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INTRODUCTION
Galvanic coatings of nickel are widely used due to

their corrosion resistance and mechanical properties
[1]. Numerous investigations have resulted in electro-
lyte compositions and electrolysis conditions that meet
the modern requirements of industry. However, studies
on the possibilities of increasing deposition efficiency
and quality of coatings are still relevant. As was men-
tioned in earlier works, to solve these problems, special
inductance–capacitance devices may be used, embed-
ded or connected in series to rectifiers applied in gal-
vanic works. Changing their parameters, one can sig-
nificantly influence both the electrochemical process
kinetics and physicomechanical properties of coatings
[2]. Therefore, the goal of the present paper is to study
the influence of the inductance–capacitance circuit
parameters on the nickel plating process.

EXPERIMENTAL
In the present work, we used a single-phase power

supply, which consisted of a 40-W transformer, a recti-
fication block, and a parallel induction–capacitance cir-
cuit connected in series analogous to the one used in
[3]. The induction was formed by connecting throttles
allowing us to vary its value in the range of 2.5–30 H.
The capacitance consisted of capacitors connected in
parallel and varied within 2200–35200 

 

µ

 

F. This power
supply was applied for measuring polarization curves
and for coating deposition on samples for other tests.

The coatings were deposited in an electrolyte con-
taining 320 g/l NiSO

 

4

 

, 60 g/l NiCl

 

2

 

, 40 g/l H

 

2

 

SO

 

4

 

 under
the following electrolysis conditions: the electrolyte
temperature was 40

 

°

 

C, pH was 4.5, and the current den-
sity was varied from 1 to 10 A/dm

 

2

 

.
The cathode potential was recorded during nickel

deposition on a 1 cm

 

2

 

 platinum plate under stepwise
current regulation with a lag of 20 s at each value nec-
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Fig. 1.

 

 Influence of the inductance–capacitance device
parameters 

 

L

 

 and 

 

C

 

 on the cathode polarization: (a) influ-
ence of the inductance (

 

L

 

) on the electrode potential devia-
tions (

 

∆ϕ

 

) from the cathode potential value for the case of
the circuit absence at a current density of 10 A/dm

 

2

 

;
(b) influence of the capacitance on 

 

∆ϕ

 

 at connection of the
optimal inductance (

 

L

 

op

 

 = 20 H) at 

 

i

 

k 

 

= 10 A/dm

 

2

 

; (c) influ-
ence of the inductance on 

 

∆ϕ

 

 at connection of the optimal
capacitance (

 

C

 

op

 

 = 2200 

 

µ

 

F) at 

 

i

 

k 

 

= 10 A/dm

 

2

 

; (d) polariza-
tion curves:

 

 1

 

 without the circuit; 

 

2

 

 at 

 

L

 

op

 

; 

 

3

 

 at 

 

C

 

op

 

 and 

 

L

 

op

 

.

 

2
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essary for potential stabilization [4]. The current value
was established by a resistance box and was measured
by an M209 voltammeter. A saturated calomel elec-
trode was used as a reference electrode. The cathode
potential was measured with a B7-27A/1 voltmeter.
The current form was recorded using a C1-55 oscillo-
graph.

Alternating components in the power supply–bath
circuit [5] were studied using a CK4-56 frequency ana-
lyzer.

Coatings with a thickness of 0.1 mm deposited on
the samples with a surface of 0.04 dm

 

2

 

 were used for
studying their morphology and structure by virtue of a
Tesla BS-340 scanning electron microscope. Microsec-
tions were prepared on the face-end sample surface.

RESULTS AND DISCUSSION

Our investigations have shown that variation of the
inductance–capacitance device’s parameters (

 

L

 

, 

 

C

 

) sig-
nificantly influenced cathode polarization. Figures 1a–
1c, on the basis of measured polarization curves, show
the difference in cathode potential deviation (

 

∆ϕ

 

) at a
current density of 10 A/dm

 

2

 

 at the connection of the
inductance (Fig. 1a), 

 

L

 

op

 

 and capacitance (Fig. 1b), 

 

C

 

op

 

and 

 

L

 

 (Fig. 1c), and the cathode potential at the same
current density for the case when the circuit elements
(

 

L

 

, 

 

C

 

) are not connected. Figure 1d shows polarization
curves at the connection of the rectifier without the cir-
cuit (curve 

 

1

 

), of the rectifier and 

 

L

 

op

 

 (curve 

 

2

 

), of the
rectifier, 

 

L

 

op

 

, and 

 

C

 

op

 

 (curve 

 

3

 

). 

 

L

 

op

 

 and 

 

C

 

op

 

 correspond

to the values of 

 

L

 

 and 

 

C

 

 at which the highest deviations

 

∆ϕ

 

 are obtained.

Connection of only inductance to the rectifier caused
cathode potential deviation towards the more negative
range. The highest deviation at a current density of
10 A/dm

 

2

 

 was observed at the inductance 

 

L

 

 = 20 H (

 

L

 

op

 

).
Its further increase did not cause considerable changes
in the cathode potential (Fig. 1a). In experiments with

 

L

 

op

 

 = 20 H and various capacitances, it was found that
the capacitance value did not appreciably influence the
cathode potential. At the selected values of 

 

C

 

, the cath-
ode potential varied by 4 mV only (Fig. 1b). The high-
est potential deviation towards the positive range was
observed at 

 

C

 

 = 22000 

 

µ

 

F (

 

C

 

op

 

). In the case of the
inductance value variation at 

 

C

 

op

 

, the cathode potential
shifted towards the positive range, and the highest devi-
ation was found at 

 

L

 

 = 

 

L

 

op

 

. Further increase in induc-
tance influenced the cathode polarization insignifi-
cantly (Fig. 1c). The obtained polarization curves show
that at a connection only of 

 

L

 

op

 

, the cathode potential
shifted towards the negative range in comparison with
the values obtained in the experiments without the cir-
cuit, and at a current density of 10 A/dm

 

2

 

 it deviated by
20 mV. In the case of connection of 

 

L

 

op

 

 and 

 

C

 

op

 

, the
polarization curve shifted towards more positive range
with respect to the curve obtained from the power sup-
ply without the circuit connection, and the maximal
potential deviation was 30 mV at a current density of 10
A/dm

 

2

 

 (Fig. 1d). Thus, changing the inductance–capac-
itance device parameters 

 

L

 

 and 

 

C

 

, one can considerably
influence the electrode polarization and, therefore,
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 Spectra of alternating components: (a) without the circuit at 

 

i

 

k 

 

= 2 A/dm

 

2

 

; (b) at Lop and ik = 2 A/dm2; (c) at Cop and Lop at
ik = 2 A/dm2; (d) at Cop and Lop at ik = 4 A/dm2.
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structure and physicomechanical properties of nickel
coatings.

Study of spectra of the alternating components in
the power supply–bath circuit has shown that they dif-
fer appreciably. At a coating deposition without the cir-
cuit at a current of 80 mA (the current density being
2 A/dm2), the maximal frequency of the alternating
components was 3.3 kHz (Fig. 2a).

As well as in our previous investigations [2, 3], only
the initial components of the spectrum were recorded at
the inductance connection (Fig. 2b).

Connection of the inductance and capacitance (Lop,
Cop) favored an increase of both the amplitude and the
frequency of the spectrum components (Fig. 2c).

Similar changes took place at a current density
increase (ik = 4 A/dm2, I = 160 mA) at the same circuit
parameters (Fig. 2d).

Study of the coating morphology has shown that
the coatings obtained at a current density of 2 A/dm2

(I = 80 mA) without connection of the inductance–
capacitance device were characterized by a high den-
sity of defects on the surface (Fig. 3a). Connection of
the inductance Lop influenced the deposit morphology
insignificantly (Fig. 3c).

200 µm 5 µm

5 µm200 µm

200 µm 10 µm

10 µm200 µm

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 3. Morphology of the coatings obtained: (a) (×100); (b) without the circuit at ik = 2 A/dm2; (c) (×100); (d) (×3000) at Lop and
ik = 2 A/dm2; (e) (×100); (f) (×3000) at Cop and Lop at ik = 2 A/dm2; (g) (×100); (h) (×3000) at Cop and Lop at ik = 4 A/dm2.
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In the case of the circuit connection (Lop, Cop), the
quantity of defects on the surface decreased consider-
ably (Fig. 3e). An increase of the current density up to
4 A/dm2 (I = 160 mA) resulted in an absence of pitting
and the formation of round outgrowths on the surface
(Fig. 3g). The greatest roughness between the surface
defects was found in the coatings obtained in the cases
of deposition without the circuit and at connection of
the inductance only (Figs. 3b and 3d). Coatings
obtained with a complete device connection were
smoother (Figs. 3f and 3h).

Study of the structure of coatings obtained by the
above-mentioned methods has shown that connection
only of the inductance Lop favored a decrease in crystal-
line aggregates (Figs. 4a and 4b). In the case of connec-
tion of the whole circuit (Lop, Cop) at the same current
density of 2 A/dm2, disperse small-crystal coatings were
deposited. The increase in current density (4 A/dm2)
resulted in an enlargement of the crystalline aggregates.

The above results testify to the significant influence
of the inductance–capacitance device parameters on the
kinetics of deposition and structure of nickel coatings.
Having compared these results with the data obtained
during copper deposition (under the same conditions of
experiments), one can conclude that selection of the opti-
mal parameters of the inductance–capacitance device
depends on the features of the deposited metal and the
solution composition [3]. The optimal values of the
inductance and capacitance for nickel plating differed
from the values found for copper plating: the inductance
increased from 10 to 20 H, and the capacitance, from
17600 to 19800 µF. In addition, in the case of connection
of Lop only at a current density of 10 A/dm2, ∆ϕ was

−20 mV in the deposition of nickel coatings, and
−50 mV in copper deposition. In the case of connection
of Lop and Cop at the same current density, ∆ϕ was
+30 mV for nickel coatings and to +50 mV for copper
coating. These data show that the cathode potential var-
ied within 50 mV in nickel deposition and within
100 mV in copper plating. Thus, optimal values of the
inductance–capacitance circuit parameters depend on
the nature of the deposited metal and they exert a differ-
ent influence on the cathode polarization [2, 4].

Study of the alternating components has shown that
at the same values of current and current density, the
frequency width of the spectrum and the value of its
components correlate with the cathode potential: as
their value and quantity in the spectrum increase, the
cathode potential shifts towards the more positive
range. However, these indices of the spectrum depend
on the current value (Figs. 2c and 2d). Comparing the
spectra given in the present work with those obtained in
copper deposition under the same conditions of elec-
trolysis, one can see that in nickel deposition in experi-
ments without the circuit, the highest frequency of
alternating components decreased from 5 to 3.3 kHz,
and in the case of connection of the circuit with the
parameters Lop and Cop it decreased from 6 to 4.2 kHz.
In this case, in nickel deposition, values of the alternat-
ing components decreased as well.

Changes of deposition kinetics and spectra of alter-
nating components significantly influenced structure of
nickel coatings. Under optimal conditions (Lop, Cop)
more perfect structure was obtained.

5 µm(a) 5 µm

5 µm5 µm

(b)

(c) (d)

Fig. 4. Structure of the coatings obtained (×3000): (a) without the circuit at ik = 2 A/dm2; (b) at Lop and ik = 2 A/dm2; (c) at Cop and
Lop at ik = 2 A/dm2; (d) at Cop and Lop at ik= 4 A/dm2.
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CONCLUSIONS

Thus, the present study confirms the earlier obtained
results [2, 3] on the possibility of applying inductance–
capacitance devices for increasing the efficiency of gal-
vanic process and for improving the physicomechanical
properties of coatings.
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INTRODUCTION

In a number of works (e.g., [1–8]), results are pre-
sented on the investigation of composition and proper-
ties of coatings obtained in conditions of induced, i.e.,
joint, electrodeposition (e.g., [9]) of iron group metals
(in particular, cobalt) and tungsten.

It is almost impossible to obtain functional coatings
of tungsten and molybdenum from water solutions,
whereas these metals may be successfully codeposited
with d-metals with the obtaining of corresponding
alloys.

As early as in works [1–3], it was shown that coat-
ings of Co and W alloys possess unique mechanical, tri-
bological, and corrosion properties. Citrate electrolytes
are widely used for obtaining these alloys; the compo-
sition, structure, and properties of these coatings
depend on the modes of electrodeposition [1–8]. The
goal of the present work is to study the correlations of
composition, structure, and corrosion properties of
cobalt–tungsten coatings obtained by electrodeposition
from citrate electrolytes.

EXPERIMENTAL

Electrolysis was carried out by technique [10] on
steel from a citrate electrolyte [8], with the difference
that the sodium tungstate concentration in the electro-
lyte was higher by a factor of 4 and that the deposition
temperature was higher (58

 

°

 

C).
The electrolyte composition was the following:

0.2 mol/l Na

 

2

 

WO

 

4

 

·; 0.2 mol/l CoSO

 

4

 

·; 0.04 mol/l
C

 

6

 

H

 

8

 

O

 

7

 

 (citric acid); 0.25 mol/l Na

 

3

 

C

 

6

 

H

 

5

 

O

 

7

 

 (sodium
citrate); 0.7 mol/l H

 

3

 

BO

 

3

 

.

Two sets of experiments have been carried out: at a
constant value of passed electricity (75 C) and a direct
current passing up to the obtaining of a deposit with a
thickness of 20 

 

µ

 

m. For this, yields on current of the
alloys were taken into account and the electrolysis time
was calculated on their basis. The electrodeposition
was realized by virtue of potentiostat 

 

èà

 

-50-1 on
round steel samples with an area of 0.025 dm

 

2

 

.
For analysis of composition and morphology of the

obtained deposits of cobalt–tungsten alloys, the follow-
ing methods have been used:

(a) scanning electron microscopy (SEM) with a
TESCAN VEGA scanning electron microscope;

(b) An INCA Energy EDX system for chemical
composition investigation for determining the elemen-
tal composition of Co–W alloys. A specific feature of
the method applied in the given work was that the anal-
ysis was carried out on a surface sector having a diam-
eter of 1–2 

 

µ

 

m and a depth of up to 2 

 

µ

 

m. This means
that in fact, a near-surface analysis was performed. The
analysis was carried out at three points for each sample.
For a set of measurements, average values with stan-
dard deviations were calculated.

For controlling the structure and crystal state of the
obtained coatings, X-ray phase analysis was applied.
Diffractograms were obtained with a DRON-3M dif-
fractometer on Co

 

K

 

α

 

-radiation (Fe-filter, 

 

Θ

 

/2

 

Θ

 

method).
Electrochemical corrosion of the obtained electro-

lytic Co–W alloys was studied by methods of electro-
chemical impedance spectroscopy and voltammetry
with the AUTOLAB system (GPSTAT 20 + FRA) with
GPES 4.9 and FRA 4.9 software. The effective area of
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Abstract

 

—A correlation has been found between the composition, structure, and corrosion resistance of elec-
trolytic Co–W coatings (on the basis of voltammeter and impedance measurements at pH-6.0 in a chloride–
sulfate model solution) deposited at various densities of direct current from citrate electrolyte with a high con-
centration of sodium tungstate with addition of boric acid at a temperature of 58

 

°

 

C. It is found that these coat-
ings possess a high corrosion resistance that is only insignificantly inferior to that of electrolyte chromium coat-
ings. We have determined the interval of current densities of electrodeposition in which corrosion resistance of
the coatings is maximum.
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the samples for corrosion tests was 0.025 cm

 

2

 

. Corro-
sion behavior for all the alloy samples was investigated
in a neutral medium (pH 6.0 

 

±

 

 0.1). As a model corrosion
solution, a solution of mixture of sulfates and chlorides
(7 g/l Na

 

2

 

SO

 

4

 

 + 7 g/l NaCl) was selected. The measure-
ments were carried out at a temperature of 24 

 

±

 

 1

 

°

 

C in a
three-electrode cell with a saturated chlorine–silver ref-
erence electrode and an auxiliary electrode consisting
of a platinum grid. All potential values have been
reduced with respect to the saturated chlorine–silver
electrode.

Spectra of the electrochemical impedance were
obtained after keeping of the sample in the corrosion
solution for 15 min so that a stationary potential was
established. Voltage was applied in a sinusoidal mode
with an amplitude of 5 mV. The corrosion process
parameters were determined from an analysis of the
obtained spectra (in the frequency range of
50 kHz

 

−

 

1 MHz).

Voltammeter measurement consisted in obtaining
anode polarization curves by the point method. The rate
of the potential setting was 1 mV  s

 

–1

 

. The curves were
corrected by the value of ohmic voltage fall (IR). The
corrosion parameters were estimated from the direc-
tions of these curves.

For comparison, on the basis of both voltammeter and
impedance measurements, we determined the corrosion
characteristics of electrolytic chromium coatings depos-
ited from a standard chroming electrolyte at a current
density of 0.3 A/cm

 

2

 

 with a thickness of 20 

 

µ

 

m.

RESULTS AND DISCUSSION

 

Influence of Current Density on Yield on Current, 
Electrodeposition Rate, Composition

and Structure of Coatings

 

Earlier, in [10] it was shown that in the electrodepo-
sition of Co–W alloys from citrate electrolytes, the
yield on current decreases depending on current den-
sity. This dependence was obtained for solutions with a
low concentration of tungsten salt in the electrolyte
(0.05 mol/l Na

 

2

 

WO

 

4

 

·). In this study, a solution compo-
sition with increased content of sodium tungstate in the
electrolyte was used in order to increase its content in
the coating.

High deposition temperatures make it possible to
improve the quality of the deposited coating surface:
cracking is absent [10, 11].

Investigation of the yield-on-current dependence on
the Co–W electrodeposition current density has shown
that under the given conditions, a decrease in the yield
on current is also observed; this dependence is sharper
than in the earlier case of a “diluted” electrolyte [11].
Despite the decrease in the yield on current, the alloy
deposition rate increases (Fig. 1). Since the influence of
the current density was studied with both DC and AC,
this made it possible to verify whether the deposition
rate changes depending on coating thickness.

It follows from Fig. 1 that both the yield on current
and deposition rate do not significantly depend on the
method of deposition coating (

 

Q

 

 = const, 

 

µ

 

 (coating
thickness) = const); this in turn testifies to the fact that

 

10

15

1

 

i

 

, A/dm

 

2

 

30

45

60

75

90

 

η

 

, %

0.2

0

0.4

0.6

0.8

 

ν

 

, mg/(cm

 

2

 

 min)

 

1
2

3

4

 

Fig. 1.

 

 Current density dependence of the yield on current
(

 

1

 

, 

 

2

 

) and the deposition rate (

 

3

 

, 

 

4

 

) of Co–W alloys from cit-
rate electrolyte deposited at 75 C electricity passing (

 

1

 

, 

 

3

 

)
and at obtaining of equal thickness of the coatings ~20 

 

µ

 

m
(

 

2

 

, 

 

4
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Fig. 2.

 

 Dependence of concentration of the components of
Co–W alloy coatings obtained from citrate electrolyte at

 

Q

 

 = 75 C on current density.
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it is possible to deposit sufficiently thick coatings from
the given electrolyte. At the same time, the data demon-
strate the principal possibility of achieving a high scat-
tering ability of the electrolyte, because in the studied
range of current densities a decrease of the yield on cur-
rent depending on current density at an increased coat-
ing deposition rate is observed (Fig. 1).

Investigation of electrodeposition of Co–W alloys on
steel in a wide range of current densities (0.5–16 A/dm

 

2

 

)
has shown that the electrodeposition conditions have
a significant effect on the formation of the structure
and composition of coatings. The effect of current
density on the composition of coatings is shown in

Fig. 2. It is obvious that at relatively low current den-
sities of 0.5–2 A/dm

 

2

 

, the coatings contain mainly
cobalt and tungsten. It should also be noted that at
these current densities, a relatively high concentration
of carbon is observed (not shown in the figure). The
presence of a high measured concentration of carbon
is likely due to peculiarities of the analysis, where the
determining factor is the concentration of the compo-
nents in the near-surface layer and, therefore,
adsorbed layers with high concentration of the
“organic” phase. However, as will be shown below,
the presence of a high carbon concentration may be
connected not only with its content in the adsorbed
surface layer.

 

30 
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m 30 
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30 
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m

Spectrum 2

Spectrum 1

Spectrum 1

(a) (b)

(c)

 

Fig. 3.

 

 SEM of the surface of Co–W alloys after electrodeposition at various current densities and temperatures, A/dm

 

2

 

: 1 (a); 3 (b);
9 (c).

 

Comparative corrosion characteristics for the cobalt–tungsten coatings deposited at various current densities and for electro-
lytic chromium

Voltammeter measurements Impedance
measurements

 

i

 

depos

 

, A/dm

 

2

 

i

 

corr

 

 

 

×

 

 10

 

5

 

, A/cm

 

2

 

E

 

corr

 

, V

 

V

 

corr

 

 

 

×

 

 10

 

5

 

, mm/year

 

R

 

p

 

, k

 

Ω

 

Cobalt–tungsten 0.5 1.68 –0.58 1.96 5.5

1 1.2 –0.62 1.73 6.2

3 1.45 –0.70 1.91 11

9 24 –0.83 34 1.0

Chromium 30 0.78 –0.77 0.75 17.8
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As the current density increases above 2 A/dm

 

2

 

,
oxygen appears in the coating composition. The oxy-
gen content in the deposit appreciably increases as the
electrodeposition current density increases. At current
densities below 2 A/dm

 

2

 

, the cobalt-to-tungsten ratio in
the metal part of the alloys is higher or equal to three.
At current densities above 2 A/dm

 

2

 

, the cobalt-to-tung-
sten ratio in the metal part of the alloys is also close to
three; that is, there is a high probability of the formation
of Co

 

3

 

W crystallites.

Figure 3 shows the results of investigation of the
obtained layer morphology. One can see that an
increase of the current density leads to formation of
smaller crystal coatings, which is confirmed by the
X-ray phase analysis results (Fig. 4).

Thus, the structure of the coatings obtained at
0.5 A/dm

 

2

 

 is an obviously pronounced crystal one,
which consists mainly of 

 

α

 

–Co (Fig. 4a). In this case,
the Co concentration in the coatings is maximal
(Fig. 2). A small increase of interplanar distances in the
diffraction spectrum 

 

α

 

–Co is probably due to implanta-
tion of W atoms and formation of a solid solution (Co,
W) (Fig. 4a). As the current density increases, the
Co

 

3

 

W crystal phase is formed. The line present in the
spectrum with 

 

d

 

 = 2.11

 

8

 

 Å (2

 

Θ

 

 = 50

 

°

 

) may be related to
probable Co

 

2

 

C or Co–W–C (Fig. 4b) phases.

One broad line, 002 Co

 

3

 

W, with an interplanar dis-
tance of d = 2.06 Å is present in the diffractogram of the
sample obtained at a current density of 3 A/dm2

(Fig. 4c); that is, hexagonal Co3W crystals lie on a sub-
strate chiefly with the basal (0001) plane, causing an
increase in the intensities of 001 and a decrease in the
others. The thickness of the deposited crystallites
approximated by the halfwidth of this line is about
14 Å.

Thus, an increase in the electrodeposition current
density leads to formation of textured coatings of nano-
dimensional Co3W crystallites and to their increased
oxidation.

Influence of Electrodeposition Conditions
on the Corrosion Properties of Coatings

The corrosion properties of coatings of cobalt–tung-
sten alloys were investigated for both relatively “thin”
(7–8 µm) coatings deposited at a constant quantity of
electricity and “thicker” coatings (20 µm).
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(b)
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Fig. 4. Phase composition of the coatings obtained at Q =
75 C and at the current densities, A/dm2: 0.5 (a); 1 (b); 3 (c). 1000
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Fig. 5. Voltammeter corrosion diagrams of Co–W coatings
(a) and impedance spectra of these coatings (b) obtained at
the current densities, A/dm2: 0.5 (1); 1.0 (2); 3.0 (3); 9.0 (4).
Thickness of the coatings is 20 µm.
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The corrosion resistance of Co–W alloys weakly
depends on the thickness of coatings. Thus, for exam-
ple, according to the obtained voltammeter data, for
coatings of various thickness deposited at an equal cur-
rent density of 1 A/dm2, the average values of the cor-
rosion current density were close and just decreased
insignificantly: from 4.6 × 10–5 (for thin coatings) to
1.4 × 10–5 A/cm2 (for 20 µm). The corrosion potential for
these samples in a neutral medium was –(0.60 ± 0.05) V
with respect to the chlorine–silver reference electrode.

Our further investigations were concentrated on
studying coatings of constant thickness (20 µm) depos-
ited at various current densities.

For comparison, on the basis of voltammeter and
impedance measurements, we have determined the cor-
rosion characteristics of coatings of the same thickness
(20 µm) of electrolytic chromium deposited from a
standard chroming electrolyte at a current density of
0.3 A/cm2.

Figure 5 shows the voltammeter corrosion diagrams
of deposited Co–W alloys and their spectra of electro-
chemical impedance.

The corrosion characteristics of the studied alloys
and electrolytic chromium calculated on the basis of the
obtained data are given in the table.

One can see that lower values of the corrosion cur-
rent density are observed for the coatings obtained at 1–
3 A/dm2 (see also Fig. 6). The same range of current
densities corresponds to the highest values of the corro-
sion resistance Rp obtained from the impedance mea-
surements. For the coatings deposited at higher current
densities, a significant increase in the corrosion current
(by approximately a factor of 20) is observed and,
therefore, an increase of the corrosion rate as well as a
decrease of the corrosion resistance (Fig. 6, table). It
should be noted that according to the ten-point scale of
estimating metal corrosion resistance [12], all of the
studied Co–W coatings correspond to one; that is, they
are corrosion-resistant in the given corrosion medium.

The last row of the table shows the corrosion char-
acteristics of the electrolytic chromium coatings. One
can see that the obtained coatings of the cobalt–tung-
sten alloy are close to the chromium ones in corrosion
resistance, although the former are somewhat inferior
to the latter.

For the coatings deposited at current densities of 3–
9 A/dm2, the corrosion potential value is close to that
for the electrolytic chromium (–(0.77 ± 0.07) V). In an
investigation of the voltammeter, at lower densities of
the current of deposition of cobalt–tungsten alloy coat-
ings, an enhancement of the corrosion potential is
observed (table).

It is obvious that from the viewpoint of corrosion
properties, optimal conditions of electrodeposition
from the studied electrolyte are current densities of
1−3 A/dm2. The increase in the current density (above
3 A/dm2) leads to a sharp increase in the corrosion rate
(Fig. 6, table). The observed effect is probably caused
not only by difference in structure and morphology of
deposits obtained at high current densities (Fig. 4), but
also by their oxidation.

Improvement of the corrosion properties may be
achieved by application of pulse electrodeposition [13].
As it was shown above, the corrosion resistance of coat-
ings depends on their thickness; therefore, for relatively
thin coatings, the pulse electrodeposition is one possi-
ble way of increasing the corrosion resistance of Co–W
alloys.

CONCLUSIONS

We have studied the correlation between the compo-
sition, structure, and corrosion resistance of electrolytic
Co–W coatings deposited at various densities of direct
current from citrate electrolyte with a high concentra-
tion of sodium tungstate and addition of boric acid at
58°C.

On the basis of voltammeter and impedance corro-
sion measurements in a neutral chloride–sulfate solu-
tion, it has been found that cobalt–tungsten coatings
possess high corrosion resistance, being insignificantly
inferior to that of electrolytic chromium coatings. We
have determined the range of electrodeposition current
densities at which the coating corrosion resistance is
maximum.
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1. Introductory remarks.

 

 Applying an external
electrostatic field to a dielectric liquid results in its elec-
trization and, with time, some distributions of electric

potential 

 

ϕ

 

( ), field intensity ( ), and space charge

density 

 

ρ

 

( ) are settled in it in accordance with electro-
dynamics formulas 

(1)

where 

 

ε

 

 = 

 

ε

 

0

 

ε

 

r

 

 is the medium absolute permittivity and

 is the radius–vector of the observation point.
The phenomenon of electrization (charge forma-

tion) in a liquid dielectric has far-reaching conse-
quences. Firstly, it substantially reflects on transfer pro-
cesses in the liquid, in particular on the Ohm law. Sec-
ondly, as the case at hand is the flowing medium,
secondary effects, called electrohydrodynamic (EHD)
effects [1], originate that are caused by the interaction
of the external field with the liquid that is electrically
charged under its influence; i.e., Coulomb forces with

volume density  = 

 

ρ

 

 EHD phenomena in turn lead
to a new electricity-, heat-, and mass-transfer mecha-
nism that is either molar or convective. More exactly, it
leads to an electroconvective mechanism, as it is caused
by electric convection [2], which is an analogue of a
natural mechanism in the gravitation field. Fluid elec-
trization, the physical mechanisms of which may be
rather varied, including induction by a sudden nonuni-
formity in the electric field, such as at corona discharge,
attended by the electric wind in gases [2,3] and liquids
[4], is the initial cause. This type of electrization is rea-

r E r

r

ρ ∇ εE( ) ∇ ε∇ϕ( ),–= =

r

f E

 

sonably well studied (see, for instance, [1–4]) and, in
the following, we will dwell on only the 

 

uniform exter-
nal field

 

, by which we mean the field of the parallel-
plate capacitor without the edge effects. Then distribu-
tions 

 

ϕ

 

(

 

x

 

), 

 

E

 

(

 

x

 

), 

 

ρ

 

(

 

x

 

) will signify the dependences of
these quantities on coordinate 

 

x

 

, transverse to the
capacitor plates. As is evident from Eq. (1), knowing
that it is possible to obtain (

 

ρ

 

(

 

x

 

)) and then 

 

ϕ

 

(

 

x

 

) by the
method of numerical and graphical differentiation, the
medium electrization 

 

E

 

(

 

x

 

) by the electric potential dis-
tribution 

 

ρ

 

(

 

x

 

) can be unambiguously judged. The distri-
bution of 

 

ϕ

 

(

 

x

 

) is found experimentally by the electric-
probe method [5–7]; sometimes the Kerr method [8] is
used

The systematization and discussion of distributions

 

E

 

(

 

x

 

) and 

 

ρ

 

(

 

x

 

), revelation of their physical mechanisms,
and the creation of simple mathematical models that are
descriptive of the considered phenomena are the pur-
pose of this investigation. As the principle factor in

electrohydrodynamics is the force 

 

ρ

 

, the noted sys-
tematization has been conducted with respect to 

 

E

 

(

 

x

 

)
and 

 

ρ

 

(

 

x

 

).

 

2. Variety of electrization types.

 

 The typical cases
of electrization can be classified according to the math-
ematical peculiarities of dependences 

 

E

 

(

 

x

 

) and 

 

E

 

'(

 

x

 

) =

 

ρ

 

/

 

ε

 

. For this purpose we will qualitatively build the
plots of these functions (according to the experimental
data for 

 

ϕ

 

(

 

x

 

) [5–7], or 

 

E

 

(

 

x

 

) [8]), presented and system-
atized in Fig. 1, where representative cases of relation-
ships are situated in rectangular cells (“frames”); 

 

E

 

(

 

x

 

)
is not shaded, 

 

ρ

 

(

 

x

 

) is crosshatched, and the anode is
placed at the left. The table (Fig. 1) cannot be consid-
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ered representative of all of the varieties of electrization
and may be widened later on.

In the first two frames, the dependences 

 

E

 

(

 

x

 

) are
monotonic, meaning that the interelectrode space 0 

 

≤

 

x

 

 

 

≤

 

 2

 

l

 

 is filled with a similar space charge—in the case
of curve 

 

1

 

, the charge is negative (

 

ρ

 

(

 

x

 

) < 0, curve 

 

1

 

'),
while for curve 

 

2

 

, it is positive, (

 

ρ

 

(

 

x

 

) > 0). Therefore,
we can speak about monopolar charging, positive or
negative according to curves (

 

2

 

, 

 

2

 

') and (

 

1

 

, 

 

1

 

'). In
frames 

 

3

 

, 

 

4

 

 reduction of 

 

E

 

(

 

x

 

) passes into growth (curve

 

3

 

) and vice versa (curve 

 

4

 

). Consequently, the interelec-
trode layer divides into two sublayers and, in case 

 

3

 

,
each of them is of the opposite sign of the adjacent elec-
trode, while in case 

 

4

 

, they are of the same sign. Thus,
this type of charging is commonly called [5] hetero-
and homocharging or hetero- or homoelectrization.
Distribution 

 

5

 

 is presented in [8] and belongs to monop-
olar electrization as 

 

1

 

; however, unlike the last one,
relationship 

 

ρ

 

(

 

x

 

) has an extremum. Curve 

 

6

 

 is an ana-
logue of curve 

 

5

 

 when their charges exchange their

roles, which is easily seen from distributions for charge
densities (curves 

 

5

 

', 

 

6

 

').

In frames 

 

7

 

–

 

9

 

, cases of so-called “bipolar” structures
are depicted [6, 7] in which the semilayers themselves
are bipolar charged, with the layer (Fig. 1, curve 

 

7

 

)
immediately adjacent to the anode being charged simi-
lar to the electrode; hence, sublayer 0 < 

 

x < l is homopo-
lar and the right one (l < x < 2l) is heterobipolar. Simi-
larly, in frames 8 and 9 we have, respectively, homo-
and heterobipolar structures. Furthermore, curves 3–9
(3'–9') reflect some symmetry (about the central plane
x = l), yet actually the symmetry is far from complete,
as electrophysical properties (mobility, valency, poten-
tial of ionization, etc.) of charge carriers can differ sig-
nificantly. Notice that distributions of type 7 and 8 are
found by the authors [6, 7], while those of type 9 are
theoretical [9].

A further problem consists of the physical study of
the distributions presented in Fig. 1 and their mathe-
matical description.
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Fig. 1. Distributions of dependences: E(x) is not shaded and ρ(x) is crosshatched.
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3. General initial equations. When considering the
physical mechanisms of charge formation processes,
we consider EHD phenomena as secondary mecha-
nisms to be absent, i.e., that the hydrodynamic velocity

is  ≡ 0.

As in practice, we frequently deal with multi-ion
systems, Nernst–Planck equations for every component
of current density should be assigned to the principal
systems [1], for example, 

(2)

where i sweeps all the values of the numbers of positive
and negative charge carriers. Coefficients of mobility

 and diffusion  are connected by the known Ein-
stein relation [10] 

(3)

where kB is Boltzmann’s constant,  is the charge car-
rier valency, and e is the electron charge.

Each component (2) should satisfy the complex
equation of the conservation of charge of the type
(steady case) 

(4)

where the first term of the right part reflects the process
of neutral (molecules, ion pairs, etc.) decay to charged
components corresponding to the known Onsager for-
mula [11] 

(5)

the second one reflects the reverse process of the
charged carrier recombination (kr is the recombination

coefficient); and  is the concentrations of carriers
related by charge densities by the formulas 

(6)

A category of problems of liquid electrophysics
exists in which the decay effects and interaction of
charges are neglected. These are cases when both of the
addends in the right part (4) are zero, which is likely to
be expected in high-resistance liquid dielectrics or
when these effects are mutually compensated for, i.e.,
at dynamical equilibrium between the processes of
birth and death of charge carriers. In both cases, the
right part of (4) is zero. Such a category of problems
can be called the “equilibrium” category as opposed to
the case of the inequality to zero of the right part of (4)

when the mentioned equilibrium is absent (∇  ≠ 0);
thus, we can speak about nonequilibrium processes of
current passage, charge formation, etc.
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In the initial stages of the solution of the liquid
dielectric electrization problem, efforts have been
undertaken to simplify complex equations of the pro-
cesses under examination. In particular, the problem
can be approximately boiled down to a two-component
problem in much the same way as Levich [12] accom-
plished through the introduction of the averaged coeffi-
cients of mobility and diffusion [9] 

(7)

Then, equations (2)–(6) are simplified significantly
as follows: 

(8)

where 

(9)

Continuity equation (4) assumes the form 

(10)

where (6) is taken into account.

Notice that field distribution around the plate capac-
itor middle plane (x = l, Fig. 1, curves 3–9) can be sym-
metric (even or odd). Evidently, this should be expected
only if the charge carrier properties are the same, in par-
ticular,

Consequently, if field distribution symmetric struc-
tures are found, then, besides other possible conditions,
these equalities should be taken into account. However,
they are not of fundamental importance, as only the
symmetry of the corresponding distributions breaks
when they are not fulfilled; thus, for simplicity, we take
into consideration k± = k, D± = D.

4. Main set of equations. By the addition and sub-
traction of equations (8), (10), in view of (9), Gauss–
Ostrogradskii equations, and field potentiality, we
obtain the main set in the form 

(11)
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with the following designations: 

(12)

The set is written in vector form to be applicable to
arbitrary electrodes (further stages of investigations). In
the case of the parallel-plate capacitor, the set of equa-
tions (11), solved with respect to the derivatives,
assumes the form 

(13)

where the initial conditions are also presented, where
the function determination domain is 0 ≤ x ≤ 2l, 2l is the
interelectrode spacing, and the origin of the coordinates
is made coincident with the anode. Taking into account
expressions (11) and (12) for ρ and σ, the charge source
function R becomes 

(14)

Set (13) with regard for (14) is of the first order with the
initial conditions (Cauchy problem). The existence of
the solution and its uniqueness are ensured by the
known theorems.

5. Possible mechanisms and mathematical mod-
els of electrization. Having formulated the main sets
(11)–(13), we can begin an examination of particular
cases from the viewpoint of the interpretation of exper-
imental results, partly reflected in Fig. 1.

5.1. Conduction mechanisms (j π 0, D = 0). First,
we consider the case of the presence of a current in the
circuit and the negligible role of diffusion.

5.1.1. Electrization caused by medium nonunifor-
mity. {τ} ≠ 0; T ≠ const. From the first three equations
of set (11), at D = 0, we obtain the simplest mechanism
of electrization 

(15)

meaning that penetration of the medium that is nonuni-
form in the electric relaxation time τ by electric current,
in the general case, results in its electrization. It is par-
ticularly clear that if the current crosses the interface of
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two media with different τ, when it stems from formula
(1), surface charge with density originates

(16)

Due to this charge, a compensating field arises that pro-
vides the continuity of the current (σ1E1n = σ2E2n).
Another case, which is well-explained by formula (15),
is a thermally nonuniform medium (T ≠ const) by virtue
of the known relationship ε(T), σ(T), and, conse-
quently, τ(T). From (15), it follows that 

(17)

where βτ = βε + βσ is the time relaxation thermal coef-
ficient determined by formulas 

(18)

usually, βε > 0, βσ > 0 (for liquid dielectrics).

Formulas (16) and (17) are successfully used to
explain and generalize the experimental data on con-
vective heat transfer in electric fields in heterogeneous
(formula (16)) and homogeneous media (formula (17))
[2].

5.1.2. Homogeneous isothermal media {τ} = 0; T =
const. The experiments, in particular in Fig. 1, show
that in this case, the liquid is also electrized and formula
(15) remains valid. On the contrary, however, from the
fact of electrization, it follows that the liquid becomes
nonuniform in τ, yet, unlike the previous case 5.1, this
nonuniformity is implicit and the solution of the electri-
zation problem is tantamount to the problem of its
appearance in the medium gradτ ≠ 0 under the influ-
ence of the field.

The next simplest electrization mechanism emerges
from the formulas for current density (8) taking into

account D = 0 and the collinearity of vectors  || : 

(19)

It is evident that because of the difference of charge car-
rier electrophysical properties, including rates of near-
electrode electrochemical reactions, this mechanism
may be rather efficient. In particular, for equilibrium
case (R = 0), the field distribution takes the form 

(20)

If δj > 0, the distribution is of type 2 (see Fig. 1), while
at δj < 0, it is of type 1. When dimensionless parameter 

(21)

γ jn τ2 τ1–( ).=

ρ j
dτ
dT
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1
τ
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1
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1
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---dσ
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------+= = βε βσ,+≡

j E

ρ 1
E
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k+
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----–⎝ ⎠

⎛ ⎞ δ j

kE
------.= =

E x( ) E0 1 a x l–( )+ ; a
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εkE0
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-----------≡ .=
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2δ jl
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relationship (20) becomes approximately linear as fol-
lows: 

(22)

and we can explain the middle part of dependences 5
and 6 (see Fig. 1) or, linear to the reverse voltage E–1(x)
and σ(x) from [1], distribution τ(x) can be found from
(15), (19).

5.1.3. Separation of “charged” component in elec-
tric conductivity. In homogeneous liquid under isother-
mal conditions, as was mentioned above, nonunifor-
mity in τ is caused by the external field and has a latent
character. Some authors take this fact into consider-
ation, assuming the relationship to be of type [13] 

(23)

or [14] 

(24)

where F(E) is an exponent in the function of source (5).
The equation for current density 

(25)

in respect to E is algebraic or transcendent with solu-
tions E = const and, consequently ρ ~ E' ≡ 0, the direct
application of relationships (23) or (24) in the form of
equation (25) for a parallel-plate capacitor doesn’t
solve the problem of electrization. To solve it in the
framework of the simplest model of equation (25), it is
necessary for it not to be finite, but rather differential.
This is achieved, for instance, by taking into account
the diffusion currents (~∇ρ) or convection (ρυ ~ E’υ).
However, under hydrostatic conditions and neglect of
diffusion currents, there is another possibility, i.e., the
separation in the formula for σ, the “charged” compo-
nent kρ, where k is the mobility of carriers by determin-

E x( ) E0 1
al
2
----- x

l
-- 1–⎝ ⎠

⎛ ⎞+⎝ ⎠
⎛ ⎞ E0

1
al
2
----- x

l
-- 1–⎝ ⎠

⎛ ⎞–

--------------------------------≅ ≅

σ σÌe
α E EÌ–( )

, E EÌ>=

σ F E( ),∼

σ E( )E j const= =

ing ρ ≠ 0 (k+ at ρ > 0 and k– at ρ < 0) and assuming the
relationship [15] 

(26)

where σ0 is the constant “background” conductivity
(under the conditions of ρ = 0). Incidentally, formula
(26) is used at solution of relaxation problems [16], as
well as under the conditions of corona discharge [3]
when the second addend in (26) gives gas conductivity
(unipolar discharge), the first one being negligible.

Substituting (26) into (15), we obtain 

(27)

Expanding the fraction into factors 

we find 

Taking into account ∇  = 0, we obtain the general
solution for classic symmetries of fields 

(28)

where  ≡ /j – ort are the current density vectors; 
is the arbitrary vector function; and n = 1, 2, 3 for plate,
cylinder and sphere symmetries of the electric field,
respectively.

In the case of the parallel-plate capacitor, from (28),
we find 

(29)

Taking the known charge density on the anode 

(30)

from (29), (30), we obtain

(31)

where 

(32)

At β � 1, the solution of (31) has the form 

(33)

σ σ0 kρ+ σ0 εkE',+= =
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Fig. 2. Relationship θ(ξ). 0 – θ = exp(–1000x), (1–3) β =
0.1, 1.0, 10.
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Similar falling dependences ρ(x) take place at other β
as well, drop accelerating with the growth of β (Fig. 2).
Note that according to (33), the charge sign is defined
by the sign of ρ0, so formulas (31)–(33) are true for the
cases of both homo- and heterocharges.

From (33), we find distribution E(x),

(34)

where E0 = E(x)|x = 0 on the anode.

Relationships (33) and (34) have near-electrode
characters, as the initial prerequisites themselves are as
follows: at the counter-electrode, similar phenomena
should occur but with the opposite sign, whereas the
mobility coefficient does not incorporate the change of
sign as the counterelectrode is approached.

In other dependences (see below) there are similar
exponential regularities; only the characteristic thick-
nesses differ in the near-electrode layer. This model is
preferential to δρ ~ j, as it explains the effect of charge
formation penetration into the depth of liquid as the dis-
charge current grows.

5.2. Diffusion mechanisms and models of electri-
zation (D ≠ 0). Separation of two subclasses of electri-
zation mechanisms is fundamentally important, as at
conductive electrization (D = 0, j ≠ 0), where the cur-
rent disappears in the outer circuit, the effect itself dis-
appears. At the same time, the electrization (steady) of
the interelectrode space of the capacitor is possible
when it is switched off from the power supply, which is
understood to have been previously charged. We are
dealing with an antagonism between two processes,
i.e., the polarization of free charges and their outflow
due to diffusion. Let us consider this case.

5.2.1. Electrization in the absence of external cur-
rent. This case is realized at small external voltages
(under critical) that are insufficient to activate charge
carriers. Substituting j± = 0 into (8), j = j+ + j– = 0 and,

accounting for  = –∇ϕ, we obtain the distribution of
space charges as follows: 

(35)

Taking into account the Einstein relation 

(36)

where ϕ0 ≡ kBT/l is the constant and depends only on
temperature, at T = 300 K, for ϕ0 ≅ 2.6 B, we find 

(37)

E x( ) E0

δρρ0

ε
----------- 1 e

x
δρ
-----–

–
⎝ ⎠
⎜ ⎟
⎛ ⎞

,+=

E

ρ± ρ0
±e

k
±ϕ

D
±---------±

; ρ0
± ρ± ϕ( ) ϕ 0= .= =

k±
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q±

kBT
--------- 1

ϕ*
------≡ ez±

kBT
---------

z±

ϕ0
-----,= = =

ρ ρ+ ρ–– 2ρ*
ϕ

ϕ*
------sinh ; ρ* ρ*

± .≡–= =

Having the solved Poisson equation, we obtain the
distribution of the electric field as follows:

(38)

This evidently is the heterodistribution of type 3 (see
Fig. 1) with a rather sharp near-electrode that falls at
ϕ/ϕ∗ � 1. The heterocharge layer is narrow and dense,
actually shielding the entire interelectrode space.

This electrization can be called low-voltage (for the
lack of current), which completely agrees with the
Boltzmann distribution (35) of charged particles in
potential energy, and equations for current themselves 

express the condition of dynamic equilibrium between
through conduction current (the first addend) and diffu-
sion current (the second addend). Hence, the physical
essence of diffusion electrization becomes clear;
removing diffusion (D± = 0), we obtain ρ± ≡ 0 ⇒ ρ ≡ 0.

5.2.2. Approximation of electroconductivity con-
stancy (σ = const; j ≠ 0). High-voltage polarization is
attended by the electric current, which should favor
widening the areas embraced by charge formation. One
of the approximations that can help to explain the rea-
sonably specific cases of electrization is the assumption
in the first equation (11) that σ = const. This approxi-
mation can be partly substantiated by the fact that in the
same equation, the diffusion term is accounted for as
the “compensating” factor that makes the equation dif-
ferential (see 5.1.3) and approximation σ ≈ const agrees
with the frequent assumption that, for instance [1], ρ+ +
ρ– � k|ρ+ – ρ–|, that is, σ ≅ σ0 = const, which can be bro-
ken in nonuniform and sharply nonuniform (corona
discharge) fields.

By implying some averaged constant value with
account taken for the second one in the first equation of
(13) under σ, we obtain the following equation for E
with initial conditions: 

(39)

where 

(40)

As is seen from (39), solution E(x) is even in relation
to the layer middle x = l and takes the form 

(41)
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We express the voltage in the layer middle E0
through the capacitor plate potential (±U) according to
the initial conditions (13) for 

(42)

Then, 

(43)

Substituting (43) into (41), we finally find 

(44)

where it follows that (a) j = σ  ⇒ E(x) = const is the

trivial case of electrization absence; (b) j < σ  is the

case heterocharging, curve 3, Fig. 1; and (c) j > σ  is
the case of homocharging, curve 4, Fig. 1. The electri-
zation processes are accompanied by the breaking of
Ohm’s law in the last two cases.

The physical meaning of these regularities is rather
simple. As follows from the equation for current den-
sity, 

(45)

in case (a), the diffusion current is absent and, conse-
quently, ρ ≡ 0, E = , thereby justifying the name
“electrization mechanism.” Condition (b) being ful-
filled, the heterocharge diffusion current is directed
oppositely to the conduction current jσ = σE, decreas-
ing it (the sign “–” in (45)), which reflects this very con-
dition. In case (c), the currents of conduction and diffu-
sion coincide in their directions, that is, j > σ . Thus,
in the case of heteroelectrization, the diffusion current
is subtracted from the conduction current, but at homo-
electrization, on the contrary, it is shown in the second
equality (45).

Peculiarities are observed also for the sign of the
second derivative E''(x) in (39).

5.2.3. Account of σ ≠ const, at j+ = const ≠ 0; j– =
const ≠ 0, j+ – j– ≡ δj = const. The third equation of set
(13) is integrated and, as a result, 

(46)

Substituting (46) in to the first equation of (13) leads
to the main equation 

(47)

with initial conditions (39).
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We bring this equation to the dimensionless form 

(48)

where the following notations are introduced: 

(49)

Equations (47), (48) of Painleve type [17] and, at j+ =
j– = const ≠ 0, that is δj = 0 ⇒ π2 = 0, the separation of
variables and exact integration through elliptic integrals
are permitted. The solution thus obtained can serve as a
standard for comparisons with other approximations, in
particular 5.2.2, as well as those obtained by different
methods, for instance, expansion into a Tailor series.
Therefore, we will present these solutions beginning
with the exact one.

(a) Exact solution. Given, in (48), that π2 = 0, we
obtain 

(50)

Having integrated taking into account the initial
conditions, we find 

(51)

where 

(52)

Notice that parameters π1 and a can also assume
negative values. According to Descartes’ rule, square
brackets of (51) admit only one positive root; denoting
it η ≡ α > 0, we obtain 

(53)

Substituting (53) into (51) and dividing the obtained
expression by η – α, we find expansion of (51) into fac-
tors 

(54)
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With the help of (53), it is easy to make certain that the
expression in square brackets (54) is positive; therefore,
the sign of the entire right part of (54) is determined by
the sign of the product

(55)

as η'2 > 0. The solutions of this inequality are as fol-
lows: 

(56)

and 

(57)

As η(1) = 1, it follows from (56) and (57) that relation-
ship η(ξ) is convex at α > 1; consequently, in this case,
electrization is homopolar (see Fig. 1, curve 4) and het-
eropolar at α < 1(see Fig. 1, curve 3).

Dividing variables in (54), we obtain 

(58)

The integral on the left is elliptic of the 1st kind, i.e.,
F(ϕ, k), and, according to [18], 

(59)

where λ ≡ 1 – ξ is the coordinate, counted from the mid-
dle (x = l) to the left to the anode (x = 0), k and ϕ are
module and argument of the integral F(ϕ, k), defined by
equalities [18] as follows: 

(60)

(61)

From the first expression of (60), we find formula 

(62)

which, along with the previous ones, gives a complete,
exact solution of problem (50), root α (51) being deter-
mined according to the values π0, π1, π3, i.e., a and b,
then m and n can be found, followed by p and q from
formulas (61). Subsequently, k becomes known from
the second formula of (60). Knowing k, prescribing λ,
and beginning with zero, from tables F(ϕ, k), we found
the corresponding values ϕ and, from formula (62), we
finally obtained η(ϕ). We solve the same problem
approximately.
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(b) Approximate solution. As the initial conditions
and the equation itself are given, the simplest approxi-
mate solution can be obtained by expansion into the
Tailor series and coefficients can be obtained by the
equation-differentiation method (unlike the method of
undetermined coefficients) as the resultant series
occurs based on the differences (ξ – 1) between even
powers, i.e., 

(63)

due to the fact that problem (50) has a deliberately even
solution.

Then, 

(64)

(c) Comparison of solutions. To estimate accuracy
and to approve the approximated solutions (44) and
(63) we compare them with exact one (62) by the
numerical example.

By exact formula (62). We assume π∗/π0 = 0.1;
π3/π0 = 0.55; π0 = 1. Initial equation (50) is η'' = η3 –
0.90η – 0.55; a = 2(π∗ – π0)/π0 + 1 = 2π∗/π0 – 1 = −0.80;
b2 = 4 × 0.55 = 2.20 and the equation for α is (53), 

(65)

The exact solution by (62) is as follows: 

(66)

We find the angle ϕ from (59) as follows: 

(67)

Using the values of 0 ≤ λ ≤ 1 and Table F(ϕ, k) [19],
we find ϕ; then, from formula (66), we find (ϕ) (see
Table 1, row 3).

By approximate formula (63). Substitution of
numerical values (64) into (63) results in the calculat-
ing formula 

(68)
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The results are presented in Table 1, row 4.
By exact formula (44) of approximate equation

(39). We bring (44) to the dimensionless form, intro-
ducing notations (49). We obtain 

(69)

in numbers η(λ) = –4.50cosh(0.32λ) + 5.50. The
results are presented in Table 1, row 5.

In Fig. 3, diagrams of the respective relationships
are presented that show that we have homocharge dis-
tributions, exact solution  yielding the largest density
of near-electrode charge, while η* yields the least one,
which appears to be due to the smoothing of depen-
dence ρ(x) in the approximation of σ ≅ const. Thus, the
approximated solutions both with assuming σ = const
in exact equation (39) and at expansion into series in
difference ξ – 1 (formulas (63), (64)) lead to acceptable
results. Particularly at this initial stage of research, the
approval of the last case is very important, as the
method of Tailor-series expansion is fairly universal
and can be applied to the complicated variants of the
problems.

Curves 5–9 and, especially, 7–9, i.e., bipolar struc-
tures, have not been reflected in the examined models.
In the framework of the equilibrium class, case π2 ≠ 0
remained unconsidered and evidently cannot result in
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η

symmetrical solutions of the mentioned type. Neverthe-
less, we examine the last equilibrium mechanism δj =
const ≠ 0 and again, R = 0.

(d) Unsymmetrical case δj = const ≠ 0. Approxi-
mated solution. Expand the solution into a Tailor series
accurate to (1 – ξ)4 as follows: 

(70)

where according to the previous results, 

(71)

Passing to variable λ = 1 – ξ, from (70), (71), we find 

(72)

As one would expect, the asymmetry factor is coef-
ficient B ~ δj.

We find, in the range (semilayer) 0 < λ < 1, the fol-
lowing extremums (72): 
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and its roots in addition to the zero one 
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Under conditions

(75)

the following two positive roots λ+ > λ– exist: 
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Table 1.  Calculations of η(λ)

No. λ 0 0.2 0.4 0.6 0.8 1.0 δav

1 F(ϕ, 0.99) 0 0.35 0.71 1.06 1.42 1.77 –

2 ϕ0 0 20 37 52 63 69 –

3 1.00 0.99 0.96 0.89 0.77 0.64 –

4 1.00 0.99 0.96 0.91 0.84 0.73 –

5 η
*

1.00 0.99 0.96 0.82 0.85 0.77 –

6 0 0 0 0.02 0.09 0.14 4%

7 0 0 0 0.03 0.10 0.20 6%

η
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∆η̃/η
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Fig. 3. Relationships (λ), (λ), η*(λ).η η̃
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Let us consider the sign of the second derivative 

(77)

Hence,

(78)

where 

From the first relationship (75), it follows that, at
j+ > j–, that is, b > 0 ⇒ A < 0, and according to (78), at
the root value λ = λ+, we have the maximum and, at
λ = λ–, we have the minimum. Because η''(0) = A < 0,
λ = 0 is the point of the second maximum. A sample
form of diagram η(λ) (E(x)) is presented in Fig. 4,
which shows that in the semilayer near the anode, a
bipolar structure with a maximum is generated. The
appearance of the near-electrode bipolar structure
occurred due to a constant, but not zero, difference of
partial currents j+ – j–= δj ≠ 0. This fact suggests that
bipolar symmetrical and other structures should be
looked for in the class of nonequilibrium mechanisms
of electrization (R ≠ 0), that is, δj ≠ const.

5.2.4. The simplest nonequilibrium mechanism.
Consideration of the class of problems (R ≠ 0) is the fol-
lowing stage of research, yet let us examine the sim-
plest case R = const ≠ 0, not requiring special basis.

Then, we find δj by integration as follows: 

(79)

where

(80)

We look for symmetrical structures, then δj0 = 0 and,
in (48), instead of π2(1 – ξ), it should be written as 

(81)

Equation (48) becomes 

(82)

With an accuracy up to the fourth-order terms, 

(83)
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where 

(84)

Let us examine (83) for extremum as follows: 

(85)

Extremum points 

(86)

(87)

We consider the two following cases:

(a) A > 0 ⇔ π3/π∗ < 1 ⇒ B < 0 ⇔ j+(0) ≤ j–(0) ⇒
η(ξ±) = ηmax. In this case we have a bipolar (“two-
humped”) structure of type 8 (see Fig. 1) that is formed
against the background of heterodistribution 3 as it
should be at A > 0. On the anode j–(0) > j+(0), conse-
quently, negative ions are more active; therefore, they
disperse more quickly than positive ions. As a result,
the homocharge is immediately generated on the anode
on the general background of a heterocharge.

(b) A < 0 ⇔ π3/π∗ > 1 ⇒ B > 0 ⇔ j+(0) > j–(0) ⇒
η(ξ±) = ηmin. Here, we have a “two-pit” bipolar struc-
ture of type 9 (see Fig. 1) against the background of
homocharge formation at A < 0 (curve 4, Fig. 1). Fur-
ther analysis shows that in the following linear approx-
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Fig. 4. Relationship E(x) at δj = const > 0.
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imation for source function R(x) = a0 + a1x, we have a
distribution of type 5–7.

So, curves 1–4 could at least be qualitatively
explained in the framework of equilibrium, partly non-
equilibrium (curves 3, 4) mechanisms of electrization.
Curves 5–9 appear to be explicable in the simplest
approximations of source functions R(x) as constant or
linear.

Consequently, in general terms, all curves in Fig. 1
are qualitatively explained; thus, the prerequisite has
been created for further refinements and quantitative
investigations, including those utilizing computers.

6. Computer simulation of charge formation. The
method, program, and results of numerical simulation
of space charge generation processes in low-conducting
liquid dielectrics are presented in [20–22].

In our work, we created a program with a convenient
interface that allows one to conduct operative calcula-
tions and analyze the obtained results in an online
regime. However, specific calculations in accordance
with this program will be carried out at later stages of
research, as the above-examined analytical solutions
near completion. Computation of the current passage
and charge formation processes in the case of the cylin-
drical capacitor according to the previously debugged
program is an example of a numerical experiment.

6.1. Program for flat layer. One-dimensional
hydrostatic case is simulated, the liquid is assumed
incompressible and immovable, the temperature in the
bulk is constant, and variables depend on only one spa-
tial coordinate x, normal to electrodes, while the com-
puting origin corresponds to the anode.

The source function in the charge conservation law
is represented by formula (5) W – αn+n–, where W is the

dissociation by Fraenkel–Onsager1

and α is the recombination coefficient by Lanjeven, 

(88)

Here, ε is the relative permittivity. The complete set of
ion conductivity describing the charge formation pro-
cess can be rewritten in the form 

(89)

(90)

1 Some other notations, for instance “b±” instead of k±, that are
inherent in the program notation specificity could be met below.

W W0
2e3/2 E( )1/2

εε0( )1/2kT
------------------------- ,exp=

α
e b+ b–+( )

εε0
------------------------

2eb
εε0
---------.= =

∂n±*

∂t*
---------

∂
∂x*
--------- n±*v ±*( )+ W* α*n+*n–*;–=

∂2ϕ*

∂x*2
------------–

1
εε0
-------e n+* n–*–( );=

(91)

with the boundary conditions being written as follows: 

(92)

(93)

where in the right part of (92) and (93), there are coef-
ficients of the birth and death of ions on the electrodes.
Dependence of birth coefficients on field and of ion
death on the electrodes on near-electrode concentra-
tions can be taken into account in the program.

Set (88)–(93) is solved in dimensionless form. To
solve the set numerically, the implicit difference
scheme is provided, linearized, and solved by the sca-
lar-pass method. Computation finishing criterion is the
moment when the solution becomes stationary (current
density j = const).

The program BPNP for simulation of low-conduct-
ing liquids comprises a set of subprograms Matlab pro-
vided with an interface. The program has been tested
with MATLAB 7.0.1.24704 (R14) Service Pack 1.

The computation results are conserved in MATLAB
structures and the structure diagram building functions
are realized. The structures constitute a convenient con-
struction for the conservation of field distributions with
time.

To start up the program, it is necessary to start up
MATLAB, pass into the directory with a set of subpro-
grams (say, cd/path/to/bpnp), and set up the command
wrapper in Command Windows Matlab, which starts
up an intuitively intelligible interface.

The program interface (Fig. 5) is divided into the
following three parts (columns):

• problem parameters (preprocessor),
• solver parameters,
• solution of problem (postprocessor).
Characteristics of low-conducting liquid (values in

system SI) and some other parameters of the problem
are as follows:

• temperature (evidently, does not appear in the
complete system of EHD and is used to calculate the
diffusion coefficient by the Einstein formula (3))
[300]2;

• permittivity [4.4];
• medium low-voltage conductivity [1.76E-13];
• recombination (the value is calculated by Lan-

jeven formula) [switch off];
• alternating voltage (with the possibility to change

voltage) [switch off];

2 In brackets, [ ], the value at default is indicated.
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e
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• potential on the left electrode (if the alternating
voltage is switched off, the potential difference
between electrodes is given; in the case of switching on
the “alternating voltage” option, the function of chang-
ing voltage with variable t, say 1000 + 1000*cos(2*
3.14*t/50), is given) [1000];

• general number of iterations (the maximum num-
ber of iterations under the conditions of changing volt-
age is determined as the product of iteration number at
the prescribed voltage by the amount of steps to change
voltage) [5000];

• conditions (in the case of the current-voltage
characteristic (CVC) conditions, the program continues
the calculations at the given voltage until the system
achieves a steady state or exceeds the iteration limit)
[CVC]

• to demand convergence in iterations (if at some
voltage the solution does not achieve steady state, the
option being switched on the solution stops; otherwise,
it will continue until the iteration limit is exceeded and
then passes to the following value of voltage) [switched
off];

• iteration number with alternating voltage (itera-
tion number under the pulse mode before applying the
following value of voltage) [1].

Subsequently, the problem geometry is prescribed
and a one-dimensional problem is solved; the electro-
lytic cell length is the only parameter.

Liquid-ion parameters (of the first and third kinds).
Prescription of parameters of positive ions of the first
kind will be considered as an example:

• mobility [7.74E-10],
• valence [1],
• coefficients of birth on the anode [0], cathode [0],
• coefficients of death on the anode [0], cathode [0].
As the solver parameters, the following quantities

are prescribed:
• number of elements (total quantity of elements

and the size and shape of elements are preassigned in
the subprogram mesh.m) [1000],

• time range (a step by time in iterations) [0.1],
• parameter of convergence in time (given in per-

cents, for differences in solutions that are less than the
prescribed percent the solution is assumed to be becom-
ing steady) [0.01],

• birth coefficients depend on the field [switch off],
• dissociation coefficient depends on the field (the

value is calculated with Onsager formula) [switch off],
• introducing the third ion (at switching on the

option the equation is being solved for three ions)
[switch off].

Specific computations with this program are
planned for the following stage of research. We below
present as an example some results of an investigation

Numerical simulation of low-conducting media
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Temperature
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Fig. 5. The program interface.
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in accordance with a debugged program for the cylin-
drical layer.

6.2. An example of numerical experiment on sim-
ulation of charge formation process in the liquid
cylindrical layer.

The results of the process development at symmetric
birth of ions on the both electrodes at recombination
and dissociation are presented in Fig. 6.

The diagrams from left to right and from top to bot-
tom reflect the change dynamics in the concentration of
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Fig. 6. Solution for cylindrical system of coordinates.
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negative and positive ions, space charge, electric inten-
sity, total current density distribution and dependence
on time. The interelectrode distance is 0.01 and the
inner electrode radius is 0.001 m.

At the steady state, an asymmetry is seen in the
space charge distribution and the zero point is shifted to
the right relative to the interelectrode spacing center.
The field near every electrode has a dip relative to the
electrostatic value (without space charge). The total
current density on the inner and outer electrodes
becomes different, current growth rate changes. It
should be noted that total current density distribution
diminishes ~1/r with time.

Tests of the program by a comparison of the calcu-
lation results for unipolar injection in the case of coax-
ial electrodes with the theoretical solution are shown in
Fig. 7. The numerical solution agrees with theoretical
(classical) one with an accuracy of 0.6%.

The results of simulation of a ternary (three kinds of
ions) system are presented in Fig. 8. The current with
the presence of two kinds of positive ions passes into a
steady regime in two stages; initially, the current
passes, generated by high-speed ions; then, the current
grows due to low-speed ions.

It is particularly remarkable that in the steady state
(heavy curve), the intensity distribution in the cylindri-
cal layer also becomes “two-humped” as in the analytic

solution in 5.2.4. Thus, this distribution is characteristic
for nonequilibrium mechanisms of electrization. The
program allows one to simulate the pulse effect on the
cell and obtain current-voltage characteristics automat-
ically (Fig. 9).

Various distributions of the field in the interelec-
trode spacing can be obtained by varying the program
input parameters, including coefficients of the birth and
death of ions on the electrodes, dissociation coefficient
amplitude, potential difference between the anode and
cathode, ionic electrovalence, and mobility.

Thus, a numerical experiment in the form of an
algorithm for solving the nonlinear nonequilibrium
problem of the passage of electric current in low-con-
ducting liquid in hydrostatic approximation has been
realized. The influence of diffusion and migration cur-
rents, bulk and surface electrochemical processes, and
the dependence of the birth coefficient dissociation rate
on the electric intensity have been taken into account.
The programs for solving problems in the one-dimen-
sional case of the plane have been written in the Matlab
system. The programs have a convenient interface and
allow one to carry out calculations online, which is
planned for the future stages of investigation. The out-
come of computation with the debugged program for
cylindrical layer is presented as a numerical example.
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7. Electrization and Ohm’s law. We basically con-
sider the problems of electrization of low-conducting
dielectric (σ ≠ 0) and fulfillment of Ohm’s law on the
qualitative level of model (44), which, as was noted,
adequately and clearly explains the most frequently
encountered electrization types (curves 1–4, Fig. 1).

7.1. Connection of Ohm’s law with distribution
E(x). From (44) for current density we find (σ = σ0 =
const) 

(94)

where 

(95)

j σE x( ) µsinh Eµ υ x( )cosh–
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We bring expression (94) to the more compact form 
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where the notations 

(97)

are introduced.

The x, υ, coshυ variables' change intervals are pre-
sented in Table 2. Constant a > 1, and (µ) = 1. As

coshµ > a, then in the range (0; l), point x = x∗ exists in
which denominator (96) becomes zero; i.e., 
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Moreover, inequalities 
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exist. Averaging the equality derived from (81) and
applying the mean-value theorem, we write 

(100)

where 

(101)

From (100), (101) follows  = r(x∗) ≡ r∗ = 1, and
expressions (94) and (96) at x  x∗ lead to indetermi-
nacy of the type, which we expand to 

(102)

Thus, assuming that, in the discontinuity point ω(x),
in (96), the right term of equality (102), we remove the
discontinuity of this function.

It is noticed above that the quantity of the parameter
ω (ω = 1, neutral medium; ω < 1, heterocharge; ω > 1,
homocharge) can serve as the criterion of hetero- and
homocharging. It follows that r'(x∗) = 0 corresponds to
ω = 1, r'(x∗) < 0 corresponds to heterocharge, and
r'(x∗) > 0 corresponds to homocharge. The physical
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meaning of the considered characteristics can be fol-
lowed by the behavior of function r(x) ≡ E(x)/ .

1. ω < 1. From (96), taking into account (98), we
have the necessity of taking the following two subcases
into consideration:

(a) 0 ≤ x < x∗ ⇒ a – coshυ(x) < 0; then, 

(b) x∗ < x ≤ l ⇒ a – coshυ(x) > 0. In this case, 

2. ω > 1. We find (a) 0 ≤ x < x∗ ⇒ r(x) < 1; (b) x∗ <
x ≤ l ⇒ r(x) > 1.

These peculiarities become clear from Fig. 10.
7.2. Electrization type and the second Ohm’s law.

In the second Ohm’s law, the dependence of the current
on the interelectrode distance, which should be
inversely proportional at the “precise” fulfillment of
Ohm’s law, is implied.

It follows from Ohm’s differential law in form (96)
that the effective electric conductivity (let us denote it
as σf), defined as the proportionality factor between the

current j (or I) and mean intensity  ≡ U/l, has the form 

(103)

with the expression retaining the constant value at any
x from the range 0 ≤ x ≤ l.

Let x = 0 from the region (a). We obtain r(0) ≡ rs;
υ(x)|x = 0 = µ. Consequently, 
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Taking the derivative of this expression, we find 

(105)

In the case of heterocharges (curve 2, Fig. 10) rs > 1

(Es > ) and considering ψ'(µ) < 0, we come to the con-
clusion about (µ) > 0 in regards to the effective elec-
tric conductivity growth with the increase of interelec-
trode spacing µ ~ l that agrees with the experimental
data (Fig. 11b).

Similarly, for the second semi-interval, let (104) x =
l, from which we get 

Hence,

(106)

At heterocharging on the second interval, r(x) < 1 ⇒ r0 <
1; however, a'(µ) = (sinhµ/µ)' > 0. Consequently, by
(106),  > 0. Thus, on the entire interval 0 ≤ x ≤ l, in
the case of heterocharging, σf(µ) rises with the increase
of interelectrode spacing µ ~ l.

Similar analysis shows that for liquids possessing
the property of homoelectrization (r < 1 at 0 ≤ x < x∗

1
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and r > 1 at x∗ < x ≤ l, Fig. 10, curve 3) and the regular-
ity σf(µ) is opposite, i.e., σf diminishes with the growth
of distance µ, which also agrees with the experimental
relationships (Fig. 12b).

As for the dependence of the current intensity on
interelectrode spacing, it is directly proportional to σf
and inversely proportional to µ; I ~ σf(µ)/µ. At hetero-
electrization, σf(µ) rises with the growth of µ, although
it does so more slowly than the first power of µ,
(denominator of formula for I); therefore, the current
will diminish (Fig. 11a). In both cases, the current
intensity decreases with the increase of the distance
between electrodes. The found theoretical regularities
agree with the experimental ones (Figs. 11, 12).

CONCLUSIONS

1. Experimental investigations on electrization of
dielectric liquids under the effect of the uniform exter-
nal electrostatic field have been systematized. The
types of electrization have been ascertained.

2. The general problem of electrization has been
stated and a number of physical mathematical models
explaining the established types of electrization, such
as heteropolar, homopolar, unipolar positive, unipolar
negative, bipolar homostructures, and bipolar hetero-
structures, have been examined.
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Fig. 11. Leakage current and electric conductance versus
distance l characteristics in freon 113 at U = 500 V.
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Fig. 12. Leakage current and electric conductance versus
distance l characteristics in the mixture of butyl alcohol
with transformer oil at U = 600 V.
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3. A program of numerical simulation of ion con-
ductivity processes as applied to charge formation in
the liquid flat layer is presented.

4. Numerical experiment on the simulation of these
processes for the cylindrical symmetry of electrodes
has been carried out. It is established that for this case,
bipolar near-electrode structures are common.

5. The electrization problems in connection with
Ohm’s law have been considered and it is shown that it
is possible to establish the electrization type by the
dependence of the effective electric conductivity on
interelectrode distance; conductivity grows with the
distance between the electrodes in the case of hetero-
electrization and decreases at homoelectrization.

6. The conducted investigations can serve as a pre-
requisite for the solution of new EHD problems on sta-
bility of mechanical equilibrium (electroconvective
instability) and EHD flow development.
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INTRODUCTION

Analytical investigations of nonlinear waves on flat
and cylindrical charged surface of a viscous liquid and
nonlinear oscillations of charged viscous liquid drops
are of interest due to their numerous applications in
industry and technology [1–7]. Recent analytical calcu-
lations of nonlinear oscillations of a charged viscous
liquid drop [5–8] and the analytical calculation proce-
dure itself have shown that the results obtained are too
bulky for successful application. Therefore, it seems
efficient to simplify the procedure of these calculations,
using notions of the theory of the boundary layer in
connection with a periodically moving free liquid sur-
face [9] and to try to obtain less bulky final expressions
preserving, nevertheless, the basic information of the
exact solution.

It should be emphasized that in [9] the theory of the
boundary layer connected with a periodically moving
free liquid surface is described schematically; there-
fore, in the present consideration, the results obtained
by calculations in the boundary layer model are com-
pared with analogous results obtained in the exact
asymptotic calculation [10].

FORMULATION OF THE PROBLEM
OF CALCULATION OF LINEAR OSCILLATION 

FOR A VISCOUS LIQUID DROP

Let us take a spherical drop of an ideally conduct-
ing, incompressible, viscous, electrically conducting
liquid with a radius 

 

r

 

0

 

, mass density 

 

ρ

 

, coefficients of
kinematic viscosity 

 

ν

 

, and surface tension 

 

σ

 

, having an
electric charge 

 

Q

 

, oscillating axially symmetrically. Let
us study analytically the time evolution of oscillations
in the linear approximation by the initial deformation
amplitude. The entire study will be carried out in the
spherical system of coordinates 

 

r

 

, 

 

ϑ

 

, 

 

ϕ

 

 with the origin
at the center of mass of an unperturbed spherical drop.
Let us designate the liquid flow velocity field in the

drop connected to its oscillations by (

 

r

 

, 

 

ϑ

 

, 

 

ϕ

 

), the
appearing pressure field connected to the liquid move-
ment by 

 

p

 

(

 

r

 

, 

 

ϑ

 

, 

 

t

 

), the electric field potentials in the
vicinity of the drop and on its surface by 

 

φ

 

(

 

r

 

, 

 

ϑ

 

, 

 

t

 

) and

 

φ

 

S

 

(

 

t

 

), respectively. The equation of the oscillating drop
free surface is written in the form

(1)

The initial drop deformation is defined in the form of a
superposition of axially symmetrical modes

(2)

where 

 

ε

 

 is the perturbation characterizing the initial
deformation amplitude; 

 

h

 

n

 

 is the constant determining
partial contribution of a separate oscillation mode to the
initial deformation form; 

 

P

 

n

 

(

 

µ

 

) is the Legendre polyno-
mial; 

 

Ξ

 

 is the set of mode numbers, their superposition
determining the initial drop deformation.

It should be noted that in dimensionless variables,
wherein the surface tension coefficient, the drop radius,
and the liquid density are assumed to be basic units, the
liquid flow velocity field in the drop connected with its

oscillations (

 

r

 

, 

 

ϑ

 

, 

 

t

 

) and the pressure field 

 

p

 

(

 

r

 

, 

 

ϑ

 

, 

 

t

 

)
appearing at oscillations are first-order infinitesimals
with respect to the initial deformation amplitude 

 

ε

 

.

Mathematical formulation of the problem of calcu-
lating axially symmetrical capillary oscillations of a
charged viscous liquid drop, its form in the initial
moment of time determined by (1)–(2), in the linear
approximation with respect to 

 

ε

 

 has the form [10]

(3)

(4)

U

F r ϑ t, ,( ) r r0– ξ ϑ t,( )–≡ 0.=

t 0: ξ ϑ( ) hnPn µ( );
hn

r0
-----

n Ξ∈
∑ ε; µ= ϑ;cos≡

n Ξ∈
∑≡=

U

divU 0;=

∂tU
1
ρ
---grad p– ν∆U;+=
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(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

The symbol 

 

∂

 

t

 

 denotes the partial derivative with

respect to the variable 

 

t

 

;  and  are the unit vectors of
tangential and outward normals to the free drop surface
determined by ratio (1).

The exact solution of this problem for the 

 

n

 

th oscil-
lation mode taking part in the formation of the initial
drop deformation, found in the linear approximation,
has the form [10]

r 0: U 0; t 0: U 0;= =

∆φ 0;=

r +∞: ∇φ 0; r r0 ξ ϑ t,( ): φ+  = φS t( );=

n∇φ Sd

S

∫ 4πQ;–=

S r ϑ ϕ r, , r0 ξ; 0 ϑ π; 0 ϕ 2π≤ ≤ ≤ ≤+={ };=

r r0 ξ ϑ t,( ): ∂tF U∇( )F+ + 0;= =

τ n∇( )U n τ∇( )U+ 0;=

τ n∇( )U n τ∇( )U+ 0;=

p– 2ρνn n∇( )+ U
1

8π
------ ∇φ( )2– σdivn+ 0;=

r2 ϑsin rd ϑ ϕdd

V

∫ 3π
3

------r0
3;=

V r ϑ ϕ 0, , r r0≤ ξ; 0 ϑ π; 0 ϕ 2π≤ ≤ ≤ ≤+≤{ };=

rr2 ϑ r ϑ ϕdddsin

V

∫ 0.=

τ n

ξN t( ) hnaξn Sn
k( )( ) Sn

k( )t( );exp
k 1=
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Urn r t,( ) hn an Sn
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⎝
⎜
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+ bn Sn
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r
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jn χn
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⎠
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Sn
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(14)

where  is the k-fold root of the dispersion equation

Dn( ) = 0 and jn( r) is the modified spherical
Bessel’s function of the first kind [11]. Now let us try to
formulate the same problem in the boundary layer
notions and to find whether its solution is simplified
significantly and what its error is in comparison with
the exact solution.

SIMPLIFICATION OF THE PROBLEM
IN THE CONTEXT

OF THE BOUNDARY LAYER THEORY

It is well known [6–7, 12–13] that the viscous liquid
flow velocity field in both flat and cylindrical geome-
tries, as well as in a spherical one (for waves on a flat
liquid surface, on a jet surface, and on a spherical drop

pn
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surface) may be represented in the form of a sum of the
potential and vortex components:

(15)

where the index (p) corresponds to the potential move-
ment and (c) to the vortex one. To write the expression
for pressure in the liquid, it was taken into account that
according to [6–7, 13] in calculations of first-order
infinitesimals, the pressure in the liquid is wholly deter-
mined by the potential component of the velocity field.
This division of the velocity field into the potential and
vortex parts was used in [10] for finding exact solution
(14). Let us formulate the theory of the boundary layer
connected with periodical movement of a free liquid
surface as follows. We skip the equations describing the
potential part of the solution, which does not depend on
liquid viscosity, and simplify the problem part describ-
ing the vortex liquid movement.

Substituting (15) into continuity equation (3) and
linearized Navier–Stokes equation (4), we obtain the
equations describing the potential movement,

(16)

and the equations for the vortex component of the
velocity field written in scalar form,

(17)

(18)

(19)

One can easily see that in the system of three equa-

tions (17)–(19), only two unknown quantities  and

 are subject to definition. This means that one of
equations (17)–(19) must be neglected. To solve this
problem and obtain approximate equations describing
the vortex components of the velocity field inside the
boundary layer, we estimate individual terms appearing
in Eqs. (17)–(19). For this, let us take into account that
the vortex components of the velocity field as functions
of the coordinate r must appreciably vary on a charac-
teristic linear scale equal to the boundary layer thick-
ness δ, whereas as functions of the vectorial angle ϑ,
they must appreciably vary on a characteristic angular
scale equal to π. Therefore, to estimate individual vor-
tex terms, derivatives with respect to radial and angular
variables are evaluated on the basis of the ratios ∂r 
1/δ and ∂ϑ  1/π.
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⎛ ⎞ .=

Ur
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Uϑ
c( )

Estimating this and taking into account that a solu-
tion for a low-viscous liquid is shown, we find that in
the low viscosity asymptote, Eq. (18) must be neglected
and in Eq. (19) only two terms remain, their value
increasing at ν  0:

(20)

Equations (17) and (20) give us the desired system of
equations of the boundary layer in the vicinity of the
oscillating free surface of the viscous liquid drop.

As a result, we find that the system of equations
describing the dynamics of a charged low-viscous liq-
uid drop contains Eqs. (16), (17), and (20), as well as
boundary and initial conditions (2), (5), and (9)–(13).
Kinematic and dynamic conditions for tangential and
normal components of the stress tensor (10)–(11), con-
dition of constant volume (12), and condition of immo-
bility of the center of mass (13) remain unmodified.
Electrostatic problem (6)–(7) with condition of con-
stant charge (8), on the basis of which the electric field
pressure on the drop surface is calculated, is not modi-
fied either. One can easily see that, taking into account
simplifications allowable in the boundary layer model,
the initial problem of calculating linear oscillations of
the charged viscous liquid drop has been appreciably
simplified. Let us skip the procedure of finding solution
that is standard for problems of the kind described in
detail in [6–7, 10, 12–14]; we write a ready solution for
the problem simplified in the context of the boundary
layer notions for the nth oscillation mode taking part in
formation of the initial drop deformation:
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(21)
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One can see from comparison of (14) and (21) that
the solution found in the context of the boundary layer
theory is written much more simply and, therefore, it is
more convenient for postanalysis (at least, it does not
contain modified spherical cylindrical functions [11]).

Requiring the vortex movement damping into the
drop depth, decreasing its amplitude by a factor of e ≅
2.718 on a characteristic linear scale of the order of the
boundary layer thickness δ, we connect the characteris-
tics of the boundary layer thickness with the physical
characteristics of the problem in the form of the follow-
ing ratios:

(22)

The value of the Rayleigh parameter W = W∗ sepa-
rates periodic and aperiodic liquid movements in the
drop [15]. It is known (see, e.g., [15]) that, depending on
the mode number at any viscosity coefficient value dif-
ferent from zero, such a value of the Rayleigh parameter
W∗ exists that when at W < W∗ the drop surface can
move periodically, i.e., oscillate, and at W ≥ W∗ the drop
surface can move only aperiodically (Fig. 1). In this case
W∗ is sufficiently close to the critical value for realiza-
tion of the drop instability with respect to self-charge
Wcr = (n + 2), and the difference Wcr – W∗ tends to zero
at ν  0. When the Rayleigh parameter is in the range
of values W∗ < W < Wcr, i.e., when the free drop surface
makes aperiodic, though stable, movements, the vortex
movement penetrates deep into the drop at a significant
distance and the boundary layer theory is inapplicable
in this situation. For a low-viscous liquid, the range
W∗ < W < Wcr is very narrow, and the fact that in this

δ
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Fig. 1. Dependences on radial variable r of the difference between (23) and (24)—exact and approximate expressions for the velocity
vortex ∆Ωn built in dimensionless variables, where ρ = σ = r0 = 1 at n = 2, ν = 0.01, t = 4 (curve 1), t = 5 (curve 2), t = 6 (curve 3). The
vertical dot–dash line shows the boundary layer thickness determined by expression (22): (a) W = 0; (b) W = 4.1.
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range the vortex movement fills the whole drop volume
is apparently due to regularities of realization of insta-
bility of the liquid charged surface with respect to the
excess charge. According to [16], as the surface density
of the charge approaches the critical value for realiza-
tion of the free surface instability, the liquid under the
free surface becomes unstable with respect to the
appearance of convective type vortex movements in it,
even in the absence of temperature gradients.

COMPARISON OF THE OBTAINED SOLUTION 
AND THE EXACT ONE

To estimate the exactness of the calculation in the
context of the boundary layer theory, for calculating
oscillations of the charged viscous liquid drop, we com-
pare obtained solution (21) with the exact solution of
the system (14).

On the basis of exact solution (14), in the first-order
infinitesimal with respect to the amplitude of the initial
deformation of an equilibrial spherical drop, we find an
expression for the velocity rotor characterizing the
degree of vorticity of the velocity field:

(23)

Now let us find an expression for the rotor on the
basis of approximate solution (21) obtained in the con-
text of the boundary layer theory:

rotU r ϑ t, ,( ) Ωn r t,( )∂ϑPn µ( )
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Let us analyze the dependences of the expression for
the velocity vortex Ωn(r, t) on radial variable r at the
fixed time t = const, proceeding from expressions (23)
and (24) obtained in the exact theory and in the bound-
ary layer theory, respectively. Results of calculation by
(23) and (24) are given in Figs. 1 and 2. Detailed calcu-
lations show that the boundary layer theory approxi-
mates the exact solution well, only beginning from a
certain time t0 from which the roots of the dispersion

equation Dn( ) = 0 with numbers n ≥ 3 become insig-
nificant in expression (23). In the initial moment of
time t = 0, the modified boundary layer theory gives
larger deviations from the exact theory in a wide range
of r values, as one can see in Fig. 3. From the mathe-
matical viewpoint, appearance of the feature under dis-
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ξn
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cussion is due to the fact that in the exact theory, the
summation in expression (23) is performed over a large

number of roots of the dispersion equation Dn( ) = 0
until series (23) converges, and in the approximate the-
ory of the boundary layer, only one or two roots of the
dispersion equation are taken into account. In the phys-
ical sense, this is due to the zero initial condition for the
velocity field in the problem being solved: the full dis-
tribution of the liquid flow velocity field connected to
the drop oscillations is set up in the time range on the
order of the oscillation period.

One can see from Fig. 4 that the value of time t0,
beginning from which the boundary layer theory well
approximates the exact theory, is much less than the
time of damping of movement on the surface of the
drop and in its volume.

Sn
k( )

The fact that the boundary layer theory describes
real liquid movements in the drop only beginning from
a certain moment shows that on its basis it is impossible
to describe the boundary layer formation near the free
drop surface. For this description, one should apply
exact expression (23) for the velocity vortex. Assuming
the boundary layer thickness δ is the distance from the
free drop surface, where the vortex value described by
exact solution (23), decreases by a factor of e ≈ 2.718,
we denote the dependence δ = δ(t) in Fig. 5. In this fig-
ure, the point curve gives us the boundary layer deter-
mined in the modified theory by ratio (24). Analysis of
Fig. 5 shows that the boundary layer thickness near the
free drop surface determined by the exact solution at
small times increases and then remains nearly constant,
approximately equal to the boundary layer thickness
(24) determined in the modified theory.

1
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One can see from Fig. 5 that the time of formation
of the boundary velocity layer near the viscous liquid
drop surface is small in comparison with characteristic
times of viscous damping of the drop surface oscilla-
tions and it is approximately equal to the oscillation
period in the range of stability or to the reciprocal of the
instability increment at W ≥ Wcr.

Thus, the analysis of the exactness of the boundary
layer theory shows that at t ≥ t0, the boundary layer the-
ory describes the real vortex liquid movement in the
drop highly exactly. If the liquid viscosity is a small

value, the vortex components proportional to (r, t)

~ ν and (r, t) ~  appear to be small values in
comparison with large-scale potential liquid movement
in the drop. All this leads to the fact that liquid velocity
projections on the unit vectors of the spherical system
of coordinates, determined taking into account the
potential and vortex components at a low viscosity of
the liquid, in the boundary layer theory and in the exact
theory differ insignificantly, as one can see in Fig. 5.

CONCLUSIONS

A simpler mathematical model of the problem of
calculating charged drop oscillations in the boundary
layer model leads to results differing from exact ones
by a few percent. This is encouraging as regards appli-
cation of the boundary layer theory for calculating
bulky problems of nonlinear oscillations of charged
drops in external force fields.
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INTRODUCTION

It is known that cathode sputtering is one of the
important effects involved in the glow discharge burn-
ing under pressure with metal electrodes. This effect is
also observed in the case of atmospheric pressure glow
discharge, electrolyte solution being a cathode [1].
Such a process can be called solution nonequilibrium
evaporation under the action of ionic bombardment.
The kinetics of this process is virtually not studied;
meanwhile, one might expect that the transfer of solu-
tion components into plasma zone can significantly
affect both the physical properties of the discharge and
the chemical transformations initiated by it. In this
work, the kinetics of cathode sputtering of the electro-
lyte aqueous solution was investigated by the weight
method.

EXPERIMENTAL

Figure 1 is a schematic diagram showing the princi-
ple of the operating plant. Solutions KCl 0.01 mol/l and
Na

 

2

 

SO

 

4

 

 0.1 mol/l are used as working electrolytes. The
cell’s working volume comprises 50 ml. The cell is
placed on EK 300 i electron scales, which permit
objects to be weighed with an accuracy of 0.01 g. Poten-
tial electrode (anode) is mounted above the electrolyte
solution surface at a distance ranging from 1–2.5 mm,
the initial value of which is fixed with a precision of
0.1 mm. Wire made of stainless steel or platinum with
a diameter about 0.5 mm serves as anode material. The
grounded electrode (cathode) is immersed in the solu-
tion, not touching the wall or the bottom of the cell,
with an aim to minimize the influence of the outcome
of weighing.
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 A schematic diagram showing the principle of the
operating plant. (
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) Autotransformer; (
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) high-voltage recti-
fier; (
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) ballast resistor; (
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) a device with micrometer screw
to regulate the anode position; (
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) anode; (
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) a cell with elec-
trolyte solution; (
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) electron scales; (
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) cathode; (
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) milliam-
meter; (
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) computer.
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 The solution-mass change versus discharge-burn-
ing time at different initial distances between electrodes.
Solution Na
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SO
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, concentration 0.1 mol/l, discharge cur-
rent, 10 
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The possible influence of surface tension at the solu-
tion–cathode metal interface at the outcome of weigh-
ing is checked experimentally. Such influence has not
been detected when thin wire made of stainless steel or
platinum is used as a cathode. The experiments were
conducted at weak discharge currents (7–10 mA). Sta-
bilized voltage source BP-0.25-2 allows one to carry
out tests with currents of up to 100 mA and voltages of
7–8 kV. Ballast resistor 80 k

 

Ω

 

 provides stable discharge

burning at weak currents. As a rule, the solution treat-
ment duration is 20 min. The solution mass change dur-
ing discharge burning is noted at 20-s intervals.

RESULTS AND DISCUSSION

To take into account the contribution of the solvent
quasi-equilibrium thermal evaporation to the process
under investigation, the control of the mass change in
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 Quadratic approximation of the time change of the
solution mass. Solution Na
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 The solution mass change in the course of discharge
burning, described by a quadratic polynomial at different
initial distances. (
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current, 10 mA.
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 Solution nonequilibrium evaporation rate change
under the action of glow discharge, described by cubic
polynomial at different initial inter-electrode distances.
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 Comparison dependencies of mass changes of solu-
tions Na

 

2

 

SO

 

4

 

 and KCl at different discharge currents and
initial inter-electrode distances. (
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) 2.0 mm for solution
Na
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, concentration 0.1 mol/l,
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 = 10 mA; (
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) 2.0 mm
for solution KCl, concentration 0.01 mol/l, 
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, concentration 0.1 mol/l,
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) 1.0 mm for solution KCl, concentration
0.01 mol/l, 
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 = 7 mA.
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the cell with solution was performed to find the solvent
evaporation rate before the firing of the discharge and
after its extinguishing. The types of relationships
obtained are illustrated in diagrams in Fig. 2. As is evi-
dent from the presented data, rates of quasi-equilibrium
and nonequilibrium evaporations differ in their orders
of magnitude, so that the contribution of quasi-equilib-
rium evaporation does not radically change the result.

Initial experimental-data handling shows that the
transfer-process rate, determined as the time derivative
of the cell mass, changes during discharge burning and
substantially depends on the distance between the
metal anode and the solution. As is obvious from the
data in Fig. 3, the solution-mass change with time is
actually approximated rather well by the quadratic
dependence, which is within the boundaries of the
experiment limited time; the transfer rate grows
approximately linearly with time of the solution treat-
ment.

Clearly, long-term discharge burning should result
in the attainment of a steady transfer rate. A direct
experimental evaluation of this rate appears to be diffi-
cult since the discharge burning is greatly prolonged,
resulting in increases in the spacing between electrodes
and changes in the discharge parameters, including the
stability. However, it is possible to recognize the ten-
dency to attain the top transfer rate by approximating
the initial kinetic curves through using a third-degree
polynomial and differentiating the obtained fitted

curve. The results of handling of experimental data in
such a way for some conditions of the experiment are
exhibited in Figs. 4–6.

The transfer rate versus the discharge-burning time
characteristics, which were obtained on the basis of
these data at different interelectrode spacings, are
shown in Fig. 7.

The transfer coefficient, defined as the relation of
water-molecule flow from the solution into the gas phase
to positive-ion flow from the plasma on the solution sur-
face. As is evident from the above experimental data, the
transfer coefficient grows during discharge burning. Esti-
mations of the initial and final values of the transfer coef-
ficient for two different experimental conditions are pre-
sented in the table. These data agree well with those
obtained previously by the volumetric method [2]. It
should be noted that during the search for these coeffi-
cients, it was suggested that due to the low concentration
of the solutions, their mass change was governed by vir-
tually only carrying the solvent away. As the data exhib-
ited in the table show, the coefficient of solvent transfer
from the diluted solutions hardly depends at all on their
composition. Notice the large values of the coefficients
found that exceeded the coefficient of cathode sputtering
in the glow discharge under pressure with metal elec-
trodes by a factor of 100 [3].

Experimental data on the solvent transfer nonequi-
librium coefficients are presented for the first time in
this work. As the results show, the transfer coefficient is
not a constant and grows with the rise of irradiation
dose and increase of interelectrode spacing.
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INTRODUCTION

Discharge–pulse technologies have a long history of
application in various fields, such as clearing of cast-
ings from cores, cleaning of perforation of oil- and
water wells, modification of melt crystallization condi-
tions in a ladle, vibration-pulse pressing, intensification
of chemical engineering processes, etc. [1–6].

The operating element in these technologies is an
electric discharge chamber of various constructions,
wherein an electric breakdown of water occurs with
subsequent hydrodynamic impact on the treated mate-
rial.

Distilled water was usually used as a working
medium. Engineers developing technologies of this
kind concerned themselves only with the electrophysi-
cal water properties providing stability of the discharge
and its energy efficiency.

Recently, there have been new developments in this
field where a spatial coincidence of a working medium
and a treated material takes place. Among them there
are such processes as clearing of flax fiber from
encrusting matter, clearing of diamond sinters from
metals–catalysts, bleaching of flax wool, disinfection
of potable water, chromium-containing sewage purifi-
cation, and obtaining of fullerenes [7–9].

The aim of the present work is to study chemical
reactions proceeding during an electric discharge in
water and aqueous solutions of inorganic substances
and to determine the nature of physicochemical trans-
formations and possibilities of controlling them.

Due to a complex of various physicochemical fac-
tors during an underwater electric explosion, it is clear
that studying the change of chemical reactant proper-
ties in situ is impossible; therefore, the change in sub-
stance reactivity was estimated by indirect data.

EXPERIMENTAL

Substances used in specific discharge-pulse technol-
ogies were selected as the object of investigations:
ammonium nitrate (NH

 

4

 

NO

 

3

 

) as a basic reactant of the
working medium for the clearing of diamond sinters
from metals–catalysts [7], potassium iodide (KJ) as a
reactant for determining the degree of cavitation pro-
cesses in the electric discharge conditions [8], calcium
hypochlorite (CaClO) as a reactant of the working
medium in the discharge-pulse technology of flax wool
bleaching [9].

The experimental setup for the investigations (Fig. 1)
contains the following: a charging unit (CU) consisting
of a RNO-250-5 autoconnected transformer, a OMTV–
5/50–

 

U

 

4 rectifier–transformer and a charging resistor
(two 

 

KEV

 

–40–2.4 m

 

Ω

 

 resistors connected in parallel),
a bank of capacitors (C), an air gap (AG), and a dis-
charge chamber (DC).
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 Scheme of the experimental setup: EO—electron
oscillograph; AG—air gap; VD—voltage divider; WC—
working chamber; C—bank of capacitors; CU—charging
unit; S—shunt.



 

348

 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 43

 

      

 

No. 5

 

      

 

2007

 

YUSHCHISHINA et al.

 

The DC had a volume of 5 l (Fig. 2), was made of
stainless steel, and contained an electrode system of the
point–plane type.

The experiments were carried out with variation of
the electric parameters: operating voltage, capacitance
of the bank of capacitors, and frequency of pulse repe-
tition, the energy in a pulse being from 300 J up to 3 kJ.

RESULTS AND DISCUSSION

In an underwater electric explosion in distilled
water, many physicochemical processes take place,
changing the electrophysical properties of water. The
reason for these changes is decomposition of water
molecules due to both the homolytical break of bonds
between oxygen and hydrogen atoms and heterolytic

break. In the first case, radical particles ( , O , )H
.

H
.

O
.

 

are formed, and in the second, case hydronium (H

 

3

 

O

 

+

 

)
and hydroxyl–ions (OH

 

–

 

) appear. These processes are
proved by various oxidation–reduction reactions,
resulting in the formation of hydroxides of iron, alumi-
num, titanium, and metals for electrode preparation and
leading to a decrease in the pH of the medium from 6.6
to 5.6.

In order to determine the degree of oxidation power
of the working medium in an underwater electric explo-
sion, we have studied the reaction of potassium iodide
oxidation during treatment of its aqueous solution by
underwater electric discharges. It was preliminarily
found that factors of an electric explosion, such as the
working medium heating up to 60

 

°

 

C, pulse photolysis,
pulse electrolysis, and the acoustic (ultrasonic) compo-
nent of the discharge, individually do not significantly
influence the reaction of the formation of free iodine
[10]. Figure 3 shows the dependence of iodine forma-
tion on the pulse number in the electric discharge treat-
ment of a potassium iodide aqueous solution with a
concentration of 1g/l. One can see that under the influ-
ence of electric discharge, the accumulation of molecu-
lar iodine takes place; that is, the oxidation–reduction

 

Fig. 2.

 

 Working chamber with an electrode system of the
point–plane type.
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 Dependence of the evolved J
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 concentration on num-
ber of the electric discharge pulses.
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Fig. 4.

 

 Dependence of the flax wool whiteness parameter: (a) on bleaching powder concentration without the electric discharge
treatment (treatment duration is 60 min, the solution temperature is 60–80

 

°

 

C) and (b) on the number of pulses at a bleaching powder
concentration of 2%.
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process occurs, where oxidants are active particles of
the water medium:

2J

 

–

 

 + [ ] + H

 

2

 

O  J

 

2

 

 + 2OH

 

–

 

.

The observed decrease in the concentration of
evolved iodine at a great number of pulses (>5000) may
be due to its interaction with fine particles of the eroded
metal of the electrode. Thus, these results prove the for-
mation of oxidant particles in the electric breakdown of
water.

The reason for the increase in the oxidation power of
the working medium containing ammonium nitrate in
underwater electric discharge is the same as the appli-
cation of this reactant in the process of clearing of dia-
mond sinters from metals–catalysts [7]. Here may take
place both an additive effect from the contribution of
active water particles and an additional activation of the
molecules of ammonium nitrate itself due to the
homolytical breaking of bonds and the formation of

more active radical particles (N ). The experiments
were carried out with application of nickel–manganese
catalysts; the degree of their solubility was determined
by the photocolorimetric method (

 

äîä

 

-2) by the for-
mation of ammoniac complexes of nickel and manga-
nese and by the SEM method (Superprobe-733 scan-
ning electron microscope, Jeol, Japan) in characteristic
rays K

 

α

 

Ni. It is shown that an almost complete solubil-
ity of metals–catalysts is achieved only under the
simultaneous influence of the chemical reactant and the
underwater electric discharge on a diamond sinter. The
electric discharge treatment of diamond sinters in dis-
tilled water, as well as their dissolution in ammonium
nitrate without discharge, does not allow achieving the
same level of procession of the metal–catalyst dissolu-
tion reaction.

One more confirmation of the increase in the oxida-
tion power of the working medium in an underwater
electric discharge is the process of flax wool bleaching
with application of bleaching powder as a chemical
reactant [9]. Figure 4 shows the dependence of the
whiteness parameter of flax wool on the concentration
of bleaching powder during treatment (a) without addi-
tional intensification of electric discharge and (b) with
application of underwater electric discharge.

Comparison of the conditions for these processes
shows that during simultaneous application of the elec-
tric discharge treatment and the chemical reactant, it is
possible to significantly decrease the technological
time of the process, the concentration of the chemical
reactant, and the temperature of the working medium.
The observed electric discharge activation of the flax
wool bleaching process is apparently caused by the
same reasons as in the case of ammonium nitrate: acti-
vation of the molecules of the chemical reactant itself

and influence of oxidant particles from water on the
treated material.

Thus, the investigations prove that in an underwater
electric discharge, chemically active particles and/or
substances possessing oxidation power are formed.
Under the influence of electric discharge on solutions
of inorganic substances, activation of the latter occurs,
resulting in an increase in the observed oxidation
power. These data should be taken into account in the
development of discharge—pulse technologies, where
a coincidence of the working medium and the treated
material takes place.
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INTRODUCTION

For restoration of the fluid influx in water and oil
wells, electric discharge immersion installations (EDII)
are applied [1]. The essence of the process is as follows.
As the EDII is lowered into a well filled with a liquid,
in the electrode system (ES), the EDII realizes a high-
voltage pulse breakdown of the liquid, causing excita-
tion of pressure waves, a pulsing vapor-gas cavity influ-
encing the polluted filter part of the well, purifying it.

It is known that operational efficiency of the ES and
the installation as a whole depends on the properties of
the liquid and the conditions in the well [2, 3]. Such
intrawell conditions are possible when prebreakdown
energy losses achieve more than 50% of the stored
energy; in addition, the efficiency and stability of dis-
charges decrease. To overcome these obstacles, ESs of
the closed type (CESs) are applied [4, 5]. The differ-
ence between a CES and an open ES is the presence of
a liquid-impermeable but acoustically transparent shell.
It protects the internal ES cavity from the external
medium. The cavity is filled with a working liquid hav-
ing optimal specific electric conductivity that allows
discharge stabilization and decreasing energy loss to
10% or less.

PROBLEM ANALYSIS

Let us take the efficiency of the process of sequen-
tial transformation of electric energy in the CES into
the energy of force action on an object of treatment

 

η

 

TOT

 

 and represent it in the form of the product of the
efficiencies of four stages of energy transformation:

 

η

 

TOT

 

 = 

 

η

 

PP

 

η

 

EL

 

η

 

AC

 

η

 

TR

 

, (1)

where 

 

η

 

PP

 

 is the efficiency of energy transformation
during the formation of the discharge channel; 

 

η

 

EL

 

 is

the efficiency of the capacitor electric energy transfor-
mation into the internal energy of the discharge channel
during first half-period of the discharge current; 

 

η

 

AC

 

 is
the efficiency of the discharge channel internal energy
transformation into pressure wave acoustic energy; and

 

η

 

TR

 

 is the efficiency of acoustic energy transfer through
a transferring medium to the object of treatment.

As was already mentioned, in the CES, the pre-
breakdown energy losses decrease; this favors an
increase in energy transformation efficiency during for-
mation of the discharge channel, 

 

η

 

PP

 

:

(2)

where 

 

W

 

0

 

 = 

 

C

 

/2 is the initial stored energy in the
reservoir capacitor, J; 

 

C

 

 is the capacitance of the reser-
voir capacitor, 

 

Φ

 

; 

 

U

 

0

 

 is the voltage of charging the res-
ervoir capacitor, V; 

 

W

 

PP

 

 are the prebreakdown energy
losses, J.

The efficiency of the transformation of capacitor
energy into the internal energy of the discharge channel
in the first half-period of the discharge current [6] dur-
ing which the acoustic (shock) wave is formed is deter-
mined as

(3)

where 

 

A

 

 is the spark constant (

 

A 

 

= 0.25

 

 × 

 

10

 

5

 

 V

 

2

 

s/m

 

2

 

 for
initiated discharges; 

 

A

 

 = 10

 

5

 

 V

 

2

 

s/m

 

2

 

 for uninitiated
ones); 

 

l

 

IE

 

 is the length of the interelectrode space, m;
and 

 

L

 

 is the inductance of the discharge circuit, H.

ηPP

W0 WPP–
W0

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

U0
2

ηEL

πAlIE
2

U0
2ηPP LC

---------------------------
⎝ ⎠
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⎛ ⎞

,=
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The efficiency of the transformation of the energy of
the discharge channel into pressure wave acoustic
energy [7] may be expressed by the formula

(4)

where 

 

c

 

0

 

 is the sound velocity in the unperturbed liquid,
m/s; 

 

ρ

 

0

 

 is the liquid density, kg/m

 

3

 

; and 

 

τ

 

 = (1 +

)

 

π

 

 is the duration of the first half-period of the
discharge current, s.

Let us determine the efficiency of acoustic energy
transfer through a transferring medium to the object of
treatment 

 

η

 

TR

 

 according to the equation

(5)

where 

 

W

 

AC1

 

 is the acoustic energy transferred to the
object of treatment in the absence of losses in the trans-
ferring medium, J; 

 

W

 

AC2

 

 is the acoustic energy trans-
ferred to the object of treatment in the presence of
losses in the transferring medium, J.

ηAC
0.8
c0
-------

ηELW0ηPP

ρ0lIEτ2
------------------------⎝ ⎠

⎛ ⎞ ,=

ηEL
3 LC

ηTR

WAC2

WAC1
------------,=

 

As follows from (1), the maximal value of 

 

η

 

TOT

 

 is
possible at the highest value of each multiplier, includ-
ing 

 

η

 

TR

 

. If for an open ES, 

 

η

 

TR

 

 may be considered equal
to one, then for a CES, this value must be less than one
due to the presence of the protective shell in the path of
the spread of the loading wave from the discharge chan-
nel to the object of treatment.

It is known [4] that a thin rubber shell of thickness

 

δ

 

 = 1 mm decreases the shock wave amplitude by 15–
20%, and a similar shell of polyethylene does not
weaken the pressure wave hardly at all [8]. However,
taking into account the specificity of the CES operation
under conditions of deep wells (up to 5000 m) with a
medium temperature of up to 100

 

°

 

C, hydrostatic pres-
sures up to 50 MPa, and significant mechanical loads in
lowering and lifting, the real thickness of the shell may
be more than 6 mm.

On the basis of a mathematical simulation [9], the
process of pressure pulse transfer to the casing through
the discharge chamber wall was studied for three types
of material: polyethylene, rubber, and steel with 

 

δ

 

 = 6,
6, and 1 mm, respectively. Results of the study have
shown that the presence of a screen of these materials
leads to a decrease in the amplitude of the pressure
wave on the internal casing surface by a factor of 2, 2.2,
and 2.6, respectively.

However, the given calculation did not take into
account the hydrostatic pressure influence on properties
of the shell itself and lacked accurate data on such
parameters as the Young’s modulus for really used com-
plex multilayered shells [10].

Therefore, the goal of the present work is an exper-
imental investigation of the transformation of the pres-
sure wave parameters, such as amplitude, specific
pulse, and acoustic energy, for shells of various materi-
als at various hydrostatic pressures corresponding to
those in wells.

TECHNIQUE OF INVESTIGATIONS

The shell material’s influence on the pressure wave
transfer to the object was studied with an experimental
stand [3], its technological part shown in Fig. 1, by a
technique based on measurement of the time profile of
the pulse pressure 

 

P

 

(

 

t

 

) by a special waveguide pressure
gage (WPG) (Fig. 2).
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Fig. 1.

 

 Technological part of the experimental stand:
(

 

1

 

) high-pressure discharge chamber; (

 

2

 

) the coaxial elec-
trode system; (

 

3

 

) electrodes of the electrode system; (

 

4

 

) dis-
charge channel; (

 

5

 

) waveguide pressure gage; (

 

6

 

) protective
shell; (

 

7

 

) high-pressure pump.
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Fig. 2.

 

 Waveguide pressure gage: (

 

1

 

) gage body; (

 

2

 

) bottom of the gage; (

 

3

 

) piezoelectric ceramic transducer; (

 

4

 

) copper waveguide;
(

 

5

 

) spring; (

 

6

 

) dielectric washer; (

 

7

 

) clamping screw; (

 

8

 

) measuring cable.
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On the basis of data on 

 

P

 

(

 

t

 

) the maximal amplitude
of the pulse pressure 

 

P

 

m

 

 and the specific pulse 

 

J calcu-
lated were determined by the formula

(6)

and the density of flux of the pressure wave acoustic
energy W [6],

(7)

The investigations were carried out at the following
energy parameters of the installation: the charge voltage
U0 = 20 kV, the capacitor bank capacitance C = 0.25 µF,
and the discharge circuit inductance L = 4.58 µH.

For stabilization of length and hydrodynamic
parameters of discharge channel 4 (Fig. 1) the dis-
charge was initiated by a copper conductor with a diam-
eter of 0.1 mm and a length of 46 mm. Distilled water
served as the hydraulic medium.

Protective shells 6 (Fig. 1) of high–density polyeth-
ylene (δ = 6 mm), rubber (a smooth rubber pressure
hose with textile reinforcement according to All-Union
State Standard 10362–76, δ = 7.5 mm), and steel (δ =
0.6 mm) were tested.

The experiments were carried out at the following
levels of the hydrostatic pressure in the chamber: 0.1,
0.6, 1.8, 3.0, 12.0, and 30.0 MPa.

The applied waveguide pressure gage (Fig. 2)
allowed measurement of the pulse pressure on the inter-
nal surface of the high-pressure chamber. A sensitive
element of the WPG is transducer 3 of TsTS-19 piezo-
electric ceramics.

J P t( ) t,d

0

t

∫=

W
1

ρ0c0
---------- P2 t( ) t.d

0

t

∫=

A dynamic calibration of the WPG for determining
its sensitivity, together with a measuring cable 6 m in
length, was realized with an impact-testing machine by
the technique described in [11]. The gage sensitivity
was µG = 19.65 µV/Pa.

Five experiments were carried out for each level of
the hydrostatic pressure with and without a protective
shell. Statistical averages of , , and  for the

case without a protective shell and of , , and 
for the case with one were determined in the time range
from 0 to 60 µs, during which the pulse pressure value
decreased by a factor of 5 (Fig. 3).

On the basis of the data, we determined the coeffi-
cients of the transformation of amplitude of the pulse
pressure εP, the specific pulse εJ, and the acoustic
energy εW = ηTR in the electrode system of the closed
type in comparison with that of the open type by the
expressions

(8)

(9)

(10)

RESULTS OF INVESTIGATIONS

A comparative analysis of the transformation coeffi-
cients of the studied materials at a hydrostatic pressure
of 1.8 MPa is presented in Fig. 4. It follows from the
analysis that the polyethylene shell is characterized by
the highest coefficients. In particular, the efficiency of
transfer ηTR for polyethylene is close to one, whereas it
is about 0.87 for rubber and 0.6 for steel.

However, as was already mentioned, due to special
conditions inside the well, the most applicable material
for the CES shell is a rubber hose, which, being inferior
to polyethylene in transformation efficiency, exceeds it
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Fig. 3. Typical oscillogram of the pressure wave.
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in technological properties and provides smaller losses
in comparison to the steel shell.

Results of investigation of the transformation coef-
ficients for the rubber hose in the whole range of the
hydrostatic pressure variation are shown in Fig. 5. One
can see that their value depends on the hydrostatic pres-
sure. Thus, when the pressure is varied from 0.1 to
1.8 MPa their values increase on average from 0.3 to
0.85. With a further increase in the pressure, their
changes are insignificant. Such a behavior of the men-
tioned parameters is probably due to the presence of
entrapped air in the multilayered structure of the shell,
and their weakening influence on the acoustic wave
passing becomes less with reduction in volume and
compression with increasing hydrostatic pressure in the
chamber.

CONCLUSIONS

1. The highest coefficients of transformation of the
pressure wave parameters (close to one) are found for
polyethylene, which makes its application as a shell for
electrode systems of the closed type promising during
relevant technological study.

2. Application of a rubber hose, being the most
adaptable to conditions of deep wells, as a material for
the shell of a closed electrode system is efficient at a
hydrostatic pressure above 1.8 MPa, when the transfer
efficiency is 0.85.
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Among numerous modern developing methods of
out-of-the-furnace physicotechnical melt treatment, the
electrohydropulse treatment method (EHPT) stands out
due to low specific energy consumption, simplicity of
incorporation into the technological process of casting
production, and the possibility of treating larger indus-
trial volumes of melt. Investigations carried out for fer-
rous and nonferrous metals [1–3] show that the EHPT
is a relatively inexpensive and effective tool for improv-
ing the quality of cast metal products. Among the
results obtained due to treatment are the following:
degassing and refining of the melt, homogenization in
macrovolume with respect to temperature and chemical
composition, and activation of potential nucleation cen-
ters—that is, the whole complex of phenomena that in
total improve the quality of a crystallized metal.

In the physical sense, EHPT is a complex treatment
method including the elements of both ultrasonic and
oscillation action on the melt. Here, each pressure pulse
received by the melt can be represented by two basic
stages. At the first stage, in the interelectrode space a
plasma channel appears; its pressure through a
waveguide-radiating system is applied into the melt in
the form of a polyfrequency pulse in the microsecond
range of time. At the second, postdischarge, stage, the
plasma channel is transformed into a pulsing vapor-gas
cavity that deforms an elastic membrane (lower wall of
the discharge chamber); pressure due to mechanical
waveguide displacement is also applied into the melt,
though for a longer period of time, a millisecond. Thus,
in the treated melt a nonstationary pressure field is
formed, with the discreteness of its appearance deter-
mined by the discharge pulse repetition frequency 

 

f

 

.
Depending on the technological requirements and
equipment capabilities, the 

 

f

 

 value varies in the range of
1–20 Hz. As a rule, the role of the first, discharge, stage

of EHPT is reduced to establishing acoustic cavitation
and acoustic microflows in the melt, and role of the sec-
ond, postdischarge, stage consists in the development
of powerful hydrodynamic flows. Often it is impossible
to separate the contribution of each considered process
to the final melt state. For example, it is obvious that the
source stimulating transition of gases dissolved in
metal into bubbles and their consequent emersion is
acoustic cavitation. However, intensity of gas removal
is also affected by ascending convection currents carry-
ing to the melt surface the gas bubbles formed at the
first stage. Up to the present, temperature equalization
and uniform distribution of chemical elements over the
melt volume have also been connected with convection
currents. However, a number of recent works [4, 5]
show that in this aspect the cavitation phenomenon
must not be underestimated, because it increases the
homogeneity of the melt at the atomic level.

Thus, interrelation of the processes taking place at
the first and second stages of EHPT realizes the func-
tional capabilities of this method for complex solution
of the problem of improving the quality cast metal. On
the other hand, due to the availability of the two stages
of the method, one question still remains—selection of
optimal energy parameters of treatment, in particular,
electric discharge modes, for meeting the triune
requirement: treatment efficiency estimated by the
metal quality, minimization of energy consumption,
and durability of electrode system.

The aim of the present work is to show the electric
discharge mode influence on the characteristics of
power loading of the melt, realized at the first and sec-
ond stages of the EHPT, and on indices of quality of a
hard metal.
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Abstract

 

—The influence of electric discharge mode on the power characteristics of electrohydropulse treat-
ment at the first and second stages and on the structure and properties of a hard metal is considered. It is shown
experimentally that an oscillation discharge mode has an advantage, because it provides improvement of the
hard metal quality.
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FIRST STAGE

As is shown in [6], the dependences of current,
resistance, and pressure in the channel on controllable
parameters of the discharge circuit (the voltages of
accumulator charging 

 

U

 

0

 

, the accumulator capacitance

 

C

 

, the circuit inductance 

 

L

 

, the discharge channel
length 

 

l

 

p

 

) may be reduced to a family of curves depend-
ing on one dimensionless combination only:

(1)

where 

 

A

 

 is the spark constant, which has a value of
10

 

5

 

 V

 

2

 

 s/m

 

2

 

 at free discharge. The value 

 

η

 

 is determined
by a part of the energy evolved in the first half-period of
the discharge current. At 

 

η

 

 = idem, the dimensionless
functions of current, resistance, and pressure of the
plasma channel are, respectively, equal in similar
moments of time; that is, 

 

η

 

 is a similarity criterion for the
discharge electric and hydrodynamic characteristics, and
it is convenient to classify modes of underwater spark
discharge on its basis. Among probable discharge modes
applicable to the EHPT of melts there are the matched
mode (

 

η

 

 = 0.79), when the discharge current oscillogram
contains one oscillation or one and a half oscillations,
and the oscillation mode (0 < 

 

η

 

 < 0.79) close to the short-
circuit mode. Nonperiodic discharge (

 

η

 

 > 0.79) corre-
sponding to a breakdown of large interelectrode spaces
via an initiating conductor is not applied in electrohydro-
pulse devices. The matched mode of discharge is charac-
terized by equality of an active plasma channel’s resis-
tance to wave circuit resistance and the highest electric
efficiency. As follows from (1), at constant parameters of
the discharge circuit one can change the energy evolution
mode in the discharge channel as the distance between
the electrodes increases. The increasing interelectrode
space leads to improvement in the operation of the elec-
trode system and to a decrease in electrode wear. There-
fore, up to the present, in EHPT devices, the electrode
system has been tuned for realization of the matched
mode, as a rule.

Figure 1 shows equipment for the electrohydropulse
treatment of the melt.

Earlier we presented calculation technique [7],
which permits determination of the effective pressure

 

P

 

B

 

(

 

t

 

) appearing at the first stage at the face-end of a
waveguide of constant radius 

 

r

 

B

 

 depending on the dis-
charge mode by virtue of the following ratios:

η
πAp
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U0
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------------------3 ,=

 

(2)

Graphic representation of these ratios given in Fig. 2a
allows us to see that for fixed parameters of the dis-
charge circuit, the effective pressure from the matched
discharge mode is sufficiently low and may not exceed
the metal liquid cavitation strength. Let us recall that,
according to literature sources [8], the cavitation
threshold, e.g., for aluminum melts, is 0.65–1.3 MPa. A
considerably higher level of pressure and the broadest
acoustic spectrum (Fig. 2b) are obtained in the oscilla-
tion discharge mode, i.e., at short interelectrode spaces.
Thus, the oscillation discharge mode, not the matched
one, realizes the application of a more powerful poly-
frequency pressure pulse into the melt at the first treat-
ment stage. This ensures development of intense cavi-
tation processes in the treated medium at equal energy
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Fig. 1.

 

 Equipment for EHPT of the melt: (

 

1

 

) melt; (

 

2

 

) wave-
guide; (

 

3

 

) membrane; (

 

4

 

) discharge chamber; (
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) electrode;
(
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) generator of pulse currents; (
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) interelectrode space;
(
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) elastic suspension.
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consumption, despite obvious advantages of the
matched mode with respect to efficiency.

It is not difficult to show that the amplitude pressure

of a single discharge pulse  is proportional to the
stored energy in the pulse 

 

W

 

0

 

:

(3)

where 

 

κ

 

 is the coefficient taking into account the dis-
charge nature and the waveguide cross-sectional area;

 

κ

 

 

 

≈

 

 76.14 for the oscillation discharge and 

 

κ

 

 

 

≈

 

 26.79 for
the matched one. As follows from (3), in order to
increase the pressure in the melt (for example, for pure
metals with a high cavitation threshold) it is necessary
to increase the intensity of the treatment energy. Mean-
while, transition from the matched discharge mode to
the oscillation one provides an almost threefold
increase in pressure at the same energy consumption
determined by the condition 

 

W

 

0

 

 = const. Thus, the cal-
culations show that the oscillation discharge mode is
optimal in ensuring cavitation processes in the melt.

SECOND STAGE

In contrast to the discharge stage, the postdischarge
stage cannot be mathematically described in practice.
In our opinion, the main reason for this is that the
vapor-gas cavity behavior in a closed volume, which is
what the discharge chamber is, significantly depends on
its geometry. This complicates description of the elastic
membrane loading process and predetermines the
application of chiefly experimental methods of study-
ing afterdischarge processes. Analyzing the influence
of the electric discharge mode on the nature of vapor-
gas cavity pulsation, one can assume that during the
transition from the matched discharge mode to the
oscillation one, the pressure exerted by the cavity on the
elastic membrane decreases. This is logical, since the
decrease in the interelectrode space leads to a decrease

PB
max

PB
max κ W0,∼

 

in the volume of the vapor-gas cavity 

 

V

 

max

 

 and its poten-
tial energy 

 

E

 

:

(4)

where 

 

P

 

0

 

 is the hydrostatic pressure in the discharge
chamber. The experiment shows [9] that up to 95% of
the potential energy of the cavity are consumed during
the first cycle “expansion–compression”; at consequent
pulsations, the cavity does not have a clear geometrical
shape and insignificantly influences the membrane,
which further produces free damped oscillations. Thus,
the impact action of the vapor-gas cavity may be exper-
imentally estimated by the value of the crusher gage
deformation resulting from first displacement of the
membrane under the action of the stimulating force.

The crusher gages of annealed copper with a diam-
eter of 15 mm and a height of 50 mm were installed
between the lower face end of the waveguide and the
fixed platform, and they were calibrated by single
pulses. The mode of energy evolution in the discharge
channel and 

 

η

 

 value were modified varying the inter-
electrode space length 

 

l

 

sp

 

 (Fig. 3a) at constant parame-
ters of the electric circuit and two values of the stored
energy in a pulse (

 

W

 

01

 

 = 1.25 kJ and 

 

W

 

02

 

 = 2.5 kJ).
Oscillograms of the discharge current 

 

I

 

(

 

t

 

) and the volt-
age 

 

U

 

(

 

t

 

) were recorded in the experiment; after their
treatment the value of the criterion 

 

η

 

 was determined
by the relation

(5)

where τ is the duration of the first half-wave of the dis-
charge current.

The curves shown in Fig. 3b make it possible to
observe the action of the discharge mode on the value
of plastic deformation of the crusher gage, which
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Fig. 2. Characteristics of the discharge pulse: (a) pressure on the face end of the waveguide; (b) Fourier spectrum.
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increases with increasing W0 and, as expected,
decreases as the discharge mode approaches the oscil-
lation mode. For real treatment processes, this means a
decrease in the intensity of mechanical melt stirring at
the postdischarge stage.

Thus, the simplest estimations made at the division of
a single pulse into two stages show that, to date, naturally
there are no well-defined recommendations on optimal
modes of electric discharge in EHPT devices, since one
and the same discharge mode exerts a mutually antithetic
influence on the processes proceeding in the melt at the
first and second treatment stages. Hard metal quality as
an integral property is determined by these processes in
total; therefore, for selection of the electric discharge
mode, it is necessary to specify which quality indices are
of priority in each separate case.

STRUCTURE AND PROPERTIES OF METAL

Influence of the electric discharge mode on the
structure and properties of hard metal was studied in the
treatment of the two-component aluminum alloy AL7.

Remelting of a specified charge was carried out in a
muffle furnace at T = 800°C. After the remelting and a
short-term holding, the metal was taken out of the fur-
nace and poured into three ladles; one of them, the
check one, was settled and the melt in the other two was
subjected to EHPT in different discharge modes. The
treatment was realized in the course of 40 s at a dis-
charge repetition frequency of f = 1.5 Hz with a stored
energy of W0 = 1.25 kJ. The mode of energy evolution
in the discharge channel was modified by variation of
the interelectrode space from 20 mm (the oscillation
mode, η = 0.55) to 50 mm (nearly matched mode, η =
0.75). Then all three of the ladles were simultaneously
sent for casting of samples for metal analysis.

Figure 4 shows casting cuts of the “glass” type, and
the table gives data that permit the estimation of the
influence of EHPT on the structure and properties of the
studied metal. Check castings are characterized by a
rough coarse-grain macrostructure and the presence of
axial porosity and dispersed pores, while the metal pre-
liminarily treated in the liquid state has a close fine-
grain macrostructure, a narrow band of columnar crys-
tals, and a well-defined shrinkage hole. The action of
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Fig. 3. Experimental dependences: (a) the part of the energy evolved in the first half-period of the discharge current; (b) the absolute
deformation of the crusher gage.
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Fig. 4. Macrostructure of the AL7 alloy.
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the matched discharge mode has a positive impact on
structure and properties of castings; however, accord-
ing to the visual inspection of the cuts and the structure
data analysis, the most advantageous structure is that of
the metal treated with application of the shortest inter-
electrode space, i.e., the oscillation discharge mode.

The microstructure of the alloy is represented by den-
drites of the initial aluminum solution, Al + CuAl2 + Si
eutectics located at the grain boundaries, and an insig-
nificant quantity of ferriferous phases. The check sam-
ples are characterized by coarse micrograin and inclu-
sions of CuAl2. After the EHPT in the check samples
dimensions of the micrograin and CuAl2 inclusions
appreciably decrease, especially in the metal treated at
the oscillation discharge mode. After the treatment an
improvement of some properties of the alloy in both
cast and thermally treated states is observed. For the
alloy treated at η = 0.75 the hardness increase is several
HB units, while after the EHPT at η = 0.55 the metal
hardness increases practically by a factor of 2; this tes-
tifies to advantages of the oscillation discharge mode.

Thus, the mode of energy evolution in the discharge
channel exerts a mutually antithetic influence on the
characteristics of the discharge pressure pulse and on
the dynamics of the afterdischarge vapor-gas cavity.
Change of the discharge mode results in variation of the
balance of perturbing forces taking place at the first and
second stages of EHPT. The experimental results show
that during transition from the matched discharge mode
to the oscillation mode, the macro- and microstructure
of the aluminum alloy, as well as a number of its prop-
erties, improve. This shows that cavitation processes
and the discharge stage play a principal role in the for-
mation of the quality of a hard metal and that applica-
tion of the oscillation discharge mode in devices for
melt EHPT is promising. As concerns the solution of
technical problems connected with application of this
mode, it is necessary to improve the construction deci-
sion of the electrodes and washing of the discharge
chamber for renewal the life of the electrode system.
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Characteristics of the AL7 alloy

Alloy characteristic Without EHPT η = 0.75 η = 0.55

Average diameter of equiaxial macrograin, mm 4.1 1.8 1.4
Width of band of columnar crystals, mm 12 6.8 5.2
Volume of shrinkage hole, cm3 5.0 8.2 6.4
Micrograin dimension, µm 47 37 27
Length of CuAl2 particles, mm 103 72 64
Density, g/cm3 2.783 2.818 2.875
Hardness HB:

cast state 34 45 61
hardening + ageing 55 56 103

Microhardness Hµ of solid solution, kg/mm2:
cast state 59 62 72
hardening + ageing 215 243 522
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The study of technological characteristics of the
process of electrochemical composition formation and
enhancement of their reliability in regards to the indica-
tors of electrolysis modes and deposit are of high theo-
retical and practical importance. However, the com-
plexity and diversity of factors affecting the process of
electrochemical composition formation dictate the
necessity of practical research on the relationship
between the parameters of electrochemical system and
the deposit. The problem of electrochemical composi-
tion research is also complicated by the fact that the val-
ues of the majority of electrochemical system parame-
ters at the electrodes are distributed. Let us note that the
distributed parameters (DPs) include indicators with
derivatives by at least one of the coordinates and, pos-
sibly, by all three coordinates.

One of the directions for studying the diverse regu-
larities of the process of electrochemical composition
formation is based on the estimation of relationship
between DPs at various levels (macro, micro etc.) [1–
3]. The particular features of this direction [1–3] can
include the practicability of its methods, good pros-
pects for its development, similarity to the methods of
similar directions in the other areas of knowledge, and
the possibility of development of other indicators for
the estimation of the properties of electrochemical
objects.

The methods of studying this direction at the macro
level are based on the principle of comparing the values
of relative deviations 

 

t

 

i

 

 and 

 

δ

 

j

 

 for a given DP with cor-
responding values of other DPs or on the determination

of percentages of geometric parameters of electrode
parts with the given ratios of relative deviations [1].
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values of the neighboring values 

 

ε

 

x

 

 =

 in the DP ensemble 

 

X

 

 consist-
ing of 

 

m

 

 = 

 

n 

 

– 1 neighboring deviations, or,

(2)

When studying the process of the formation of elec-
trochemical composition materials (ECM), relative
deviations 
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 and 
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 allow for the comparison of DP val-
ues with various measurement units according to the
following principles:
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Abstract

 

—In the work, the methods-analogues , , , and  for research of the process of formation
of the electrochemical composition, based on principles, are used for estimation  of relation between the dis-
tributed parameters. It is noted that such a direction of the research of the electrochemical composition has an
essential theoretical and practical value, and its principles can be applied to the development of some parame-
ters of the properties of electrochemical objects, for example, 

 

σ

 

B

 

 is the parameter of dynamics of a factor of an
output on a current. In addition, these methods have a high level of generality with similar methods in other
fields of knowledge and allow one to improve and expand essentially the quality of the research of electrochem-
ical compositions and to predict and improve the ways of their formation.
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(1) relative deviation values;
(2) coincidence of relative deviation signs;
(3) estimates of the fractions of the electrode geo-

metrical parameter characterized by certain relation-
ships between relative DP deviations.

 

Prerequisites for development of methods of
studying DPs at macro level.

 

 Originally, it is expedi-
ent to perform a theoretical analysis of the earlier devel-
oped methods of studying the ECM formation process
on the basis of estimation of relationships between
DPs.

For the case of certain studied factors affecting the
process of ECM formation, methods are developed
based on relationship indicators 
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, and 
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 (see
paper [1]). Each of the above methods has its own spe-
cific features for the description of the process of the
electrochemical composition formation. For example,
indicator 
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B

 

 assumes its values in the range of 

 

±

 

1 and
allows for the comparison of the absolute values of uni-
valent relative deviations 

 

t

 

 of a single parameter with
the corresponding values of the other parameters. Its
numeric value and sign point to the superiority of rela-
tive deviations 

 

t

 

 of a single parameter (

 

X

 

1

 

) over the cor-
responding values and similar sign of the other DPs
(

 

X

 

2…

 

k

 

). The negative values of indicator 

 

A

 

B

 

 point to the
numerical superiority of relative deviations 

 

t

 

 of other
DPs (

 

X

 

2…

 

k

 

) with both similar and different signs over
the corresponding values of the first parameter (

 

X

 

1

 

).
The value of indicator 

 

A

 

B

 

 can be considerably
affected by the percentage of ratios between the relative
deviations with opposite signs [

 

t

 

i

 

(

 

X

 

1

 

)/

 

t

 

i

 

(

 

X

 

2…

 

k

 

)] that can
result in the implicit description of some of the depen-
dences between the factors under certain conditions of
the theoretical analysis of the process in question.

The method of studying electrochemical composi-
tions based on determining the fraction of geometrical
electrode size with absolute values of relative devia-
tions 

 

t

 

i

 

 for a single DP (

 

X

 

1

 

) higher than the relevant val-
ues of other DP (

 

X

 

2…

 

k

 

) is represented by indicator 

 

B

 

B

 

that assumes the values in the range of 0–1 (0–100%).
Its values point to the degree of relationship between

DPs based on the ratio of absolute values of relative
deviations 

 

t

 

i

 

 at the electrode.

The method of studying electrochemical composi-
tions represented by indicator 

 

C

 

B

 

 is based on the com-
parison of relative deviations 

 

δ

 

j between the DPs of the
electrolysis process. Indicator CB assumes values in the
range of ±1 and its positive sign points to the numeric
superiority of deviation δj of the first parameter (X1)
over the corresponding values of similar signs for other
DPs (X2…k). Negative values of indicator CB point to the
numeric superiority of relative deviations δ of other
DPs (X2…k) of similar sign and deviations δj, with the
opposite sign over the relevant values of the first param-
eter (X1).

As in the case of indicator CB, the value of indicator
AB can be considerably affected by the percentage of
ratios of relative deviations δi(X1)/ti(X2…k) with oppo-
site signs, which can lead to the implicit description of
certain dependences between the factors in the case of
certain conditions of the theoretical analysis of the pro-
cess in question.

The method of studying electrochemical composi-
tions based on the determination of electrode parts with
absolute values of relative deviations δj of a single DP
(X1) that are higher than the corresponding values of
other DPs (X2, X3, Xk) is represented by indicator DB.
The latter assumes its values in the range of 0–1 (0–
100%). Thus, despite the advantages of the above meth-
ods AB, BB, CB, and DB, they cannot describe the whole
variety of relationships between the factors of the elec-
trochemical composition formation process. In this
connection, a necessity appears for the extension of
options for studying the relationships of DPs of electro-
chemical processes at the macro level.

Various methods for studying DPs at the macro
level. The method of studying electrochemical compo-
sitions  based on the comparison of relative devia-
tions t of DP values, which is analogous to method AB,
is described by the following expression:

(3)

where k is the number of parameters in statistical com-
plex  and ti(X1, 2…k) are the relative deviations in DP
statistical ensembles X1, 2…k.

Analysis of expression (3) shows that the estimation
of the relationship between DPs of the process of elec-
trochemical composition formation is performed by

comparing the absolute values of their relative devia-
tions t.

Indicator  assumes values in the range of ±1 and
its positive sign points to the numeric superiority of
absolute values of the relative deviations t of the first
parameter (X1) in question over the corresponding val-

AB'

AB' X1 X2…Xk( )[ ]
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∑
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ues of the other parameters (X2,…k). The negative values
of indicator  point to the numeric superiority of rel-
ative deviation t of other DPs (X2,…k) over the corre-
sponding values of the first parameter (X1).

Let us compare the properties of indicators AB and
 on the basis of statistical complexes composed of

DPs of the electrolysis mode with directional distribution
of values at the cathode. Let us note that the directional
distributions of DP values include the increasing or
decreasing values. The initial data presented in Table 1
for relative deviations of DPs with directional distribu-
tions are obtained experimentally for a corner Hull cell
for estimating the electrolyte dissipating ability in the
process of 0.5 N lead nitrate electrolysis [1]. As a result,
the values of relative deviations t for DPs of the elec-
trolysis mode feature a directional distribution at the
cathode; however, relative deviations δ feature direct-
edness of distribution only for DPs of the metal
amount.

The values of indicators AB and  were calculated
for the following statistical complexes:

(i) current density primary distribution, i.e., the sec-
ondary distribution for direct Dk(1)/Dk(2) and inverse
Dk(2)/Dk(1) relationships;

(ii) current density primary distribution, i.e., the
distribution of the metal amount for direct Dk(1)/M(3)
and inverse M(3)/Dk(1) relationships;

(iii) current density secondary distribution, i.e., the
distribution of the metal amount for direct Dk(2)/M(3)
and inverse M(3)/Dk(2) relationships;

AB'

AB'

AB'

(iv) current density primary distribution, i.e., the
current secondary distribution and metal amount
Dk(1)/[Dk(2), M(3)];

(v) current density secondary distribution, i.e., the
current primary distribution and metal amount
Dk(2)/[Dk(1), M(3)];

The results of calculations of indicators AB and 
presented in Table 2 show that in the majority of cases,
these values coincide due to the directedness of the dis-
tribution of relative deviations t of the electrolysis pro-
cess DPs. However, in the case of certain direct and
inverse relationships between parameters AB and  of
the electrolysis mode differ (underlined in Table 2).
This is due to the fact that the values of indicators AB

and  are affected by the values of relative deviations
t and percentage of ratios ti(X1)/ti(X2,…k) with opposite
signs. In this connection, one can conclude that in the
case of directional distributions of relative deviations t
of DPs, the values of indicators AB and  are similar
and the difference between the direct and inverse ratios
of parameters reflects the effect of their numeric values.

It is also expedient to perform an analysis of indica-
tors AB and  for relative deviations t with parameters
of their isotropic distribution, e.g., for estimating the
relationship between DPs of formulation of the electro-
chemical composition deposit based on iron, according
to the data of paper [1], Table 3.

Analysis was performed for the following statistical
complexes (Table 4):

AB'

AB'

AB'

AB'

AB'

Table 1.  Values of relative deviations ti and δj for parameters distributed across the cathode for electrolysis of 0.5 N lead
nitrate

Electrolysis parameters Indices Values of relative deviations of statistical units

Statistical units n 1 2 3 4 5

Density of primary cathodic current distribution, Dk(1) ti 1.743 0.288 –0.192 –0.662 –1.185

δj – 0.857 –0.300 –0.310 –0.248

Voltage drop at resistances (corresponding
to current density secondary distribution) Dk(2)

ti 1.601 0.093 –0.027 –0.696 –0.970

δj 1.032 –0.623 0.031 –0.439

Distribution of metal amount, M(3) at the cathode ti 1.550 0.243 –0.358 –0.716 –0.942

δj – 0.929 –0.026 –0.355 –0.532

Table 2.  Values of relationship indicators AB and  for parameters distributed across the cathode for electrolysis of 0.5 N
lead nitrate

Indica-
tors Dk(1)/Dk(2) Dk(2)/Dk(1) Dk(1)/M(3) M(3)/Dk(1) Dk(2)/M(3) M(3)/Dk(2) Dk(1)/[Dk(2), 

M(3)]
Dk(2)/[Dk(1), 

M(3)]

AB 0.989 –0.944 0.026 0.334 –0.923 0.991 0.972 –0.986

0.989 –0.944 0.026 0.334 –0.923 0.991 0.878 –0.986

AB
'

AB
'
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(i) composition deposit, i.e., metal for direct Vk : Vm
and inverse Vm : Vk relationships;

(ii) composition deposit, i.e., dispersed phase
(DPh) for direct Vk : Vp and inverse Vp : Vk relationships;

(iii) composition formulation, i.e., DPh concentra-
tion for direct Vk : PV and inverse PV : Vk relationships;

(iv) metal, i.e., DPh concentration for direct Vm : PV
and inverse PV : Vm relationships.

Judging by the values of indicators AB and , there
is a more considerable difference between the direct
and inverse DP ratios (underlined in Table 4) as com-
pared to DP with directional values of relative devia-
tions t (see Table 2). These parameters allow the con-
clusion to be reached that in the case of nondirectional
values of deviations t, the values of indicators AB are
much more strongly affected by the percentage of the
ratios of deviations ti(X1)/ti(X2…k) with opposite signs,
while the effect on the value of indicator  is negligi-
ble.

Thus, the  method allows the quantitative study
of yet another characteristics of the ECM formation
process by estimating its DPs at the macro level.

Method  of studying electrochemical composi-
tions based on estimating the electrode part with the
given relationships between relative deviations t of the

AB'

AB'

AB'

BB'

DP values and analogous to method BB is represented
by the following expression:

(4)

where  is the size of the electrode part i with
the absolute values and similar sign of relative devia-
tions t of parameter Xi higher than the corresponding
values of parameters X2,.X3..Xk; p is the number of elec-
trode parts with the absolute values and similar sign of
relative deviations t of parameter X1, higher than the
corresponding values of parameters X2,.X3..Xk; and L is
the overall geometric size of the electrode.

Analysis of expression (4) shows that parameter 
assumes values in the range of 0–1 (0–100%) and
points to the percentage of the electrode geometric size
with absolute values and similar sign of relative devia-
tions ti of DPs (X1) that are higher than the correspond-
ing values of other DPs (X2…k).

The method of studying electrochemical composi-
tions  based on comparing relative deviations δ of
the DP values and analogous to method CB is described
by the following expression:

BB' X1 X2…Xk( )[ ]

l t1 t2…tk>
±

i 1=

p

∑
L

----------------------------- 100%,×=

l t1 t2…tk>
±

BB'

CB'

Table 3.  Relative deviations t and δ for volumes of composition deposit Vk, metal Vm , DPh Vp distributed across the cathode
and DPh concentration pV

Statistical 
units

Relative deviations t Relative deviations δ

t(Vk) t(Vm) t(Vp) t(pV) δ(Vk) δ(Vm) δ(Vp) δ(pV)

1 1.00 1.00 1.00 1.00 – – – –

2 1.66 1.60 2.40 2.27 –0.41 –0.34 –0.65 –0.42

3 1.35 1.16 3.67 4.19 0.06 0.12 –0.60 –0.58

4 0.53 0.17 5.05 7.12 0.30 0.36 –0.64 –0.83

5 1.42 1.69 –1.98 –3.13 –0.52 –0.75 2.45 2.46

6 0.35 0.51 –1.71 –2.37 0.42 0.44 –0.23 –0.29

7 –4.39 –4.48 –3.21 –2.50 2.16 2.12 0.42 –0.07

8 –1.39 –1.23 –3.36 –4.39 –1.52 –1.51 –0.08 0.37

9 –0.53 –0.42 –1.87 –2.19 –0.50 –0.43 –0.68 –0.65

Table 4.  Values of relationship indicators AB and  for DPs at the cathode composed of ECM deposit: volumes of compo-
sition deposit Vk , metal Vm , dispersed phase Vp and dispersed phase concentration pV

Indicators Vk : Vm Vm : Vk Vk : Vp Vp : Vk Vk : PV PV : Vk Vm : PV PV : Vm

AB 0.692 –0.277 –0.886 0.263 –0.773 0.278 –0.776 0.700

0.692 –0.277 –0.840 0.972 –0.723 0.969 –0.715 0.984

AB
'

AB
'
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(5)

where δj(X1, 2…k) is the relative deviation δj between sta-
tistical units i and xi + 1 in the parameter ensembles
X1, 2…k and m = n – 1 is the number of relative deviations
δj in statistical ensembles of parameters X1, 2…k.

An analysis of expression (5) shows that the estima-
tion of the relationship between DPs of the process of
the electrochemical composition formation is based on
the comparison of absolute values of their relative devi-
ations δj.

Indicator  assumes its values in the range of ±1
and its positive sign points to the numeric superiority of
absolute values of the relative deviations δj of the first
parameter (X1) in question over the corresponding val-
ues of the other parameters (X2…k). The negative values
of indicator  point to the numerical superiority of rel-
ative deviations δj of other DPs (X2…k) over the relevant
values of the first parameter (X1).

In this connection, it is expedient to compare the
properties of parameters CB and  for the earlier
established statistical complexes of DPs of the electrol-
ysis mode (Table 1).

The calculation results presented in Table 5 show
that in certain cases the CB and  values are signifi-
cantly different (underlined) probably due to the
absence of directedness in the distribution of some rel-
ative deviations δj.

The values for their direct and inverse complexes are
also nonequivalent; i.e., there are essential differences
between them. The values of indicators CB and  are
also obviously affected by numeric values of relative
deviations δj and percentage of ratios δj(X1)/δj(X2…k)
with opposite signs.

The method of studying electrochemical composi-
tions  based on the estimation of the electrode part
with the given ratios between relative deviations δj of
the DP values and analogous to the DB method is repre-
sented by the following expression:

(6)

where  is the size of the electrode part i with
the absolute values and similar sign of relative devia-
tions δj of parameter X1 higher than the corresponding
values of parameters X2,.X3..Xk and q is the number of
electrode parts with the absolute values and similar sign
of relative deviations δj of parameter X1 higher than the
corresponding values of parameters X2,.X3..Xk.

Analysis of expression (6) shows that parameter 
is analogous to parameter DB and assumes values in the
range of 0–1 (0–100%). Thus, the employment of rela-
tive deviations ti and δj in the methods of studying DPs
allows for the regularities of the formation of galvanic
compositions, their functional properties, and the
impact of various factors on the process to be estab-
lished with greater reliability.

Development of certain indicators for estimation
of properties of electrochemical objects. The princi-
ples of studying DPs at the macro level can also be used
for the development of certain indicators for estimating
the properties of electrochemical objects, e.g., for
developing an indicator of current efficiency coefficient
dynamics.

It is known that the current efficiency coefficient BTi,
used mainly for practical purposes, is the current frac-
tion and amount of electricity consumed in the given
electric reaction i is as follows [4]:

BTi = mi.Π/mi.T or BTi = Qi.T/Qi.Π, (7)

where mi.Π is the mass of substance i, which practically
undergoes transformations as a result of consumption
of a given amount of electricity; mi.T is the theoretical
mass of substance i, which must undergo transforma-
tions at the consumption of the same amount of elec-
tricity; Qi.T is the amount of electricity that is required
in theory (according to Faraday’s law) for the transfor-
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Table 5.  Values of relationship indicators CB and  for parameters distributed across the cathode for electrolysis of 0.5 N
lead nitrate

Indicators Dk(1)/Dk(2) Dk(2)/Dk(1) Dk(1)/M(3) M(3)/Dk(1) Dk(2)/M(3) M(3)/Dk(2) Dk(1)/[Dk(2), 
M(3)]

Dk(2)/[Dk(1), 
M(3)]

CB –1.000 0.302 0.869 0.202 0.896 –0.969 –0.104 0.839

0.778 0.390 0.869 0.202 0.910 0.819 0.879 0.865

CB
'

CB
'
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mation of a unit amount of substance i (for which the
current yield is calculated); Qi.Π is the amount of elec-
tricity that is required in practice for transformation of
the same unit amount of substance i.

In the case of the occurrence of a single process at
the cathode, the relative deviations of distributed values
of electricity amount and deposited metal must be sim-
ilar. However, if the relative deviations in the electricity
and metal amounts are not similar, then the degree of
their discrepancy most likely characterizes the degree
of current yield variation. Relative deviations ti can
serve as relative statistical unit deviations.

Let us consider the approach for the construction of
the indicator of the current yield dynamics on the basis
of the initial data regarding the technical example of the
estimation of the electrolyte dissipating ability (see
Table 1). According to the data presented in [5], the
electrolyte dissipating ability by current is DAc = 44%,
while its dissipating ability by metal DAm = 63%. Let
us note that in the case of the lead plating process, a cur-
rent yield of BTi = 100% is achieved at the current den-
sity of 1 A/dm2 [6].

In the case of the given example, the relative differ-
ences between the normalized deviations of metal
amount ti.m and current density ti.k as compared to nor-
malized deviations of metal amounts are calculated
according to the following expression:

(8)
and are equal to

As can be seen, the relative difference between the
relative deviations of current densities (voltage drop)
and metal amount features a maximum, while the neg-
ative values at border points σB can probably be related
to the measurement errors.

Thus, σB can serve as a basis for estimating the cur-
rent yield variation. However, the value of indicator σB
only in a narrow range of electrolysis modes reflects the
regularities of current yield variation. In this connec-
tion, a necessity appears for the estimation of σB varia-
tion regularities using a single value in the whole range
of studied ranges of electrolysis modes.

Let us assume that the following average power val-
ues are applicable for the above purposes:

(9)

where xi is a statistical unit, n is the number of units in the
statistical ensemble, k is the value allowing the determi-
nation of the type of mean values. Thus, in the case of k =
1, it is the arithmetic mean value, ; in the case of k = 2,
it is the root-mean-square value, ; in the case of k = 3,
it is the root-mean-cube value, ; in the case of k = 4, it
is the fourth degree mean value, ; and in the case of
k = –1, it is the harmonic mean value, , etc.

1 2 3 4 5

σB –0.033 0.617 0.925 0.028 –0.030

σB ti.m ti.k–( )/ti.m 1 ti.k/ti.m–= =

M
xi

k∑
n

------------k ,=

x
xq

xQ
xK

xh

Then, in the case of the data of the above example,
the certain calculated mean values σB for the used range
of electrolysis mode are

(10)

As can be seen from (10), σB values and character-
istics of its variation for the first half of the statistical
ensemble are better characterized by the mean arith-
metic value  (0.301), while in the case of the second
statistical ensemble, half of the best parameter is the
fourth degree mean value,  (0.831).

The range of electrolysis modes in the case under
consideration is probably the best characteristics of sta-
tistical ensemble σB, its root-mean-square value 
(0.498). It reflects the variation of σB values in a greater
or lesser degree in the whole range of the studied DP
ranges of the given electrolysis mode.

CONCLUSIONS

The complexity and variety of factors affecting the
process of electrochemical composition formation
determine the necessity of their practical studies.

The methods of one of the directions for studying
the given process are based on the principles of estima-
tion of relationship between DP at various levels
(macro, micro etc.). Such an approach to studies is of
great theoretical and practical importance. For exam-
ple, this approach is characterized by the high practica-
bility of its methods and development prospects (e.g., at
macro levels, such as , , , ) and the possi-
bility of applying their principles for the development
of certain indicators of properties of electrochemical
objects (e.g., σB is the indicator of the dynamics of the
current yield coefficient).

Moreover, the methods of this direction allow for
the considerable enhancement and extension of the
quality of electrochemical composition studies, their
prediction, and improvement of methods of their for-
mation.
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Mixtures of molecular hydrogen with other gases
are widely used as plasma-forming media in plasma
technologies while performing etching processes or the
surface modification of various inorganic and polymer
materials. It is typical in plasmochemistry to use mix-
tures that contain an inert gas as a component. This
increases the concentration of active particles forming
in the plasma. In particular, research carried out for
H

 

2

 

 + Ar mixtures has shown the possibility of reaching
a high degree of H

 

2

 

 decomposition [1–3] and allowed
us to analyze the mechanism of dissociation of molec-
ular hydrogen in a glow discharge. However, the lack of
data about the probability of the loss of hydrogen atoms
in a wide range of temperatures of the reactor wall and
plasma parameters hampers the practical application of

mixtures of molecular hydrogen with inert gases. The
object of the work was to investigate the influence of
the temperature of the reactor wall on the kinetics of
heterogeneous processes in plasma of a DC glow dis-
charge in H

 

2

 

 + Ar mixture.

EXPERIMENTAL METHOD

Experimental measurements were performed using
the setup shown in Fig. 1. The cylindrical reactor with
an internal diameter of 1.5 

 

×

 

 10

 

–2

 

 m is made of C-52
electron-tube glass. The maximal anode–cathode dis-
tance was 1.5 m. The length of the DC positive glow
gap (PGG) could be varied by the anode displacement
along the discharge tube. H(

 

2

 

S) atoms generated in the
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 Schematic diagram of the experimental setup. (
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) resonator of the EPR microwave spectrometer, (
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) external heat exchange unit.
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discharge were registered with an RE 1301 EPR spec-
trometer. The spectrum of H(

 

2

 

S) shows a doublet of
components with equal intensities that are equidistant
relative to the position of the EPR line for a free elec-
tron. The splitting amounted to 502 Oe, the 

 

H

 

0

 

 value
was ~3350 Oe in the registered spectrum of atomic
hydrogen, and the line width was ~0.6 Oe. The distance
from the plasma zone to the resonator cavity of a micro-
wave spectrometer was 0.3 m, the pressure range of the
gas mixture was of 60–400 Pa, and the discharge cur-
rent was varied in the range of 5–100 mA. Hydrogen
was produced in a Voden’-1 generator by the electro-
chemical decomposition of water. The gas was addi-
tionally purified by the flow through a liquid nitrogen
trap and its purity, controlled by an IO 7304 mass spec-
trometer, was not worse than 0.995. The content of
impurities in argon did not exceed 0.0003. The initial
percentage of gases in the mixture was determined at
the variation of flows of the investigated gases, which
were measured by a calibrated capillary rotameter. The
time of transition of atoms from the discharge zone to
the place of their registration amounted ~0.1–0.03 s.
The gas temperature 

 

T

 

0

 

 on the PGG axis was measured
by a two-thermocouple method [4]. The temperature of
the reactor wall 

 

T

 

W

 

 exceeding those meanings, which
would be settled in conditions of a natural heat
exchange may be kept using an external heater.

The method of kinetic measurements based on the
solution of the continuity equation for the density of
fluxes of atoms, when the first order recombination
reaction of atoms is assumed for the PGG and for the
afterglow region, is described in detail in [5–8]. Appli-
cation of this method allows one to obtain data about
the concentrations of atoms and probabilities of their
loss. To determine the constants (probabilities) of
recombination of hydrogen atoms, we measured the
H(

 

2

 

S) concentration as a function of the PGG length for

various gas flow values. The kinetic dependencies for
hydrogen atoms in the afterglow region, where the sur-
face of the tube that connects the discharge zone and the
resonator of the microwave spectrometer is not sub-
jected to the action of charged or other short-lived par-
ticles, were obtained by measurements of the time of
gas contact with the surface under investigation. In this
case, the measurements were reduced to determining
the dependence of the concentration of atoms on the gas
flow at specified plasma parameters. For the experi-
mental calculation of the life span of hydrogen atoms in
the discharge zone, which can differ from analogous
values measured at afterglow, the distribution of the rel-
ative concentration of atoms over the discharge zone
length at a constant velocity of the gas flow was deter-
mined.

RESULTS AND DISCUSSION

The main channels for the loss of hydrogen H(

 

2

 

S)
atoms in plasma are reactions of homogeneous recom-
bination as follows:

H + H + H

 

2

 

  H

 

2

 

 + H

 

2

 

k

 

 = 2.2 

 

×

 

 10

 

–32

 

 cm

 

6

 

/s [8]

H + H + H  H

 

2

 

 + H

 

k

 

 = ~10

 

–31

 

 cm

 

6

 

/s [8]

and recombination of atoms on the surface of the reac-
tor walls. According to preliminary evaluations, the
input of volume reactions of the loss of hydrogen atoms
for our experimental conditions (gas pressure of 60–
400 Pa) does not exceed 10%; that is, the heterogeneous
recombination should be considered to be the main
channel of the loss of H(

 

2

 

S) atoms.

The results of measurements of the probabilities of
heterogeneous recombination of hydrogen atoms in the
PGG and at the afterglow of H

 

2

 

 + Ar plasma for various
compositions of the mixture are shown in Fig. 2. The
loss of hydrogen atoms on the quartz surface (after-
glow) and on the surface of the electron-tube glass
(positive glow gap) occurs, as for a pure hydrogen
plasma, according to the first kinetic order with respect
to the concentration of atoms with a probability that
does not depend on the discharge current and gas pres-
sure. The probability of the heterogeneous loss of
hydrogen atoms in the PGG of glow discharge is one
order of magnitude greater than in the afterglow. The
role of glow discharge consists of a continuous cleaning
of adsorption centers at the bombardment of the surface
of the reactor walls by active particles that leads to
greater 

 

γ

 

H

 

 values at the boundary surfaces of the plasma
zone. The obtained results show that the probability of
the heterogeneous loss of hydrogen atoms decreases
with the increase of the Ar content in the mixture,
which is one of the reasons for the greater yield of
H(

 

2

 

S) atoms in H

 

2

 

 + Ar mixture in comparison with a
pure hydrogen plasma. As was shown in [9, 10], a het-
erogeneous recombination of atoms can occur due to
the realization of two different mechanisms, i.e., (1) the

 

20
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–4

 

40 60 80 1000
%Ar
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–5

 

γ

 

H

 

1

2

 

Fig. 2.

 

 Dependence of the probability of heterogeneous
recombination of H(

 

2

 

S) atoms on the argon content in a
mixture (

 

P

 

 = 200 Pa, 

 

I

 

p

 

 = 50 mA). (

 

1

 

) Afterglow, (

 

2

 

) plasma
region.
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interaction of chemisorbed hydrogen atoms with gas
phase atoms (Eley–Rideal mechanism)

H + S

 

v

 

  H

 

s

 

; H + H

 

s

 

  H

 

2

 

 + S

 

v

 

;

(2) the recombination of chemisorbed hydrogen
atoms with physically adsorbed atoms (Langmuir–Hin-
shelwood mechanism)

H + F

 

v

 

  H

 

f

 

; H

 

f

 

 + H

 

s

 

  H

 

2

 

 + F

 

v

 

 + S

 

v

 

,

which leads to the formation of molecules in the gas
phase (S

 

v

 

, F

 

v

 

 are the vacant centers of chemical and
physical adsorption). The values of probabilities of het-
erogeneous recombination on the quartz glass surface
in the afterglow region (Fig. 3) form a unified tempera-
ture dependence; the effective activation energy of the
process amounts to 10.3 

 

±

 

 0.8 KJ/mol and virtually
does not depend on the argon content in the mixture.
The activation energy in the positive glow gap of glow
discharge within the experimental error, under condi-
tions of natural heat exchange, at a temperature of the
reactor wall of 295–450 K, corresponds to the value
obtained for the afterglow region and amounts to (8.2 

 

±

 

1.9) KJ/mol (Fig. 4). The unified temperature depen-
dence of the probability of the heterogeneous loss of
hydrogen atoms in the afterglow region and in the PGG
of glow discharge in the H

 

2

 

 + Ar mixture can suggest
a unified recombination mechanism of H(

 

2

 

S) on the
surface of quartz (afterglow) and of molybdenum
electron-tube glass (PGG) for the surface temperature
up to 450 K. Namely, it can suggest the Eley–Rideal
mechanism, as its limiting step is determined (as is that
for a pure hydrogen plasma) by the reaction of the gas
phase atoms with those adsorbed on the surface at the
constant density of surface active centers. At a temper-
ature of the reactor wall of 450–615 K (forced heating),
the activation energy of the recombination process in

 

the PGG of glow discharge in H

 

2

 

 + Ar mixture increases
by a factor of two and amounts to (16.8 

 

±

 

 2.0) KJ/mol,
irrespective of the argon percentage in the mixture (Fig.
4). This may be linked with the change of the mecha-
nism of the heterogeneous recombination of hydrogen
H(

 

2

 

S) atoms, as well as with intensive desorption of
chemisorbed water at high wall temperatures and the
reduction of siloxane groups, which possess a higher
adsorptive activity on the glass surface. Variation of the
activation energy value was also observed in [11] in the
transition to greater temperatures (exceeding 430 K)
while investigating the recombination of nitrogen
atoms on the surface of various sorts of quartz glass.

CONCLUSIONS

The probabilities of the heterogeneous recombina-
tion of hydrogen atoms in the DC glow discharge
plasma in H

 

2

 

 + Ar mixture on the surface of quartz
(afterglow) and of electron-tube molybdenum glass
(PGG) were measured for the temperatures of the reac-
tor wall of 295–615 K.

The effective values of the activation energy of the
process of heterogeneous recombination of H(

 

2

 

S) were
determined. It was shown that in the positive glow gap
of glow discharge, at the reactor wall temperature
greater than 450 K, the activation energy of the process
increases due to the dehydration of the glass surface.
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1

 

1. INTRODUCTION

The absorption and adsorption properties of clay are
functions of exchangeable cations and layer silicate
structure. These processes are governed by the balance
between attractive and repulsive forces arising from
intermolecular and electrostatic interactions between
the solution and solid phases in a suspension.

Many workers have studied the relationship
between the physicochemical properties of clay and the
effect of the nature of exchangeable cations. The total
layer charge has been found to play a major role in the
expansion properties of layer silicates [1, 2]. Net parti-
cle charge is the most important factor controlling clay
dispersion for the range of pH and ionic strength values
[3]. Interlayer cations, net layer charge, and charge
location (octahedral or tetrahedral) affect the expansion
properties of smectites [4–6]. The general conclusion
has been that the basal spacings of tetrahedrally
charged smectites were smaller then those of octahe-
drally charged smectites under the same conditions of
hydration and solution.

The thermal treatment of smectites saturated with Li
has been shown to reduce their layer charge as well as
cause a decrease in exchangeable Li [7–8]. A similar
reduction in charge was also found when Mg

 

2+

 

 or Al

 

3+

 

saturated clays were heated to 300

 

°

 

C [4, 9]. The mech-

 

1

 

The text was submitted by the authors in English.

 

anism of charge reduction was argued to be the migra-
tion of these cations of small radius into vacant octahe-
dral sites to reduce the octahedral charge. Other new
studies [10], concerning interaction of water with
exchangeable cations of smectite clay (Li-, Na-, Ca-,
Mg-, Al-smectite), show that dehydration involves des-
orption of the water molecules from its original adsorp-
tion site (the oxygen surface of the clay or exchange-
able cation) and diffusion of the desorbed molecule to
the gas phase. All data point to a strong cation depen-
dence of the smectite–water interaction in parallel to
what is observed or computed for water–cation interac-
tions in the vapor or liquid phase [11]. It has been
reported that the weight loss of molecular water
depends on the nature of the counterion: the first water
loss observed with all the samples (Li-, Na-, Ca-, Mg-,
Al-smectite) took place at a temperature between 332
and 345 K; the second water loss was observed for
smect-Li

 

+

 

, smect-Ca

 

2+

 

, smect-Ba

 

2+

 

, smect-Mg

 

2+

 

 and
smect-La

 

3+

 

 in the 377–419 K temperature range, when
smect-Mg

 

2+

 

 exhibited a third peak of water loss at
508 

 

±

 

 5 K. This implies that the cation type is determi-
native for the total water content retained in smectite
since the physical state of a clay is charged with
increasing water content; from solid to semirigid plas-
tic, then to gel, and finally to suspension.

In the present study, we investigate the effect of
counterions on the physicochemical properties of a
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Abstract

 

—The effect of exchange cations (M

 

n+

 

: Li

 

+

 

, Na

 

+

 

, K

 

+

 

, N , Ca

 

2+

 

, Mg

 

2+

 

, Fe

 

3+

 

, and Al

 

3+

 

) and thermal
treatment on the physicochemical properties of smectite was investigated. Before thermal treatment, unheated
(25

 

°

 

C) M

 

n+

 

-smectite showed increased 

 

d

 

001

 

 spacing upon glycol solvation; after heating at 300

 

°

 

C or above
(400

 

°

 

C), 

 

d

 

001

 

 spacing upon glycol solvation of Al-, Fe-, Mg-, Li-smectite decreased and reached 10 Å. How-
ever, an increase in 

 

d

 

001

 

 of Ca

 

2+

 

-, Na

 

+

 

- and N -smectite upon glycol solvation indicated that 

 

d

 

001

 

 varied with
the nature of exchangeable cation and the temperature of heating. The results generally suggested the following:

 

d

 

001

 

 of homoionic smectite before and after heating at various temperatures depended upon the nature of
exchangeable cation. The cation exchangeable capacities (CECs) and the BET surface areas (S

 

BETs

 

) were func-
tions of the type of exchangeable cations, since S

 

BETs

 

 drop off in the following order: Na

 

+

 

-smect > Ca

 

2+

 

-smect >
Mg

 

2+

 

-smect > N -smect > Li

 

+

 

-smect > K

 

+

 

-smect > Fe

 

3+

 

-smect > Al

 

3+

 

-smect. Finally, we have noted good
progress in the exchangeable properties of synthesized clay in comparison with the Na homoionic smectite
form, except for K homoionic clay, which have the lowest CECs, S

 

BETs

 

, and consequently, the lowest exchange-
able properties.
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smectite clay collected from Zaghouan (northeast Tuni-
sia), then we report on the effect of heating at different
temperatures (25–200–300–400

 

°

 

C) on the adsorption–
absorption properties of smectite saturated with
monovalent, divalent, and trivalent cations.

2. MATERIALS AND METHODS

 

2.1. Clay

 

Bentonite was used as the clay in this study,
obtained from Zaghouan (northeast Tunisia), prepared
as described elsewhere [12, 13]. The sample was char-
acterized by X-ray diffraction, thermogravimetric, and
FT-IR spectroscopic analyses. The chemical composi-
tions of the clay were found to be as follows: 58.8%
SiO

 

2

 

, 3.95% MgO, 17.4% Al

 

2

 

O

 

3

 

, 0.84% K

 

2

 

O, 0.28%
CaO, 1.39% Na

 

2

 

O. The cation-exchange capacity
(CEC), determined according to the ammonium acetate
saturation method [14]; the BET specific surface area
(S

 

BET

 

); and the total specific surface area (Ss) were also
estimated. The most important properties of the sample
used are illustrated in Table 1.

 

2.2. Preparation of Homoionic Clays 

 

The homoionic Li

 

+

 

-, N -, K

 

+

 

, Ca

 

2+

 

-, Mg

 

2+

 

-, Fe

 

3+

 

-,
and A

 

3+

 

-forms were obtained by ion-exchange of the
purified Na

 

+

 

-form with the corresponding chlorides or
nitrates (analytical grade) by repeated (seven times)
exchange in 1% clay suspensions in 1 N salt solutions

H4
+

 

at their natural pH, followed by many washing cycles
(centrifugation and, when necessary, dialysis) until
they were chloride-free. Later, the salt-free clay sam-
ples were dried at 60

 

°

 

C, powdered in a mortar and pes-
tle, and passed through a 60-mesh sieve to obtain finer
grains before experiments.

Homoionic smectite was heated at different temper-
atures, and analysis was carried out at a constant heat-
ing rate of 100

 

°

 

C/h, from room temperature to 400

 

°

 

C,
i.e., in a temperature domain where no dehydroxylation
of the crystal structure takes place [15].

Characterization of synthesized clays was studies,
including mineralogical analysis, measurement of
CEC, pore volume, and S

 

BET

 

. The chemical analyses
were obtained by using X-ray diffraction studies (a
Phillips PW1730/10 goniometer using the K

 

α

 

 radiation
of copper). The CECs were determined by the Kjeldhal
method [14] and S

 

BETs

 

 were measured by the (N

 

2

 

, BET)
method. We also report the results according to the
ATD–ATG and AFM methods.

Consequently, we give the most important proper-
ties of synthesized clays.

3. RESULTS AND DISCUSSION

 

3.1. Chemical Properties of Synthesized Clays 
(Homoionic Smectites)

 

The cation exchange capacity of synthesized clays
has been determined according to the ammonium ace-
tate saturation method (Table 2); the results show that
CEC was a function of the type of exchangeable cations,
and it increases in the following order: Na

 

+

 

-smect >

N -smect > Fe

 

3+

 

smect > Mg

 

2+

 

-smect > Al

 

3+

 

-smect >
Ca

 

2+

 

-smect > Li

 

+

 

-smect > K

 

+

 

-smect.
The S

 

BETs

 

 and total pore volumes have been deter-
mined using the BET method [16]. The Halsey 

 

t

 

-
method [17] was used for the determination of the
micropore volume in the presence of mesopores. This
technique involves the measurement of nitrogen
adsorbed by the sample at various low pressure values.

Representative nitrogen sorption isotherms are
shown in Fig. 1; they are of type II with H

 

2

 

 hysteresis
loops, as is typical for smectite clays that contain
microporous networks of broad structure [18, 19]. The
surface area due to micropores, S

 

mp

 

, was obtained from
the difference (S

 

BET

 

–S

 

ex

 

). Reliable interpretation of
these isotherms is limited to quantitative measurement
of specific surfaces areas and total pore volumes; these
data are provided in Table 3 and Fig. 2.

 

3.2. Differential Thermal Analysis
and Thermogravimetric Analysis (DTA–TGA)

 

DTA and TGA were merely used as complementary
methods with respect to the other techniques. The inter-
pretation [20] of the DTA–TGA curves of synthesized
clay samples (homoionic smectite)—for example, the

H4
+

 

              

 

Table 1.  

 

Most important different properties of the sample
used

 

S

 

BET

 

 (m

 

2

 

/g)

 

S

 

s

 

 (m

 

2

 

/g) CEC
méq/100 g

 

V

 

tot

 

 (cm

 

3

 

/g)

72.2 504 89 0.00581

structural formula: 
Ca

 

0.043

 

Na

 

0.404

 

K

 

0.16

 

(Si

 

7.56

 

Al

 

0.44

 

)(Al

 

2.933

 

Fe

 

0.678

 

Mg

 

0.476

 

)O

 

22

 

Table 2.  

 

Cation exchange capacity of homoionic smectite

M

 

n

 

+

 

-smect
CEC

(méq/100 g
of calcined clay)

Ignition
loss

CEC
(méq/100 g

of calcined clay)

Na

 

+

 

-smect 72 19 89

K

 

+

 

-smect 32 7 34

N -smect 77 9 85.55

Li

 

+

 

-smect 63 10 69.23

Ca

 

2+

 

-smect 60 11 70.58

Mg2+-smect 69 15 77.52

Fe3+-smect 72 8.52 78.7

Al3+-smect 64 12 73

H4
+
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DTA–TGA curve of Na homoionic smectite—leads to
the following results (Fig. 3):

—A significant endothermic peak between 130 and
180°C. These transformations are due to the removal of

adsorbed and interlayer water from the clay mineral.
The high intensity of the first peak confirms the pres-
ence of a swelling phase (smectite) interlayer stratified
with nonswelling clay (illite) [21].

20
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Fig. 1. Nitrogen adsorption and desorption isotherms of synthesized clays.  Adsorption,  desorption.
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—A small endothermic peak between 500 and
540°C, which corresponds to the loss of hydroxyl
groups from the clay mineral structure (clay dehydro-
xylation).

—An endothermic peak between 930 and 997°C
shows the formation of a phase at high temperature [22,
23] characteristic of aluminum ferifere smectite.

Curves of TGA allow us to follow the weight loss of
homoionic smectite samples (Table 2). These curves
show tow losses of weight of Mn+-smectite samples:

—The first loss of weight occurs between 30 and
130°C. These transformations are due to the removal of
adsorbed and interlayer water from the clay mineral.

—The second loss of weight occurs at 526°C due to
the removal of water composition from the clay min-
eral.

The weight loss results are given in Table 4, which
shows that the creep of smectite clays is not controlled
by the mobility of the individual water molecules but
by the mobility of the interlayer cations surrounded by
their hydratation shells. We compare our results to

those obtained from a number of comparable
homoionic smectites by DTA–TGA by other authors
[9, 24, 25].

3.3. Atomic Force Microscopy 

Microtopography of the particles was achieved
using atomic force microscopy (AFM) images, and
computerized image analysis permits a direct and quan-
titative study of the size and shape of the synthesized
clay (Fig. 4).

AFM images were recorded on a nanoscope II
instrument in contact mode and in a region of 5 × 5 µm2

with a scan rate of 1Hz at a resolution of 256 × 256, for
sample preparation for AFM analysis. We use the
method of Occelli et al. [26]. Wafers were formed by
pressing powders of samples at about 15000 kPa and
were glued onto steel disks with epoxy resin; when the
glue dried, the tip of the atomic force microscope was
carefully guided to the middle of the wafer, thus begin-
ning the analysis.

Table 3.  Physical data for synthesized samples

Sample
SBET

(m2/g)
Sext(t-plot) 
(m2/g)

Smp

(m2/g)
Vtot

(cm3/g)

Na+-Smect 72.2 61.5 10.7 0.00581

N -Smect 93.8 65.92 27.88 0.0551

K+-Smect 117 69.65 47.35 0.0264

Li+-Smect 101 72.3 28.7 0.0158

Mg2+-Smect 92 65.62 26.38 0.0112

Ca2+-Smect 82 65.38 16.62 0.00921

Fe3+-Smect 120 74 46 0.026

Al3+-Smect 122 64.8 57.2 0.019

H4
+
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Fig. 2. Representative histograms of SBET, Sext, and Smp.
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Fig. 3. DTA–TGA curves of Na homoionic smectite
(Na+-smect) sample.

Table 4.  % loss of water

Sample:
Mn+-smect

(%) waters 
hydratation 

loss

(%) water 
constitution 

loss

(%) Total loss 
of water

Na+-Smect 13.5 4 17.5

Li+-Smect 6.83 4.2 12.61

N -Smect 9.58 5.5 15.1

K+-Smect 11.4 4 15.5

Mg2+-Smect 12.35 3.43 16.2

Ca2+-Smect 12.17 3.32 15.5

Al3+-Smect 15.13 4.5 19.6

Fe3+-Smect 13.6 4.6 18.2

H4
+
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AFM reveals the network character and the develop-
ment of morphology as a function of the type of
exchangeable cation, which is noted by a variation in
the value of the rugosity (Table 5).

3.4. Effect of Heating

Physicochemical properties of smectites depend
upon their structures, their chemical compositions, and
the type of exchangeable cation. The variation of XRD

patterns of Li+-, Na+-, N -, K+-, Mg2+-, Ca2+-, Fe3+-
and Al3+-smectite (Figs. 5 and 6) before and after heat-
ing and reexpansion after glycerol solvation was stud-
ied. Table 6 shows the swelling obtained for dry and
glycerol solvated samples. The d001 spacing of Li+-, K+-

, N -, and Na+-smectite prior to heating correspond
to a hydrated structure where the cations are located in
the interlayer space and solvated by water molecules
adsorbed from the atmosphere.

Lithium saturation and heating caused the bentonite
(smectite) to develop a hydrophobic character. Li-clay

H4
+

H4
+

collapsed and remained unexpandable after being
heated at 200–400°C (Table 4). The XRD patterns of
Li-clay after heating at 200–400°C exhibit a d001 reflec-
tion corresponding to 10 Å, even after treatment by
glycerol.

The high charge reduction guessed from the reduc-
tion of the amount of exchangeable cation (CEC) of Li-
clay (with decrease from 69.3 to 7 mq/100g), after heat
treatment is in good agreement with previous work.
Calvet and Prost [27] showed that the clay did not swell
with water when the amount of exchangeable cation
was lower than 50% of the original exchange capacity.

No differences were detected between XRD pat-
terns of Na-clay heating at 200°C–400°C and 25°C
(unheated). Even after thermal treatment (up to 400°C),
the hydrated sodium ions remained in the interlayer as
re-hydrated sodium ions remained in the interlayer as
reflected by d001 spacings (Fig. 6, Table 6). As a result
of glycerol solvation, d001 spacing of treated clays
increased to 17.6 Å, indicating swelling even after heat-
ing to 400°C. This behavior, as for the charge charac-
teristics, is opposite to that of Li-clay.

1 2
3 4

K+-smect

1 2 3 4

Na+-smect

2
3

4

Ca2+-smect

Fe3+-smect

1
2

4
3

1 2 3 4

Li+-smect

1 2
3 4

NH4
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2
3

4

Mg2+-smect

Al3+-smect

1
2

4
3

1

Fig. 4. AFM images of homoionic clays.

Table 5.  Evolution of the rugosity

Mn+-smect Al3+-smect Fe3+-smect Mg2+-smect Ca2+-smect Na+-smect Li+-smect N -smect K+-smect

Rq 70.7 97.2 84.3 109 107 61.2 74.7 119

H4
+
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Fig. 5. X-ray diffraction patterns of smectite saturated with Li, K, NH4 and Na at different temperatures. The dry samples (left) and
those solvated by glycol (right).
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Fig. 6. X-ray diffraction patterns of smectite saturated with Ca, Mg, Fe and Al at different temperatures. The dry samples (left) and
the glycol solvated (right).
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The d001 spacings of K-clays heated to 300°C and
after glycerol solvation were similar to those of Na-
clays. Expansion in the d001 spacing of K-clays after
glycerol solvation is observed even after heating at 200
or 300°C (Table 6). Thus, it appears that K+ does not
migrate into the lattice sites, the interlamellar K+

remaining exchangeable. Heat treatment only reduces
the amount of exchangeable K+. Apparently, K+ in the
interlayer space is progressively fixed or strongly
bonded to the surface –O or –OH groups with increas-
ing temperature.

Among the divalent cations, d001, spacing of
unheated (25°C) clays (Table 6) indicated that inter-
layer divalent cations were more hydrated than K+.
Spacings for Al3+-clays and Fe3+-clays were also con-
sistent with substantial cation hydration. Heating to
300°C did not result in any substantial collapse of d001
spacing, which upon glycerol solvation expanded with
d001 spacings ranging from 16.7 to 18.4 Å. However, on
heating at 400°C, Mg2+-, Fe3+-, and Al3+-clays collapse
to a d001 spacing of 9.6 Å and do not expand with glyc-
erol solvation (Fig. 2). These results are consistent with
migration of Mg, Fe, and Al from the interlayer space

Table 6.  Effect of thermal treatment on pH, CEC, and d001 spacing of synthesized clays (Mn+-smectite)

Cation
M-clay

Temperature
of heating °C

d001
pH

CEC
(méq/100 g

of calcined clay)Dry glycol

Na 25 12.25 17.94 6.17 89

200 11.98 17.94 6.25 84

300 11.1 17.6 6.43 80

400 11.1 17.6 6.49 76

Li 25 12.06 17.2 6.05 69.23

200 10.7 17.2 6.5 38

300 10 10 6.63 16

400 10 10 7 7

NH4 25 12.1 16.67 6.2 85.55

200 11.98 16.67 6.32 80

300 11.98 16.6 6.35 76

400 11.98 16.6 6.45 70

K 25 10.78 16.7 5.39 34

200 10.6 16.7 5.42 28

300 10.6 16.7 5.55 25

400 10.6 10.6 5.76 12

Mg 25 14.7 16.97 5.85 77.52

200 14.2 17.2 6.5 66

300 13.2 17.2 6.64 43

400 9.6 9.6 6.7 18

Ca 25 15.4 16.67 6.34 70.58

200 15.2 17.67 6.48 60

300 15.2 17.67 6.65 50

400 15.2 17.67 6.83 45

Fe 25 14.7 18.4 4.98 78.7

200 14.25 18.4 5.09 68

300 12.82 18.4 5.11 53

400 9.6 9.6 5.18 22

Al 25 15 16.7 4.89 73

200 13.2 16.7 4.91 65

300 13.2 16.7 4.97 58

400 9.6 9.6 5.12 18
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to the vacant octahedral sites. From the literature [3,
27], we reported that when Mg-montmorillonite and
Ca-montmorillonite were heated at 400°C, Mg2+ ions
could migrate into the structure, while Ca2+ ions could
not. Alternatively, it can be suggested that these cations
are strongly bonded to the clay surfaces while still
remaining in the interlayers.

Results show that peak intensity reduced with
increasing temperature (Figs. 5 and 6). The extent of
peak intensity reduction was similar to the reduction in

the capacity of cation exchange. For Li+-, Mg2+-, N -,
Fe3+- and Al3+-clays, after heating at 400°C, the reduc-
tion in the capacity of cation exchange was drastic and
the intensity of d001 peaks was also very low.

The thermal treatment of smectite saturated with
monovalent, divalent, and trivalent cations has been
shown to reduce the CEC and to affect the hydrophobic
character of Li+-, K+-, Mg2+-, Fe3+-, and Al3+-clays, sug-
gesting that these cations becomes nonexchangeable.

In general, results corroborate that this clay from
Zaghouan demonstrated its good capacity to absorb
these toxic metals [28] from waste water due to its fre-
quent appearance in waste streams from many indus-
tries, and to maintain them even at high temperature,
which ranges from 200 to 400°C in this study.

The pH of the suspension in distilled water was
measured before and after heating, and the results show
that pH depends on the nature of the cation. Among

monovalent cationic clays, Li+-, Na+- and N -clays
had higher pH values than K-clays. Furthermore, diva-
lent cationic clays had higher pH values than Fe3+- and
Al3+-clays (Table 6). In the suspension of unheated
clays (25°C), the dissociation of cations and subsequent
hydrolysis reactions led to changes in H+ concentration.
For Fe3+ and Al3+, even though the dissociated ions
were very low, strong hydrolysis reactions released
more H+ ions and the pH was 4.89 and 4.98, respec-
tively, for Fe3+- and Al3+-clays. Upon thermal treat-
ment, the pH increased for all cationic clays, suggesting
that the cations are more strongly bound to the clay sur-
face [3]. This is clearly shown in the increase of the
CEC with an increase in heating temperature (Table 6).

CONCLUSIONS

The effect of exchangeable cation saw good
progress in the exchangeable properties of synthesized
clay in comparison to the Na homoionic smectite form,
which means good exchangeable properties: adsorption
and absorption, except for K homoionic clay, which has
the lowest CEC, SBET, and consequently, the lowest
exchangeable properties.

Upon thermal treatment, the bonding characteristics
change according to the size of the cations. Smaller cat-
ions (ionic radius, <0.7 Å), Li, Mg, Fe, and Al, appar-
ently migrate to the vacant octahedral sites. This results

H4
+

H4
+

in severe reductions in cation exchange capacity, and
the cation becomes nonexchangeable. This process
occurred even at 200°C for Li+-clays.

Larger cations Na, NH4, K, and Ca apparently do
not migrate to lattice sites on thermal treatment.

The thermal treatment of smectite saturated with
monovalent, divalent, and trivalent cation has been
shown to reduce the cation exchange capacity and to
affect the hydrophobic character of Li+-, K+-, Mg2+-,
Fe+-, and Al3+-clays, suggesting that these cations
become nonexchangeable.

Results corroborate that this clay collected from
Zaghouan demonstrate good capacity to remove toxic
metals [28] from waste water, since this problem has
received considerable attention in recent years due pri-
marily to the concern that those toxic metals in waste
streams can be readily adsorbed by marine animals and
directly enter the human food chain, thus representing
a great health risk.
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Cathode spot temperature during low-pressure lamp
operation is one of most important parameters charac-
terizing oxide electrode quality. The temperature influ-
ences the evaporation or spraying rate of the oxide coat-
ing and the lamp lifespan, respectively. Usually, the
temperature measurements and its distribution over the
electrode winds are made with the help of an optical
pyrometer with an evanescent filament. Furthermore,
the instrumentation indications are recounted for the
real temperature with the use of the predetermined
emissivity (gray color) of the electrode. The gray color
of the oxide coating depends on many factors, particu-
larly on the composition and processing technique of
the emission coating, as well as on its thickness (from
0.15 

 

µ

 

m at 140 

 

µ

 

m thick up to 0.45 

 

µ

 

m at 5 

 

µ

 

m thick
[1]), etc. Therefore, the errors in the determination of
the electrode’s real temperature may be substantial if
the spectral emittance of the oxide substance is
unknown. The work objective is the determination of a
spectral dependence of the gray color coefficient of
oxide trispiral electrodes of low-pressure gas-discharge
lamps from different producers.

Usually, the temperature of oxide electrode of low-
pressure gas-discharge lamps is in the 1200–1350 K
range [2]. The spectral emittance of the wolfram in the
temperature range that is interesting for us is presented in
[3]. Under the same temperatures, the radiation intensity
of the wolfram electrode coated by an oxide layer will be
less than that of the wolfram electrode of the gray color
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layer gray color coefficient, and 
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 is the radiation inten-
sity. Therefore, in order to determine the oxide electrode
gray color coefficient, it is necessary to ensure the equal-
ity of the electrode temperatures with oxide and without
coating. Then, the radiation condition will be written in
view of 
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 is the gray color coefficient of wolfram. The
electrode temperature 

 

T

 

el

 

 is determined in accordance
with the known dependence of hot and cold cathode

ΦW
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resistances ratio at room temperature as follows:
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/

 

R
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 [3].

Electrode heating was conduted with the help of a
stabilized dc power supply. Before the experiments, the
electrode resistance was measured at room tempera-
ture. The spectral radiation intensity of the cathode spot
was measured by MDR-23 monochromator and FEU-
63 photomultiplier tube (voltage supply 1 kV). The
gray color coefficient determination error does not
exceed 15%. The error value is conditioned by several
factors, in particular, by the measurement error during
the reading of data from an AD converter; by the dispo-
sition error, due to the difference in the measured areas
projected by the objective lens and quality of coating in
the measured place; by the 

 

R

 

hot

 

/

 

R

 

cold

 

 ratio; and by the
influence of neighbor parts that are tightly fitted to the
measured electrode.

The figure shows the obtained dependencies of the
gray color coefficient of oxide electrodes on the wave-
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length for the bactericidal lamps on mercury vapors of
low pressure from different producers. The ratio

 

R

 

hot

 

/

 

R

 

cold

 

 = 6.5, which approximately corresponds to an
electrode temperature of 1320 K. The gray color coef-
ficient of the electrodes under study at a wavelength of
655 nm (operating wavelength of many pyrometers,
including Promin’-M1 device) is equal to 0.14 for the
NNI-200 lamp (Heraeus firm, Germany), 0.16 for the
DB-250 lamp (Scientific-Industrial Corp. LIT, Russia,
Moscow), and 0.2 for the TUV-75 lamp (Philips, the
Netherlands).

The gray color coefficients obtained may be used in
the measurements of oxide electrode temperatures in
the 1100–1400 K range.
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Infrared (IR) heating providing a high rate of the
local contactless heating and effective control over the
temperature profile is the most promising for group
technologies of soldering. Within the entire IR spec-
trum with its wavelength range of 0.72–1000 

 

µ

 

m, a
small part of this range is used only for soldering, i.e.,
near- (0.72–1.5 

 

µ

 

m), middle- (1.5–5.6 

 

µ

 

m), and far-
(5.6–10.0) 

 

µ

 

m IR radiation. The temperature of the
body at heating depends on the radiation wavelength,
its emissivity factor or reflectivity, duration of irradia-
tion and the body’s mass. Intensity of the spectral radi-
ation of the IR source is defined as [1]

(1)

where 

 

ε

 

λ

 

 is the spectral emissivity factor of the radiator,

 

C

 

1

 

 and 

 

C

 

2

 

 are the Planck constants, and 

 

T

 

 is the radiator
temperature.

The shorter the radiation wavelength is, the deeper
it penetrates the body; therefore, near-IR radiation pos-
sesses a deeper penetration ability than compared with
middle- and far-range radiation. Various materials
adsorb the IR energy in different manners. Four condi-
tions of the transfer of IR energy to a body can be dis-
tinguished, including reflection, opacity, transparency,
and translucency. The IR energy flux is partly reflected,
partly absorbed, and partly passes through the body
when it reaches the body surface;

(2)

IR energy passes through a transparent material
without heating; in a translucent material it penetrates
to a definite depth and heats the body. The effective
power of heating by IR radiation is as follows [2]:

(3)

where 
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 is the Stephan–Boltzmann constant, 
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 is the
emissivity of the body, 
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 is the body surface, and 
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the temperature variation.
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Some problems occur due to certain peculiarities of
IR radiation at its practical application for group solder-
ing of components in electronics:

(i) nonuniform heating of various electronic com-
ponents due to the diverse degree of energy absorbtion;

(ii) nonreproducibility of heating regimes because
of mismatch between the radiation spectrum of the
source and the absorption spectra of components and
the board;

(iii) necessity to optimize the heating regimes of
boards with various geometry and mass, as well as to
protect of the surface of IR radiators from evaporating
flux agents;

(iv) existence of shadowed board places where a
direct IR radiation is absent.

The first developments in the field of application of
IR heating for soldering were based on the application
of IR lamps with a temperature of radiator exceeding
800–1100

 

°

 

C. Since the soldering temperature is usu-
ally in the range of 210–215

 

°

 

C, the heating regimes
markedly differed from the equilibrium ones; this led to
overheating in some regions on the board surface due to
different emissivity factors and component mass.

IR-radiation lamps contain a tungsten helix wire
placed inside a sealed quartz tube filled with an inert
gas. They are most often placed inside a reflector that
concentrates radiation on the object being heated. The
lamps and reflectors usually produce IR radiation in a
middle-IR range; near-IR radiation is weaker and far-
IR radiation is minimal. This energy amounts more
than 90% of the radiation used for heating the body.
Because air is practically transparent for IR radiation, it
is virtually not heated; thus, the convective component
is minimal. The main advantages of heating with IR
lamps are as follows: high rate, low lag effect, ability to
effectively change the temperature and time profile of
heating, and the relative simplicity of the equipment.
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The composition of the gas medium in the zone of
IR soldering also influences its quality. Most often, IR
installations work in the conditions of air media, but the
presence of oxygen in the zone of soldering is not
always desirable because the solder oxidation and
destruction of organic materials occur. Therefore, in an
air medium, the duration of the heating cycle is limited
and should not exceed 100–150 s. The usage of an inert
medium is promising (nitrogen with a small oxygen
content or a hydrogen and nitrogen mixture). This
improves the soldering quality because the solder oxi-
dation is avoided, the flux activity increases, and the
amount of residual ionic impurities on the boards
decreases [3].

Three various configurations of installations are
used in the technology of IR soldering that differ by the
radiator type, including lamp, panel, and combined
radiators [4]. Radiators of the first type contain several
heating zones in which a set of tubular IR lamps are
placed above and below the transporter where the
boards to be mounted are located (Fig. 1). A great num-
ber of lamps enclosed in reflectors are located in the
reflow zone, which allows for the production of a
greater density of IR radiation. In the zone of preheat-
ing, the lamps are located far apart; this provides a
smooth heating regime and temperature leveling of
components. To eliminate the volatile compounds that
are formed during soldering, a system of exhaust venti-
lation is used at the entrance and at the exit of the heat-
ing zone. A system for the forced cooling of boards is
placed at the exit.

Installations with a panel IR heating in the form of
ceramic panels of various power have the similar con-
figuration; this allows one to form the necessary tem-
perature and temporal profile, but with less flexibility.
The configuration of a panel IR heater includes three
layers. The face side is made of glass, ceramics, or
metal and can function as a secondary radiator or a
transparent window dependent on the used material.
The second layer, or the primary heater, is made as a
foil or a spiral of resistive material. The third layer,
made of refractory ceramics, serves as isolation.

Panel radiators (Panel IR Systems) have become
widely adopted operating in a middle and far radiation
range of 3–10 

 

µ

 

m, which represent large-sized heated

ceramic panels that function at temperatures of 200–
450

 

°

 

C [5]. These installations contain chambers with
air or an inert gas; therefore, 60% of the heat energy is
supplied to the heated object due to convection and
40% due to middle- or far-IR radiation. A small temper-
ature difference between the radiator and the object
allows one to perform the heating in an equilibrium
regime, but advantages such as flexibility to control the
regimes and low lag disappear.

In panel installations, the heating is produced due to
both radiation and convection because IR radiation in
the range of 5–8 

 

µ

 

m is absorbed well by air. Installa-
tions of this type may contain several preheating zones
where heaters are located at one or two sides of the
transporter; this increases the transporter speed. Panel
heaters produce more uniform heating of boards; more-
over, radiation in the middle and far IR ranges is not
sensitive to the color of the heated objects (at the tem-
perature below 600

 

°

 

C). These heaters are less sensitive
to the loading of the heating zone. The disadvantage of
such installations is the lag effect with respect to the
changes in regimes and profile of the heating zone,
since each panel has a nonuniform temperature field
over the surface area. In particular, panels with a metal
face side have a lower temperature at the edges, while
the panels with a transparent for IR radiation face sur-
face have a greater temperature in the edge zone.

Combined systems, in which panel and lamp IR
heaters form the necessary number of heating zones,
enable great flexibility and possibility to use the advan-
tages of lamp and panel heating. Preheating of the
object is performed in the first and second zones using
panel heaters that provide a uniform heating and speci-
fied temperature. Melting of the solder cream occurs in
the third zone using quartz IR lamps, then the object is
cooled in the fourth zone. The printed circuit boards are
carried through the installation by a band conveyor.
Installations are equipped with a built-in microproces-
sor system for a programmed control over the heating
regimes of the boards and over all systems; the results
are shown at the display.

Raduga IR installations intended for the reflow of
solder creams at the assembly of boards using surface-
mounted components allow one to perform soldering
from both one side or from two sides of a printed circuit
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Fig. 1.

 

 Installation for IR heating with lamp radiators: (

 

1

 

) exhaust ventilation, (

 

2

 

) array of IR lamps, (

 

3

 

) board, (

 

4

 

) IR lamp,
(

 

5

 

) reflector, (

 

6

 

) cooling unit, (

 

7

 

) conveyor.
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board simultaneously. The installations consist of 

 

°

 

C
and a control panel. The installation design envisages a
hand feed of printed boards. A temperature sensor that
regulated TRM-10, along with a microprocessor con-
trol, allows for the accuracy of temperature stabiliza-
tion. The temperature values on the surface of heaters
are measured with a KhK thermocouple and are used by
the input parameters of the control system. The tempo-
ral interval of soldering is specified by a digital MTTs
3501 timer. A temperature sensor IT 2511 controls the
temperature regime of the heater in time.

A Raduga-21 conveyor installation for IR soldering
consists of a five-zone heating chamber with regulated
in the zones soldering temperature of IR heaters, a con-
veyor with a regulated speed for feeding printed boards
with installed components to a heating chamber, a con-
trol panel, loading and unloading units, and electric
equipment. The installation (conveyor width of 400 mm
and the length of heating chamber of 1100 mm)
provides a uniform heating of the board (width of
350 mm 

 

±

 

 2

 

°

 

C) in the direction perpendicular to the
direction of motion for the conveyor speed for 0.015–
2 m/min.

In installations for IR soldering, which contain a
lower heater placed under the board intended to preheat
it to a temperature of 100

 

°

 

C and an upper heater with a
system focusing the heat radiation with the aim to heat
components to be mounted to the reflow temperature of
the soldering paste in the range of 220–260

 

°

 

C, optimi-
zation of temperature profiles is necessary (Fig. 2).
Such technological parameters are also optimized as
the heating rate in the working zone, dependent on the
power of the heaters and their distance from the board,
intensity and locality of heating. As an example of sol-
dered articles, printed circuit boards may be named
where KhK microthermocouples are fixed in metal-
coated holes connected with digital temperature sen-
sors or the boards with mounted SMD, such as chip
resistors, diodes, stabilitrons, capacitors, microcircuits.

The heating rate of the upper 500-W heater with a
reflector amounts to 3–5

 

°

 

C/s, while that of the upper
and lower 500-W heater is equal to up to 10

 

°

 

C/s. The
application of a protective mask increases the heating
rate to 15

 

°

 

C/s due to reflection and increases the degree
of the localization of heating. A further increase in the
heating rate is possible due to the improvement of par-
abolic reflectors and the increase in their reflectivity. The
rate of the temperature increase in the soldering zone
decreases by a factor of 2 for the upper heater (Fig. 3)
and by a factor of 3 for the lower heater (Fig. 4) when
the distance from the IR heater to the board increases.

The uniformity of the zone of the thermal field dur-
ing the heating of the upper and lower IR heaters was
investigated. The central isothermal zone with a heating
rate greater than 5

 

°

 

C/s has a circular shape and the con-
sequent zones are oval in shape due to the rectangular
shape of the reflector (Fig. 5a). In Fig. 5b, the zones of
the thermal field of an IR heater with a rectangular 4 

 

×

 

4 mm mask are shown. The isotherms have a rectangu-
lar shape with a side of 6 mm for 

 

V

 

 > 3

 

°

 

C/s, 12 mm for

 

V

 

 = 2.2 and 18 mm for

 

 V

 

 < 1

 

°

 

C/s. The application of
reflecting screens of various shapes increases the local-
ity of heating. The greatest rate of heating (15

 

°

 

C/s) is
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Fig. 2.

 

 Scheme for the optimization of profiles of IR heat-
ing: (

 

1

 

) board, (

 

2

 

) thermocouple, (

 

3

 

) reflector, (

 

4

 

) upper
heater, (
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) mask, (

 

6

 

) regulated power unit, (
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) lower IR
heater, (

 

8

 

) digital temperature sensor.
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 Temperature dependences in the heating zone of the
upper IR radiator; distance to the board, mm: (
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) 15, (
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Fig. 4.

 

 Temperature dependences in the heating zone of the
lower IR radiator; distance to the board, mm: (

 

1

 

) 10, (

 

2

 

) 20,
(

 

3

 

) 30, (

 

4

 

) 40, (

 

5

 

) 50, (

 

6

 

) 60.
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reached by decreasing the distance from the board to
the upper IR heater. Application of a high-quality
reflector allows for a decrease in the energy assumption
by a factor of 2 and a change in the water cooling by
forced air cooling at the same heating intensity.

The increase in the locality of IR heating due to a
light-reflecting mask does not exert a substantial influ-
ence on the rate of temperature growth; as a whole, only
the board heating decreases. The optimal regimes for
IR soldering are as follows: preheating of the board by
the lower heater to 90–110

 

°

 

C at a rate of 6–8

 

°

 

C/s, heat-
ing by the upper and lower heaters to the soldering tem-
perature at a rate of 10–14

 

°

 

C/s. When it is necessary to
localize the heating, a light-reflecting mask is used for
thermosensitive components.

Regimes of soldering by reflow of solder creams are
defined by the temperature profile that is optimized for
IR furnaces (Fig. 6). The stage of preheating lowers the
thermal shock on electronic components and printed
circuit boards. At the rate of heating less than 1–3

 

°

 

C/s,
the solvent evaporation from the solder cream occurs. A
high rate of heating leads to a premature solvent evap-

oration and a number of defects, including damage to
the components due to thermal shock, sputtering of sol-
der drops, and the appearance of cross connections. The
difference between the temperature of preheating and
that of reflow should not exceed 100

 

°

 

C.

The stabilization stage activates the flux component
and eliminates the excess of moisture from the solder
cream. The temperature increase at this stage occurs at
a rate of 0.6

 

°

 

C/s for heating of all components on the
board to the same temperature. At the stage of the flux
activation (60–120 s), the elimination of the oxide film
from the soldered surfaces occurs. For shorter time
intervals, defects of the cold-soldering type can form.
At the stage of reflow the temperature increases to melt-
ing of the solder cream and a solder joint forms. To
form a reliable solder joint, the maximal soldering tem-
perature should exceed the melting temperature of the
solder cream by 30–40

 

°

 

C. To prevent such defects as
cold soldering or cross connections, the temperature of
cases of electronic components should be kept greater
than the solder melting temperature for 10–30 s. The
rate of heating from the moment when the board
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reaches the solder melting point to the moment when it
is maximal should not exceed 1–3°C/s.

Fast cooling decreases the formation of intermetal-
lic compounds; however, thermal stresses appear,
which leads to the damage of components at too high a
rate of cooling. The cooling rate of a board should not
exceed 6°C/s. The final choice of regimes is made tak-
ing into account the design of the printed circuit board,
the type and dimensions of components, the number of
components on the board, peculiarities of the equip-
ment, results of test solderings, and the type of solder
cream.

To measure the temperature profile of the IR instal-
lation for group soldering, a digital three-channel TER-
MOSKOP TA–570m thermometer was used that
enables one to draw thermoplots in a real time scale on
a computer display with data transfer through an RS-
232C communication channel with a simultaneous
indication of measured values on a built-in display.
Miniature, high-precision plug-in thermoresistors, as in
the DIN EN60751 standard, which, unlike thermocou-
ples, may be connected without taking into account
their polarity, were used as temperature sensors. This
removes the problem of matching thermocouples of
different types, and an additional cold end is not neces-
sary. Thermocouples mounted on a flat surface have a
point contact; unlike this, however, thermoresistors that
have a rectangular shape provide a good heat contact
over the whole surface and, therefore, more accurately
represent the temperature of elements. The device has a
range of temperature measurement of up to +500°C and
a resolution of 1°C in the autonomous regime and
0.1°C working with computer. The basic error of mea-
surements of the device in a temperature range to 350 ±
2°C; periodicity of measurements in the autonomous
regime is 1.5 s.

Analysis of the thermoprofile of soldering has
shown that the full duration of the process amounts to
240 s (Fig. 7). The stage of preheating for 120 s with the
increase in the temperature gradient of 1°C/s provides
for the protection of electronic components against ther-
mal shock. The stage of thermostabilization for 70 s at
the temperature gradient of 0.5°C/s provides a uniform
heating of all components on the board; this prevents
occurrences such as cold-soldering and tombstone
defects. A board with components passes through the
reflow stage for 80 s. The same values of the peak tem-
perature equal to 225°C were reached on all soldered
components. The exposure at the peak temperature for
15 s guarantees the quality of all soldered joints.

The stage of cooling has a gradient of temperature
lowering of 2°C/s; this is admissible for solders on the
basis of tin–lead alloys. However, for lead-free solders
with tin contents of up to 96%, it is necessary to per-
form a forced cooling of the board with a gradient of
4°C/s so as to prevent the formation of intermetallic
compounds and the growth of tin whiskers. Analysis of
reasons that cause defects of the surface mounting
shows that nonoptimal temperature profile of soldering
is one of the causes of their formation.

Application of IR soldering is a novel, promising
direction for surface mounting technology (SMT) that
enables to decrease expenses for employment of equip-
ment and simultaneously improve the quality of sol-
dered joints. One of the advantages of IR heating is its
simple equipment, which is much more efficient and
expedient for the surface mounting of components.
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The herb Peganum harmala 

 

L

 

, which, in addition to
folk medicine, is widely used for the medical treatment
of more serious diseases, including cancer [1–5]. The
efficiency of harmala usage for different purposes con-
ditions on the presence of 

 

β

 

-carboline alkaloids-
harmine, harmaline, and their derivatives [6–10] in the
harmala composition. In works [4, 5, 10, 11], it was
shown that 

 

β

 

-carboline alkaloids are bioactive sub-
stances and bias cytotoxic effects to cancer cells and
spasmolitic effects to the respiratory tract in bronchial
asthma. The dynamics of alkaloid accumulation and the
stability of their content in the Peganum harmala com-
position under long-term storage depend greatly on
external factors, such as temperature, electromagnetic
fields, radiation background, etc. [11, 12]. The low-
temperature treatment (~80 K) of harmala by a micro-
wave electromagnetic SHF field (~600–1000 MHz)
permits the improvement of its gustatory quality and
spasmolitic effects [12–14]. However, until now, it had
not been investigated how 

 

γ

 

 radiation influences
Peganum harmala composition and structure or how
pharmacological properties change due to it.

Thus, in the represented work, the structural
changes in Peganum harmala caused by 

 

γ

 

 radiation by
means of radiothermoluminescence (RTL) and IR-
spectroscopy methods have been investigated.

EXPERIMENTAL

The fine-dyspersated powder-type samples of
Peganum harmala growing in Apsheron (Azerbaijan),
leaves, seeds, and caulis with granule sizes of ~80 

 

µ

 

m
characterized in [1, 15] were used for the investigation.
In order to obtain the radiothermoluminescence (RTL)
spectra, we used the tablets made of these powders
according to the procedure described in [15]. The RTL
curves were recorded with thermoluminograph TLG-
69M in a temperature range of 80–500 K under a sam-
ple heating rate of 0.08 K/s. For RTL analysis, the sam-
ples were irradiated at a temperature of 77 K [12].

The IR-transmission spectra of the thin films with
thickness ~1 

 

µ

 

m were recorded with Specord 71JR
(Carl Zeiss) spectrophotometer in the frequencies
domain of 2000–650 cm

 

–1

 

 at room temperature. The
thin films were manufactured by means of monodis-
persed powder-type harmala mixture pressing in KBr
solid mold at a ratio of 1 : 1000 and pressure of
600 kg/cm

 

2

 

 with preliminary pumping under 1.33 Pa
with the help of a special press mold intended for opti-
cal investigations [16].

The optical spectra of mirror reflections of
Peganum harmala leaves were measured in the range
of 185–900 nm with the help of a Specord UV VIS
(Carl Zeiss) spectrophotometer at 300 K. For the cho-
sen wavelengths (

 

λ

 

=500, 750, and 830 nm), in the vis-
ible spectrum free of harmala’s self-absorption bands,
the reflectance 

 

R

 

 (albedo) were determined. Assuming
that Gur’evich–Kubelka–Munk’s law [17] is true and
considering surface roughness, the optical densities for

 

λ

 

=500, 750, and 830 nm were calculated using the for-
mula 

 

D

 

 = log

 

R

 

/

 

R

 

0

 

, where 

 

R

 

0

 

 and 

 

R

 

 are the samples'
reflectances before and after 

 

γ

 

 radiation. The values of

 

D

 

 represented in the work are arithmetic mean values
obtained in three parallel, independent experiments.

The samples were irradiated by 

 

γ

 

 quanta 

 

60

 

Co with
dose power 

 

dD

 

γ

 

/

 

dt

 

 = 1.03 Gr/s at temperatures of 77
and 300 K for RTL and for spectrum measurements,
respectively. The absorbed dose determined with a fer-
rosulphate dosimeter was varied within the limits 

 

D

 

γ

 

 =
0.5–50 KGr.

DISCUSSION

Peganum harmala irradiation by 

 

γ

 

 quanta at a tem-
perature of 77 K causes intensive RTL pick occurrence
under 175 K and weak pick occurrence under 320 and
445 K (Fig. 1, curve 

 

1

 

). Low-temperature wide pick
(semi-width 

 

T

 

1/2

 

 

 

≈

 

 110 K) at 175 K with energy of acti-
vation 

 

E

 

a

 

 

 

≈

 

 0.07–0.10 eV can be connected with either
the presence of alkaloids in the Peganum harmala or
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with the presence of molecular water in the steric envi-
ronment of alkaloids (the structures of several types of
alkaloids of Peganum harmala are represented in
Fig. 2). When 

 

β

 

-carbolines extracted from Oxalis tule-
roza L., the roots are radiated by ultraviolet light and
the blue-purple fluorescence can be seen visually [18].
Moreover, it is shown that the main fluorescent compo-
nents are harmine (7–methoxy–1–methyl–

 

β

 

–carboline)
and harmaline (3,4 hydroharmine). The hydroxyl (OH)
groups and condensed water oxygen represented in

 

γ

 

-irradiated biological objects also initiate the ther-
moluminescent phenomenon at 160–180 K [19]. The
origin and nature of thermolighting picks under 320
and 445 K have not been clarified yet.

A low-temperature wide-RTL pick with a maximum
at 175 K has several peculiarities, insofar as its spec-
trum parameters (intensity and semi-width) depend on
the 

 

γ

 

-radiation dose (Fig. 1, curves 

 

2

 

 and 

 

3

 

). With

 

γ

 

-radiation-dose growth from 0.5 up to 25 kGr (0.5 <

 

D

 

γ

 

 

 

≤

 

 25 kGr), the intensity of the thermolighting pick
increases approximately in order. A further increase of
the dose up to 50 kGr (25 < 

 

D

 

γ

 

 

 

≤

 

 50 kGr) is accompa-
nied by a monotonic decrease of the given pick inten-
sity and its narrowing by a factor of ~2 (the semi-width
value drops by 60 K). Furthermore, the form of the

band remains stable and close to that of the Gauss. The
dose dependences of the integral intensity of 1 RTL
pick at 175 K and its semi-width 

 

T

 

1/2

 

 in the form of the
diagram are represented in Fig. 3. Using these for anal-
ysis, it is possible to say that in the frames of relatively
small doses (0.5 < 

 

D

 

γ

 

 

 

≤

 

 25 kGr), weak structural
changes connected mainly with the conformation trans-
formations of alkaloids take place. For doses (25 < 

 

D

 

γ 

 

≤

 

50 kGr), strong structural changes occur until partial
decay.

The structural changes in 

 

γ

 

-irradiated Peganum har-
mala samples were also controlled according to their IR
absorption spectra. Figure 4 depicts the IR absorption
spectra of the initial (curve 

 

1

 

) and the irradiated-by-

 

γ

 

quanta under different doses (curves 

 

2

 

–

 

3

 

) of Perganum
harmala in a frequency domain of 1800–1200 cm

 

–1

 

.
This analytical part of the spectrum is characterized by
a collection of neighboring absorption bands related
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 The structures of several types of Peganum harmala
alkaloids.
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 The dependence of summary integral intensity 
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 of RTL pick at 175 K (a) and its semi-width 

 

T
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 (b) via 

 

γ

 

-radiation dose.
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mainly to different types of alkaloids belonging to the
harmala composition. This fact is verified by the pres-
ence of carbonyl-containing groups C=O (

 

ν

 

 ~ 1750–
1700 cm

 

–1

 

) and C=C and the presence of nitrogen-con-
taining groups N=C (

 

ν

 

 ~ 1690–1500 cm

 

–1

 

) in the aro-
matic ring; the bands at 1600, 1580 (conjugate rings),
1500, and 1450 cm

 

–1

 

 are typical for the ring itself. Con-
sidering the complicated chemical composition and ref-
erence information about the IR spectra of individual
alkaloids of harmala, the absorption bands with fre-
quencies 1725, 1700, 1690, and 1625 cm

 

–1

 

 were
referred to as harmine, peganidine, harmaline, and per-
anine, respectively (Fig. 4, curve 

 

1

 

) [9, 20–23].

When the samples of Peganum harmala are irradi-
ated, the IR spectra are transformed; in the area of rela-
tively small doses (0.5 < 

 

D

 

γ

 

 

 

≤

 

 25 kGr), the intensities of
the alkaloids' absorption bands are redistributed; this
process is accompanied by the arising of absorption
bands of harmine and harmaline (1725 and 1690 cm

 

–1

 

)
and, vice versa, by peganine and pegadine (1700 and
1625 cm

 

–1) absorption-band intensities drop (Fig. 4,
curves 2–3). Further radiation dose increasing from 25
up to 50 kGr causes intensity decreasing of all absorp-
tion bands. The observed peculiarity of harmine, har-
maline, and their derivatives in the IR spectrum of γ-
irradiated Peganum harmala in the analytical area of
alkaloids can be explained by a structural conforma-
tional alteration causing the harmine and harmaline
concentration (quantity) growth (the area of relatively

small doses (0.5 < Dγ ≤ 25 kGr) and their partial decay
(area 25 < Dγ ≤ 50 kGr).

Thus, investigations of RTL and IR have revealed
that no significant structural changes occur in areas of
relatively small doses (0.5 < Dγ ≤ 25 kGr), as well as
that it is possible to use them in the radiation steriliza-
tion of Peganum harmala.

If it is necessary to determine the optimal dose
boundaries for radiation sterilization, the mirror-reflec-
tion spectra of initial and γ-irradiated leaves of
Peganum harmala were measured in visible area (λ ~
400–950 nm). Figure 5 depicts how optical densities
of three chosen wavelengths (λ = 500, 750, and
830 nm) depend on the γ-irradiation dose. As is possi-
ble to see from the drawing, after a certain dose value,
at Dγ ≥ 2.5 kGr, optical densities are growing for three
λ values due to the fact that the reflectance of harmala
leaves increases due to surface radiation cleaning from
contaminations caused by microorganisms [24]. At
dose Dγ ≥ 7.5 kGr, saturation has taken place. The doses
corresponding to the beginning and end of the linear
area, i.e., 2.5 and 7.5 kGr, are chosen as the top and bot-
tom boundaries of radiation sterilization.

CONCLUSIONS

Using the kinetic peculiarities of RTL pick at 175 K
with an energy of activation of Ea = 0.07–0.1 eV and IR-
spectrum changes in the alkaloid analytical absorption
area (ν = 2000–1000 cm–1) as a dependence on the γ-
radiation dose (Dγ = 0.5–50 kGr), it was clarified that for
the area of relatively small doses (0.5 < Dγ ≤ 25 kGr),
there are no sufficient structural changes in Peganum
harmala and, in the area 25 < Dγ ≤ 50 kGr, there are suf-
ficient structural changes to the extent of the alkaloids'
decay. It is shown that it is possible to use the area of
relatively small doses (0.5 < Dγ ≤ 25 kGr) for radiation
sterilization. Using a dose dependence of the mirror
reflectance of Peganum harmala leaves in the visual
spectrum (λ = 400–900 nm), the top and bottom bound-
aries were obtained.
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In recent years, much attention has been given to
nanoheterogenous composition materials in which
metal and semiconductor nanoparticles are in a dielec-
tric matrix. Of special interest are composites contain-
ing metal and semiconductor nanoparticles distributed
in polymeric matrices [1, 2]. Nanoheterogenous film
structures consisting of polymeric matrices with dis-
persed nanosized particles, the distance between them
being the same, have unusual photo- and gas-sensitive
properties that are unique to fine-dispersed structures
[3, 4]. In such systems, a high response of electric con-
ductivity as a result of the adsorption of various gases
and vapors, even at room temperature, is observed.

Temperature dependencies of the surface resistivity
of compounds based on food polymers, i.e., gelatins
with different contents of the dispersed component and
nanoparticles of chalcogenide semiconductors Cu

 

2

 

S
and CdS, are studied in the presented work.

EXPERIMENTAL

Water-swelling polymer (gelatin on glass substrate)
was used to obtain compounds with nanoparticles Cu

 

2

 

S
and CdS.

Formation of compounds was performed in the fol-
lowing order: first the polymer film was enriched with
Cu

 

2+

 

 or Cd

 

2+ 

 

ions, then these films were processed in
Na

 

2

 

C aqueous solution and took the corresponding
color, i.e., black for Cu

 

2

 

S and orange for CdS. A multi-
cycle treatment method was used to increase the con-
tent of nanoparticles [5, 6].

The medium size of the formed nanoparticles—15–
20 nm for samples with 15 formation cycles and 50–
70 nm with 30 formation cycles—was determined with

the help of an ASM examination. Furthermore, the
obtained nanocomposites were annealed at a tempera-
ture of 453 K for two hours. To measure surface resis-
tance, two parallel conducting strips were applied to the
film surface with the help of silver paste. A clamping
electrode was used to gauge the bulk resistance. Mea-
surements were carried out by a 6514-Keithley Instru-
ments electrometric voltmeter (temperature rise with a
constant rate of 2

 

°

 

/min).

RESULTS AND DISCUSSION

The temperature dependence of a gelatin/glass sam-
ple resistance is shown in Fig. 1. As is obvious from the
figure, relationship 

 

ρ

 

(T) changes after annealing. If, in
initial specimens, a growth in resistance is observed
but, after annealing, the original resistance of the sam-
ples rises and the previous growth disappears. Speci-
men resistance decreases with an increase in tempera-
ture. The measured relationship 

 

ρ

 

(T) of the same spec-
imens, preserved in air, after 24 hours is analogous to
the starting samples. This appears to be connected with
the sorption of moisture in the air.

In Fig. 2, the temperature dependence of the surface
resistivity for gelatin/Cu

 

2

 

S compounds is presented
and, in Fig. 3, the same dependence is shown for gela-
tin/CdS compounds with different filler contents.

It is seen that the course of the curves for both com-
positions is similar. These curves have three inherent
regions, including a) initial drop, b) resistance growth,
and c) resistance reduction. We think that the initial
decrease in resistance is connected through the desorp-
tion of moisture from the bulk and different occlusions
and gases from the sample surface, causing the dimin-
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ishing of the surface resistance. This suggestion is con-
firmed by the value of the temperature corresponding to
the minimum value of the initial drop not changing with
the increase of filler content.

A further temperature rise is followed by an increase
in the nanocomposite resistance caused by gelatin puri-
fication and the desorption and widening of the volume
as a result of the transition of the matrix structure from
crystalline into amorphous. For these specimens, the
temperature corresponding to the maximum value of
resistance shifts towards high temperatures, therefore
confirming the structural nature of the observed effect.

For all composites except gelatin/Cu

 

2

 

S (30 cycles),
the observed resistance growth with temperature
increase may be considered to be the posistor effect in
nanocomposites and is connected with nanoparticle
dimensions. It is seen that, with an increase in the for-
mation cycle number equivalent to the growth in the
nanoparticle size, the inclination and resistance differ-
ence of this section change, thus confirming the change
in the composite-resistance temperature coefficient
(RTC). The largest value of this coefficient corresponds
to gelatin/CdS nanocomposite with thirty cycles of for-
mation. In our opinion, the increase in the formation
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 Temperature dependence of specific surface resistance of the gelatin/glass system: (

 

1

 

) initial; (
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) after thermal annealing; (
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)
the same sample measured after 24 hours.
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 Temperature dependence of the specific surface
resistance of gelatin/Cu

 

2

 

S nanocompositions with different
cycles of formation: (
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) 15; (
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 Temperature dependence of the specific surface
resistance of gelatin/CdS compositions with different
cycles of formation: (
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) 10; (
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cycle number results in the composite resistance
growth up to the filler resistance value and, correspond-
ingly, to the disappearance of the posistor effect, which
was observed for the gelatin/Cu

 

2

 

S nanocomposite
(30 cycles). A further rise in temperature is followed by
a regular reduction in the nanocomposite resistance.

In Fig. 4, the change in the initial surface resistivity
value 

 

ρ

 

s

 

 is shown depending on the formation cycle
number, i.e., it is shown to be circumstantially based on
the content and size of nanoparticles.

It is seen that with an increase in the content or for-
mation cycle number, the resistance of both composites
reduces. This may be favored by a low concentration
(0.4 M) of the Na

 

2

 

S solution in which the specimen was
held; the surface resistance of nanocomposites can
reduce at the increase of cycle number. Tentative esti-
mate of the depth of penetration of the layer enriched by
Cu

 

2

 

S particles shows that it is about 20–25% of the entire
thickness [7]. Reduction of 

 

ρ

 

s

 

 for composites with Cu

 

2

 

S
nanoparticles is about 8–10 orders and for composites
with CdS, it is about 1.5 orders. The lower limit of the
resistance in the relationship 

 

ρ

 

s

 

 = 

 

f

 

(

 

n

 

) is defined by the
value of the filler resistivity. This value for Cu

 

2

 

S is sev-
eral dozen kiloohms (10

 

3

 

–10

 

4

 

 Ohm) and, for CdS, it is
several hundred megaohms (10

 

7

 

–10

 

8

 

 Ohm).

Comparison of these values and obtained experi-
mental data in heterogenous systems allows for the use
of the flow theory to elucidate the electric conduction
mechanism. According to this theory, the current trans-
fer process in compositional systems is connected with
the generation of an infinite cluster of contacting elec-
tric conducting particles of the disperse phase. Such a

conducting channel ensures the charge-carrier transfer
in the bulk or on the surface of a composite.

CONCLUSIONS

In conclusion, it could be said that gelatin–chalco-
genide nanocomposites of CuS and CdS semiconductors
have a posistor effect. For gelatin/CuS composites, this
effect is found in the temperature range of 303–333 K
and for gelatin/CdS, it lies in the range of 313–353 K.
The posistor effect is the result of intermolecular inter-
actions at the polymer-nanoparticle phase interface,
and electric transfer of charges in such systems is
caused by tunneling through the polymer interlayer
between the nanoparticles up to percolation threshold
and by flow theory after the percolation threshold.
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At present, the technology permitting one to control
the concentration, structure, and composition of nano-
sized structures on the basis of molecules is being
worked out. The problem of the preparation of con-
trolled nanosized structures in the body of semiconduc-
tive materials is of great scientific and practical interest
in view of the purposeful control of fundamental
parameters of materials and creation of new electron
devices on their basis.

The formation of impurity atom molecules is the
evolutionary beginning of nanosized crystals and clus-
ters of impurity atoms in the lattice [1]. If the optimum
thermodynamical conditions of the molecule formation
of impurity atoms are established, it will be possible to
control their distribution, concentration, and, lastly,
nanosized objects in a crystal with different structures
and dimensions in the lattice.

To study the impurity atom molecule formation in
silicon, we have chosen manganese, selenium, and sul-
fur. Such impurities were selected because, in silicon,
they act separately as donors and each of them gener-
ates several donor levels [2, 3]. As a consequence,
donor–acceptor interactions between these impurity
atoms are absent. Furthermore, the doping procedure of
silicon by these impurity atoms is elaborated rather
well and, finally, silicon doped by these impurities pos-
sesses unique properties [4, 6].

Doping of silicon by the impurity atoms Mn, S, and
Se, as well as Mn–Se and Mn–S was carried out simul-
taneously from the gaseous phase, partial pressure of
these impurities being equal, in the temperature range

 

T

 

 = 1050–1250

 

°

 

C for 10–25 hours.
The worked out multistage diffusion procedure

allows not only for the silicon surface of erosion to be
relieved, which always occurs during the diffusion of
these impurities, but also for the uniform doping of spec-
imens with rather large dimensions (3 

 

×

 

 1 

 

×

 

 0.5 cm

 

3

 

).

Conditions in separate ampoules being absolutely
identical, the diffusion of sulfur, manganese, and sele-
nium, as well as combinations of manganese and sulfur
and manganese and selenium, was carried out. Mechan-
ical and chemical treatment after homogenizing and
preparation of ohmic contact, as well as the determina-
tion of physical parameters were carried out in all spec-
imens under completely equal conditions. To assure the
reliability of the results, five specimens were utilized
for every temperature of diffusion. The findings of an
investigation into the electric parameters of silicon
specimens doped by sulfur and manganese, as well as
by the combination of manganese with sulfur, are pre-
sented in the table.

It is ascertained that in silicon doped singly by man-
ganese or sulfur, these impurities act as donors. The
ionization energy of these impurity atom levels is deter-
mined from the photoconductivity and the Hall effect
and is in good agreement with the literature data. How-
ever, as is obvious from the table, in the specimens
doped jointly by sulfur and manganese Si

 

〈

 

B, Mn, S

 

〉

 

, at
all investigated diffusion temperatures, the concentra-
tion of electroactive atoms of both sulfur and manga-
nese became substantially lower than in specimens
Si

 

〈

 

B,Mn

 

〉

 

 and Si

 

〈

 

B,S

 

〉

 

.

An interesting effect is observed in the specimens
that were doped at 

 

T

 

 = 1100

 

°

 

C and were independent
throughout the duration of diffusion; the specimens of
Si

 

〈

 

B,Mn,S

 

〉

 

 acquire parameters close to the initial val-
ues (table); i.e., it is as though impurities of sulfur and
manganese are absent. Because of this, the content of
sulfur and manganese in specimens Si

 

〈

 

B,Mn

 

〉

 

, Si

 

〈

 

B,S

 

〉

 

,
and Si

 

〈

 

B,S,Mn

 

〉

 

 doped by these impurities at 

 

T

 

 =
1100

 

°

 

C was examined with the help of the method of
activation analysis. As the results show, the concentra-
tion of manganese and sulfur in specimens Si

 

〈

 

B,S,Mn

 

〉

 

is 1.5–2 times greater than manganese in Si

 

〈

 

B,Mn

 

〉

 

 and
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Mn

 

– –
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– –
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sulfur in Si

 

〈

 

B,S

 

〉

 

. This difference grows with the
increase of the diffusion duration and diffusant vapor
pressure.

The findings of the investigation of the spectral
dependence of optical absorption photoconductivity in
Si

 

〈

 

B,S,Mn

 

〉

 

 indicated the absence of any energy level of
sulfur and manganese in the forbidden band of silicon;
that is, all atoms of sulfur and manganese in these mate-
rials are electrically neutral. Such a behavior of sulfur
and manganese atoms can be explained by the formation
of electroneutral molecules (S

 

++

 

Mn

 

– –

 

), [S(

 

s

 

2

 

p

 

4

 

) – 2e =
S

 

++

 

(

 

s

 

2

 

p

 

2

 

) and Mn(

 

d

 

5

 

s

 

2

 

) + 2e = Mn

 

– –

 

(

 

s

 

2

 

p

 

2

 

) among these
impurity atoms.

Such molecules substitute two neighboring nodes in
a silicon lattice, the covalent-tetrahedral bond in the lat-
tice being not disturbed; therefore, atoms of sulfur and
manganese cannot generate any energy levels in the for-
bidden band of silicon. As a result of such molecule for-
mation, a new elementary cell of the (Si

 

2

 

S

 

++

 

Mn

 

– –

 

) type
appears in the silicon lattice. It is noteworthy that the
electroactive atom concentration of sulfur in Si

 

〈

 

B,S

 

〉

 

 and
of manganese in Si

 

〈

 

B,Mn

 

〉

 

, doped at 

 

T

 

 = 1250

 

°

 

C, is N

 

s

 

 =
2.4 

 

×

 

 10

 

16

 

 cm

 

–3

 

 and N

 

Mn

 

 = 2.1 

 

×

 

 10

 

15

 

 cm

 

–3

 

, correspond-
ingly. These values are determined on the basis of
experimental data (table) with consideration for the
degree of ionization of the energy levels of these impu-
rities in silicon. Thus, it is believed that the concentra-
tion of molecules (S

 

++

 

Mn

 

– –

 

) is defined by the concen-
tration of electroactive atoms of manganese in silicon at
a given temperature, approximating about 10% of the
electroactive atoms of sulfur in silicon. Furthermore, it

is easy to verify that in specimens Si

 

〈

 

B,S,Mn

 

〉

 

, a con-
centration of sulfur electroactive atoms should remain
that does not participate in the generation of molecules
and is equal to no less than N

 

s

 

 = 2 

 

×

 

 10

 

16

 

 cm

 

–3

 

; however,
as is seen from the table, it is one order of magnitude
less and comprises only N ~ 2.2 

 

×

 

 10

 

15

 

 cm

 

–3

 

, that is,
N

 

c

 

 = 2 

 

×

 

 10

 

16

 

 cm

 

–3

 

 sulfur atoms (this is just the concen-
tration of molecules) take part in the generation of mol-
ecules. Naturally, this brings up the following question:
What concentration of manganese should there be? It
may be suggested that, on one hand, not only electroac-
tive atoms of manganese, but also the electroneutral
atoms participate in molecule generation. On the other
hand, molecule formation stimulates the growth of
manganese solubility; the more sulfur atoms there are,
the more manganese atoms. The above-presented find-
ings of the investigation into the activation analysis can
serve as a corroboration of this suggestion. The concen-
tration of molecules, depending on the concentration of
sulfur in silicon, is calculated on the basis of the data
presented in the table. From these data it is inferred that
by controlling the concentration of sulfur in silicon, it
is possible to control the concentration of molecules
within a wide range, as well as the concentration and
distribution of nanostructures on their base. Under
common doping conditions, the control of the concen-
tration of such molecules is limited due to the small sol-
ubility of these impurities in silicon. Because of this,
the generation of nanosized structures on the basis of
the given molecules and their influence on the silicon
fundamental parameters is inessential. The elaborated
multistage procedure of doping of silicon by impurity

 

Outcome of investigation of electrical parameters of samples

Sample parameters
by diffusion

Diffusion 
temperature Sample parameters after diffusion Electroactive atom

concentration, cm

 

–3

 

Resistivity, 
Ohm cm

Conductiv-
ity type

 

T

 

, 

 

°

 

C Samples Resistivity, 
Ohm cm

Conductiv-
ity type Sulfur Manganese

10 P 1250 Si

 

〈

 

B, S

 

〉

 

0.4–0.5 n 2.4 

 

×

 

 10

 

16

 

10 P 1250 Si

 

〈

 

B, Mn

 

〉

 

(3–4) 

 

×

 

 10

 

3

 

n 2.1 

 

×

 

 10

 

15

 

10 P 1250 Si

 

〈

 

B, S, Mn

 

〉

 

18–20 n 2.2 × 1015

10 P 1200 Si〈B, S〉 1.5–1.7 n 6 × 1015

10 P 1200 Si〈B, Mn〉 (1–2) × 103 n 2.1 × 1015

10 P 1200 Si〈B, Mn, S〉 25–30 n 2 × 1015

10 P 1150 Si〈B, S〉 6.5–7 n 3.1 × 1015

10 P 1150 Si〈B, Mn〉 (3–4) × 102 n 2 × 1015

10 P 1150 Si〈B, Mn, S〉 (4–5) × 104 p 1.7 × 1015

10 P 1100 Si〈B, S〉 (5–5.5) × 102 n 2.03 × 1015

10 P 1100 Si〈B, Mn〉 (7–8) × 103 n 2 × 1015

10 P 1100 Si〈B, Mn, S〉 10–11 p <1013 <1013

10 P 1050 Si〈B, S〉 (6–7) × 103 p 1.97 × 1015

10 P 1050 Si〈B, Mn〉 105 i 2 × 1015

10 P 1050 Si〈B, Mn, S〉 85–90 p 1.8 × 1015
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atoms permits a substantial increase in the concentra-
tion of the introduced impurity atoms and, respectively,
the concentration of molecules and nanosized struc-
tures. The preliminary outcome of the investigation
shows that, in specimens Si〈B,S,Mn〉 enriched with
molecules (S++Mn– –), an abnormally large photosensi-
tivity in the region of hν = 0.45–07 eV is observed, as
well as an essential displacement of the fundamental
absorption margin towards larger wavelengths.

Study of molecule generation among impurity
atoms selenium and manganese in silicon has shown

that, in this case, intensive formation of molecules
S++Mn– – actually takes place. Effective thermodynamic
conditions of molecule formation among atoms of sele-
nium and manganese in Si are determined, as well as
the dependence of the molecule concentration on the
doping temperature.

At present, the technology permitting the control of
the concentration, structure, and composition of nano-
sized structures on the basis of molecules (S++Mn– –),
(Se++Mn– –) is being elaborated. The study of their
effects on silicon fundamental parameters, as well as on
the electric and photoelectric properties of such materi-
als, is being conducted in order to unveil the functional
capabilities of silicon with nanosized structures on the
basis of molecules of impurity atoms.
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INTRODUCTION

At the present time, in many regions of Azerbaijan,
water pollution has constituted a threat to human health
and to pure water basins. Polluted waste water contain-
ing bacteria and heavy metals enter directly into water
basins and the Caspian Sea, or it leaks into ground
water, which is dangerous to people’s health. There-
fore, solving these problems and providing people and
production facilities with pure water is a task of
increasing urgency.

Several of these problems may be solved through
electric treatment of liquids. The most important of
these problems is the removal of highly dispersed inclu-
sions. Such liquids are frequently waste waters from
industrial polymer-manufacturing plants.

The waste water is formed in the course of the sus-
pension polymerization and copolymerization of sty-
rene during the utilization of suspension stabilizers—
polyvinyl alcohols (PVAs); it essentially represents
sedimentation and aggregative stable colloidal systems.
In accordance with water-purification technology, it is
necessary to preliminarily separate the disperse phase
particles from styrene. [1].

The foaming polystyrene of PSB and PSVs grades
is one of the most extensively used polystyrene plastics
prepared by suspension polarization with the use of
PVA as a stabilizer agent. The chief characteristics of
the waste waters from the production of the indicated
polystyrene, representing a mixture of mother solutions
and flush waters, are presented in Table 1.

From the listed data, it becomes obvious that the
waste waters are considerably polluted by organic sub-
stances—PVA monomers—as well as by the polymer,
which is in a highly dispersed colloidal state. The waste
waters are also polluted by mineral substances, but

insignificantly, which is proven by the low values of
calcined residues.

It is known that the solutions of high-molecular
compounds and colloids, which are stabilized by pro-
tective compounds, are not very sensitive to addition of
electrolytes. That is why heterocoagulation should be
considered as the most acceptable method for the puri-
fication of waste water.

The performed experiments on the coagulation of a
colloidal solution (waste water from the production of
PSVs grade polystyrene) with the use of electrolytes
(acids and salts), by heating, freezing out, action of
ultrasonic oscillations, and destructive oxidation by
hydrogen peroxide and lime chlorate did not yield pos-
itive results.

The purification of waste water by coagulation with
aluminium sulfate proved to be an in efficient and very
expensive method. When it is purified by coagulation
with magnesium chloride, the flowrate of coagulant
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Table 1

 

CCO (Chemical Consumption
of Oxygen), mg O

 

2

 

/l
– 14000

Optical density – 100

pH – 5

Residue, mg/l:

– dense – 4600

calcined – 60

Content, mg/l:

– PVA (polyvinyl alcohol) – 500

– styrene – 20

color – milk-white
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increases up to 1.2–1.8 kg/m

 

3

 

 water, which four to five
times exceeds the consumption of magnesium chloride
for the purification of diluted waste water; moreover,
the purification efficiency decreases. All of the above
methods require considerable flowrates of reagents to
be used for purifying waste water (700 MgCl

 

2

 

 t/year or
160–200 polycoagulants t/yr). The latter are either
scarce (MgCl

 

2

 

) or are so far not being manufactured on
an industrial scale.

The purification of the waste water by the methods
described above will induce an increase in the con-
sumption of reagents. In connection with this, a reac-
tant-free purification method has begun development,
namely, an adsorptive one in an electric gas discharge.

The adsorptive processes of purification of waste
water are extensively applied in the chemical industry
and other branches of engineering. For the perspectives
of the adsorptive method and its practical requirements,
it is necessary to study the possibilities of further inten-
sification of adsorptive processes and to develop a a
means of monitoring them in the course of technologi-
cal operations. One such way involves the application
of electric discharges.

The effectiveness of the action of an electric dis-
charge on the adsorptive processes is determined by its
advantages, such as the possibility of direct interfer-
ence in the adsorption process, power consumption,
economical efficiency, and adaptability to manufacture
[3–6].

In the present work, we applied the adsorptive
method of simultaneous purification of waste waters
from the production of polystyrene using the effects of
electric discharges.

EXPERIMENTAL

Experiments were carried out with the use of clinop-
tilolite (zeolite—natural molecular sieves), large
reserves of which can be found in the territory of the
Republic of Azerbaijan (the Aidag deposit in the Tauz
region).

The most recent investigations substantially
expanded the range of application of natural zeolite:
new technical possibilities of this mineral have been
disclosed. The adsorption, ion-exchange properties of
natural zeolite, and the ability to absorb electrically
charged particles determine the large scale of its
employment for scientific, technical, and technological
purposes [2].

It has been established that the electric discharge
activation of natural zeolites contributes to the more
effective absorption of impurities from water; zeolites
manifest a barrier role in relation to a series of sub-
stances obtainable from petroleum and oil products,
benzene, phenol, etc.

The indicated properties of zeolites activated by
electric discharges make it possible to use them for
purifying the waste water of industrial enterprises.

The experiments were carried out with the use of the
influence of ozone on waste water, both separately and
in combination with the adsorptive methods, as
described in [7]. In all the experiments, other physical
and technological parameters characterizing the purifi-
cation processes remained strictly identical; therefore,
it seems possible to compare the results obtained by
various methods for purifying waste water.

For synthesizing ozone, we applied an ozonizing
facility composed of an ozonizer proper, an AF-2 ozo-
nometer, and a compressor providing oxygen.

The adsorbent was preliminarily subjected to heat
treatment with evacuation at 

 

T

 

 = 400

 

°

 

C over 5 h.
A schematic electric diagram of treating adsorbents

by electric discharges of barrier type is presented in
Fig. 1.

The effect of electric discharge was tested in a special
glass reactor with a built-in electrode system forming, in
the interelectrode space, the configuration of a weakly
nonuniform electric field with dielectric barriers. The
effect of the barrier discharge was tested under an alter-
nating voltage of 15 kV in a discharge current of 80 

 

µ

 

A,
with a treatment time of about 60 min. The technological
schematic of the installation is shown in Fig. 2.

Natural zeolite, pretreated by a barrier electric dis-
charge, was charged into a reactor. In the experiments,
electrically treated and untreated samples of natural
zeolite were utilized. The waste water from the produc-
tion of polystyrene was passed at a certain constant
flowrate through an ozonizer and a zeolite filter con-
nected in series. After purification, each water sample,
as well as that of the initial (unpurified water) sample,
were subjected to chemical analysis for their contents
of various impurities.

The results are presented in Table 2.
From the table, it is evident that the quantity of

harmful impurities in the purified water has substan-
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 The schematic electric diagram.
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tially decreased as compared to the initial one. The
purified water may be utilized for production and tech-
nical purposes in a closed water-supply cycle.

Moreover, it is the activation of adsorbent and the
ozonization of water that excludes the utilization of
reagent, which renders the water purification process
cheaper.

RESULTS AND DISCUSSION

Resolving the problem of intensifying the sorption
processes with the help of electric fields and discharges
requires studying the mechanism of changes in natural
adsorbents subjected to electric effects. We have put
forward a supposition that the adsorbability of natural,
porous adsorbents under the effect of an electric field is
due to the formation of the charged state, either on their
surfaces or in bulk.

To reveal the charged state in the natural adsorbents
of clinoptilolite, we used the thermostimulated relax-
ation (TSR) method, which is extensively applied to
investigate the relaxation of electric charge in poly-
meric films and other dielectric materials [8].

The TSR method consists in the fact that the sample
being tested is charged in an electric field (through
polarization, corona discharge, electron bombardment,
etc.); it is then discharged by short-circuiting on a cur-
rent-detection device with simultaneous heating at a
constant rate. The state of the sample material is judged
from the obtained discharge current curve as a function
of time or temperature.

The sample to be experimentally tested was natural
porous clinoptilolite of (Na

 

2

 

K

 

2

 

)OAl

 

2

 

O

 

3

 

 · 10SiO

 

2

 

 · 8H

 

2

 

O
grade in the form of a finely fragmented glassy mass,
into which the relict (clastogen) minerals are immersed.
The basic mass was a fine-grained, glassy mineral rep-
resented by regular and crescent forms.

The clinoptilolite is preliminarily ground to powder,
dried, and utilized in the form of tablets, cylinders or
spheres. For producing granules in the form of pellets,
cylinders as binders, clay, and chiefly amorphous
coalite are added to the moistened zeolite powder. In
some cases, metal powders are also employed as bind-
ers. It has been established that under the effect of high
temperatures and pressures, the powder of natural cli-
noptilolite may be compressed into pellets that after
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Fig. 2.

 

 Technological installation for the purification of waste water in polymeric industry. (

 

1

 

) Water reservoir; (

 

2

 

) rheometer;
(

 

3

 

) settling tank; (

 

4

 

) ozonator; (
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) reactor; (
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) reactor; (

 

7

 

) pump; (

 

8

 

) settling tank; (

 

9

 

) valves.

 

Table 2.  

 

Results of analysis of the samples of initial water and that purified by different methods

Characteristics
WATER Treated

by ozone
Preliminary treatment

O

 

3

 

 + clinoptiloliteInitial Untreated

pH 5.1 4.5 4 3.5

CBR (chlorobutyl resin), mg O

 

2

 

/l 14000 10700 9000 300

Optical density, rel. unit 100 80 60 0.25

Residue, mg/l:

– dense 4600 3000 3000 338

– calcined 60 66 60 129

Content, mg/l:

– of weighed substances 800 650 600 traces

– polyvinyl alcohol 500 300 200 70



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 43

 

      

 

No. 5

 

      

 

2007

 

ELECTRIC DISCHARGE TREATMENT OF ZEOLITES FOR PURIFYING THE WASTE WATER 401

 

calcination possess fairly high mechanical strength and
activity.

Prior to utilization, clinoptilolite was subjected to
heat treatment at 

 

T

 

 = 350

 

°

 

C with simultaneous evacua-
tion over 5 h, and the samples were then treated by an
electric discharge of corona or barrier type. Further-
more, aluminum electrodes 3 mm in diameter were
applied from two opposite sides by the vacuum, ther-
mal, spray-coating method with a thickness of the
sprayed layer of 

 

∆

 

 = 4–5 

 

µ

 

m. A sample was mounted in
a special heating device between elastic, current pick-
off elements made of stainless steel.

The TSR experiment was conducted by preheating a
sample from room temperature to 600

 

°

 

C at a constant
rate of 2

 

°

 

/min with simultaneous recording of the relax-

ation current curve as a function of temperature (and
time) on a two-coordinate self-recorder complete with
an amplifier. The linear character of heating was
ensured by a special electronic device.

Figure 3 represents an installation for the electrifica-
tion of samples.

Before each experiment, the sample was short-cir-
cuited for a time of 5–10 s, after which the measuring
facility was switched-on, and the TSR current curve
had been plotted.

The scheme in Fig. 4 represents a typical curve of a
TSR current as a function of time for the clinoptilolite
samples treated by a corona discharge at an alternating
voltage. The presence of peaks on the TSR current
curve proves the high temperature (about 250, 300,
400, 500

 

°

 

C) relaxations of an electric charge in the
sample. The area just under the TSR current curve cor-
responds as a function of time to the total charge, which
is relaxed in the sample.

Thus, all the factors enumerated above contribute to
the enhancement of the adsorbability of clinoptilolite.

CONCLUSIONS

Hence, by application of the thermostimulation
relaxation method, it has been demonstrated that the
effects of electric fields and discharges on a natural,
porous adsorbent—clinoptilolite of the (Na

 

2

 

K

 

2

 

)OAl

 

2

 

O

 

3

 

 ·
10SiO

 

2

 

 · 8H

 

2

 

O) type—are conducive to the appearance
of a charged state in it. It is the electric treatment of the
adsorbents that expands the range of application of cli-
noptilolite in various technological processes.

The physical mechanisms of improvement in the
adsorbability of clinoptilolite have been revealed.
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 Thermostimulated relaxation current of clinoptilolite
as a function duration of the process.
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The development of new, effective, and environ-
mentally suitable and safe destruction methods of
strong grounds on the territory of operating plants
where the use of explosive materials (EMs) is inadmis-
sible and the mechanical methods are inexpedient, is an
extremely urgent problem, especially in advancing
market relations, where reconstruction of outdated
objects is required to increase competitiveness.

The objective of this study is to establish the ener-
getic regimes of an initiated electric discharge that
facilitates effective destruction of strong grounds.

The results of earlier investigations [1–3] have con-
firmed the reality of achieving the stated objective,
through which the possibility has been established of
using electric charge for the destruction bottom of
grounds and surface oversize.

The essence of the electric discharge destruction
method lies in the use of shock waves and hydraulic
pressures generated by high-voltage electric discharge.
By analogy with the use of EMs [4], shot holes are
made in the object being destroyed, which are then
filled with water, and an electrode system is set up
instead of EMs. As high voltage is applied on the elec-
trode system, a discharge takes place within the dis-
charge gap. The process is accompanied by widening of
the discharge channel, growth in pressure (which may
reach 10

 

9

 

 Pa), and by the formation of a shock wave. As
a result, cracks and destruction will develop within the
shot hole.

The electric discharge method has a series of advan-
tages as compared to EMs, namely:

—The possibility of regulating the energy in the
ground destruction process.

—Absence of a shattering effect, so that fragment
recession is absent.

—No harmful substances are exuded in the destruc-
tion process.

—Providing of prescribed, directed scabbing.
The results of the investigation have confirmed that

electric discharge destruction method is an effective
and indispensable for method destruction of strong
grounds. It meets all safety requirements and allows
under stored energy up to 100 kJ on the depth of occur-
rence 20 m also to destroy and to loose the rocks by
strength up to 30 MPa with productivity up to 3 m

 

3

 

/hour
at small energy consumption. Underwater surveys have
verified the environmental safety as for the flora and
fauna preservation.

The destruction productivity attainment of more
strong grounds up to 5–8 m

 

3

 

/hour is possible, if to
enlarge the stored electric discharge energy more than
three times. Besides, it takes the effective force loading
schemes design, lowering the ground integral strength
to the showings, acceptable for subsequent mechanical
working.

It has been stated [3], that one can enlarge in a few
times the energy in the discharge channel and reduce
the mass–dimensions showings of the electric technical
systems at the expense of the discharge initiation by
exothermal compositions (EC) without the safe tech-
nique upset. The exothermal compositions are water
solutions of ammonium nitrate, as oxidizer, and alumi-
num powder as the fuel.

High–voltage electric discharge blast–hole destruc-
tion, high–voltage electric discharge initiated detona-
tion, and blast–hole detonation of the EM make up the
ground deformation zones in view of concentric
spheres, dimensions of which depend on many factors,
basically on the ground’s physical–mechanical proper-
ties and on the explosive dynamic load power. When
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the electric discharge occurs on the ground–blast–hole
interface, the shock wave squeezes the ground, at that
the compression excesses ground’s strength substan-
tially, so that the ground is squeezed, forming a camou-
flet cavity, radius of which is far above than one of the
blast–hole. The fracturing zone is arisen behind the
camouflet one.

Different models are used for description of the
ground deflected mode in the dependence on the power
and duration of discharges. In the case of power electric
discharge (electric explosion) a model of shock wave
propagation is used. Under smaller discharges the
model of cylindrical elastic wave in the infinity space
may be considered. Approximated estimation of rela-
tion of fracturing (cracking) zone and discharge energy
may be obtained by the method of the energetic analy-
sis. Let a radial crack is formed in a cylinder as an action
result of internal explosive circular efforts (Fig. 1). The
cracks area is determined as

(1)

where 

 

S

 

cr

 

—cracks area, m

 

2

 

; 

 

R

 

cr

 

—radius of the cracks
spreading zone, m; 

 

h

 

bh

 

—blast–hole depth (loose
depth), m.

Let estimate the necessary energy for such crack.
Maximal circular effort is determined in Hooke’s law
agree:

(2)

where 

 

F

 

p

 

—maximal peripheral effort, kg/m

 

2

 

; 

 

E

 

g

 

—
ground’s coefficient of elasticity, kg/m

 

3

 

; 

 

δ

 

—cylinder’s
radial deformation, m; 

 

S

 

cr

 

—cracks area, m

 

2

 

; 

 

l

 

cr

 

—cracks
length (

 

l

 

cr

 

 = 

 

R

 

cr

 

), m.
One follows from (1) and (2)

(3)

Determine the middle effort as 

 

F

 

p

 

/2. Then the work
on the cracks forming (the ground strain) will be

(4)

Scr Rcrhbh,=

Fp Eg
δ
lcr
----Scr,=

Fp Egδhbh.=

Ap
1
2
---Fpδ,=

 

where 

 

A

 

p

 

—the work on the cracks forming, 

 

J

 

.

The deformation 

 

δ

 

 is determined from (3):

(5)

Then the work on the cracks forming will be deter-
mined as

(6)

In turn, the efforts 

 

F

 

p

 

 value is in proportion to the
tension stress 

 

σ

 

p

 

 and to the crack’s area 

 

S

 

cr

 

, i. e.

(7)

or

(8)

Then, the expression for the work subject to (8)
takes the form

(9)

As it has been shown in [5], for bottom grounds 

 

σ

 

p

 

 ~

(10–20) MPa, 

 

E

 

g

 

 = (500–1000) MPa. Therefore,  ~

, and (9) takes the form:

(10)

On the other hand, the fracture energy in view of the
cracks forming and the electric explosive energy (

 

W

 

ex

 

)
are related in the following way:

(11)
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Fig. 1.

 

 The block destruction scheme in view of a radial
crack.
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Fig. 2.

 

 The blast–holes arrangement scheme for loosing
process. 
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d

 

—destruction radius; 

 

R

 

cr

 

—cracking radius.
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where 

 

η

 

—the relative value of the explosive energy
useful use; 

 

Wex—electric explosive energy, kJ. In con-
formity with [3] η = 0.5.

Equating the right–hand parts of expressions (10)
and (11) we obtain the relation

(12)

If k cracks are arisen after explosion, then

(13)

Find from (13) the loose zone radius subject to
cracks forming radius:

(14)

Wex

σphbhRcr
2

η
-------------------- 10 3– .×=

Wex
k
η
--- 10 3– σphbhRcr

2 .×=

Rcr
103η

k
------------⎝ ⎠

⎛ ⎞ Wex

σphbh
-------------.=

Usually the cracks number overlapping the cracking
zone for strong rocks amounts k = 20 [5]. Then expres-
sion (14) will take the form

(15)

where BE is the electric explosion energy counting fac-
tor, to be equal to

(16)

BE factor will be taken as 25. The η value under the
electric explosion allows the heat leakage to the elec-
trode system heating and the substance within the dis-
charge channel itself.

The dependence (15) determines the cracking radii
values of bottom rock, i. e., its weakening degree for
subsequent mechanical working.

To estimate the destruction zones of bottom rock the
rock’s ultimate strength on pressing is taken into con-

Rcr BE

Wex

σphbh
-------------,=

BE
103η

k
------------.=

 
Table 1.  Calculated meanings of the destruction zones volumes

10 g of EC PEM-40 20 g of EC PEM-40 30 g of EC PEM-40

W, kJ
V, m3/hour

W, kJ
V, m3/hour

W, kJ
V, m3/hour

30 MPa 40 MPa 60 MPa 30 MPa 40 MPa 60 MPa 30 MPa 40 MPa 60 MPa

82.50 0.84 0.64 0.44 152.5 1.56 1.2 0.8 222.5 2.28 1.72 1.16

95.00 0.96 0.72 0.48 165.0 1.68 1.28 0.84 235.0 2.44 1.8 1.2

107.50 1.12 0.84 0.56 177.5 1.84 1.4 0.92 247.5 2.6 1.96 1.38

120.00 1.28 0.96 0.64 190.0 1.96 1.52 1.0 260.0 2.72 2.0 1.32

132.50 1.38 1.04 0.68 202.5 2.12 1.56 1.04 272.5 2.88 2.12 1.44

145.00 1.52 1.16 0.76 215.0 2.28 1.68 1.12 285.0 3.0 2.2 1.48

157.50 1.64 1.2 0.8 227.5 2.32 1.76 1.2 297.5 3.08 2.36 1.52

170.00 1.76 1.32 0.92 240.0 2.48 1.88 1.28 310.0 3.28 2.44 1.6

 
Table 2.  Distances between the blast–holes under the grounds loosing

Energy, kJ

Ground’s compression strength

σ = 20 MPa σ = 30 MPa σ = 40 MPa σ = 60 MPa σ = 80 MPa

Lst Lint Lst Lint Lst Lint Lst Lint Lst Lint

82 1.43 1.23 1.21 1.04 0.99 0.85 0.83 0.71 0.72 0.61

120 1.76 1.51 1.43 1.23 1.21 1.04 0.99 0.85 0.87 0.75

170 2.07 1.78 1.68 1.45 1.46 1.26 1.24 1.07 1.03 0.89

200 2.2 1.89 1.87 1.61 1.54 1.32 1.32 1.14 1.1 0.95

250 2.53 2.18 2.09 1.8 1.76 1.51 1.43 1.23 1.21 1.04

300 2.65 2.27 2.2 1.89 1.87 1.61 1.54 1.32 1.32 1.14

350 2.97 2.55 2.42 2.08 2.09 1.8 1.76 1.51 1.43 1.23

400 3.19 2.74 2.64 2.27 2.2 1.89 1.87 1.61 1.54 1.32

450 3.52 2.74 2.86 2.46 2.53 2.18 2.09 1.8 1.76 1.51
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sideration, and, analogously with (15) the destruction
zones radius may be determined from the relation

(17)

where Rd—the destruction zone radius, m; σpr—the
rock’s ultimate strength on pressing, MPa.

Since the electric explosion is characterized by low-
ered ejection, i. e., the ratio of destruction zone radius
is lesser than the blast–hole depth (cracking depth), the

Rp BE

Wex

σprhbh
--------------,=

volume of destruction zone may be estimated in an
approximated form by the formula

(18)

where V—the volume of destruction from every charge,
m3; hbh—the blast–hole depth for the electric explosion
with lowered blow-up equals to 0.6 m.

Table 1 shows calculated meanings of the destruc-
tion volumes by one-electrode system vs. sum electric
charge energy being changed in (12.5–100) kJ limits
and EC of 10; 20; 30 g mass.

V πRp
2 hbh,=

 
Table 3.  The diagrammatic work of the technological complex

T
he

 g
ro

un
d’

s
st

re
ng

th
, M

Pa

Working operations

Working operation time, min
Cycles 
number 

per 1 hour2 4 6 8 10 12 14 16 18 20 22

20 Boring, perforator lifting 10

Lattice girder turn

The electrode arrangement and the discharge

40 Boring, perforator lifting 4.5

Lattice girder turn

The electrode arrangement and the discharge

60 Boring, perforator lifting 4

Lattice girder turn

The electrode arrangement and the discharge

80 Boring, perforator lifting 3

Lattice girder turn

The electrode arrangement and the discharge

100 Boring, perforator lifting 2.5

Lattice girder turn

The electrode arrangement and the discharge

 
Table 4.  The productivity of electric discharge loosing vs. the ground’s strength and the energy

Energy 
W, kJ

20 MPa 30 MPa 40 MPa 60 MPa 80 MPa 100 MPa

R, m V,
m3/hour R, m V,

m3/hour R, m V,
m3/hour R, m V,

m3/hour R, m V,
m3/hour R, m V,

m3/hour

82.5 0.65 0.8 0.55 0.56 0.45 0.4 0.37 0.24 0.33 0.20 0.3 0.16

120.0 0.8 1.2 0.65 0.8 0.55 0.56 0.45 0.4 0.38 0.28 0.35 0.24

170.0 0.94 1.68 0.77 1.12 0.65 0.8 0.504 0.48 0.47 0.4 0.42 0.32

200.0 1.0 1.88 0.85 1.36 0.7 0.92 0.6 0.68 0.5 0.48 0.45 0.4

250.0 1.15 2.48 0.95 1.72 0.8 1.2 0.65 0.8 0.55 0.56 0.5 0.48

300.0 1.2 2.72 1.0 1.88 0.85 1.36 0.7 0.92 0.6 0.68 0.55 0.56

350.0 1.35 3.44 1.1 2.16 0.95 1.72 0.8 1.2 0.65 0.8 0.6 0.68

400.0 1.45 3.96 1.2 2.72 1.0 1.88 0.85 1.44 0.72 0.96 1.15 0.82

500.0 1.6 4.84 1.3 3.2 1.15 2.48 0.95 1.72 0.8 1.2 0.7 0.92
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Using the calculated formulae (15) and (17), one
can state the destruction and cracking zones. For mas-
sive loosing of bottom with subsequent mechanical
working the blast–holes are arranged at distances LI =
0.86(Rd + Rcr) with step Ls = Rd + Rcr. The blast–holes
arrangement scheme is based on overlapping of the
cracking zones from one charge to another in order to
the critical completion of cracks having been formed in
the ground. Table 2 shows the calculated step and inter-
val values, and Fig. 2 illustrates scheme of power load-
ing of the electric explosion at the bottom grounds
under the electric charge loosing.

In order to determine the total necessary time for the
loosing process, it should take into consideration the
whole of preliminary work cycle, i. e., the time of blast–
holes boring and also the working operations of the
electrode laying and taking down.

The blast–holes boring time depends on the bottom
ground strength, the blast–holes diameter, and on the
perforator’s type and power. Table 3 shows the dia-
grammatic work of the technological complex for the
grounds of different strength.

Table 4 presents the calculation results of one–elec-
trode system productivity for the grounds of different
strength and the destruction energy in the dependence
of cycle time. One has been stated in the bottom
grounds destruction process, that the loosing volume
from two electrodes working together is 1.2 times
higher as compared with the case, when the electrodes
work by turns. Therefore, Table 5 shows calculated

dependencies of two–electrode system productivity for
the grounds of different strength upon the energy liber-
ation in the blast–hole under simultaneous operation of
two electrodes.

Thus, the electric discharge in the complex with the
exothermal compositions provides the required produc-
tivity of strong grounds destruction—from 5 to
8 m3/hour, what allows to it to enter into competition
with explosive materials use.
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Table 5.  The productivity of electric discharge loosing vs. the ground’s strength and the energy for two electrode system

Energy W, kJ
Productivity, m3/hour

20 MPa 30 MPa 40 MPa 60 MPa 80 MPa 100 MPa

82.5 1.9 1.3 1 0.6 0.5 0.4

120 2.9 1.9 1.3 1 0.7 0.6

170 4 2.7 1.9 1.2 1 0.8

200 4.5 3.3 2.2 1.6 1.2 1

250 5.9 4.1 2.9 1.9 1.3 1.2

300 6.5 4.5 3.3 2.2 1.6 1.3

350 8.2 5.2 4.1 2.9 2 1.6

400 9.5 6.5 4.5 3.5 2.3 2

500 11.6 7.7 6 4.1 2.9 2.2
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