials on the basis of polymer mixtures and
polymer composites dispersed by various inorganic fill�
ers, including semiconductor fillers [5–8].

In this work, the TlInxCe1 – xSe2 semiconductor
filler used possesses photo and strain sensitivity, as well
as changing�over properties with memory [9]. The
composites with semiconductor fillers also have good
electret features [8]. Some aspects of the electrophys�
ical properties of these materials have been considered
in [10]. However, their physicomechanical character�
istics and charge state are insufficiently studied. The
investigation of these problems should help to produce
new electroactive composite materials with controlled
properties.

The aim of this work is the study of the charge state
and the peculiarities of the interphase phenomena in
the heterogeneous polymer–semiconductor system by
the method of the electret–thermal analysis (ETA) of
the compositions on the basis of the isotactic PP with
the TlInxCe1 – xSe2 semiconductor filler and their elec�
tret properties.

EXPERIMENT

The specimens are produced by hot molding from a
mixture of powders of the polymer and the TlInxCe1 – xSe2
filler with fineness d ≤ 50 μm. The mixing of the pow�

ders of the polymer and the filler is carried out in the
sampler pulverizer at room temperature. Then, from
these mixtures, there are produced the specimens
through hot molding between two Al foils under a
pressure of 107 Pa and a temperature of 473 K with
the following hardening at 273 K. The thickness of
the specimen is ~140 ± 10 μm.

The electret–thermal analysis was conducted by
the conventional method [4], when the composite is
placed between two electrodes and short�circuited
through an electrometric voltmeter (V7�42) in a
heated measuring cell. The recording of the TSD cur�
rent spectra in the range from 293 to 523 K is carried
out at the linear rise of the specimen’s temperature
with a rate of β ~ 5 K/min.

RESULTS AND DISCUSSION

The electret state of the investigated composites is
the result of the change of the charge state and the
polarization processes occurring in the filler near�
boundary interphase layer of the polymer matrix. The
dependence of the stabilized surface charge on the
filler content for the PP/TlInSe2 composites (1) and
the PP/TlInxCe1 – xSe2 composites (2) is presented in
Fig. 1.

It is seen that, for both composites, the dependence
between the surface charge and the filler content has
an extreme character being the result of the extreme
change of the efficient surface of the filler with the
growth of its content in the polymer matrix. In the
next two figures, there are presented the TSD current
spectra for the initial polypropylene (Fig. 2, curve 1),
for the PP/TlInSe2 composites (Fig. 2, curves 2, 3),
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and the PP/TlInxCe1 – xSe2 composite with different
fillers contents (Fig. 3, curves 1–3).

It is seen from the TSD current spectra that the
accumulated charge for the polypropylene has two
peaks situated on the opposite sides relative to the
temperature axis, thus pointing to two kinds of het�
eropolar charges accumulated in different traps.

The relaxation of the charges from the low energy
surface traps is the cause of the relatively low temper�
ature peak in the spectrum, and the relaxation of the
charges from the deep volume traps connected with the
polymer crystallinity degree results in the appearance of
the high temperature peak with the opposite sign. Judg�
ing about the charge value from the area of the first and

the second peaks, it can be seen that the difference is
negligible. This cannot be said about the TSD spectra
for the composites. It is seen with the unaided eye that
the area of the high temperature peak, which is con�
nected with the charge accumulation at the interphase
boundary, is much greater than the area of the low
temperature one. Thus, the filler content increase
results in the growth of this difference in spite of the
peak temperature decrease by 8–10 K relative to the
initial polymer.

The comparison of the TSD current spectra for the
composite PP/TlInxCe1 – xSe2 with the previously pre�
sented spectra for the PP/TlInSe2 supports the above
mentioned assumption. It is seen that an insignificant
change in the filler structure results in substantial changes
in the TSD current spectra (Fig. 3). Firstly, unlike the
composite with TlInSe2, in the PP/TlInxCe1 – xSe2 com�
posite, there are observed two high temperature peaks
that shift towards low temperatures with the change of
the filler content. We think that the second peak is iden�
tical to the high temperature peak of the PP/TlInSe2
composite. In our opinion, the appearance of the first
peak is associated with the change of the filler composi�
tion. The substitution of the indium atoms in the filler
composition partly by cerium atoms results in the addi�
tional defect formation in the filler structure and the
occurrence of new trapping centers, which are indicated
in the TSD current spectra of the PP/TlInxCe1 – xSe2
composites. As is seen, the high temperature peaks of the
spectra for the PP/TlInxCe1 – xSe2 embrace a relatively
wide temperature range, which is conditioned by the
high concentration and the wide energy dispersion of the
trapping centers with the temperature peak reducing with
the filler content decreasing and, at 10%, nearly disap�
pearing. We think that all the observed processes are the
result of the electro�ion and polarization processes
occurring in the near�boundary layer of the polymer
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Fig. 1. The stabilized surface charge σ versus the filler content
Φ characteristic. 1—PP/TlInSe2; 2—PP/TlInxCe1 – xSe2.
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matrix and the semiconductor filler. This assumption
proves the time dependence of the surface charge density
of the electrets on the basis of the PP/TlInSe2 (Fig. 4a)
and PP/TlInxCe1 – xSe2 composites (Fig. 4b).

It is seen from these curves that the both compos�
ites at 3% and 5% of the filler content have relatively
stable characteristics compared with the initial poly�
mer. However, if the results for the stabilized value are
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Fig. 3. TSD current spectra for the composite PP/TlInxCe1 – xSe2. 1—PP/3% of PP/TlInxCe1 – xSe2, 2—PP/5% of PP/TlInxCe1 ⎯ xSe2,
3—PP/10% of PP/TlInxCe1 – xSe2. Curve 1 and 2 refer to the left ordinate axis and curve 3 refers to the right ordinate axis.
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compared, it will be seen that the composites with the
TlInxCe1 – xSe2 filler have a relatively higher value of
the charge than the composites with the TlInSe2, thus
confirming the obtained results on the electret–ther�
mal analysis.

In conclusion, it may be said that the TlInSe2 and
TlInxCe1 – xSe2 fillers, having the p�type conduction,
play the role of the structure�forming agent in the
polypropylene matrix, changing the crystallinity and
supermolecular structure of the polymer and the near�
boundary layer between the polymer and the filler. The
alterations of the charge state of the PP/TlInxCe1 –

xSe2 polymer composites are caused by the change of
the efficient surface of the interphase boundary of the
polymer with the filler, resulting in the growth of the
concentration of the charge trapping levels.
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The maximum accuracy of high voltage measure�
ments at a constant current is found to be achieved
using high voltage resistive dividers of the voltage in
their simplest case comprising two series�connected
resistors R1 and R2 [1].

The measured high voltage being applied to such a
divider is determined by the expression

(1)

where K is the coefficient of the scale point of the
divider, and U2 denotes the measured R2 voltage.

It follows from the Eq. (1) that the accuracy of volt�
agt measurement is determined by the accuracy and
stability of coefficient K.

When discussing the measurement precision of
high voltages at an alternate current using resistive
dividers, one should note that, along with the K coef�
ficient’s accuracy, the exactness of its reactances ratio
must be ensured. The resistive dividers consist of a
microwire. Further, the wires are to be characterized
by only their capacitive reactance, because the reac�
tance of the inductive character is negligibly small in
comparison with its resistive resistance [2]. The capac�
itive reactance of such dividers is determined by the
type of the wire frame winding, by its resistance per
unit of length, and by the uniformity of the wire’s dis�
tribution with respect to the resistance in the winding.
The resistors having a layer�winding* (the wire is
placed only in one direction at a step of more (or less)
than the diameter of the insulated wire or equal to it)
and a uniform distribution of the wire in the winding
with respect to the resistance have the minimal capac�
itive reactance.

With account for the peculiarities of the cast
microwire, the continuous measuring of the resistance
of the wire placed on the frame and the resistance of
the length of the frame the wire is placed on is to be

U1 1
R2

R1

����+⎝ ⎠
⎛ ⎞U2 1 K+( )U2,= =

performed for achieving the uniform distribution
(with regard to the resistance) of the cast microwave in
the winding layer. Their percent ratio should be inces�
santly compared.

The known measuring methods insufficiently meet
the above requirements, in particular, in the winding
process of high�ohmic resistors and resistance dividers
[3–5, 6–9].

The method discussed in this paper makes it possi�
ble to manufacture mean�ohmic resistors with a resis�
tance error of no more than 1–2% at a uniform distri�
bution of the resistance in the winding with the wire

quantity required for the winding of (lw < 3/  and
at a particularly high accuracy when the wire quantity
ls in the recoil spool has the length

(2)

which is the most often used length for the winding of
high megohmic resistors.

The principle of the method is explained by the
scheme shown in Fig. 1. A spool with a metal�frame�
wound resistive wire (of the layer�winding type) can be
represented at a sufficient approximation as a struc�
ture of R–C–O type with distributed electric parame�
ters [6] or a double�wire line with distributed electric
parameters.

One wire is a metal spool whose resistance is of a
negligibly small value in comparison with this wire’s
resistance [7]. The equivalent electric resistance of
such a line at its bipolar mode in the electric circuit is

(3)

rωc )

lw
3

rωc
�����������+⎝ ⎠

⎛ ⎞ ls lw,><

Zs
r

jωc
�������cth rωcl,=
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when l < 3/

(4)

when l > 3/  where r and C denote the resistance
per unit of length of the wire itself and, correspond�
ingly, its capacity per unit of length with respect to the
metal frame.

In the above methods [3–5, 9], at the resistance
measurement of the resistors in the winding process,
the recoil spool with a wire enters the electric circuit as
an electric bipolar unit and, along with the measured
resistor, it may [9] or may not be a measured object. At

lδ < 3/  it has a negative effect on the accuracy of
the resistor’s resistance measurement, thus increasing
the manufacturing error of the resistor with respect to
the resistance up to tens of percents.

rωc u,,

Zs
r

jωc
�������,=

rωc,

rωc,

This paper offers a tripolar mode of the spool in the
electric circuit (Fig. 1a) and a bridge system for the
resistor’s resistance measurement (Fig. 1b). The resis�
tance winding error of the resistor resulting from the
finite value of the equivalent resistance of the spool
with a wire can be substantially decreased and, in some
cases, entirely removed.

Indeed, at lδ > 3/  rlδ � Zsb, rlδ � Zse, the
scheme in Fig. 1c is simplified and takes the form of
Fig. 1c, and the bridge balance takes place at the
equality of

R0 + ReZsb = Rx + ReZse. (5)

Here, two cases may occur:

(a) ReZsb = ReZse, and then

Rx = R0; (6)

rωc,

U U

R R
R R
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(b) RZsb ≠ RZse, and then

Rx = R0 + ReZsb – ReZse. (7)

Hence, the relative error in the resistor’s manufac�
turing with respect to the resistance will be the follow�
ing:

(8)

The values rB and rE denote the resistance per unit of
length of the wire, correspondingly, of the beginning
and of the end of the winding averaged over the length

of l = 3/  In Figs. 2 and 3, some graphs of the
probable resistance errors in the manufacturing of the
resistors are shown when the averaged resistance per
unit of length of the wire end differs from the averaged
resistance per unit of length of its beginning; i.e., rB ≠ rE.

At lδ < 3/  rlδ < Zsb; rlδ < Zse (Fig. 1 d), the
condition of the bridge’s balance has the form

(9)

hence,

Rx = R0. (10)

The resistance in this case is averaged over the

length of 3/  both from the side of the spool’s
beginning and from the side of its ending.

It follows from the latter that, with account for the

quantity of wire left on the spool (lδ > 3/  the
resistance error of the resistor’s winding is determined
only by the error of the method and is independent of

δR
R0 Rx–

R0

��������������
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rωc
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the value of the equivalent electric resistance either of
the beginning of the spool (Zsb) or of its end (Zse).

As practice shows, considering the modern mea�
suring methods of the wire’s resistance per unit of
length during the wire’s casting and the casting control
methods, the inhomogeneity of the wire’s resistance
per unit of length does not exceed 10–15% [8].

The scheme shown in Fig. 4 explains the principal
of the uniform distribution of the wire on the layer�
winding resistor. A uniform distribution of the wire’s
resistance in the winding decreases its capacitive reac�
tance, which makes it possible to use microwire resis�
tors in alternating current circuits. For the uniform
distribution of the wire’s resistance in the resistor
winding, according to the method proposed in this
paper, the R0 of the sample resistor and the operating
length L of the frame of the resistor being wound are
divided into N sections with the R0/N and L/N values,
correspondingly. Each of the sections with the R0/N
resistance of the sample resistor has a terminal that is
galvanically connected with the N fixed contact of the
S switch. The variable resistor VR with the R0/N resis�
tance (that operates in the rheostatic control mode) is
connected in series with the sample resistor through
the movable contact of the switch S. The above vari�
able and sample resistors form a sample arm of the
measuring bridge. The axis of the VR resistor is kine�
matically connected with the GLD guide of a wire lay�
down device WLD. The above connection is selected
so that a full rotation of the VR resistor moving cursor
(0–360°) is relevant to the displacement of the guide
of the wire lay�down device along the resistor frame
axis for the L/N length, and the resistance of the VR
resistor introduced into the sample arm increases from
0 to R0/N. Proportionally to the resistance growth law
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of the VR resistor introduced into the sample bridge
arm, the resistance of the wire wound on the resistor
frame also increases, forming the bridge arm being
measured. Using the winding rate control, the quan�

tity of the resistance of the wire placed onto the frame
is maintained equal to the resistance quantity of the
VR resistor introduced into the sample arm. Maintain�
ing the equality of these resistances in the winding pro�
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cess provides for the resistance of the frame�wound
wire to be distributed according to the law of variation
of the variable resistor’s resistance in time.

After the VR resistor’s first rotation, its moving cur�
sor returns to the zero initial position (0`), and the first
section of the sample resistor with the R0/N resistance
is introduced into the sample bridge arm instead of the
resistor of the alternative resistance. The cycle is
repeated until the (N – 1) sections of the resistance of
the sample resistor are introduced into the sample
bridge arm, the wire with the resistance of Rx = R0 is
wound on the frame of the manufactured resistor, and
the guide of the wire lay�down device covers the length
L. This is where the resistor winding process finishes.
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When the present�day generation of young engi�
neers is looking at the current leadership in the domain
of designing electrospark equipment of such compa�
nies as AGIE, Charmilles, FINE Sodick, and Mitsub�
ishi Electric, they can hardly believe that this technol�
ogy originated in the former Soviet Union. Moreover,
it was Soviet scientists and engineers who were really
“in front of the entire planet” for the first 20–30 years
of the existence of electrospark machining. During the
first decades of the development of electrospark tech�
nology, almost all the current world leaders in this
domain were concerned only with studying the Soviet
achievements and trying to reproduce them in their
plants. Now the time is ripe for answering the question
why has the Soviet Union lost the leadership in the
electrospark technology? Boris Romanovich Laza�
renko, in one of his letters to the authorities dated
April 27, 1948, cautioned the probability of this situ�
ation.

Among the outstanding discoveries of the 20th cen�
tury, there is an invention of Soviet scientists—the
spouses Boris Romanovich and Nataliya Ioasafovna
Lazarenko—that is a crucially new technique for

machining of metals, alloys, and other conductive
materials, i.e., electrospark machining based on the
use of high�concentration electric discharges for
material removal from a workpiece under machining
or for material deposition on it.

This method has opened a new era in the develop�
ment of metal machining by allowing using electric
energy directly for shaping workpieces of any conduc�
tor and semiconductor materials irrespective of their
physicochemical and mechanical properties as well as
for hardening and alloying their surfaces.

Invented in 1938, the electrospark method of
material machining opened infinite possibilities for
improving various industries. The invention of this
crucially new technique of machining by the Soviet
scientists B.R. and N.I. Lazarenko is confirmed by
inventor’s certificate no. 70010 dated April 3, 1943,
and by the patents of other countries: France,
no. 525414 dated June 18, 1946; the United King�
dom, no. 285822 dated September 24, 1946; the
United States, no. 6992718 dated August 23, 1946;
Switzerland, no. 8177 dated July 14, 1946; and Swe�
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“The centuries�long reign of the mechanical 
 method of metal machining… comes to an end.
Its place is being taken by a higher organized 
 process when a metal is treated by electrical forces.
There can be no reasons that would have stopped the 
development of this revolutionary process breaking the 
present�day conceptions of the machining of materials.
It will govern in the future; moreover, in the nearest 
future.”

B.R. Lazarenko, 1947
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den, no. 9992/46 dated November 1, 1946, as well as
by many publications.

For the discovery and development of this method,
the spouses B.R. and N.I. Lazarenko were awarded the
Stalin Prize in 1946; as per the decision of the State
Commission for Academic Degrees and Titles dated
June 26, 1949, B.R. Lazarenko was conferred the
degree of Doctor of Engineering.

However, the appearance of the electrospark tech�
nology in the early 1940s was somewhat anticipatory,
because the level of development of some branches of
engineering at that date (as well as two or three decades
later) did not allow using its capabilities to the full
extent.

On the one hand, the traditional methods of metal
machining applied at that time fully met the needs of
industry, and major users of the electrospark technique
only started appearing. On the other hand, at that
moment, there was lack of devices that were designed
as early as the late 20th century and that allow making
the most efficient use of the advantages of electrospark
machining: 32�bit CNC; linear actuators providing
servo�feed rates up to 600 mm/s with a maximum
acceleration up to 2G with extremely low inertia, the
absence of backlashes and pitch error, minimum fric�
tion, and with an increment up to 0.1 μm; high�
response switching devices; high�precision linear dis�
placement transducers and measuring scales with an
increment up to 0.1 μm; and constructions of func�
tional assemblies of machine modules (including
those made of advanced ceramics).

The advances in engineering with the appearance
of new materials, facilities, and devices, particularly
with increasing capabilities and the enhanced reliabil�
ity of the controlling microcomputers, gave rise to the
design of high�efficiency and high�precision electro�
spark processing systems, to the significant enlarge�
ment of the application domain of this method of
material machining, and to an enhancement of the
efficiency of its use in industry. This is the explanation
for the continuous updating of the method and its infi�
nite possibilities.

In the long�term competition with other tech�
niques of metal machining, the electrospark method
proved its suitability for use, its particular operability,
low power consumption, and almost unbounded
domain of application. The popularity of this tech�
nique is proved by the fact that Japan, which today is
the worldwide leader in the production of electrospark
equipment, in the mid�1990s produced more than
6000 of these installations annually; the gain in their
production amounted to 30–35% per annum. One of
the leading companies (24% of the world market) in
the production of EDM systems with CNC generators
(32�bit multiprocessor systems) is the FINE Sodick
Co. (Japan). In January 2005, it produced its 10000th

electrospark machine with linear drives; it took little
more than 6 years.

FIRST STAGE

Taming of the Spark Discharges

The first stage (from 1938 to the late 1940s) com�
prised the invention of the electrospark method and
the experimental proof of the fact that its technologi�
cal capabilities exceed the metal machining by
mechanical cutting. This was demonstrated in 1943–
1946.

After the inventors of the method had studied the
mechanisms that govern the damage of electric con�
tacts on an experimental installation (Fig. 1), had
found the possibility of obtaining powders by electric
spark discharges (Fig. 2), and had made the first holes
in metals (Figs. 3–5), they predicted that there are no
and cannot be any conductor materials that cannot be
treated with electric discharges.

Seventy years have passed since then; however, we
do not know for a fact if somebody has found at least
one exception to this rule. After the inventors had
found the inversion of electrical erosion from the arc
mode of discharge into the spark one, they came to the
conclusion that only the latter is applicable for the siz�
ing of materials (Figs. 6–8). As soon as a discharge

(b)

(а)

120 V

Fig. 1. First electrospark installation for preparation of
powders (“feeder”) that was used to prove the possibility of
using the electrospark method for machining of metals for
the first time in the world.
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transits into the region of an arc pulse, it starts “creep�
ing” over the anode surface. The action of ionic pro�
cesses causes the strong heating of the electrode sur�
face up to its partial melting. This is clearly seen in
Fig. 8 (the left�hand side of the image), where the hole
obtained by means of an eight�faced electrode roughly
resembles an octahedron. The metal surface is hard�
burned and melted. However, the time spent for
the preparation of this hole is several times more than
the time taken for making a hole by spark discharges
(the right�hand side). In this case, there are no traces
of heating of the surface and the hole has a consider�
ably sharp outline.

B.R. and N.I. Lazarenko made an emphasis on that
it is the spark discharge where it is the most appropri�
ate to concentrate the electric energy in time and
space. They formulated the features of this process:

(i) the ease of obtaining of the spark discharge
mode;

(ii) the particular ease of the control of the machin�
ing process’s intensity, which makes it possible either
to “direct” flows of powerful discharges at the place
under machining, which roughly tear metal portions
along strictly specified directions, or to make a spark
perform “delicate” work.

Nevertheless, despite the fact that the authors
showed the possibility of applying the method for pre�
cise fabrication operations, at first it was used mainly
for auxiliary and preparatory works, such as powdering
of metals (required for metal�ceramics, explosives,
chemical production, etc.), the removal of parts of
broken instruments (drills, taps, etc.) from work�
pieces, sharpening of tools equipped with carbide
blades, hardening and alloying of metal�cutting tools,
and cutting of rough pieces of alloyed metals. This was
the main trend of the respective research and engi�
neering developments.

Meanwhile, the industrial application of the elec�
trospark method had begun before its official registra�
tion. It was used in the early years of the Great Patri�
otic War in the Urals in the production of projectiles
for the legendary Katyusha missile launchers. A device
for removal of broken instruments from the shells of

Fig. 3. Physical configuration of the electrodes that were
used to prove the possibility of sizing conductor materials
by spark pulses of electric current for the first time (1943).

(b) (c)

(а)

Fig. 4. First holes made by the electrospark method using a
copper tool in (a) tungsten, (b) a hard alloy, and (c) a mag�
netic alloy (1943).

Fig. 2. Electrode material crushed by electric discharges.

Fig. 5. Carving of a saw element by trepanning.
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Arc Spark discharges

Fig. 6. Erosion diagram of the arc and spark modes of dis�
charge.

Katyusha projectiles designed in the Uralmash and
one of the experimental installations with a vibrator
are depicted in Fig. 9; Fig. 10 shows the contact action
machine of the early 1940s.

The inscription Nauchis’ delat’ chernuyu rabotu v
nauke! (Learn to do the dirty work in science!) in
Fig. 11 is made by the electrospark method on glass;
Fig. 12 depicts a portrait of V.I. Lenin made by elec�
trospark deposition of silver on a surface of blue steel.
For these operations, a special apparatus for electro�
spark carving and painting was developed (Fig. 13).

Based on studies of the behavior of the electrode
material under the action of various modes of dis�
charge (irrespective of the techniques used for increas�
ing the electric field intensity), the authors made the
following generalizations:

(i) Each mode of self�maintained discharge exhib�
its electrode erosion polarity inherent in it.

(ii) The spark mode of discharge is accompanied by
a predominant decrease in the anode.

(iii) The transition of the spark mode of electric
discharge into the arc one (and vice versa) is accompa�
nied by the inversion of the electrical erosion.

SECOND STAGE

Maximum Production, Minimum Quality

The second stage (from the late 1940s to the mid�
1950s) of the development of the technique of electro�
spark machining involved the foundation of research
laboratories, the beginning of training of highly skilled
specialists in the domain of electrospark machining of
materials, the design of the first in the world industrial
types of electrospark installations, and the first com�
mercial production of them.

In the mid�1940s, on the initiative of B.R. Laza�
renko, in the Moscow Aviation Technology Institute
(MATI), whose director at that time was Mikhail
Andreevich Popov, the laboratory of electrospark
machining of metals was organized (Figs. 14–15).

The laboratory was equipped with different pur�
pose installations for metal cutting with a rotating disc
with a thickness up to one millimeter, for making holes
of any shape, for cylindrical grinding, etc., which were
constructed mainly on the basis of cylindrical grinding
and drilling metal�cutting machines.

In March 1949, the Scientific and technical con�
ference of students was held at the MATI; it was dedi�
cated to the XI Congress of the All�Union Leninist
Young Communist League (Fig. 16). In the section of
electrospark machining headed by Stalin Prize winner
B.R. Lazarenko, diploma students made four reports
on electrospark machining of metals. Summing up the
work of the section and estimating the reports of stu�
dents, Lazarenko emphasized the importance of the
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Diagram of electrical erosion inversion

Arc region

Fig. 7. Diagram of electrical erosion inversion.

Fig. 8. Eight�faced holes made in a steel milling cutter by
arc and spark electric discharges.

(b)(а)

Fig. 9. Device (a) for the removal of broken instruments
from the shells of Katyusha projectiles and one of the first
installations with a vibrator (b).
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initiated training of engineers in electrospark machin�
ing of metals. He drew particular attention to the
advantages and future development of this new
method in comparison with mechanical and other
methods of metal machining and stressed the impor�
tance of expanding the research in this extremely
promising branch of engineering.

However, a short time later, an unexpected thing
happened. Boris Romanovich, who had not got the
support of the new authorities of the MATI concern�
ing training of highly skilled specialists with a degree in
“Electrospark machining of materials in the aircraft
engineering”, had to cease his cooperation with the
Institute, and the electrospark laboratory, which was
situated in the building of the MATI at Petrovka at that
date, ceased to be by 1950. Therefore, my diploma
work dedicated to electrospark polishing of cast mag�
netic alloys of the ALNIKO type started by me under
the supervision of B.R. Lazarenko was under threat. I
had to carry out all my experiments in one of the lab�
oratories of TsNIL�Elektrom, which was situated near
Krasnye Vorota at Khoromnyi pereulok 4.

For the implementation of various technological
processes by the electrospark method, various con�
structions of installations had already been designed in
the TsNIL�Electrom: for cutting rough pieces of vari�
ous shapes, grinding, making various holes, and hard�
ening and alloying metal�cutting tools and machine
components, as well as devices for electrospark carv�
ing and painting.

Fig. 10. EPS�KMP electrospark contact action machine
(1944).

Fig. 11. The inscription “Nauchis’ delat’ chernuyu rabotu
v nauke!” (Learn to do the dirty work in science!) made by
the electrospark method on glass.

Fig. 12. Portrait of V.I. Lenin and the picture “Troika”
made by electrospark painting of silver on plates of blue
steel (1947).
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However, in a short time, namely on June 16, 1948,
according to a decree of the government of the Soviet
Union signed by I.V. Stalin, the Central Research
Laboratory of Electric Machining of Materials
(TsNIL�Elektrom) was founded; B.R. Lazarenko was
assigned to be its head. At the early stages, it was a part
of the NII�627 of the Ministry of the Electrotechnical
Industry of the Soviet Union. Therefore, through the
late 1940s to the early 1950s, the TsNIL�Elektrom
headed by Lazarenko became not only a base for train�
ing of highly skilled specialists but also a source of
manpower that yielded first the Soviet scientists who
were electrospark specialists (Fig. 17).

In those years, in the TsNIL�Elektrom (in the labo�
ratory headed by B.N. Zolotykh), basic research in the
field of the principal physics of electrospark machining
of metals was carried out. Unfortunately, the attention
was focused mainly on the study of electrical erosion of
electrodes in a spark discharge with the pulse stored
energy within a range from tenths of joule to a few
joules, which is suitable only for crude and preliminary
treatment. The erosion of electrodes at pulse energies of

less than thousandths of a joule was not studied. It is this
energy range that is characteristic of electrospark preci�
sion working of metals. In addition, the technique
applied was time and labor�intensive; it could not fully
represent the processes occurring on the electrodes and
give an objective picture of the spark discharge impact
on the anode and the cathode.

Meanwhile, for the implementation of various
electrospark processes, respective constructions of

Fig. 13. Apparatus for electrospark carving and painting
(1957).

Fig. 14. B.R. Lazarenko (at the center) among researchers
of the Laboratory of electrospark machining of materials of
the MATI. From the left to right: T.I. Makeeva, D.Z. Mit�
yashkin, A.M. Belov, and B.N. Lyamin (1948).

Fig. 15. In the Laboratory of electrospark machining of
materials of the MATI (1948).
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installations were designed: for making various holes,
cutting rough pieces, grinding, sharpening, hardening,
and alloying various metal�cutting tools.

Figure 18 shows one of the experimental electro�
spark installations for cutting various materials by a
moving tape tool designed in the TsNIL�Elekrom. As
the interelectrode medium, an aqueous suspension of
kaolin, which provides the highest processing rate, was
used.

Figure 19 depicts examples of electrospark cutting
of profiles by a circular saw blade where the tool elec�
trode was a disc of roof steel. Channel beams with a
size from no. 6 to no. 16 were cut within 20–84 s; angle
bars from no. 4 to no. 10, within 10–50 s; a railroad
rail, within 90 s. The bottom of the figure shows rough
pieces of chromium steel with a diameter of 50 mm cut
in five different modes both rough and finishing. Fig�
ure 20 shows a cut rail against the background of a
disc�electrode.

Fig. 16. A part of the program of the Scientific and techni�
cal conference of students (1949).

Fig. 17. B.R. Lazarenko among young scientists of the
TsNIL�Elektrom. From the left to right: B.R. Lazarenko,
V.K. Nevezhin, B.N. Zolotykh, and E.A. Deev (1950).

Fig. 18. Experimental electrospark installation for cutting
various materials by a moving tape tool.

Cutting 
profiles

Channel beam Angle bar

Railroad rail 90 s

no. 6.5 20 s

no. 8 30 s

no. 10 45 s

no. 12 50 s

no. 16 85 s no. 10 50 s

no. 7.5 35 s

no. 6 21 s

no. 5 15 s

no. 4 12s

Fig. 19. Examples of electrospark cutting of profiles by a
circular saw blade where a disc of roof steel was used as the
tool electrode.
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The grinding of layered magnetic conductors com�
posed of separate metal plates insulated from one
another and which are intended for reducing magnetic
losses in transformers, throttles, armatures, and sta�
tors of electric machines is representative. However,
the rough edges that appear upon abrasive grinding of
these magnetic conductors connect separate plates; as
a result, closed loops are formed and, as a conse�
quence, the magnetic losses increase sharply. The
electrospark grinding is not accompanied by the for�
mation of rough edges; therefore, it is highly desirable
for grinding magnetic conductors. Figure 21 shows an
electric�motor rotor whose right side was ground with
an abrasive disc and the left side, by the electrospark
method. Figure 22 illustrates the electrospark cylin�
drical grinding of a magnetic alloy and the diagram of
a modernized grinding head with spindle insulation
and a collector with a current lead through copper–
graphite brushes. The grinding is exercised at a voltage
of 24 V from a unit of selenium rectifiers.

An interesting variant of the use of the electrospark
method was breaking�in of milling rolls with a diame�
ter of 250 mm in exhaust aircraft oil or in a mixture of
2/3 machine oil and 1/3 spindle oil (Fig. 23). As is
known, the grinding of corn into flour requires mill
rolls to exhibit high mechanical durability and a cer�
tain degree of roughness necessary for grasping the
corn. Abrasive grinding of rolls made of chilled cast
iron was ineffective and required a heavy consumption
of abrasive materials and electric power. In the electro�
spark process, mill rolls grind each other. In this case,
there is no product electrode or tool electrode. The
polarity of the electrodes (two rolls) is reversed at reg�
ular intervals. Thus, in the course of the electrospark
machining, the mill rolls as though grind one another.
The studies carried out by B.M. Gorbunov showed the
undeniable advantages of electrospark grinding over
the abrasive one. The machining time and the power
consumption decreased by a factor of 4. In addition, in

a production environment, an increase in perfor�
mance of the mill units by 20% was found for the rolls
machined by the electrospark method.

Electrospark grinding differs from the process of
mechanical abrasive grinding by the following fea�
tures:

(1) It is exercised with no pressure on the tool and
the product.

Fig. 20. Cut rail against the background of a disc�electrode
of roof steel.

(b)

(а)

Fig. 21. Electric�motor rotor after grinding (a) by an abra�
sive material (the left side of the rotor) and (b) the same
blown up.

12 3 4

5

6 7
8

10
7

1 – Spindle
2 – Center
3 – Textolite cap
4 – Bushing
5 – Collector

6 – Textolite bushing
7 – Textolite washer
8 – Brush holder
9 – Textolite ring
10 – M20 screw

Fig. 22. Electrospark cylindrical grinding of a magnetic
alloy and the diagram of a grinding head with spindle insu�
lation and a collector with a current lead through copper–
graphite brushes.
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(2) The tool–electrode in the form of a disc is made
of customary gray cast iron; no abrasive material is
required.

(3) One and the same disc may be used for stepless
grinding of the product from a rough surface to the
cleanest one with one positioning of the product while
varying only the parameters of the electric circuit.

(4) Since the particles removed from a metal are
separated normal to the surface, the rubbing action of
the disc is absent, thereby all the surface defects (e.g.,
microcracks) can be easily found.

(5) It is possible to use one and the same disc for
grinding materials of any hardness, including highly
viscous ones.

(6) The grinding process can be combined with the
simultaneous hardening of the machined surface by its
alloying in the course of treatment with various chem�
ical elements from the interelectrode medium.

If we compare the metal samples, one of which is
made by any of the methods of mechanical machining

and the others by the electrospark method, then it is
clear that they are far different, even in physical con�
figuration.

After a mechanical treatment, the surface is cov�
ered with more or less deep grooves being tracks of the
impact of cutting elements of the tool. In addition, the
surface metal layer undergoes a mechanical shift in
one direction. Therefore, with respect to both the
physical configuration and the internal state, the metal
is inhomogeneous in different directions. After the
electrospark machining, the entire surface is covered
with overlapping dimples and it makes the impression
of a surface treated with fine shot. In the course of
electrospark alloying, the metal ejected from the
anode reaches the cathode (the surface under alloy�
ing) and precipitates on it, having the appearance as if
a handful of liquid clay is thrown on a smooth surface.
In the two latter cases, the surface properties are iden�
tical in all the directions.

The electrospark process makes it possible to
change the physical and chemical properties of prod�
ucts significantly. That is why, as late as 1960,
N.I. Lazarenko turned her attention to the terminol�
ogy in this domain: First of all, we must specify that the
electrospark method is divided into two main technolog�
ical procedures: the treatment in a liquid medium and
the treatment in a gaseous environment, which are vari�
ously termed in practice depending on the result. It is
called electrospark hardening, coating, improvement,
carbonization, deposition welding, etc. Such a variety of
names cannot be considered valid; it causes confusion in
the implementation of this new method. Therefore, it
would be more correct to assign a name to the process of
changing the initial properties of metal surfaces by elec�
tric pulses in a gaseous environment that defines it in full,
namely, electrospark alloying of metal surfaces.

It was found that even a simple “exposure” of the
sample surface to spark discharges leads to an increase
in the abrasion hardness of the product. In addition, its
corrosion resistance increases. As early as the late
1940s to the early 1950s, electrospark alloying, i.e.,
cutting tool hardening, became in common use. The
study of this process was the subject of many disserta�
tions. Figure 24 depicts the UPR�1 electrospark
installation for surface alloying and painting of metal
surfaces, which was developed in the TsNIL�Elektrom
NII�627 of the Ministry of the Electrotechnical
Industry of the Soviet Union. The installation’s vibra�
tor has a potentiometer�type connection to the ballast
resistance; thereby, its rate of operation increases with
decreasing capacitance. This leads to the fact that the
rate of the coating deposition does not decrease in
passing to softer modes. The vibrator weight is only
120 g. The vibration system is situated in its housing.
In addition, the installation is equipped with an elec�
tric pen for application of painting on any metal.

(b)

(c)

(а)

Fig. 23. Installation for electrospark breaking in of milling
rolls (a), their view (b), and a microphotograph of their
surface (c). Ra = 20–25 μm (1960).
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Many enterprises of various branches of industry
situated in Berdyansk, Voronezh, Leningrad, Komso�
molsk�on�Amur, Kuibyshev, Novosibirsk, Omsk,
Kharkov, etc., having no possibility to obtain electro�
spark equipment on request, were forced to design and
prepare the equipment by their own efforts.

The Leningrad Plant of Cinematographic Instru�
mentation (KINAP) assimilated series production of
KEI�1 electrospark installations for alloying metal
surfaces (Fig. 25). The installation contains a double�
wave rectifier based on VG�129 gas�filled rectifier
diodes feeding the circuit of a spark discharge. The
Kharkov tractor plant also produced electrospark
installations for alloying metals of domestic construc�
tion (Fig. 26). In the late 1940s, electrospark alloying
of various cutting tools of high�speed steels and blank�
ing dies was widely used. Thus, in the Elektrosila plant
named after S.M. Kirov, 20% of all the types of tools
and up to 70% of the dies were subjected to electro�
spark alloying. In this plant, packaged and grooving
tools, twist drills; cylindrical, side�milling, and end�
milling cutters; Heller saw blades; countersink bits;
and rasps produced by the tool workshop underwent
electrospark alloying. This machining increased their
lifetime by five� to sixfold.

Of all the industrial electrospark installations man�
ufactured in the Soviet Union in those years, the
installations of the Leningrad carburetor plant named

Fig. 24. KEI�1 device for electrospark alloying and the
assembly workshop of the Leningrad plant KINAP (1949).

Fig. 25. Electrospark installation for alloying metal sur�
faces of the Kharkov tractor plant.

LKZ�20

Fig. 26. LKZ�20 electrospark installation for making holes
with a diameter of ∅0.15+0.01 mm in sprayers of diesel
pump–injector units (1957).
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after V.V. Kuibyshev (LKZ) deserve the closest atten�
tion; in fact, this plant was a principal supplier of elec�
trospark equipment for home industry and for some
foreign countries for many years. This was possible
owning to E.M. Levonson, a gifted engineer, who
made an invaluable contribution to the development
of the electrospark method of metal machining.

Of many processes of the electrospark technology
in the Soviet Union, the process of making holes in
components of fuel equipment completely replaced
the procedure of the mechanical drilling of these
holes. It was found by experiments that the process of
making holes with a diameter of 0.35 mm in steels is
limiting when the efficiency of electrospark and
mechanical treatment of a metal subjected to cutting is
approximately the same. As the diameter of the holes
decreases, difficulties of their drilling increase sharply,
while the electrospark machining efficiency is almost
of the same level (even with the use of an RC generator
and kerosene as an interelectrode medium). One of
the first attempts to use electrospark machining in

production work was made in 1948; it consisted in the
passing to electrospark making of holes with a diame�
ter of 0.15 mm in components of diesel fuel equip�
ment. The subject of machining was a sprayer of rela�
tively hard steel 50KhFA; it was necessary to drill six
nozzle holes with a diameter of 0.15 + 0.01 mm in its
spout (Fig. 27). The production of domestic pump–
injector units started in 1947; the assimilated Ameri�
can technology of drilling holes by special machines
(Fig. 28) with a horizontal arrangement of the spindle
at a rate of its rotation of 60000 rpm did not satisfy the
growth rate of their production.

In 1947–1948, in the making of holes with a diam�
eter of ∅0.15+0.01 mm in mass�produced workpieces
(sprayers of diesel fuel equipment), the electrospark
method completely replaced the procedure of
mechanical drilling. Figure 29 shows the LKZ�20
electrospark installation of the LKZ for making holes
in sprayers of diesel pump–injector units. Even in the
beginning, i.e., with no elements of automation, the
efficiency increased sixfold and the faulty production

Fig. 27. Drilling holes with a diameter of ∅0.15 mm in
sprayers of pump–injector units by a high�speed drilling
machine with a pneumatic drive.
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Fig. 28. Sprayer of the pump–injector unit.

Fig. 29. Section of the workshop of the LKZ for making
holes in fuel sprayers by the electrospark method.

Fig. 30. LKZ�34 electrospark special�purpose installation
for machining of mass�produced workpieces (with one
standard size).
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decreased to 0.5%. Later, in the site of electrospark
machining of holes equipped with semiautomatic instal�
lations, the efficiency increased 300�fold. Figure 30
depicts the section of the workshop of the LKZ for
making holes with a diameter of 0.15 + 0.01 mm in
components of fuel equipment (in fuel sprayers), the
cross sectional area of which is much less than 1 mm2

by the electrospark method. Figure 31 shows the
LKZ�34 electrospark special�purpose installation for
machining of mass�produced workpieces (with one
standard size). It is used for machining of diesel
pump–injector units; six holes with a diameter of
∅0.15 + 0.01 mm are made in them simultaneously.
The efficiency of machining of the sprayers with six
holes in each is 900 pieces in 8 h.

The final stage of automation of the electrospark
machining of nozzle holes in sprayers in the LKZ is the
design of an automatic machine that does not require
human intervention in the process of machining
(Fig. 32). In it, sprayers 7 are filled in hopper 30 with
rotating disc 29. The hopper is filled for 8–10 h of con�
tinuous operation of the automatic machine. One
worker can service a large park of such machines.
Since the passing from mechanical drilling to electro�
spark machining, the efficiency increased 300�fold!

By 1949, the LKZ had produced more than
1000 electrospark installations of 48 models and mod�
ifications. Among them, there were not only installa�
tions for machining of mass�produced workpieces,
i.e., sprayers of diesel pump–injector units for injec�
tion of fuel, in which holes with a diameter of 0.15 +
0.01 mm are made, but also installations for instru�
ment production:

(i) LKZ�57 for production of fine blanking dies and
profiled dies of hard alloys and steels (Fig. 33);

(ii) LKZ�49 for cutting narrow slits by a brass or
copper tape tool in workpieces of hard alloys, steels,
and nonferrous metals (Fig. 34);

(iii) LKZ�55 with a thin rotating disc for cutting
hard�alloy workpieces and for pattern cutting hard�
alloy plates as well as for cutting slits in collet groups
and bushings (Fig. 35);

(iv) for electrospark sharpening of tools and grind�
ing of workpieces of various materials;

(v) for making cavities of large forging dies.

In 1951, the publishing house of Mashgiz issued the
monograph of E.M. Levinson and E.I. Vladimirov
Elektroiskrovye ustanovki (Electrospark Installations);
many foreign electrospark installations were designed
after the type of constructions of the LENKARZ
plant.

Fig. 32. LKZ�57 installation for production of fine blank�
ing dies, profiled dies, and drawing dies.

Fig. 33. LKZ�49 installation for cutting narrow slits by a
brass or copper tape tool.

Fig. 31. Automatic machine for electrospark machining of
holes with a diameter of 0.15 mm.
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A significant contribution to the development of
electrospark technologies and automation of the pro�
cesses was made by B.G. Gutkin (Leningrad branch of
the VPTI MTrM). He designed a series of semiauto�
matic installations for making holes with a diameter of
∅0.15–0.3 mm with an accuracy of 0.006 to 0.02 mm
in sprayers and for grinding of their working cone as
well as for fabricating grids with round pin holes. His
experience in this domain was described in the book
Avtomatizatsiya elektroiskrovykh i anodno�mekhan�
icheskikh stankov (Automation of Electrospark and
Anode�Mechanical Machines) (Mashgiz, 1952) and
in the paper “Electrospark Semiautomates for
Machining of Pin Holes” (in the book Novye metody
elektricheskoi obrabotki metallov (New Methods for
Electric Machining of Metals), Moscow–Leningrad,
1955).

On May 16, 1956, it was written in no. 46 of the
Promyshlenno�ekonomicheskaya newspaper that the
electrospark laboratory and the production depart�
ment of the Kharkov Tractor Plant named after Sergo
Ordzhonikidze had designed and constructed an
8�spindle electrospark machine for grinding the hous�
ing of the fuel pump sprayer of a DT�54 tractor
(Fig. 36). Eight workpieces may be machined by it
simultaneously. The machine capacity is up to 1000
workpieces per shift. The machine is serviced by one
worker. The photo shows engineer V. Polovnev
inspecting the workpieces machined by L. Natorova
by this machine.

The range of the use of electrospark installations
started extending to the machining of both workpieces
whose sizes were measured in microns and large prod�
ucts whose weight amounted to a few tons.

However, the analysis of the development of the
electrospark method in that period shows that the
main efforts of researchers were focused on increasing
the efficiency of the process due to increasing the
power and discharge duration up to a few joules and
hundreds or thousands of microseconds, respectively.
The desire to obtain the maximum intensity of the
metal removal in a unit time, i.e., in a single spark dis�
charge, was dominant. However, it led to a significant
decrease in the machining accuracy, to degradation of
the machined surface quality, to problems with
removal of eroded material from the machining zone,
and to structural changes in the surface layer of the
material. The accuracy of the fabrication of work�
pieces was determined by hundredths or even tenths of
millimeters; the roughness of the machined surface is
not less than 5–10 μm Ra.

In the mid�1950s, there was an opinion that the
electrospark technology had achieved its saturation
point, particularly with regard to accuracy and the
minimum roughness, and that this method cannot be
used for finishing operations. Some researchers even

Fig. 36. Eight�spindle electrospark machine for grinding
the housing of the fuel pump sprayer of a DT�54 tractor.

Fig. 35. ES�1B and ES�2 installations for making grids
with round pin holes.

LKZ�55

Fig. 34. LKZ�55 installation for cutting with a thin rotat�
ing disc.

ES�1B ES�2
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insisted that low energies and short pulse durations will
not allow removing material.

Finally, such a unidirectional line of work resulted
in the significant arrest of the development of such a
promising trend as electrospark precision machining
in the Soviet Union.

The processes of machining with the maximum
sustainable yield in the Soviet Union at that time were
developed in the Experimental Research Institute of
Metal�Cutting Equipment (ENIMS) and the Special
Design Bureau of Spark�Erosion Equipment of the
Ministry of the Machine�Building and Toolmaking
Industry. They designed a number of machines
(4V721, 4B722, 4723, 4A724, etc.) in which the accu�
racy of the machining of workpieces did not exceed

0.02–0.07 mm; the lowest roughness of the machined
surface ranged within 10–25 μm.

At the same time, in the early 1950s, some compa�
nies dealing with the development of electrospark
equipment were organized abroad.

Among them, there were the Swiss companies
AGIE and Charmilles. In 1953, Kiyoshi Inoue regis�
tered Japax, which was first company for production
of electrospark machines in Japan and one of the first
in the world. Since 1949, works on electrospark
machining in Japan were carried out in the research
firm the Japanese Institute of Electrospark Machining
of Metals. The name of the company JAPAX is com�
posed of Japan + X (movement in the future,
unknown).

To be continued.
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TATE�OF�THE�ART OF THE ELECTROSPARK 

MACHINING OF METALS ABROAD
1

In 1957, B.R. Lazarenko wrote in the first issue of
the Proceedings of the Academy of Sciences of the
Soviet Union that the remarkable properties of the
electrospark method of metal machining cannot fail to
be noticed by researchers and manufacturers from for�

eign countries.
2
 After all, the possibilities to machine

conductor materials with any physicochemical prop�
erties not involving any cutting tools offered new; sim�
pler; far less energy�intensive; and, therefore, more
cost�efficient operating procedures. Since the first
publications of Lazarenko on the discovery of the elec�
trospark method of metal machining and up to the
present moment, the number of works concerned with
the study of this process and its practical use is increas�

ing rapidly.
3

Let us quote some typical pronouncements in the
foreign technical press.

“Within the last few years, there appeared a new
method of metal machining called “electrospark”,
which is referred to as something mystical like flying
saucers and which is even considered mock�scientific.
However, the phenomenon of electric erosion under�
lying the electrospark method of machining was
observed and described in the 18th century by the
English scientist Priestley; that is, it has been known
for more than 200 years. How did it happen that engi�

1 In the first decade after the discovery of the method.
2 Lazarenko, B.R., State�of�the�Art of the Electrospark Machin�

ing of Metals Abroad, in Elektroisrovaya obrabotka metallov
(Electrospark Machining of Metals), Trudy TSNIL�Elektrom,
Moscow: Akad. Nauk SSSR, 1957, no. 1, pp. 176–225.)

3 Lazarenko, B.R. and Lazarenko, N.I., USSR Inventor’s certifi�
cate no. 70010, Byull. Izobret., 1943; Resolution of Sovnarkom
(Council of People’s Commissars) for patenting of the method
abroad dated June 18, 1946; Patent priority of the Soviet Union
in: Switzerland, no. 18177 dated December 14, 1945; France,
no. 525414 dated June 18, 1946; the United States, no. 692718
dated August 13, 1946; the United Kingdom, no. 285822 dated
September 24, 1946; and Sweden, no. 9992/46 dated November 14,
1946.)

neers and the manufacturers took no notice of this
phenomenon for almost two hundred years and did
not try to derive benefit from it? The answer to this
question would be incomplete without taking into
account the psychological human qualities that com�
pel us to consider new things ones that we have seen at
least once with our own eyes.

As to the phenomenon of electroerosion, which
leads to the collision of electricity and the matter, it
cannot be attributed to any classical and general
notion of machining of materials.

Electrospark machining makes no improvements to
the present�day technique of metal machining; it is an
entirely new method based on other principles; it opens
such ample opportunities that the word “impossible”
must completely disappear from the vocabulary of
mechanics. Along with the development of this new
technology—electrospark machining—will intro�
duce drastic changes in the way of thinking of engi�
neers, designers, and shop mechanics. Some compo�
nents of machines and engines will be redesigned with
the view to taking advantage of electrospark machin�
ing; moreover, the design as such of mechanical sys�
tems (i.e., machinery and motors) will be revised in
order to maximize the use of hard alloys and even
metal carbides, which are considered to be not suscep�
tible to mechanical treatment.

Taking into account the gain in sales of these alloys,
the manufacturers will start producing various alloys
with more valuable mechanical properties, which, in
turn, must have a convincing effect on the “laggards”
and compel them to recognize the advantages of elec�
trospark machining. This interdependence of interests
and their distribution over the entire front of the
machine�building industry carry the embryo of a chain

reaction characteristic of the industrial revolutions.”
4

“The interest in techniques that replace metal cut�
ting has increased particularly strongly due to the
development of rocketry using heat�resistant materials

4 A series of papers concerned with electrospark machining in
Machine moderne, 1954, December.
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that earlier were considered machinable only by dia�
mond wheels. It has been estimated that if we as a
nation in the case of a blitzkrieg faced the necessity of
mass production, then the entire world production of
industrial diamonds would be insufficient for our
needs. This circumstance, coupled with the unreliabil�
ity of the transoceanic transportation of diamonds in
the conditions of a war, will become a national prob�

lem.”
5

“Although the electrospark method of machining
of metals is still very young, nevertheless, now it is
quite clear that this method has met the interests of the

manufacturers that brought it about in recent years.”
6

“A tame electron can just as well process metals as
it transmits sounds and images. Electrospark machin�
ing is a method that is becoming common in industry
and is developing rapidly. Now, we are talking about
industrial implementation of full�scale production of

electrospark action installations.”
7

The new nature of metal removal has forced
researchers to formulate the requirements for modern

electrospark installations.
8, 9, 10

(1) Any electrospark action installation that is
designed for sizing products consists of the following com�
ponents:

(a) a generator of unipolar pulses of electric current;
(b) a bed on which a tank with a workpiece and with

a tool electrode is mounted;
(c) a servo system that automatically maintains the

continuous machining;
(d) a hydraulic system with circulation and filtration

of the liquid.
(2) You cannot design electrospark installations by

modernizing the existing types of metal�cutting equip�
ment, because, in this case, it is impossible to use the
electrospark process with maximum efficiency. It is nec�
essary to design special electrospark installations. Any
attempts to implement the electrospark processes by
means of any auxiliary devices are doomed to failure.

Some designs of electrospark installations devel�
oped by different companies in the first ten years after
Lazarenko discovered the method are of interest.

The French company Qualitex produced the
“Uzimyu” electrospark installation.

5 Alden, C.R., Electrospark Machining, Mech. Eng., 1953,
vol. 75, no. 9, pp. 701–706.

6 Porterfield, C. Paul, Electrospark Machining, Steel Process.,
1954, vol. 40, no. 7, pp. 443–446.

7 Martin, A., L’usinage par etincelles, Electronique Industrielle,
1955, Nov.–Dec., pp. 171–176.

8 Bruma, M., Aspects scientifiquis de L’usinage par etincelles,
Revue Universelle des Mines, 9 Serie, vol. 11, no. 11.

9 Glasny, H., Die derseitigen elektroerosiven Bearbeitungsm�
aschinen, Deutsche Elektrotechnik, 1956, Mai, Heft 5, 10 Jg.

10Adcock, J.Z., Electro�Erosien, Machinery (London), 1955,
vol. 83, no. 2127, pp. 355–356.

Figure 37 depicts the physical configuration and cir�
cuit schematic of the output stage of this installation.

It is equipped with a generator of electric current
pulses with a pulsing transformer equipped with a core
of “ferroxcube” with two three�leg packets assembled
of inverted�L�shaped plates. The purpose of the
charge is to operate the electronic device. The ready�
assembled core weighs 15 kg. The secondary winding
of the transformer is a tube through which oil circu�
lates and cools the tube.

The generator consists of the following compo�
nents: (i) a driver stage consisting of a frequency�con�
trolled multivibrator, a pulse�shaping stage, a stage of
automatic width correction, and an output stage for
swinging of an output tube; (ii) an output stage con�
sisting of a tube of the Philips QB�5�1670 type and an
output transformer with a ferroxcube core and a con�
trolled secondary winding impedance; and (iii) a rec�
tifier stage for feeding the anodes of the output tubes
consisting of two mercury high�vacuum rectifiers.

The installation allows making holes of any shape
and plane grinding of surfaces. It is claimed that the
rate of grinding by the electrospark method is signifi�
cantly higher than using a diamond wheel. In grinding
of a hard alloy by a diamond wheel, a layer with a
thickness of no more than 0.02 mm is removed in one
pass, whereas the electrospark method allows remov�
ing a layer with a thickness of 0.06 mm, i.e., four times
as much.

The American Company Method X has developed
and produces industrial electrospark installations of
various types and various powers. The circuit designs
of these systems differ from the conventional relax�
ation circuits (Fig. 38) up to and including current
pulse sensors.

It is reported that Method X has developed and
produces an industrial electrospark installation in

Boris Romanovich and Nataliya Iosafovna Lazarenko in
the Laboratory of Alloying of the TsNIL�Elektrom of the
Academy of Sciences of the Soviet Union in 1960.
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which the electric requirements for that sort of instal�

lations are adhered to the maximum.
11

 The circuit
contains a three�phase bridge rectifier that applies a
voltage of 10 kV to the primary winding of the pulsing
transformer through a rotating spark breaker. The
spark breaker commutes the electric circuit with a
power of 10 kW with a frequency of 2880 Hz. The puls�
ing transformer with forced oil cooling has a transfor�
mation ratio of 100 : 1.

11Williams, E.M. and Woodford, J., Electronic Considerations in
the Theory and Design of Electric Spark Machine Tools, IRE
Trans., Ind. Electron., FGIE, 1955, March.

To minimize the inductance, the entire wiring of
the spark�forming circuit is made of coaxial cable. To
reduce the value of the back voltage, which destroys
the tool electrode, a special damping system of vac�
uum devices and resistors is used. The optimal dis�
tance between the electrodes is estimated to be about
0.012 mm; therefore, severe requirements are imposed
on the design and operation of the servo mechanism.
The control signal is the voltage across the working
clearance. It is applied to the amplidyne with an
amplification gain factor of 3000–10000, which con�
trols the toll electrode drive.

The installation has the following characteristics: a
pulse duration of 0.2–50 µs, a pulse repetition rate of
20000 Hz, a mean power of 15 kW, a pulse current of
3000 A, and a peak pulse power of 50000 kW.

The new design “Cybernetron” was produced in
France; it was an automated electrospark installa�

tion.
12

 Its physical configuration is shown in Fig. 39.

The degree of finish by this installation can be seen
in the right�hand photo, which shows (highly blown�
up) two types of surface finish: the left one is obtained
by grinding by an abrasive material; the right one, by
electrospark machining where the surface quality is
higher.

The English company Wickman�Erodomatic pro�
duced several designs of different�purpose electro�
spark installations. In the 2�kVA W/SM installation,
the electric, hydraulic, and mechanical portions are
connected into an integral unit (Fig. 40). It is specifi�
cally designed to solve problems that may arise in both
tool and machining workshops of general purpose. In
its development, particular attention was given to the
simple construction of control elements and the ease
of assembling. As a result, the installation is controlled

12“Cybernetron”. La machine Cybernetique de “cerveau�usi�
nage” par etincelleelectrique, Machine moderne, 1954, vol. 48,
no. 539, Avril, pp. 49–50.
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Fig. 37. Physical configuration of the Uzimyu electrospark installation (Qualitex, France) and the circuit of the output stage of
its generator: (1) to an oscillograph, (2) to the driving stage, (3) to a high�voltage rectifier, (4) to a winding circuit, and (5) to the
automated control of the driving stage.
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Fig. 38. Basic circuit of electrospark machining by Laza�
renko and Tiebner: (1) circuit schematic; (2) electrode;
(3) oil surface; (4) ejected particles; (5) workpiece;
(6) spark gap; (7) positive lead; (8) dielectric liquid;
(9) negative lead; (10) dc power supply; (11) bath with a
dielectric medium.
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by means of two buttons (“start” and “stop”), a rotary
switch for setting the desired accuracy of the finish,
and a pivoted lever with three positions for the dielec�
tric liquid. The head carrying the tool electrode is
mounted on a steel tubular column; it contains a
motor of automatic control of operation of the instal�
lation and gear wheels for moving the spindle. The

friction gearing eliminates any risk of damage to the
mechanism, even in the case of long electrode feeds.
The head may be displaced both vertically and hori�
zontally. The basic tank with the dielectric liquid is at
the bottom of the casing. The operating bath is integral
with the upper part of the installation casing; a table
with gutters is situated inside the bath.

In the cable manufacturing plant in Kopenick (Ger�
man Democratic Republic), a special type of electro�
spark installation was designed for machining of draw
dies and drawing nozzles. Figure 41 depicts the physi�

Fig. 39. Physical configuration of the Cybernetron automated electrospark installation and the comparison of the quality of the
surfaces obtained by abrasive grinding and by this installation.

Fig. 40. Physical configuration of an electrospark installa�
tion of the W/SM type (Wickman–Erodomatic).

Fig. 41. Physical configuration of the triple�spindle elec�
trospark installation of the cable manufacturing plant in
Kopenick (German Democratic Republic).
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cal configuration of this installation. The installation
is triple�spindle; it has three independent generators
assembled by a capacitor circuit.

It is reported that, until recently, for economic rea�
sons, the obtaining of shaped dies of a desired profile
did not seem possible. At present, using the electro�
spark method, we can obtain any profiles in a hard
alloy. This means that presintering, which was usually
used to obtain the most common hard�alloy dies, is no
longer an efficient method of their production.

The electrospark method offers particular opportu�
nities for the cable�manufacturing industry, because
the reduction in the wire diameters makes it possible
to lower the costs of production considerably.

Using simple facilities for this installation, we can
easily make a thread in hard�alloy rough pieces and
perform similar procedures.

The Swiss company AGIE has developed and pro�
duces several types of electrospark installations with
some ingenious units. Figure 42 shows one of these
installations (Agietron), a die for watchcase, and the
electrodes used for its preparation.

The installation consists of two electrically con�
nected devices, i.e., an installation proper and a
benchboard; a pulse generator is located in the latter.
The machine casing contains a reservoir with a dielec�
tric liquid and a pump that provides its circulation
from the reservoir in a removable bath, in which a work
table with the workpiece under treatment is placed.

In England and Northern Ireland, Burton, Griffiths,
and Co., Ltd. has produced the electrospark installa�

tion Sparkatron.
13

 The most interesting feature of this
design is the servo mechanism that allows maintaining
the value of the spark gap within the limits of 0.013–
0.025 mm. The servo mechanism is an electronic cir�
cuit connected with the spark discharge loop; it is
automatically actuated depending on the intensity of
the current in the discharge loop. The control voltage
proportional to the discharge current is compared with
the reference voltage value, which is chosen so that, at
a specified size of the interelectrode gap, the two volt�
ages are equal to zero.

Figure 43 shows the electric circuit of a Sparkatron
installation.

The electrics (transformers, rectifiers, capacitors,
etc.) appear as a separate installation electrically con�
nected with the kinematic component.

Electrospark installations were developed and pro�
duced in some plants in the Czechoslovak Socialist

13 Spark Machining, Mech. World, 1954, August.

Fig. 42. Physical configuration of the Agietron electrospark installation; the die for a watchcase made by this installation and the
electrodes used for its preparation.
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Fig. 43. Electrokinematic circuit schematic of the Sparka�
tron electrospark installation.
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Republic. Figure 44 depicts the physical configuration
of two electrospark installations.

The left�hand photo shows a machine for making
holes of small diameters (up to 0.5 mm); the right�
hand photo illustrates the more powerful installation
(7 kVA) for making holes. As the previous design, it has
a capacitor feed circuit and a servo mechanism. It
allows making machine pieces by trepanning as well as
drawing dies for drills and grooving in magnetic plates.

In addition, in the Czechoslovak Republic, some
electrospark devices for auxiliary works (e.g., for
removal of broken instruments and fastening members
from products) were produced. Such a device is fixed
in the chuck of a metal�cutting machine, and it is fed
by a special electrical panel.

The Japanese company Ikegai has developed and
produces a number of electric�action installations. For
example, the D�5 installation is designed for making
holes with a diameter of 0.5–150 mm with a depth of

10–100 mm. The maximum spindle stroke is 500 mm.
The maximum rate of machining of steel is 1.5 g/min.
The more powerful installation S�12 is designed for
making dies, including carbide ones.

We pay particular attention to a new use of spark
electric discharges because it means the origin of a new
important domain of electrical engineering that can be
rightfully referred to as electric photography.

The English company Roneo produced an electronic
photoengraving machine designed for making stencils
used for typographic printing of continuous tone orig�

inals by the electrospark method.
14

 A block schematic
diagram of this machine and its physical configuration
are shown in Fig. 45.

It follows from the figure that, for obtaining a typo�
graphic stencil by the electrospark method, an original

14Photoelectric Printing and Engraving Machines, Electron.,
1953, vol. 26, no. 5, pp. 138–140.

Fig. 44. Physical configuration of the electrospark installation for making holes with small diameters (to the left) and an installa�
tion for making large workpieces (Czechoslovak Republic).
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Fig. 45. Block schematic diagram of a Roneo electrospark photoengraving installation and its physical configuration: (1) original;
(2) light source; (3) photomultiplier; (4) linear approximation unit; (5) inverted circuit; (6) heterodyne oscillator; (7) ring mod�
ulator; (8) push–pull amplifier (two stages); (9) electrode of tungsten wire; (10) stencil; (11) lens.
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and a special stencil sheet with a conductor coating are
fixed on the two drums assembled rigidly along the
same axis. The read�out of the original is carried out
using a photomultiplier mounted in a moveable car�
riage. The same carriage contains a spark replicating
mechanism that forms a printing screen; it is con�
trolled by the photomultiplier, which reads the image
through electronics. For the stencil to accurately
reproduce the tone value of the replicated image on
paper, the number of fixed�dimension holes made by
the electrospark replicating mechanism in the stencil
sheet in a unit of time must be proportional to the cur�
rent density coefficient of the replicated image. Since
the value of the photocurrent induced by the photo�
multiplier of the replicating carriage is inversely pro�
portional to the current density at a given point of the
replicated image, it cannot be directly used to control
the spark replicating mechanism. Special electronic
devices approximate the relationship between the val�
ues of the current, its density, and the photocurrent
and invert the outgoing signals.

The corrected and converted photocurrent fluctu�
ations are fed to a ring modulator, where they are
superimposed on the carrier frequency (20 kHz),
amplitude modulated, amplified, and fed to the elec�
trode of the spark replicating mechanism. Thus, the
number of holes made in a stencil varies from one hole
per second for a white picture to up to 12000 holes per
second for the continuous black surface of the origi�
nal, where the stencil must let pass the maximum

paint.
15

Spark pulses cause wear of the electrode tip made
of tungsten (which is a considerably erosion�resistant
material) in the form of a thin tungsten wire, which is

15Since the making of holes in a stencil requires that the holes
must not run into one line, i.e., a partition must remain between
individual holes, the carrier frequency must be (and it was
selected so) approximately half as much as the maximum rate of
operation of the discharge circuit. It is clear that the size of the
resultant holes is the same in all the cases.

fed through a guide capillary by a special electrical
device while wearing.

Here are some characteristics of the installation:
the rate of rotation of the drums is 200 rpm; the carriage
displacement rate is 64 mm/min; the sweep time of the
original with a width of 20 cm is 20 min; the screen line
number is 200 lines/cm.

The electrospark method of reproduction of con�
tinuous tone originals by means of this installation has
the following advantages over the hand or photochem�
ical method.

(1) A stencil is made directly from the original not
involving intermediate photocopying.

(2) The electrospark method takes significantly less
time for making stencils than other known methods.

(3) The quality of the photoprints is so high that
often they are no worse than the original.

(4) The cost of production of such stencils does not
depend on the complexity of the original image; there�
fore, the making of stencils by the electrospark method
is often cheaper than by other methods.

The Stenofax electrospark photoengraving machine
made by the Times Facsimile Corporation is also
designed for making stencils used for reproduction of
continuous tone originals. The principle of operation
of this machine is generally similar to that of a Roneo
machine. However, the design data of this machine are
somewhat simpler: it exhibits a screen line number of
55 lines/cm; therefore, the stencils made by a Stenofax
machine provide a fairly good reproduction of continu�
ous tone illustrations rich in contrast. The physical con�
figuration of a Stenofax machine is shown in Fig. 46.

The time of production of one stencil does not
exceed 6 min. The auxiliary time (the time for place�
ment of a new original and a new stencil sheet and for
the removal of a finished stencil) in total does not
exceed 1 min. Note the following two statements.
First, the stencils are made of sheets of special vinyl
plastics covered with a current�conducting powder.
Each such stencil allows producing 1000 high�quality
prints while working with standard equipment. Sec�
ond, if we need only one print of the original, special
paper is used instead of a plastic sheet; a high�quality
duplicate is obtained within 3 min.

The rapid propagation of electrospark machining
abroad is due to the fact that many specialists in diverse
areas of expertise work in this domain, as well due to
the fact that a variety of companies have developed and
produce a large amount of electrospark equipment.
For the scientific development of this method, special
institutions (such as the Japanese Institute of Research
of the Methods of Electric Discharge Machining of
Metals) and special companies that develop and pro�
duce electrospark installations in lots have been orga�
nized.

Fig. 46. Physical configuration of the Stenofax electro�
spark photoengraving installation.
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The information presented in this section is far
from complete; it only partially characterizes the
state�of�the�art of electrospark machining of materi�
als abroad in the first decade after the discovery of the
method. It is obvious even from the given data that the
electrospark machining of metals as a new electrical
process has started forming as an independent
extremely large and cutting�edge domain of electrical
engineering.

Let us conclude this small section with the idea
expressed by the Wickman engineer J.Z. Adcock in his
paper “Electro�Erosion Machining” in the Machining
journal in July 1955:

“Among those who are working on the further
improvement of the electrospark method of metal
machining, an opinion of the enormous potential of
this process is generally held. The electrospark method
opens the way for more flexible and unusual
approaches to the design of machine parts and tools,
thereby eliminating the great difficulties in production
occurring at the present day. Moreover, calculations
show that, by using this method over the next 10 years,
it is possible to achieve an increase in the metal�
removal rate in comparison with the other most
sophisticated methods of metal machining.”

To be continued.
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