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Abstract—The authors worked out a new method of combined electric-erosion and electric-chemical process-
ing of dielectrics in an electrolytic medium. This article is dedicated to the study of the process of passing an
electric current through an aqueous solution of an electrolyte. With the help of measurements of the volt—
ampere characteristics of the current passing through the electrolytes under study, the total character of the elec-
trolytes’ dependence, which has 4 transition regimes, was determined. The characteristics of the transition
regimes depend on both the electric regimes and the types of electrolytes and their concentration and don’t
depend on the distance between the electrodes. It’s characteristic of the third phase that a plasma envelope
appears that is accompanied by distraction of the dielectric. It’s shown that the tension and corresponding cur-
rent density at which the plasma envelope occurs exist for every type of electrolyte when the material of the
cathode is not changed. The correlation between these parameters and the coefficient of the surface-tension of
the studied electrolytes is determined. The results of the study include the dependence of the speed of the vol-
umetric broaching upon such technological parameters as the electric power, the frequency of the revolution of
the electrode device, the frequency of the relaxation of the generator, and the concentration of the electrolyte.
The problem of the mechanisms of the influence of the electric discharge in the electrolyte upon dielectric is

discussed.
DOI: 10.3103/S1068375507020019

INTRODUCTION

An analysis of the scientific and technical informa-
tion on the treatment of nontraditional materials shows
that progression of both the methods of fabrication and
the types of materials obtained continues [1-3]. The
procedures for treatment of such materials are also
evolving.

In parallel with the improvement of the known tech-
niques (abrasive, laser, ultrasonic, etc.), there is an
attempt to widen the possibilities of these methods by
combining them with chemical means and utilization of
alkaline and acid electrolytic media. For instance, in
works [4, 5], it is shown that the rate of treatment of
composite materials grows if it is carried out in a KON
working medium and laser and electroerosion methods
different in their nature are used.

In this connection, we have enlarged the range of
liquids serving as a working medium for use at electro-
erosion machining. In addition to NaCl aqueous solu-
tions [6], NaOH and KOH alkaline solutions were cho-
sen. The electric and time characteristics of pulse dis-
charges in proximity to the electrode device were
studied in the mentioned electrolyte solutions.

Measurements of the current—voltage characteristics
(CVC) of the current passage reveal the general nature
of the dependence, which had four transient stages. The
transient stage performance depends on both the elec-
tric regimes, the electrolyte type, and the concentration
and doesn’t depend on the interelectrode spacing. The
third stage is characterized by the appearance of a
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plasma sheath in the cathode region due to the voltage
redistribution in the electrolyte circuit and the concen-
tration of the whole applied electric field in this region.
For each electrolyte (with the cathode material being
the same), there exists voltage and respective current
densities when the plasma sheath appears. The correla-
tion between these parameters and the measured values
of the surface tension coefficient of the studied electro-
lytes has been established.

Expressions permitting one to perform the calcula-
tion of the voltage drop and choose the regimes benefi-
cial for working of dielectric materials (glass and
ceramics) have been obtained from an analysis of the
potential distribution in the electrolytic circuit.

1. Study of the Electric and Frequency Characteristics
of the Current

An experimental setup (Fig. 1) was worked out to
investigate the processes of current passage in an elec-
trolytic media and of dielectric material processing. It
consists of a relaxation generator decoupled galvani-
cally from the circuit, a system of fine supply of the
electrode instrument (EI) based on a stepping motor, a
system of controlled rotation of this electrode with a
pressure compensator, and a container with the speci-
men holder into which a damping element was intro-
duced (it isn’t shown in the figure).

The system of the compensator with the damper
allows one to automatically support the EI force on the
specimen working surface, which shouldn’t lead to its
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Fig. 1. Experimental bench for investigation of the electric current, frequency characteristics, and processing of the dielectrics:
SU—supply unit; >—amplifier; PG—pulse generator, VFT—rvoltage-frequency transformer; SMCU—stepping motor control unit;

SM—stepping motor.

fracture because the elements ensure the necessary EI
contact with the specimen being worked.

The cathode is fastened in the holder and with the
help of the supplying mechanism and can be dipped to
the needed depth in the vertical plane in relation to the
anode and the specimen, as well as moved in the anode
horizontal plane. Rectangular plates of graphite, cop-
per, lead, and stainless steel were used as the anode.

To measure the EI revolution frequency, an electron
tachometer has been elaborated, whose block diagram
is presented in Fig. 2. The tachometer consists of a
transmitter that transforms the rotary motion into elec-
tric pulses, a former of rectangular pulses with a rated
duration, a pulse frequency meter, and a supply unit.

To measure the CVC, the relaxation generator
allows one to control the output voltage in the range of
0-400 V at a maximum load current of 10 A. The dis-
charge current signal is determined with the help of a
resistor with R = 0.5 Ohm, which is connected in series
to the electrode circuit. The voltage is measured imme-
diately in the discharge gap. CVC are obtained with the
help of an XY recorder; the configuration of the current
and voltage is observed simultaneously using a double-
trace memory oscillograph. The interelectrode spacing
and the cathode area were noted during the investiga-
tion. NaCl, NaOH, and KOH aqueous solutions of dif-
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Fig. 2. Block diagram of the electron tachometer.
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ferent concentrations were used as the electrolyte.
Tungsten rods with various diameters were employed
as the cathode. The cathode area is bounded a clay pipe
and may be varied over wide limits.

1.1. Examination of the Current—Voltage
Characteristics

To assay the electric current passage conditions in
the aqueous electrolyte solutions, current—voltage char-
acteristics were chosen that could be investigated in the
NaCl solution [6] and conveniently allow one to judge
the main processes of the current passage in the solu-
tion and determine the parameters of the plasma sheath
formation near the cathode. It is precisely this regime
that was used later on to pierce holes in nonconducting
materials.

The current evolution dynamics in the electrolyte
with the variation of the voltage within the interelec-
trode gap in the NaOH and KOH aqueous solutions of
different concentration are presented in Fig. 3 and 4.
Such nature of the CVC behavior is similar to the
change of the current—voltage characteristics for an
NaCl electrolyte solution [6].

It should be noted that, in all the studied electrolyte
solutions, the CVC didn’t depend on the material; the
anode was made of lead, graphite, or stainless steel.
They coincide within the limits of the measurement
error.

As before, four regimes the current—voltage charac-
teristics can be recognized. Portion 1 is the region
where the current linearly depends on the voltage. The
normal process of electrolysis occurs in this portion.
The current increases, the electrochemical processes in
the electrolyte build up, and the dependence becomes
nonlinear. This regime ends with the formation of a
steam-and-gas bubble envelope on the cathode surface.

On further increase of the voltage, the second stage
of the process begins: intense gas formation at the
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Fig. 3. CVC dependency at various concentrations of the
NaOH electrolyte: 2 =3 mm, S, =2.38 mmz, and T = const.

anode surface is accompanied by the appearance of
separate spark discharges resulting in a drop in the cur-
rent on the CVC. Its following increase builds up a con-
stant steam-and-gas layer. The number of single dis-
charges increases, and a plasma sheath comes into
being at the cathode surface. As the experiments have
shown, the beginning of the second phase is marked by
the fact that the current density at which these initial
discharges appear for the given concentration of the
electrolyte doesn’t depend on the interelectrode gap
and the cathode area. This suggests that the processes
of the steam-and-gas layer formation around the cath-
ode are the governing factor determining the conditions
of the current passage in the electrolyte. Namely, this
layer’s properties influence the parameters of the dis-
charges and plasma sheath near the cathode.

The current densities when the initial discharges
near the cathode occur are arbitrarily called critical. In
Fig. 5, the critical current density is plotted against the
electrolyte concentration at various amounts of dipping
of the cathode into the electrolyte.

As is seen from the figure, within the concentration
range of 0.05-3%, there is a rather sharp dependency of
the critical current density on the electrolyte concentra-
tion, and it doesn’t depend on the cathode dipping
depth at any concentration. Within the concentration
range of 6-20%, the critical current density (within the
limits of the measurement error) virtually doesn’t
depend on the electrolyte concentration. It should be
noted that, in electrolytes with a concentration of less
than 2%, the minimum voltage at which the discharges
occurs is higher in comparison with the electrolytes
with a greater concentration. Apparently, this is con-
nected with the fact that, at low concentrations of the
electrolyte, hydrogen cations are generated not only
near the cathode but in the whole width of the electro-
lyte. Moreover (as is shown in work [7]), the resistance
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Fig. 4. CVC dependency at various concentrations of the
KOH electrolyte: h=2.5 mm, S, =2.38 mmz, and 7 = const.

of the weak solutions of electrolytes (less than 2%)
grows sharply with the concentration decrease due to
the increase of the surface tension coefficient. In this
connection, higher values of voltages within the inter-
electrode gap are necessary to ensure the same quantity
of current. The generated power determines the electro-
chemical processes with the resulting formation of a
bubble layer around the cathode. The increase of the
voltage at low concentrations and formation of gas
within the whole width leads to a reduction of the cur-
rent and the respective fall of the critical current density
at which a discharge occurs.

At the beginning of the third stage, as a result of
intensification of the gassing both from the electrolyte
body and at the expense of steam generation owing to
the growth of the electric power input, there comes into
existence a steady continuous gaseous envelope, and
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Fig. 5. Current density versus concentration at various
depths of the cathode dipping.
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Fig. 6. Current critical density versus electrolyte concentra-
tion characteristics.

the current passes through the layer in the form of high-
frequency discharges. Luminous plasma flares occur in
the narrow cathode zone. Because the cathode surface
is bounded by the dielectric, the plasma flares exist
independently of the depth of the cathode being dipped
into the electrolyte.

The voltages and current densities where the plasma
flare appears, as is evident from the CVC and critical
density versus the concentration characteristic for the
examined electrolytes (Fig. 6), depends strongly on the
electrolyte concentration and composition because of
the variation of the electrolytic liquid surface tension
coefficient.

The measurements of the solution surface tension
coefficient by the pick-up coil method show its sharp
fall with the concentration increase similar to the
growth of the critical density (Fig. 7). This suggests that
the continuous gaseous layer parameters depend on the
electrolyte physical and chemical properties, as the
change of its concentration causes a change of not only
the solution surface tension coefficient but also the den-
sity, viscosity, electric conductivity, ion mobility, etc.

The creation of the solid gaseous layer and genera-
tion of the continuous high-frequency discharge are the
beginning of the third phase. The cathode temperature
at that moment is about 2000°C, as the thermocouple
measurement showed. A further increase of voltage
leads to the growth of the current and a sharp rise of the
tungsten cathode temperature, its melting, and the CVC
transition into the fourth phase, a regime similar to the
arched one. Unlike the arched regime, it takes place at
the elevated voltages in the discharge gap (from 60 V
and higher, depending on the electrolyte type and its
concentration).
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Fig. 7. Surface tension coefficient versus electrolyte con-
centration characteristics.

2. Investigation of the Dependence of the Glass
Piercing Weight—Space Velocity on the Technological
Parameters

Previously conducted experimentation showed the
possibility of hole piercing in specimens of both glass
and composite ceramics. A wide selection of glass
specimens both quantitatively and qualitatively (with
various physical and mechanical properties and dimen-
sions) unlike the available composite ceramics gave the
opportunity to carry out the investigation with a large
number of samples whose parameters could be mea-
sured. As a result, glass plates became the main object
for studying the effect of the plasma sheath on dielec-
tric articles.

The process of piercing the glass and ceramic plates
was performed using the test apparatus (see Fig. 1). The
plates were fixed in the holder and placed into the bath
containing the working liquid (it isn’t shown in the fig-
ure). Tungsten rods with different diameters were used
as El near which the steam-and-gas layer occurred. The
compensator and damper automatically monitored the
interelectrode spacing and mechanical load on the sam-
ples being worked. All the experiments were performed
at the direct polarity of the electrodes.

The influence of the electric power input on the opti-
cal glass processing at a constant EI rotation speed of
n= 2000 r/min and relaxation generator capacity of
0.5 mcF was investigated. The relationship between the
velocity of the hole piercing in a glass plate 4 mm thick
in an aqueous 6% NaCl solution with the electrode-
instrument diameter being 1.5 mm and the input elec-
tric power is shown in Fig. 8.

The upper and lower limits are bounded by the max-
imum magnitude of the electric power input where the EI
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Fig. 8. Removal speed versus power characteristics for the
6% NaCl electrolyte: V = const, C = 0.5 mF.

does not melt and the minimum value of the treatment
speed. The figure shows this dependence to be linear.

Investigation of the dependence of the glass speci-
men volumetric piercing velocity on the EI revolution
frequency has been undertaken. It has been ascertained
that there is some optimum frequency of EI revolutions
wherein the processing speed is maximum (Fig. 9). In
the case of a constant quantity of the electric power
input and the electrolyte concentration, the working
speed grows with the EI diameter reduction, which
could be explained by the diversity of the energy flow
per unit of the surface being worked. The rise in the
processing speed with the increase of the EI revolution
number is determined by the abrasive effect of the tung-
sten electrode action and the growth of the intensity of
the erosion product being dragged out from the treat-
ment zone.

The processing velocity drop with the further
increase of the EI revolution frequency is connected
with the hydrodynamical effect of the steam-and-gas
envelope destruction as a result of the EI rotation. This
is proved by the fact that the EI diameter decrease shifts
the dependence into the region of more frequencies.

The findings of the investigation of the relationship
between the treatment velocity and the relaxation gen-
erator capacity presented in Fig. 10 can be used to
explain the mechanism of the electric discharge action
upon the dielectric. The treatment velocity grows with
the reduction of the capacity magnitude and reaches the
maximum value at a capacity of 0.1 mcF, wherein the
characteristic frequencies are in the region of ultrasonic
frequencies, which is reinforced by the oscillographic
observations. It is well known that glass is worked well
by using ultrasonic methods using abrasives.

Hence, cavitation, occurring as a result of ultrasonic
oscillation generation in the cathode area, is one of the
factors acting on the working process, along with the
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Fig. 9. Removal speed versus EI rotation characteristics for the
6% NaCl electrolyte: V = const, C = 0.5 mF, and P =40 VA.

plasma—chemical effect, which is stimulated by a high
temperature. The measurements of the dependence of
the glass treatment velocity on the electrolyte concen-
tration presented in Fig. 11 circumstantially confirm
these conclusions. As has been pointed out, the surface
tension coefficient decreases with the electrolyte con-
centration growth; owing to this, the conductivity rises
and, as a consequence, the discharge gap resistance
reduces. This causes the diminution of the RC genera-
tor discharge time constant and a respective shift of the
characteristic discharge frequencies into the region of
high frequencies. In this connection, in the region of
low concentrations, according to the nature of the sur-
face tension coefficient variation, the working speed is
small and rises with the growth of the concentration.
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Fig. 10. Removal speed versus the condenser capacity char-
acteristics for the 6% NaCl electrolyte: dgy = 1.5 mm, T =
const, and P =40 VA.
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Fig. 11. Removal speed versus the NaCl concentration char-
acteristics: 7 = const, C = 0.5 mF, and P = 40 VA.

CONCLUSION

Measurements of the current—voltage characteristics
of the current passage reveal the general nature of the
dependency with four transitional regimes. The fea-
tures of the transitional regimes depend on the electric
conditions and the electrolyte type and its concentra-
tion and don’t depend on the interelectrode spacing.
The occurrence of a plasma sheath in the cathode area
at the third stage is a result of the voltage redistribution
in the electrolyte circuit; the whole input energy is con-
centrated in this area. For every electrolyte (with the
same material being used for the cathode), there exists
voltages and respective current densities such that a
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plasma sheath comes into existence. The correlation
between these parameters and the measured values of
the surface tension coefficient of the examined electro-
lytes is found.

It is established that, under the conditions of the
plasma sheath formation near the cathode in the elec-
trolyte medium, the processing of nonconducting mate-
rials is possible. The influence of such technological
parameters as the electric power input, the electrolyte
concentration, the electrode-instrument revolution fre-
quency, and the relaxation generator capacity on the
speed of working such materials was investigated. It
was shown that the dependence of the piercing speed
upon the relaxation generator frequency and the elec-
trode-instrument revolution frequency is of extreme
character.
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Abstract—This paper presents experimental data on the use of a single-phase power supply and induction-
capacitance device for copper electroplating. It is shown that the electrode potential and deposit structure
depend on the values of the induction and capacitance through the influence of alternating components.
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INTRODUCTION

It was found in previous investigations that, by
changing the parameters of the induction-capacitance
device (L, C) connected to a three-phase rectifier, one
can influence the electroplating process and physical-
mechanical properties of the deposits [1]. At optimal
values of the induction L, and the capacitance C,,,, the
metal electroplating spee(}i) (resulting from the increase
of the yield of the current and the current density) and
the wear resistance of the deposits increased by a factor
of 1.5-2.

Preliminary tests have shown that connection of
these devices to industrially produced single-phase
power supplies (up to 30 mA) hinders the determina-
tion of their optimal parameters due to the construction
particularities of the mentioned rectifiers. Therefore,
special studies are required.

EXPERIMENT METHODS

The power supply consisted of a 40-W transformer,
a rectification block, and a series connection of a paral-
lel induction-capacitance contour. The technical char-
acteristics were chosen so that it may be used for mea-
surement of the polarization curves at electroplating on
samples necessary for other types of tests. The induc-
tion was formed mainly by two similar throttles with L,
=5 H, their windings being connected in series (L) and
in parallel (L;).

The required capacitance was obtained by parallel

connection of electrolytic condensers with a capaci-
tance of 2200 puF.

Copper deposits electroplated from a sulfate electro-
lyte (250 g/1 CuSOy,, 50 g/l H,SO,, ¢, equal to 20°C, D,
equal to 2—-10 A/dm?) were studied.
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The polarization curves were measured in the gal-
vanostatic mode. The current was alternated in steps,
being kept for 30 s at each step for the stabilization of the
potential [2]. The influence of the contour parameters on
the electrode potential was fixed starting at 5-10 mA;
this satisfied the requirements of the tasks set. The
deposits were electroplated on Pt samples having a sur-
face of 0.001 dm?.

The current value was determined by a resistance
box and was registered by an M209 volt—-ampere meter.
For the cathode potential measurement, a B7-27A/1
volt meter was used. The current waveform was
observed on the screen of a C1-55 oscillograph.

To obtain additional data on the contour influence
on the copper electroplating process, alternating com-
ponents in the power supply—bath circuit were studied
using an SCh-56 frequency analyzer.

Influence of the induction-capacitance device parameters on
the cathode potential at a current density of 10 A/dm?

Induction L | Capacitance C, mF Catho((;?g(\);entlal
- - 313
L, - 323
L, - 368
L, - 315
L, 8800 302
L, 13200 266
L, 17600 252
L, 22000 291
L, 24200 300
L, 28600 298
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Fig. 1. Polarization curves at copper electroplating: /—the
device is connected in the optimal mode of tuning; 2—the
device is not connected; 3—the induction is connected.

The morphology and structure of the 0.1-mm-thick
deposits were fixed on samples of a 0.042 m? surface
using a Tesla BS-340 scanning electron microscope.
For estimation of the deposit hardness, a PMT-3 micro-
hardness tester was applied.

RESULTS AND DISCUSSION

It is found that, at connection to a rectifier of the
highest induction (at a series connection by the winding
of two throttles), smoothing of the pulsation in the
power supply—bath circuit at a current of 80 mA occurs.
Parallel connection of condensers to the induction
resulted in the initial current waveform recovery if the
voltage decrease on the contour did not exceed 1 V. An
increase of the active induction resistance led to gener-
ation of a pulse current.

The induction-capacitance device parameters sig-
nificantly influenced the cathode potential. With only
the induction increasing, the electrode potential shift to
the more negative side took place (Table). At connec-
tion of the condensers, the electrode potential became
more positive in comparison with its values in the
experiments without a contour, and the ultimate devia-
tion was found at a maximal induction (L,,) and capac-
itance (C,,) of 17.600 UF (Table, Fig. 1).

Thus, it is found that, under the chosen conditions of
the experiment with modification of only the induction-
potential parameters, the cathode potential shifted by
~100 mV at the current density of 10 A/dm?; that is, in
parallel with the change of the solution composition
and electroplating conditions (the current density, tem-
perature, electrolyte pH, etc.), there appeared one more

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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Fig. 2. Spectrum of the current alternating components at
copper electroplating at Dy, = 2 A/dm*(I = 80 mA): (a) the
device is not connected; (b) the induction is connected; (c)
the device is connected.

possibility to control the electrolytic process of electro-
plating and, hence, the physical-mechanical properties.

The alternating components were estimated in the
process of the sample electroplating at a current density
of 2 A/dm? (I, = 80 mA) with only the induction (L,,)
connected with the contour (L,,, C,,) and without it
(Fig. 2).

It was revealed that, at electroplating without con-
nection of the induction-capacitance device, the alter-
nating components were found up to 5 kHz (Fig. 2a). In
this dynamic range of frequencies, their amplitude

op?
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Fig. 3. Morphology of copper deposits at D; =2 A/dm? (I =80 mA): (a) the device is not connected; (b) the induction is connected;
(c) the device is connected.

Fig. 4. Structure of copper deposits electroplated at D =2 A/dm? (I =80 mA): (a) x600; (b) x3000; (c) x5000, the device is not
connected; (d) xX3000; (e) x5000, the induction is connected; (f) x3000; (g) x5000, the device is connected.

changed in a nonuniform way: at a frequency of tude increase by a factor of 1.5, the spectrum broaden-
2.75 kHz, a sharp decrease of its value took place. ing up to 6 kHz, and their ordering (Fig. 2c¢).

The induction connection exerted a significant influ- These conditions of the electrolysis also differently
ence on the spectrum of the alternating components: influenced the morphology of the copper deposits
they were only observed at low frequencies (Fig. 2b).  (Fig. 3). At electroplating without a contour, a uniform
The capacitance connection favored the noise ampli- pyramidal growth of the deposits all over the surface

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43  No.2 2007
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was observed (Fig. 3a). Connection of only the induc-
tion considerably influenced the character of the
deposit growth: the prominent faces of the “blocks” sig-
nificantly decreased in value, their configuration
became smooth, and they uniformly spread over the
surface (Fig. 3b). Connection of the condensers
resulted in an increase of the mentioned faces (Fig. 3c).

The above mentioned conditions of the electroplat-
ing exerted an analogous influence on the structure of
the copper, which was analyzed on transverse sections
(Fig. 4). In the case of the contour-free electroplating,
the deposits were formed of blocks that were apprecia-
bly different in their dimensions (Figs. 4a and 4b). The
blocks themselves consisted of crystallites of small
dimensions (Fig. 4c). The induction connection
resulted in a decrease of the blocks, distortion of their
form, and an absence of clearly defined boundaries
(Figs. 4d and 4e). They were also formed of small crys-
talline aggregates of indistinct orientation. The deposits
obtained with the contour were little dispersed with a
tendency to columnar growth. Bigger aggregates had a
chiefly elongated form and were located perpendicular
to the interface (Figs. 4f and 4g).

The presented results of the investigations show a
significant influence of the inductance-capacitance
device parameters on the kinetics of the electroplating
of copper deposits and their structure.

The analysis of the experimental data has shown
that, as in previous research [1, 3], changes of the cath-
ode potential and the alternating components are inter-
related: the amplitude increase and the noise spectrum
broadening were observed at the potential shift to the
positive side. Under the usual conditions of electroly-
sis, such a potential shift is possible only as a result of
the electrolyte composition change and its temperature
increase due to the current density decrease. Therefore,
application of the induction-capacitance device allows
increasing the electroplating efficiency due to the cur-
rent density increase [1, 3].

The observed decrease of the block dimensions at
connection of only the induction is apparently caused
by the more negative potential of the cathode; these
experimental data are in agreement with conventional
ideas on the electrode potential influence on the deposit
structure [4]. The considerable narrowing of the alter-
nating components of the spectrum frequency under
these experiment conditions confirms V.A.Tyagai’s
statement about the relation of the noises and kinetics
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of the electrode processes [5], as well as the possibility
to control the spectrum of the alternating components
by selection of the induction-capacitance device
parameters [3].

The induction connection, despite the potential shift
to the more positive side, favored decreasing the dimen-
sions of the crystalline aggregates and the formation of
a disperse structure. An analogous influence was
exerted by the contour at the electroplating of chro-
mium deposits [1, 6].

These results are apparently caused by the electro-
dynamic conditions of the near-cathode layer forma-
tion, thus, promoting crystal growth restrictions not as
a result of periodic passivation of the surface but
entirely due to the nucleation velocity increase [2, 4].

Thus, the results have shown that, when designing
single-phase power supplies for application in galvanic
technological processes, one should take into account
the influence of some construction laws on the electro-
plating process. In addition, it is efficient to use special
induction-capacitance devices. By selecting their
parameters (L, C), it is possible to increase the process
efficiency and to improve the physical-mechanical
properties of the deposits.
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Abstract—The effect of quasi-regular oscillation of the mass transfer intensity under electric spark doping in
a magnetic field has been found. The ESD process has been studied using materials with different magnetic
properties as electrodes. The possibility to control the process of covering formation on the cathode by changing

the magnetic field induction has been shown.
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The investigation of the process of electrospark
alloying (ESA) in a magnetic field allowed revealing an
interesting phenomenon of quasi-regular oscillation of
pulse discharge craters (dents) caused by the alternation
of focusing and defocusing of the discharge spot under
changes of the magnetic field induction or discharge
energy [1]. In this connection, it was supposed that the
magnetic field influence must affect the mass transfer in
the spark discharge. The experiments on the repeated
spark discharge action on the metal backing confirmed
the existence of quasi-regular oscillation and stability
of the magnetic field effect on the mass transfer in the
spark discharge.

In the mentioned work, the researchers studied the
ESA process in a magnetic field with the purpose of
revealing the quasi-regular oscillation effect on the
mass transfer in the spark discharge for materials differ-
ent in their magnetic properties (ferromagnetic and dia-
magnetic).

At the first stage, the ESA process was examined
using electrodes of ferromagnetic materials in the form
of bars with a size of 4 X 4 X 40 mm (nickel; chromium-
nickel alloy VJL-14; and hard alloys based on tungsten
carbide VC8 and VC20 containing 8 and 20% tungsten,
respectively); plates of St. 3 and St. 45 with a size of
4 x 15 x 15 mm served as the cathodes. The ESA was
carried out with the discharge energy being from 0.1 to
1.0 J and the magnetic field intensity varying within 0.0
to 0.1 Tl

The investigation of the kinetics of the cathode mass
buildup under ESA by nickel corroborated the existence
of the effect of quasi-regular oscillation of the intensity
of the material transfer from the anode to cathode
(Fig. 1). As can be seen from Fig. 1a (curves / and 2), the
quantity of the transferred anode material to the cath-
ode surface in ESA of two minutes and with the inten-
sity of the magnetic field imposed on the treatment zone
being 0.069 TI is twice as large as at ESA under the
same regime without the field. When the field intensity
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is increased only by 0.006 TI, the transferred material
amount reduces by nearly half and becomes compara-
ble with the amount transferred at ESA in the absence
of afield (Fig. 1, curves 3 and 7). With the next intensity
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Fig. 1. Variation of steel St. 3 cathode mass buildup with
time against the intensity value of the magnetic field
imposed on the ESA zone (a) and the dynamics of the cath-
ode mass increase after treatment for 2 min for the same val-
ues of the field intensity (b) TIL: (/) 0, (2) 0.069, (3) 0.075,
(4) 0.081, (5) 0.086, (6) 0.091. Anode—Ni; discharge
energy—0.3 J.
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Fig. 2. Variation of the titanium cathode mass buildup with
time against the intensity value of the magnetic field
imposed on the ESA zone B, TI: (/) 0.066; (2) 0.07;
(3) 0.074; (4) 0.078; (5) 0.

increase to 0.086 TI, the transfer of the anode eroded
mass to the cathode grows again and lowers at the mag-
netic field intensity of 0.091 T1 (Fig. 1, curves 6).

The quasi-regular oscillation effect shows itself
clearly at any other values of the discharge energy. In so
doing, only the maximum points shift in the cathode
mass buildup curves K = f(#). Depending on the elec-
trode material, the nature of these points is achieved in
more or less time of the ESA. For instance, within the
regime with the discharge energy being 0.3 J with the
field intensity values being in the range of 0.0-0.1 TI,
the maximum point of the K = f(¢) curve is achieved at
the third minute.

At the same time, within a similar energy regime
with anodes of the VJL-14 chromium-nickel alloy or
the VC8 and VC20 hard alloys being used, the maxi-
mum of the k = f(¢) curve is achieved at approximately
the sixth minute. This is accounted for by the difference
of the erosion resistance and chemical activity of the
mentioned materials.

Let us consider the case when the anode (electrode
being treated) is a ferromagnetic material (Ni) and the
cathode (Ti) is a nonferromagnetic one. On the face of
it, the surface layer formation dynamics don’t differ
from those at ESA by other materials (Fig. 2). However,
if we take into account the results of works [2, 3], in
which it is established that, in the initial stage of ISA of
titanium by nickel, there is observed the effect of strong
erosion of the titanium cathode dominating over the
nickel anode erosion and continuing for 8 minutes of
treatment, whereupon the anode material deposition
begins, it becomes clear that the magnetic field has sub-
stantially influenced the “suppression” of the intensive
cathode erosion effect.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

It can be supposed that, under such conditions with
this combination of the discharge energy value and the
magnetic field intensity, the electron exchange between
the anode (Ni) and cathode (Ti) materials declines,
thus, assisting the deposition of nickel on the cathode
surface.

From the practical standpoint, the suppression of the
effect of titanium providing strong erosion at the ESA
by the nickel anode is very important at the hardening
of the titanium alloys, as it prevents the reduction of
their geometrical dimensions. In work [3], the above
mentioned adverse factor was eliminated with the help
of the prepassivation of the titanium backing surface by
sparking it with a graphite electrode in a lower ener-
getic regime. However, in our case, this problem is
solved by the imposing on the ESA zone of a magnetic
field with an intensity varied in the range of 0-0.1 TI. In
spite of the presented particularities of ESA of titanium
by nickel, under the influence of a magnetic field, the
effect of quasi-regular oscillation of the anode erosion
mass transfer to the cathode is clearly revealed (Fig. 2).

The investigation of the ESA process in a magnetic
field when both the anode (Ag) and cathode (Cu) are
diamagnetic materials permitted obtaining new and
interesting results. Firstly, all other factors being equal,
the amount of transferred silver on the copper surface at
ESA in a magnetic field differs moderately from that in
the absence of a magnetic field. At some values of the
field intensity, the amount of the transferred silver on
the copper cathode is even slightly less than under con-
ventional ESA without a magnetic field. However, the
quality of the surface layers formed at ESA of copper
by silver in a magnetic field is much higher. Also note-
worthy are the layer thickness continuity and unifor-
mity, which are achieved, as was mentioned in [1], due
to the better moistening of the liquid phase under the
effect of the Ampere forces arising in the ESA zone in
the magnetic field.

Secondly, in spite of the difference in the amount of
silver transferred to the cathode in the magnetic field,
the effect of the quasi-regular oscillation of the mass
transfer from the anode to the cathode reveals itself
even in the absence of a magnetic field. At some values
of the field intensity (0.04, 0.08, and 0.1 TI), there is
observed the violation of the silver plating process sta-
bility. Superficially, it is manifested in the form of a
change of the spark, which becomes barrel-shaped tes-
tifying to the widening of the discharge passage. As a
result, there is observed the sputtering of the vapor
component of the silver anode erosion mass into the
surrounding medium with its substantial part deposit-
ing on the poles of the electromagnet with whose help
a magnetic field is created in the ESA zone. Evidently,
at the mentioned values of the magnetic field intensity,
there occurs the defocusing of the electron—ion beam
with the result that a considerable part of the ionized
particles, vapors, and silver liquid phase don’t reach the
cathode surface. Ultimately, during the same treatment
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time, the cathode mass buildup grows with a rate that is
less by half than that in the absence of the field. Mean-
while, at a field intensity equal to 0.07 TI, there occurs
electron—ion beam focusing resulting in pinching of the
discharge passage and a consequent increase of the
energy density in it, thus, promoting an increase in the
amount of the erosion mass transferred to the cathode.
Hence, the imposition of a magnetic field on the ESA
zone substantially influences the process of mass trans-
fer in the spark discharge and opens new possibilities to
control the process of coating formation on the cathode.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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INTRODUCTION

Plasma-solution systems are used for sterilization of
water, for water solutions and different objects [1], for
water purification from organic impurities [2], and for
modification of the surface of polymer materials [3, 4].
Knowledge of the nature of the active particles and, first
of all, of the oxidative particles arising in solutions
under discharge action is necessary for the develop-
ment and optimization of these processes.

At the action of glow discharge on a solution of an
electrolyte (Fig. 1), the surface of the solution directly
contacting with the plasma (region of the cathode spot)
is subjected to bombardment by positive ions from the
plasma zone. The ion bombardment causes dissociation
and ionization of water molecules and the appearance
of primary active particles in the region of the cathode
spot, such as atomic hydrogen, hydroxyl radicals, and
solvated electrons:

HQO discharge OH* + H*,

disch:
HZO ischarge H20+ te:

e — esol.

H,0* + H,0 — H,0* + OH¥;
OH* + OH* —» H,0,.

The dimerization of hydroxyl radicals leads to the
formation of hydrogen peroxide in the solution [5]. As
a rule, hydrogen peroxide is considered to be a rela-
tively stable secondary oxidative agent formed upon the
gas discharge treatment of water solutions. In our opin-
ion, the basic mechanism of its formation is the above
indicated dimerization of OH radicals, although, in [6],
a mechanism of H,0, formation omitting the interme-
diate stage of formation of OH radicals was proposed
and the assumption that ozone in the liquid phase is
formed in the process of gas discharge treatment of
water solutions and that ozone also takes part in the oxi-
dation process were stated.
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In our opinion, the processes observed under the
action of both diaphragm and glow discharges are
close. Indeed, a diaphragm discharge is initiated in a
solution volume at electrical breakdown of steam bub-
bles formed in a small hole (diaphragm) in a dielectric
partition dividing a plasma-solution cell (Fig. 2) with
the current density increasing up to the critical value. At
this point, the current flow is stopped and all the exter-
nal emf turns out to be applied to the originated steam
gap. If its value is sufficiently big, then an electrical
breakdown takes place and an electrical discharge is
originated in a bubble. The bubble collapses, the circuit
is closed again, and the process described is repeated.
As a result, a quasi-periodic (diaphragm) discharge
arises inside the volume of the solution. In the active
period of burning of the diaphragm discharge, its struc-
ture is close to the structure of a glow discharge with the
same role in the region of the cathode drop. The main
difference between them lies in the fact that the strong
acoustic wave propagates at the collapse of the plasma
zone of the diaphragm discharge in the solution, the

Fig. 1. Principle scheme of a cell for glow discharge:
(1) electrodes, (2) plasma zone, (3) electrolyte solution,
(4) magnetic mixer.
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4 3

Fig. 2. Principle scheme of a cell for diaphragm discharge:
(1) electrodes, (2) diaphragm, (3) plasma zone, (4) electro-
lyte solution.

physicochemical effect of which may be put into prac-
tice [1].

The aim of this paper is the comparison of the effi-
ciencies of the accumulation of hydrogen peroxide in
solutions under the action of glow and diaphragm dis-
charges and analysis of the possible role of ozone in the
initiation of the oxidative processes in these systems.

EXPERIMENTAL

In the case of the diaphragm and glow discharges,
solutions of natrium sulfate of various concentrations
(from 0.01 to 0.1 mol/l) were used. The volume of the
treatment solution composed 400 ml. The investiga-
tions were conducted in glass cells whose schemes are
presented in Figs. 1 and 2. The discharge current in the
case of the diaphragm discharge composed 40, 100,
150, and 200 mA; in the case of the glow discharge, it
composed from 10 to 40 mA. As the electrode materi-
als, stainless steel and graphite were used.

The accumulation of hydrogen peroxide in the solu-
tion under the action of the gas discharges was mea-
sured with the help of spectrophotometric analysis (the
scheme of the experimental setup is presented in [7],
and A =253.7 nm) and also with the help of iodine titra-
tion with molybdate ammonium.

Since the ozone was determined using spectropho-
tometric analysis in the same region as the hydrogen
peroxide was determined, a system of analytical meth-
ods [8] was used for its detection.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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Fig. 3. Dependence of the accumulation of hydrogen perox-
ide on the discharge current under the action of diaphragm
discharge. Experimental conditions: electrolyte—0.01 M
Na,SO,; volume of solution—400 ml; treatment time—
8 min; electrodes—graphite and stainless steel.

1. The H,0, content in the solution was determined
by permanganate titration (the peroxide is determined
as a regenerator; the Os is not determined).

2. The H,0, was determined by iodine titration with
molybdate ammonium ((NH,),MoQ, is used as a selec-
tive catalyst for the reaction of iodine ions with hydro-
gen peroxide, O; does not hinder the determination).

3. The joint presence of oxidants in the solution was
determined by iodine titration using the standard meth-
ods (H,0, and O; were determined).

Ch,0,» mol/l

0.0007 -
0.0005
0.0003

0.0001

10 20 30 40 50 60
Time, min

Fig. 4. Kinetic dependence of the accumulation of hydrogen
peroxide in a solution under the action of diaphragm dis-
charge at different currents, mA: (1) 40; (2) 100. Experi-
mental conditions: electrolyte—0.01 M Na,SOy; volume of
solution—400 ml; electrodes—graphite and stainless steel.
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Fig. 5. Influence of the electrodes’ material on the accumula-
tion of hydrogen peroxide under the action of diaphragm dis-
charge. Experimental conditions: -electrolyte—0.01 M
Na,SOy, volume of solution—400 ml, current—40 mA;
electrodes: (/) graphite—graphite, (2) graphite—stainless steel.

RESULTS

In this paper, the dependence of the H,0O, accumula-
tion in the electrolyte solution under the action of a dia-
phragm discharge on the discharge current was investi-
gated. During the comparatively short time of the dis-
charge action on the solution, the velocity of the
accumulation of the hydrogen peroxide increases with
an increase of the discharge current (Fig. 3). However,
during treatment over a long period of time, the content
of hydrogen peroxide in the solution begins to decrease
(Fig. 4), which is obviously associated with its thermal
decomposition under the more intensive discharge
treatment. In addition, at a diaphragm discharge burn-
ing, the destruction of the cathode takes place and the
electrode material enters into the solution. With the
increase of the discharge current and the duration of its
action, the intensity of the cathode destruction
increases and, accordingly, the content of its material in
the solution increases. In this experiment, a cathode
made of stainless steel was used, as it is well known that
the iron ions that accumulate in the solution during the

Ch,0,» mol/l

0.0014 1

0.0010

0.0006

0.0002

0 10 20 30 40 50 60
Time, min

Fig. 6. Accumulation of hydrogen peroxide under the action
of glow (/) and diaphragm (2) discharges. Experimental
conditions: electrolyte—0.01 M Na,SO,; volume of solu-
tion—400 ml; discharge current—40 mA; electrodes—
graphite—graphite.

gas discharge treatment are a catalyst for the decompo-
sition of the H,0,.

The electrode material, in the case of both a glow
discharge [7] and a diaphragm discharge, influences the
formation of H,0O, in the solution. In Fig. 5, the kinetic
curves of the accumulation of hydrogen peroxide when
using electrodes made of graphite and stainless steel are
presented. In the case of a glow discharge, only the
material of the cathode essentially influences the H,O,
decomposition, since the anode is removed into the gas
phase region and does not contact the solution. As is
seen from the figure, in the case of using graphite elec-
trodes, the H,O, content in the solution is higher than
when using electrodes made of stainless steel. We
obtained analogous results for a glow discharge.

We compared the efficiency of glow and diaphragm
discharges relative to the process of accumulation of
H,0,. As shown in Fig. 6, the speed of the accumula-
tion of H,0, is higher under the action of a glow dis-
charge compared to a diaphragm discharge, all other
factors being the same (the discharge current and the
volume and concentration of the solution).

Comparative results of titration of electrolyte solutions by different methods

Content of oxidants in solutions after discharge treatment C x 10~ (mol/l)
r{iﬁzm:rfinnt glow discharge (0.01 Mol Na,SO,, 200 ml, 30 mA) |diaphragm discharge (0.01 Mol Na,SO,, 400 ml, 100 mA)
method 1 method 2 method 3 method 1 method 2 method 3
5 3.74 3.5 3.8 33 33 33
15 9.5 9.0 9.0 6.8 6.6 6.6
30 12.6 12.7 12.9 4.1 4.1 4.2
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43  No. 2 2007
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In solutions subjected to the action of glow and dia-
phragm discharges, the contents of both hydrogen per-
oxide and ozone were determined. Comparing the
results of titration according to method 3 (joint pres-
ence of oxidants) with the results of the hydrogen per-
oxide determination according to methods 1 and 2, the
quantity of Oj in the solution can be estimated.

Our experiments showed that the titrations accord-
ing to all three methods gave practically the same
results, which are presented in the table. The observed
differences in the values do not exceed the error of the
experimental titration methods. Therefore, under the
conditions of our experiments, hydrogen peroxide is
only a stable secondary product forming under the
action of diaphragm and glow discharges in the electro-
lyte solutions.
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INTRODUCTION

Etching of polymers in oxygen plasma is widely
used for modification of their surfaces. Optimization of
etching processes and modification calls for knowledge
of their mechanisms and, specifically, rate constants of
interaction of individual chemically active components
of plasma with a processing material.

The atoms in ground state O(*°P) and metastable

molecules in the states a'A, and blz; can be consid-

ered as the major neutral chemically active particles of
oxygen plasma [1, 2]. The basic charged particles are

the electrons and ions O~ and O; [3]. Ultraviolet radi-
ation (A = 130.4 nm) is associated with highlighting of
the 1st resonance level O(3S) [4].

It is difficult to separate the action of individual
active agents due to the self-consistency of the system.
However, such a procedure may be realized by con-
ducting experiments in the zone of streaming plasma
afterglow using the distinctions of the characteristic life
time for different particles relative to their heteroge-
neous decay on the reactor walls. The estimations per-
formed show that the concentrations of all the plasma
components except for O(*P) and O,(a'A,) essentially
decreased.

The area of streaming afterglow of oxygen plasma is
usually used for determination of the kinetic character-
istics of the interaction of oxygen atoms with materials.
It is assumed that the O, molecules do not interact with
the polymers [5—7]. The evidence for the last statement,
in our opinion, is controversial. The existence of the
limitative stage associated with the reactions of O
atoms does not eliminate the action of other active
plasma agents at the intermediate stages of a process.

The molecular oxygen in the O, ground state (x*X,)

may be a reagent at the stages following the initiation
stage.

Generally, the most employed investigation of the
recombination probability of O(*P) atoms on different
surfaces is the EPR method. However, there are few
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data about the probability of oxygen atoms decaying on
polymers obtained by the EPR method [8]. In paper [9],
another method for the determination of the kinetic
characteristics of the interaction of oxygen atoms with
polymers, where the continuity equation for the flow of
atoms is used by the authors as a basis, was proposed.
The rate of the sample mass decrease was measured in
the experiment; at the same time, the concentration of
the atoms was being changed, with the concentration of
the molecular oxygen being constant, by varying the
discharge parameters. The values for the rate constants
and probabilities of the kinetic interaction of atoms
with the surface of polyimide films [9], polyethylene
terephthalate [10], polymer films [11], polyethylene
[11], and a lavsan textile [12] were determined with the
help of this method.

The aim of this paper is the determination of the
kinetic characteristics of the interaction of oxygen
atoms with a polyethylene film (PE) and also with a
number of materials based on polyethylene terephtha-
late with the help of a simplified variant of the method
proposed by the authors in [9].

EXPERIMENTAL TECHNIQUE

Experiments were carried out on the setup whose
scheme is presented in [9]. The plasma was created by
the initiation of a direct current discharge in a cylindri-
cal reactor made of type S-49 glass. The pressure of the
plasma forming gas in the reactor was varied from 50 to
300 Pa, and the current strength was changed from 20
to 110 mA. The flow velocity of the gas was constant
and equal to 30 cm/s. The sample was located in a ring
form with a width of 6 cm and a length of 9.4 cm along
the generatrix of the reactor in a thermostatically con-
trolled zone of the discharge afterglow at a distance of
3 cm from it. The temperature of the sample was given
by the external heat exchanger and was varied from 292
to 353 K. The value of the temperature on the sample
surface was measured with the help of a copper-con-
stantan thermopair passing along the wall of the reactor
to minimize the disturbance of the plasma.
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After processing, the sample was cut up in the direc-
tion of the gas flow z into six equal pieces. The measure-
ment of the sample mass loss rate as a whole and of each
piece separately was carried out by its periodic weighing
on a WA-34 balance with an accuracy of 10 g.

The mass loss rate was calculated by the formula
W= Am/(St), where Am is the sample mass change
under the etching process, T is the sample processing
time in the plasma, and S is the sample area.

The solution of the continuity equation taking into
account the transport of atoms by the gas flow, their
radial and axial diffusion, and heterogeneous decay
gives the next expression for the average concentration
over the reactor cross section Q at the distance / from
the cylinder boundary formed by the polymer:

[O,] = [Oglexp/1/2(t4/Ty)

(D
_1(12(td1)) + kTt

In expression (1), Q is the average concentration of
atoms over the cross section of the reactor at the entry
to the polymer cylinder, and the constant k takes into
account the total loss of atoms both in the heteroge-
neous chemical reaction and as a result of recombina-
tion. The diffusion time T, and contact time T, are deter-
mined by the relationships

1, =I'D, 1 =1V, 2)

where D is the atom diffusion coefficient, and V, is the
linear velocity of the gas flow.

Assuming that the etching reaction rate in the sec-
tion of the sample with the coordinate z = [ is W, from
the data of the weight measurements, using expressions
(1) and (2), we determined the rate constant of the het-
erogeneous decay of the atoms on the surfaces of the
investigated material at given parameters of the dis-
charge (the pressure and the current):

k = Drao.— V1,0, 3)

where o is the inclination of the line In(W) = f(0).

The probability of the heterogeneous decay was cal-
culated by the formula

Y = (2RK)/V, 4)
where R is the radius of the reactor, & is the Boltzmann

constant, V is the thermal velocity, and V = 0.363 X
104T1/2.

TEST SUBJECTS

In this work, high-density polyethylene 100 um
thick was used.

The materials based on polyethylene terephthalate
chosen for the investigation were the following: a
35 mm film (GOST 24234-80), an Italian textile con-
sisting of mono-filament threads with the trade mark
“SST,” and a domestic lavsan textile made of composite

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

Table 1. The parameters of the textile on the basis of poly-
ethylene terephthalate

Diameter The gap Specific den-
Material of the thread, between 85 me/em?
pm threads, wm Y. mg
SST textile 40 20 4.40
The polyester 220%* 50 7.20
textile

* Mean diameter of the thread (mean diameter of a monofilament
in the thread 18.5 um).

threads characterized by an average thickness of
124 um (Standard 81476).

The parameters of the investigated textiles deter-
mined using a raster electron microscope (Tesla BS-
300) are presented in Table 1.

The ratios of the atomic concentrations of the ele-
ments C, O, and H in the samples corresponded within
the accuracy of the elemental analysis to the structure
of the elementary unit in polyethylene terephthalate.

DISCUSSION OF THE RESULTS

The experiments showed that the etching speed of all
the investigated materials in the indicated range of the
discharge decreased exponentially with the rise of the z
coordinate. The selected results are shown in Fig. 1. The
unified exponential dependence indicates that, at least
within the accuracy of the statistical straggling of the
initial experimental data, the process (possibly multi-
channel) may be described by one effective rate coeffi-
cient. Its value can be found from the formula for the
etching rate dampening taking into account the solu-
tions of the continuity equation for the atomic flow (1).

This method presumes that the mass loss is only
determined by atomic oxygen and that a direct linear
dependence between the mass loss rate and the atomic
flow to the material surface exists. Three variants are
possible:

1) The interaction of the atoms with the polymer is
predominantly chemical.

2) The recombination interaction is predominant.

3) The chemical and recombination interactions
both contribute significantly to the atom loss.

In Figs. 2 and 3, the kinetic characteristics of the
interaction of the atoms as a function of the pressure of
the plasma forming gas at a discharge current of 80 mA
and material temperature of 333 K (Fig. 2), as well as a
function of the discharge current at a pressure of 100 Pa
and at the same temperature (Fig. 3), are shown. Our
attention is drawn to the fact that, in almost all the
cases, more or less defined dependences of the rate
coefficients and probabilities on the parameters of the
discharge are displayed. Thus, the determined rate
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coefficients cannot be called constants in the sense that
classic chemical kinetics operate by them.

The polyethylene terephthalate is related to the class
of aromatic polymers, which are more stable under the
influence of active oxygen than polyolefines, whose
representative is polyethylene. Indeed, the results
obtained show that the probabilities of the oxygen
death on the polyethylene terephthalate film are several
times less than on a polyethylene film.

We concentrated on materials on the basis of poly-
ethylene terephthalate having a similar chemical struc-
ture but strongly differing in their effective (real) area.
For the film and the monofilament and lavsan textiles,
for the same geometrical areas, the ratio of their effec-
tive areas comprises 1 : 4 : 8.

It was shown previously that, over a wide range of
discharge parameters, the relationship between the
rates of the plasma oxidative decomposition, the oxy-
gen expenditure from the gas phase, and the formation
of basic gaseous products of the reactions for these
materials is about equal to the ratio of their effective
areas [13]. As is seen, the ratio of the coefficients
obtained does not correspond to the ratio of the effec-
tive areas. The probabilities of death of atoms on the
polyethylene terephthalate film and the SST textile are
close to each other, but, on the complex textile, it is not
higher than 5 times. The coefficients for the materials of
the different structures as a whole variously depend on
the discharge parameters; i.e., their ratio varies with the
change of the parameters.

It is hardly possible to analyze in detail the depen-
dences obtained. However, the following can be
assumed. Firstly, the recombination of atoms on the
surface essentially contributes to the total process of the
interaction of atoms with the materials of various struc-
tures. Clearly, such parameters of a textile as the size of
the reach-through holes and (or) the ratio between the
fiber diameter and the reach-through hole width should
influence the relationship between the probabilities for
different channels of atom deaths. It is possible that the
material thickness is of importance. Secondly, the
atomic oxygen is not the only reagent in the streaming
afterglow of the discharge; the polymer decomposition
is a multichannel process. The coefficients found reflect
this multichannel process; i.e., they are effective and
have evaluative meaning. However, in the absence of
other information, these results are of both practical
and scientific interest.

We compared the coefficients found for the oxygen
death with the analogous data determined in [10-12]
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Fig. 4. The rate constants of interaction reactions of oxygen
atoms with polymers on inverse temperature (P = 100 Pa,
I, = 80 mA). () polyethylene terephthalate film; (2) SST
textile; (3) complex textile; (4) polyethylene film.

under the conditions when the comparison is possible.
This showed good agreement only for the lavsan tex-
tile. For the polyethylene and polyethylene terephtha-
late films, the results of our measurements are, on aver-
age, 4-6 times greater. The possible reasons for such a
lack of coincidence may be the following: (1) The inho-
mogeneity of the industrial polymers that we worked
with. Their properties depend on the prehistory of the
material, the presence of possible impurities, and the
fabrication technology. (2) The influence of the condi-
tion of the reactor walls on the probability of death of
oxygen atoms on the glass and, owing to the self-con-
sistency of the system, on the probability of the death
atoms on the polymer.

In Figs. 3 and 4, the coefficients for the rates of the
interaction of oxygen atoms with the polymers as a
function of the discharge current (Fig. 3a) and the tem-
perature of the material (Fig. 4) at P =100 Pa and /, =
80 mA are presented. The data obtained within the
accuracy of the measurements are straightened in the
arrhenius coordinates, which allowed us to calculate
the effective (apparent) activation energy of the process
of the oxygen decomposition. The results calculated are
presented in Table 2 together with the data presented
earlier.

Note that the presented AFE are far below the activa-
tion energies of the reactions observed at the thermal-

Table 2. Effective energies of activation (AE, kJ/mol) observed at the influence of the afterglow oxygen plasma on a polymer

Polyethylene . .
Polymer terephthalate film SST textile Polyester textile Polyethylene film Reference
AE, kJ/mol 3612 223+28 16.9+5.1 37.1+£6.5 Our data
413 - 19+2 212 [10-12]
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43 No.2 2007



98 KUVALDINA, SHUTOV

oxidative decomposition of the polymers taking place
under the quasi-equilibrium conditions (~100 kJ/mol).

As the data from the table attest, the values obtained
for the activation energy of the plasma oxidative
decomposition of the monofilament and complex tex-
tiles are close to each other, but they far above than the
corresponding value for the polyethylene terephthalate
film. This once again confirms the assumption that the
structure of the woven material can influence the rela-
tionship of the channels of heterogeneous decay of
active particles.

The activation energies obtained by different meth-
ods coincide within the measurement error in the case
of the polyester textile, differ approximately by two
times for the polyethylene, and differ by almost ten
times for the polyethylene terephthalate film. The
results of our work showed that the process of plasma
oxidation in a streaming afterglow of a discharge can-
not be described by one chemical reaction, it is multi-
channel and multistage. The temperature variation of
the sample leads not only to the increase of the fraction
of the reagent particles, which are able to overcome the
potential barrier as in quasi-equilibrium chemical
kinetics, but it also changes the relationship of the
channels by which the reaction can proceeded. For each
possible process (channel), its own activation energy
corresponds, firstly, in the general case, to the tempera-
ture dependences for the rates and may not be described
by the unified Arrhenius equation; secondly, the appar-
ent activation energy may depend on the discharge
parameters.

Deviation from the arrhenious dependence was
noted in the literature for a number of materials that
were processed in nonequilibrium plasma: polyimide
[14], polyethylene terephthalate [15], polyvinylchlo-
ride [8, 16, 17], and polymethyl methacrylate [18].

The given papers [11] attest to the difference in the
activation energies of the absorption process of O, at
plasma processing of polyethylene in experiments with
strong differing of the gas pressure (55 Pa— AE =26 £
8 kJ/mol; 188 Pa — AE = 7 = 2 kJ/mol).

The observed difference in the activation energies
presented in Table 2 may be a result of such factors.

In addition, the possible reason for the difference in
the rate coefficients and activation energies following
from different investigations may be caused by the
dependence of the probability of the atoms’ death on
the processing time. Consequently, the authors of [19]
showed that the coefficient of the atoms’ death on the
polyvinylchloride film reached quasi-stationary values
in only 3—4 hours of treatment; in this time interval, it
decreased by a factor of three.

CONCLUSIONS

The process of oxidative decomposition in activated
oxygen in a discharge afterglow is multichannel and
multistage. As a result, its effective kinetic characteris-
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tics (k and ) depend on the discharge parameters. If
these kinetic characteristics are described in terms of
the rate coefficients of the of oxygen atoms’ reactions
with the materials, then the corresponding values in the
range of pressures for O, from 50 to 300 Pa and dis-
charge currents from 20 to 110 mA at the polymer’s
temperature of 333 K lie in the range of 6 to 20 s™! for
the polyethylene terephthalate film and monofilament
textile and in the range of 20 to 90 s™! for the polyeth-
ylene film and lavsan textile.

These coefficients depend only slightly on the tem-
perature. In view of the mentioned fact that the process
is multichannel and multistage, the activation energies
depend on the external parameters. It is likely that, in
such conditions (little generation of heat, low activation
energies), the process of plasma oxidation of polymers
should be sufficiently stable.

The data obtained allow us to predict, at least in
order of value, the decomposition rates of materials in
afterglow conditions and to take into account, as a first
approximation, the rate change at separation of materi-
als from the generation zone of active particles.
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Abstract—Particularities of dynamic flow control in an open-loop system around a cylinder with a boundary
layer by means of periodic generation of microbubbles are presented. Experiments were carried out in the range
of Reynolds numbers of Re = (0.3—-1.2) x 10°. It is shown that this method provides very similar results as in
the case of continuous generation of microbubbles; however, the energy expenditure is two times less. The
effect can be explained by the delayed response of the boundary layer separation on the disturbance cutoff.
Lock-in modes of the natural vortex shedding frequency fy and the frequency of forced oscillations fz, as well
as superposition of these frequencies, are registered. Maximal values of the amplitude of the drag and lift oscil-
lations are registered in the range of low frequencies (fz/ fy < 0.07).
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1. INTRODUCTION

In recent years, research in fluid mechanics on the
flow control around those bodies for which the shift of
the separation point of the boundary layer occurs has
become more intensive. This trend of research is prom-
ising, since, by flow control alone, it is often possible to
attain the necessary performance of this kind of bodies
in various technical applications, in particular, to inten-
sify the heat exchange processes, to reduce the drag and
vibrations in heat exchangers, to increase the efficiency
of burning, and so on.

The streamlining of bluff bodies, for example, a cyl-
inder, may be altered by passive or active flow control
methods [1]. In the first case, the energy necessary to
transform the flow regime in the boundary layer is
directed from a free stream using a turbulence genera-
tor. Some passive control methods (roughness, turbu-
lence of an external stream) have become classical and
are widely used in various power installations. Among
the latest achievements in this domain, methods of pas-
sive control should be mentioned based on the forma-
tion of an ordered system of vortex structures on the
body surface. Such a system enables a substantial inten-
sification of the convective heat exchange with minimal
energy expenditure [1-3].

In the case of active flow control, the energy input
required to transform hydrodynamic and heat exchange
parameters of bluff bodies is supplied from the outside.
This energy may be directed for blowing or suction of
the boundary layer [4], for heating or cooling of the
body surface [5], for generating microbubbles in the
boundary layer [6, 7], and for producing rotational
motion of the body or its separate parts [8]. The main
characteristic feature of active flow control methods is
that they may be applied both in the steady-state and

dynamic regimes. In the steady-state regime, the
parameters of the action of an external disturbance
source are not time dependent. The optimal control
parameters should be defined to increase the efficiency
of the active flow control methods in a steady-state
regime. In this context, active and passive methods do
not differ much.

In the case of dynamic control, the action of periodic
disturbances directly influences the processes of the
boundary layer separation and formation of the vortex
wake past a bluff body. Feedforward or feedback sys-
tems are used for the dynamic control.

In the case of a cross flow around a cylinder, meth-
ods were used of longitudinal and transversal forced
vibrations of a cylinder [9] or some separate parts of its
surface [10] with the aim to control the hydrodynamic
performance in open-loop systems of active dynamic
control. This principle of control is also implemented
on the basis of such methods as a periodic disturbance
in the incident flow [11], superposition of acoustic dis-
turbances [12], periodical jet blowing into the boundary
layer [13], local heating and cooling of the cylinder
front area [14], and torsion vibrations of a cylinder [15].

In the majority of investigations, the main attention
was given to searching for the effect of synchronization
of the natural vortex shedding frequency fy with the fre-
quency of forced oscillations in the flow around a cyl-
inder (lock-in mode). In particular, it is reported in [9,
15] that the frequency synchronization (lock in) near
the natural vortex shedding frequency fy = fz was
observed. A similar effect was reported in [11] for fy =
f&/2 and in [9] for fy = fz/3. Nevertheless, in a number
of publications, only smooth behavior in the lock-in
mode was reported for fy = f [16]. The results of inves-
tigations on the influence of the frequency and ampli-

100



CROSS FLOW AROUND A CYLINDER AT PERIODIC DISTURBANCES

(a)

101

(b)

.

a b

Sensor | .| Amplifier | Spectral analyzer
Pulse generator Oscilloscope Register
— |

-

-L

Fig. 1. Scheme of the working chamber (a) and a schematic diagram of the control loop (b).

tude of forced disturbances on the flow around a cylin-
der beyond the regime of the frequency synchroniza-
tion or the lock-in mode disagree more significantly.
For example, although a similar method was applied for
flow control around a cylinder, an increase in the drag
is mentioned in [12], while its decrease is reported in
[17].

The feedback dynamic flow control around a cylin-
der was the subject of theoretical and experimental
studies [16, 18—19]. Applying this principle of flow
control implemented in the method of acoustic distur-
bances in [18], a decrease in the level of the velocity
pulsations exceeding 30 dB was attained. A substantial
reduction in the cylinder drag was found in [16] when
this principle was used in the method of active control
over torsion vibrations of a cylinder. Some characteris-
tic features of the application of the feedback flow con-
trol principle have been obtained via numerical model-
ing of a flow around a cylinder [19].

In the present study, the main attention is given to
the development of an active flow control method
around a cylinder based on the boundary layer distur-
bance by electrolysis bubbles. Some features of a
steady flow control around a cylinder using this method
are presented in [20]. The aim of the work is an exper-
imental investigation of the effect of periodic distur-
bances in the boundary layer by electrolysis bubbles on
the development of vortex shedding in the cylinder
wake.

2. EXPERIMENTAL SETUP AND METHOD

A closed-type hydrodynamic tunnel and a working
chamber with a cross section of 150 x 70 mm? was used
for the experimental investigations. The Reynolds num-
bers varied in the range of Re = (0.3-1.2) x 10°. The
principle scheme of the working channel and the cylin-
der inserted in it is shown in Fig. 1a. Six electrodes
70 mm long and 1.2 mm wide were mounted with spac-
ing of 60 degrees over the surface of a cylinder with a
diameter of 22 mm made of an organic glass. The
required angle of the electrode arrangement and the
pressure piezosensor relative to the front critical point
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may be adjusted via rotation of the cylinder around its
axis. The electrodes located along the cylinder genera-
trix and on the walls of the working channel were con-
nected to a step-pulse generator. The active dynamic
flow control around the cylinder was performed by
sequential application of negative square pulses at one
or two electrodes symmetrical relative to the front crit-
ical point. In the case of two electrodes, the pulses were
supplied in turn at the first and second electrodes at
equal time intervals.

The pulse current density changed to 200 mA/cm?,
and the pulse frequency varied in the range of (0.2-
150) Hz.

A schematic diagram of the control loop over the
flow and measuring equipment, which includes the
step-pulse generator, pressure sensors, and instruments,
is shown in Fig. 1a. An LKh-610A sensor was used to
measure the pressure pulsations. Spectral analysis was
performed using an SK4-56 spectral analyzer.

For flow visualization, the method of electrolysis
bubbles and stroboscopic lighting was used. The cylin-
der drag and lift force was computed by integrating the
pressure distribution along the cylinder perimeter.

3. RESULTS AND DISCUSSION

Electrolysis hydrogen bubbles generated in the
boundary layer over the entire cylinder surface may
substantially increase the heat and mass transfer in the
case of free convection [21] or cross flow around a cyl-
inder in the range of critical Reynolds numbers [22]. In
particular, it was shown that, at the flow disturbance
around the cylinder surface by electrolysis bubbles, a
threefold increase in the heat-transfer coefficient was
attained [21]. In the case of forced convection (Re =
10*-10°), the effect of microbubbles on the cylinder
heat transfer is weaker (about 40%), but the drag
decreases substantially (down to 50%) [20]. In both
cases, the results may be elucidated by the turbulence
generation due to microbubbles at their growth, separa-
tion, and motion through the cylinder boundary layer.
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Fig. 2. Influence of microbubbles on the cylinder drag: (1)
continuous generation of microbubbles around the entire
cylinder surface; (2) local symmetric generation (¢ =+30°).

The efficiency of the active flow control around the
cylinder using continuous generation of microbubbles
into the boundary layer increases substantially when
the process is localized in the front part of the cylinder.
As the analysis of Fig. 2 shows, at the localization of
the point where microbubbles are introduced in the
boundary layer (¢ = £30°), a smooth decrease in the
cylinder drag is possible when the current density
changes in the range from 3 to 100 mA/cm?, whereas,
in the case of generation of microbubbles over the
entire cylinder surface, an abrupt stepwise change
occurs at J = 11 mA/cm?.

The method of local disturbances in the boundary
layer by microbubbles was used to model an asymmet-
ric cross flow around a cylinder [22]. When the flow
regime in the boundary layer alters by the electrolysis
bubbles on one side of the cylinder only, an asymmetric
pressure profile with various locations of separation
points of the boundary layer forms on the cylinder. This
results in the cylinder drag decreasing; however, the lift
force increases dramatically. In this case, the greater the
current density, the more drastic the changes observed
in the cylinder hydrodynamic performance are.

At the local periodic generation of microbubbles on
one side of a cylinder, the laminar to turbulent transi-
tion of the flow regime in the boundary layer at this side
occurs when the current pulse is applied to the respec-
tive electrode. The laminar regime completely restores
at the moment when the pulse is interrupted. It should
be noted, however, that this occurs exclusively for fre-
quencies of current pulses much less than the natural
vortex shedding frequency (fz < 0.07fy).

In the range of fz/fy < 0.07, symmetric (J/ = 0.0) and
asymmetric (J # 0.0) profiles of the pressure distribu-
tion arise on the cylinder surface over certain time inter-
vals. Figure 3 shows the distribution diagram of the
temporal variation of the pressure coefficient over the
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Fig. 3. Temporal variation of the pressure coefficient on
the cylinder surface (¢, = 140°) for fglfy < 0.07, J =
100.0 mA/cm?, and ¢ = £30°.

cylinder surface for the point located at the angle ¢ =
140°. Analysis of the diagram suggests that the delay in
the pressure restoration occurs after the current pulse is
interrupted at the cylinder side where disturbances in
the boundary layer are produced.

For greater frequencies fz, the pressure distribution
over the cylinder surface becomes asymmetric at the
phase of the zero current pulse as well. When f;
increases, the location of the separation point of the
boundary layer shifts downstream approaching the sep-
aration point for continuous asymmetric generation of
microbubbles into the boundary layer (Fig. 4). In this
case, the phase practically disappears when the sym-
metric pressure profile restores, despite the fact that

Re =0.72 x10°
fz=22Hz
fy=30.5Hz

Separation points of
the boundary layer

j =100 mA/cm?

-2 1

| |
180 210 o, deg
Fig. 4. Effect of periodic generation of electrolysis bubbles
on the distribution of the pressure coefficient over the cylin-
der surface: (/) continuous generation of microbubbles, (2)
periodic generation (¢g = £30°).
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there is no effect of microbubbles (J = 0.0 mA/cm) on
the boundary layer.

The observed phenomenon may be explained by the
delayed response (hysteresis effect) of the boundary
layer to the disturbance pulse cutoff, which results in
the deceleration of the upstream motion of the separa-
tion point of the boundary layer relative to the moment
when the process of the turbulence generation in the
layer terminates. This phenomenon may be compared
with an hysteresis effect due to creation (collapse) of a
separation bubble in the boundary layer at one side or
the other of a cylinder when the flow velocity increases
(decreases) [23]. However, in the case of the flow con-
trol around a cylinder by generation of electrolysis bub-
bles, no separation bubbles were observed. The distur-
bances in the boundary layer are so strong that, when
going through the critical regime, a direct transition to
the supercritical flow regime occurs, which is charac-
terized by an unstable flow accompanied by fluctua-
tions in the vortex shedding frequency. The delay in the
response of the boundary layer on the disturbance cut-
off may be imagined as a “memory effect” of this dis-
turbance. Whatever the nature of this effect is, it pro-
vides vast opportunities for development of dynamic
flow control methods, because the same end result
(drag lowering, lift enhancement, and heat and mass
exchange process intensification) may be obtained at
substantially less energy expenditure than applying the
steady-state methods.

At local periodic disturbance in the boundary layers
at both sides of the cylinder by alternate application of
electric pulses at the symmetrical electrodes in the front
part of the cylinder, various regimes of the effect of an
external disturbance on the processes of vortex genera-
tion and shedding past the cylinder may be observed.
For illustration, diagrams are presented in Fig. 5 that
show the temporal dependence of the pressure at the
cylinder surface (Fig. 5a) and the respective amplitude—
frequency spectra (Fig. 5b). The regime when synchro-
nization occurs of the vortex shedding frequency with
the frequency of the forced disturbance in the boundary
layer is clearly evident in the diagrams. In comparison
with the cross flow around the cylinder without distur-
bance (Fig. 5a, diagram /; Fig. 5b, spectrum /), when
the synchronization regime is attained, the steady vor-
tex shedding frequency is observed; the amplitude of
the pressure oscillations increases abruptly and practi-
cally does not change with time (Fig. 5a, diagram 2;
Fig. 5b, spectrum 2). In the synchronization regime, the
maximal magnitude of the amplitude of the pressure
oscillations was found when the frequency of the
forced disturbances coincides with the natural vortex
shedding frequency (fz = fy)-

When the frequency of the generation of electrolysis
bubbles in the boundary layers of the cylinder differs
from the frequencies f; of the synchronization regime,
in the p(7) diagrams (Fig. 5a, diagrams 3, 4) and spectra
(Fig. 5b, spectra 3, 4), both the natural vortex shedding
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frequency fy and the frequency of the forced oscilla-
tions fy are clearly evident. In this case, as follows from
diagrams 3 and 4, a superposition of these oscillations
occurs. The only difference is that, for f; < fi (diagram
3), the fi frequency dominates and, for f; > f; (diagram
4), oscillations with frequency fy dominate. At the same
time, for f; < fs, oscillations with the frequency f5 + fyN
can be observed in the spectra (Fig. 5b, spectrum 3).
Similar pulsations were registered in [24], where the
method of torsion vibrations was applied for the
dynamic flow control.

Figure 6 shows the effect of the current density on
the range limits for which the regime of the synchroni-
zation of the vortex shedding frequency and the fre-
quency of forced disturbances of the boundary layer
establishes. The synchronization regime arises when
the critical density magnitude is reached J = J, which
is dependent on the Reynolds number, the cylinder
diameter, the roughness, and other parameters. In par-
ticular, for our experimental conditions (d = 22 mm,
Re = 0.72 x 10°, and a polished electrode surface), the
critical current density is equal to 11 mA/cm?. With the
current density increase, the synchronization range
extends, and, for J > 73 mA/cm?, it stabilizes between
frequencies of f,,;, = fe/fy = 0.68 and f,., = f&lfy = 1/43.

The effect of a periodic disturbance in the boundary
layer of a cylinder by electrolysis bubbles on the cylin-
der drag may be evaluated by analyzing the dependence
of the mean value of the coefficient of the base pressure
Cpy, on the frequency of the current square pulses f;
shown in Fig. 7. In the function Cp,(f5/fy), four ranges
are clearly evident with various types of the pressure
variation in the base part of the cylinder under the
action of microbubbles. In the first range (0 < fg/fy <
0.07), the cylinder drag is practically the same as that
observed in the regime with continuous asymmetric
disturbance in the boundary layer for equal current den-
sity. In the ranges 0.15 < fi/fy < fimin and fe/fy > finax at
the current density J = 100 mA/cm?, Cp, increases to
0.62 and 0.58, respectively, due to the delayed response
of the restoration of the separation point of the laminar
boundary layer on the disturbance cutoff.

The fiin <fe/fv < fmax Tange represents a special case
in the Cpy(f#/fy) dependence that corresponds to the
synchronization regime. In this range, the cylinder drag
increases and reaches its maximal value at fz/fy = 1. It
should be noted, however, that, despite the pronounced
decrease of Cpy, in the synchronization regime, its mag-
nitude is substantially greater than for the case of the
flow around the cylinder with the laminar boundary
layer (undisturbed regime). Due to the delayed pressure
restoration on the cylinder surface when the distur-
bance is interrupted, the separation point of the bound-
ary layer shifts downstream, and this shift is greater for
greater disturbance frequencies. This may elucidate
that the base pressure increases with an increase in the
frequency of the current pulses in the ranges beyond the
synchronization regime. In the synchronization range, a
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Fig. 5. Diagrams of temporal variation of the pressure on the cylinder surface (a) and the respective amplitude—frequency spectra

(b). @, = 140°. Ordinate—arbitrary scale.

steady vortex shedding establishes past the cylinder
with its pronounced frequency, while, at the same time,
the intensity of these vortices increases. This results in
an increase of the wake width, and the separation point
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of the boundary layer somewhat shifts upstream. This
behavior of the separation point of the boundary layer
markedly influences the cylinder drag for the given
range where the frequency of the current pulses
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Fig. 6. Influence of the electric current density on the range
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Fig. 7. Influence of the frequency of generation of electro-
lytic bubbles on the base pressure coefficient. ¢, = 180°.

changes. In this context, the flow control method
around a cylinder using periodic generation of
microbubbles into its boundary layer has some com-
mon features with the method of torsion vibrations of a
cylinder [9].

The effect of dynamic flow control around a cylin-
der using microbubbles on the lift force of the cylinder
is substantial in the range of low frequencies (fz/fy <
0.07), where the change of the laminar and turbulent
regimes on various sides of the cylinder is performed
with the frequency of the forced disturbances and at the
maximal amplitude of the shift of the separation point
of the boundary layer. In this range of frequencies, the

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

amplitude of the oscillations of the lift force may
exceed by 2 or 3 times the cylinder drag.

4. CONCLUSIONS

Analysis of some characteristic features of the
dynamic flow control method around a cylinder using
periodic generation of electrolysis bubbles into its
boundary layer is given. The following principle results
have been obtained.

In the range of low frequencies (fz/fy < 0.07), a peri-
odic local generation of microbubbles both from one
and two sides of the cylinder leads to a transition from
a laminar flow regime in the boundary layer to a turbu-
lent regime during the phase when the pulse is applied;
the laminar regime restores at the disturbance cutoff. A
delayed response of the boundary layer to the distur-
bance cutoff has been found.

In the range of frequencies f3/fy < 0.07, for genera-
tion of microbubbles on one side of the cylinder, the
asymmetric profile of the pressure distribution is also
retained in the phase of the disturbance cutoff.

The synchronization regime of the frequency of
generation of electrolysis bubbles with the vortex shed-
ding frequency has been found. The frequency range
where this regime establishes extends with an increase
in the current density.

The cylinder drag increases in the synchronization
regime and reaches its maximal value at fi/fy = 1.

In the range of fi/fy < 0.07, the amplitude of the
oscillations of the lift force is 2 to 3 times greater than
the cylinder drag.
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INTRODUCTION

It is known that the theories of nucleation and mag-
netic-phase formation have much in common; there-
fore, the study of magnetic phenomena can be an addi-
tion to the solution of problems of nanoparticle crystal-
lization. On the other hand, as is shown further, it is also
possible to derive common regularities of the theory of
magnetism from the common representations of the
nucleation theory.

Cast glass-coated amorphous microwire (CGCAM)
with a positive magnetostriction has a rectangular hys-
teresis loop, which is characterized by a coercive-force
stable magnitude H,. In this case, the coercive force
characterizes a new-phase-nucleation switching field
and has (as has already been noted) a direct analogy
with the nanoparticle nucleation. The coercive-force
magnitude (or the nucleation switching field) and the
fluctuations of this quantity with the temperature and
heat-treatment conditions are of theoretical and practi-
cal interest.

The temperature dependence of the switching field
in the low-temperature range is defined by the residual
stresses considered in detail in [1]. At high tempera-
tures, there are thermal-relaxation processes, which are
investigated in this paper. First, we consider the temper-
ature dependence disregarding the structure relaxation
but with taking into account the residual-stress change.
These changes in the switching field have a reversible
character; i.e., after returning to the initial temperature,
all the switching-field parameters are restored. It can be
relevant both at reasonably low temperatures and for
high heating rates. A heat treatment (or annealing), i.e.,
the sample aging at a particular temperature for a cer-
tain time during which the structure relaxes, is an irre-
versible process. Therefore, the result of the heat treat-
ment can be measured by returning to the initial tem-
perature while also taking into account the reversible
temperature processes. In reality, both processes pro-
ceed simultaneously in amorphous materials, which we
discuss below and in the conclusions.
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Let us also note that the principal difficulty in inves-
tigating the indicated phenomena arises due to the fact
that the amorphous states are metastable and quasi-
degenerate. For this reason, in this study, we restrict
ourselves only to using the first principles for the possi-
ble construction of the theory.

In contrast to magnetic phases, for nucleation
phases, we are usually interested only in the irreversible
nucleation product. However, as becomes clear below,
the irreversibility of these processes can be investigated
from unified positions.

1. TEMPERATURE DEPENDENCE
OF THE SWITCHING FIELD IN CGCAM AT LOW
TEMPERATURES

For the temperatures ranging from the crystalliza-
tion onset (7, ~ 500 K) to low temperatures (close to
those of liquid nitrogen), the experimental dependence
for the switching field H, (or the coercive force) on the
temperature (if one disregards the temperature-relax-
ation processes) can be approximated by a linear func-
tion

HJ/H,~ (T*-T)/(T*-T,), (1.1)
where the temperature 7* is defined as the temperature
of the glass—metal seal (more than 1000 K) in a
microwire.

As T, and H,, it is possible to take an arbitrary
point. For definiteness, we take the lowest temperature
T, for which there is still a linear dependence (1.1) and
the highest Hy, corresponding to this temperature. At
low temperatures (7, ~ 100 K), this dependence trans-
forms into that close to the exponential dependence. We
use the elementary theory proposed in [1]; for this rea-
son, we repeat certain arguments of the indicated work.

The stresses arising on the microwire surface (see
[1]) are

P=C(T*-T), (1.2)
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Fig. 1. Temperature dependence of the switching field Hy
(according to [5]).

where

C~ (1-10) J/deg m’. (1.3)

The residual stresses at the microwire center, where
the new domain nucleates, are considered one order of
magnitude lower. Therefore, for the energy difference
E, ,, which a domain wall overcomes, it is possible to
write the following formula according to [1]:

E ,~CV(T*-T), (1.4)
where V is the volume of the new-domain nucleus,
which is estimated below.

Let us consider the theory in [1], where the relative
probability of the transition between two (/ and 2)
oppositely directed magnetic states w(/, 2) is defined as
follows:

w(l,2) ~ exp{-E, ,/kT}, (1.5)

where k is the Boltzmann constant.

Formula (1.5) is the Arrhenius approximation. It
defines the probability of the quantum transition of a
particle from lower to upper states under the action of
the temperature. The relative magnitude H/H,, is
inversely proportional to w (1, 2).

Experimentally, the temperature dependence of the
coercive force was studied in [2]. The theoretical curve
was calculated in [3] (from the theory that uses Eq. (1.5)
[1, 3]) and fully corresponds to experiments from [2].

Let us note that, in the proposed theory, the problem
of the thermal relaxation of the structure, which seems
to be very urgent for amorphous materials at high tem-
peratures, is not considered. An arbitrary amorphous
material is in a metastable state and, hence, is thermally
unstable. On heating, it can also transform into a meta-
stable state. In this case, the coercive force should also
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vary. In the following paragraphs, we consider these
processes.

2. THE ANNEALING-TEMPERATURE EFFECT
ON THE SWITCHING FIELD
AND ITS FLUCTUATIONS

In alloys with a reasonably high magnetostriction,
stress relaxation resulting in lowering the switching
field H, takes place at annealing. In the case of the
CGCAM, it is of interest to anneal at a temperature at
which the microcrystal nucleation begins (~300°C)
because, at a temperature higher than 300°C, the
CGCAM loses its amorphism and nucleation and the
microcrystalline-phase growth [4, 5] are observed.

From the results of observation of two hundred
cycles of magnetization, we plotted the graphical tem-
perature dependence of the average coercive force H,
and its fluctuations Gy, [4, 5]. These values were mea-
sured for samples from an alloy on the basis of
(CoFeNi);3B4S1;; with positive magnetostriction
before and after annealing. The annealing was per-
formed to T = 350°C without the action of arbitrary
additional external fields and stresses. As for the other
amorphous alloys, we revealed that the average values
of H, noticeably decrease with increasing temperature.
A coercive force appeared equal to H, = 130 A/m under
normal conditions with 7= 0°C and H; = 115 A/m at
T =250°C [5].

In addition, it was noted that the change in H, is irre-
versible. For example, if the annealed samples are
cooled to room temperature, the switching field is not
returned to the initial value. We also note that H, mea-
sured immediately at the annealing temperature has a
lower value than that measured after the cooling.

As can be seen (Fig. 1), the further increase in tem-
perature leads to increasing H,, which can be associated
with the occurrence of a crystalline microstructure [4].
At T =350°C (H, = 133 A/m), an excess of the initial
value of the switching field occurs.

We singled out three factors explaining the effect of
the annealing on the change in the magnetic properties
of the amorphous materials: the residual-stress relax-
ation, the domain-wall stabilization, and the precrystal-
lization effects and crystallization [4].

For the CGCAM, it is possible to explain the
changes in H, occurring in the temperature range of
0°C £ T £250°C by the residual-stress relaxation.

The tendency to lowering the switching-field fluctu-
ations Oy, with increasing the annealing temperature is
obvious, and it is also maintained after the microcrys-
tal-nucleation point (7'~ 300°C). The fluctuations Gy, =
1.23 A/m (0.96%) at room temperature (Fig. 2), oy, =
0.6 A/m (0.52%) at T = 250°C, and oy, = 0.47 A/m
(0.35%) at T = 350°C. It is possible to assert that the
relaxation process proceeds in the system to a more sta-
ble state in which the magnetic fluctuations of the sys-
tem are less expressed.
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3. THEORY OF THE TEMPERATURE
DEPENDENCE OF THE PHASE NUCLEATION BY
THE EXAMPLE OF STUDYING THE SWITCHING

FIELD

For the theoretical description of the above phenom-
ena, we generalize Eq. (1.5) to the case of the structure
change. Then, based on the theory proposed in [1, 2, 6],
we write the following with exponential accuracy:

HJ/H~ exp(E,,/kT)/{1+ exp(-G/kT)}, (3.1)

where the first multiplier in the formula describes the
low-temperature processes with the activation energy
E,, (see Eq. (1.5)), and the second multiplier is respon-
sible for the high-temperature processes for which G is
the change in the Gibbs energy due to the processes of
irreversible phase transitions associated with the amor-
phous-state crystallization. In the classical theory of
nucleation (Bekker—Volmer), it is conventional to use a
reciprocal value that defines the nucleation rate.

At low temperatures, the value exp(—G/kT) is small;
therefore, it suffices for Eq. (1.5). At high temperatures,
we present Eq. (3.1) as

HJ/H ~ exp(E, ,/kT)/exp(G/kT). (3.2)

Now, the principal dependence is defined by the multi-
plier exp(G/kT), which just determines the irreversible
relaxation. We note that it is possible to assume in the
proposed model that

G(T) ~ TA(S, + S,), (3.3)

where S, is the entropy, which decreases during the
relaxation of an amorphous state to a more stable amor-
phous state, and S, is the entropy, which increases dur-
ing the transition of an amorphous state into a stable
polycrystalline state [7]. Because the system transfers
to a more stable state with increasing entropy, the
switching-field fluctuation (Fig. 2) decreases.

Let us formulate the final conclusions. The proposed
theory can enable us to evaluate the thermodynamic
function of the state of the system (calculating the val-
ues A(S; + 5,) from experimental data, which seems to
be very important as an alternative approach for study-
ing the properties of metastable states. The magnetic
phase transitions represent a simpler model for study-
ing the nucleation; therefore, the idea of constructing
the general theory that describes these processes can
prove to be fruitful for the study of the physics of the
indicated phenomena.
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Fig. 2. Temperature dependence of the switching-field fluc-
tuations G (according to [5]).
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Abstract—The cyclicity effect of the electrical energy input on the hydrodynamic characteristics of the plasma
channel and its radius, expansion velocity, and specific pressure force pulse is investigated for oscillating modes
of the underwater spark discharge. A methodology of numerically determining the hydrodynamic characteris-
tics for electrohydropulse processing facilities employing the power of an electric discharge in oscillating

modes is recommended.
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INTRODUCTION

From many experiments on photorecording the
development of channels of underwater spark dis-
charges (see, e.g., [1, 2]), it was learned that the front of
the pressure wave generated in the fluid separates from
the channel at the initial stage of its development. The
analytical [3] and empirical [4, 5] dependences of the
parameters of a pressure wave with amplitude P,, and
duration T, of the positive phase are therefore
expressed, as a rule, in terms of the energy and time
characteristics of the electrical power supplied in the
channel. In the great majority of instances, analytical
solutions [3, 6] and results of numerical experiments
[2, 7] were based on setting the power supplied in the
discharge channel in the monopulse mode. The effect of
the following power pulses on the hydrodynamic pro-
cesses under the discharge oscillating modes was con-
sidered much less [5, 8]. The effect was supposed a pri-
ori to be insignificant, and, in the physical experiments
[5], any one-to-one correspondence between the oscil-
lating mode of the underwater spark discharge (cyclic-
ity of the electrical energy input) and the parameters of
the initial pressure wave emitted was undiscovered.
Therefore, the goal of this research is to elucidate the
effect of the electric power pulses that follow after the
first one on the hydrodynamics of the oscillating modes
of the underwater spark discharge by means of physical
and numerical experiments.

EXPERIMENTAL

To investigate the energy characteristic of the
underwater spark discharge, an experimental tech-
nique described in detail in [9] is applied. The energy
source was a pulse current generator equipped with a
capacitor of capacitance C = 3 x 10 F, which was
charged to the voltage U, = 2 x 10* V. The generator

was controlled by an air gap. The discharge circuit
inductance was L = 3.4 x 10~ H, and the accumulated

energy was W, = CU, /2 = 600 J.

The discharge was realized within a vessel 0.5 x
0.5 x 0.5 m? in volume, which was filled with distilled
water. To eliminate power loss at the stage of forming
the cylindrical plasma channel, the discharge was initi-
ated by an aluminum conductor 11 wm in diameter. The
electric power N(¢) and energy W(r) that were released
in the discharge channel were determined by the dis-
charge current and voltage, which were recorded with
an oscillograph. The measurement accuracy was
checked by the energy balance in the discharge channel
by comparing the accumulated energy W,, with the sum
of the electrical energy released in the plasma channel
and the power circuit. The energy balance in the exper-
iment was maintained with an accuracy of 8%, which
was recognized as the upper limit of the experimental
uncertainty.

The energy characteristics for two oscillating modes
of the underwater spark discharge are shown in Fig. 1.
The modes differ in the interelectrode distance [: [ =
0.04 (mode I, solid curve of N(¢)) and 0.055 m (mode
11, dashed curve of N(7)).

At the modes, the power pulsations of the i-th pulsa-
tion energy W;<0.01 W, are not taken into consideration.
As a result, at the mode /, the energy is supplied in six
power cycles at the energy criterion [S] N = W,/W,<0.4;
at the mode /1, the energy input cycle number is 4 at 1) =
0.7. The characteristic property of mode / as compared
with mode /1 is the lesser rate of the first pulse power rise
(1.6 x 101* W/s to 2.3 x 10'3 W/s) and the higher one (by
1.4-2 times) at the following pulsations. At that, the
specific (per unit length of the discharge gap) values of
the rate of the first pulse power rise are in close agree-
ment; for the following pulses, they are higher (about
by 2-3 times) at the mode /.
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Fig. 1. Electric power (a) and energy released in a discharge channel ((b) is the base mode /, and (c) is the base mode /]) as a function

of time and the number of accountable power pulsations.

MATHEMATICAL FORMULATION
OF THE PROBLEM AND RESULTS
OF THE NUMERICAL EXPERIMENT

The plasma discharge channel is modeled by an
acoustic radiating cylindrical element of finite length in
which the electric power N(¢) is supplied at the time T
during its expansion. In the region bounded by the
plasma—water contact discontinuity and the shock
wave, one can solve a set of two-dimensional nonlinear
gas dynamics equations in [10]:

d(rp)  d(rpv)  dA(rpv,) _

o Tz o

2

a(rpvr)+8(rpvzv,)+8[r(pv,+P)] _p

at aZ ar (1)
a(rPVz)+a[r(pv§+P)] Loy o

ot Jz ar v
d(re)  dlr(e+P)v,] dlr(e+P)v,] _

7 P P =0,

where 7 is the time; » and z are the cylindrical coordi-
nates; v, and v, are the radial and axial components of
the fluid velocity vector; P is the pressure; p is the den-
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sity; e=ple+ (vf + v? )/2]; € is the internal energy of the

fluid mass unit, where € = [P — cé (p = po)lIpx = D];
po and ¢, are the density and the sound speed of the
fluid at rest; and k = 7.15.

At the inner boundary of the calculation region,
namely, the plasma—water contact discontinuity, the
energy balance condition is set [2]:

d(P,V dv.
1 (aa)+P a

Y-1) dr “df

= N(1), 2

At the outer boundary, namely, the shock wave, the
dynamic compatibility conditions are [10]

[plD-[pv,] =0,

[pv,]D—-[pv.+P] = 0, 3)

[p(e+ vi/2)D] - [pv,(e + v./2) + Pv,] = 0,

where P, and V, are the pressure in the discharge chan-
nel and the channel volume, y = 1.26, v, is the normal
component of the fluid velocity vector, D is the shock
wave velocity, [ f] =f, — f, and f; and f, are the values
of the function on the left and right of the shock wave.
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Fig. 2. Radii of the middle section of a discharge channel as a function of time and the number of accountable power pulsations:
(a) are variants of the base mode I, and (b) are variants of the base mode /1.

The initial values of the hydrodynamic parameters
of the fluid surrounding the channel are equal to their
values in the undisturbed medium, and the initial values
of the radius, expansion rate, and pressure in the dis-
charge channel are calculated by method [11].

Problem (1)—(3) was solved using the Godunov
finite-difference method using the late-design algo-
rithm [10]. In particular, we analyzed the hydrody-
namic characteristics of the discharge channel (radius
a(t), expansion rate d (¢) of the middle section, pressure
P (%), and specific impulse of the pressure force 1,(7) =

E P,(t)dt) and the fluid (pressure P(f) and I(f) =

J; P, () d7) at a point in the equatorial plane of the dis-

charge channel = 0.08 m from the channel symmetry
axis.

The energy release variants under condition (2) are
chosen to enable one to analyze the effect of each fol-
lowing pulse of the electric energy input on the charac-
teristics investigated. Therefore, for the experimental
modes of the energy release, which are shown in Fig. 1a
and recognized as basic, added variants are formed
whose numbers correspond to the accountable cycle
number of the electrical energy input in the discharge
channel. The data from Fig. 1b, c represent information
on the value of the electrical energy supplied into the
discharge channel for each variant. For the convenience
of comparison of the calculation results of the specific
impulse of the pressure force, the upper limit of the
integral of the pressure is limited by the time of the
energy input for the base modes. It is acceptable, since,
later on, the pressure weakly dampens; therefore, the
value of the integral of the pressure increases slowly.
The specific impulse of the pressure force tends to a

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

value achievable in a time of about 1/10 of the pulsation
period of the electroblasting cavity [12].

For six and four variants formed on the basis of base
modes I and II, respectively, the calculated hydrody-
namic characteristics of the electric discharge are
shown in Figs. 2—6. In all the figures, the curve numbers
are equal to the number of accountable power pulses.

From an analysis of the a(f) relationships in Fig. 2,
it follows that the discharge channel radius distinctly
“responds” to an added energy input when the value of
the energy being supplied is no less than 10% of the
energy already supplied in the channel (variants /-3 in
Fig. 2a and /-2 in Fig. 2b). At that, a sensible increase
in the radius occurs under supplying about half of the
energy of the next pulsation. Thus, the curves of the
radius relationships of the fourth (Fig. 2a) and third
(Fig. 2b) variants, whose energy increases by 6 and
7.5%, respectively, coincide essentially with the curves
of the preceding variants. Application of the monopulse
approximation of the six-pulse mode of energy release
results in a decrease in the discharge channel radius by
15% at the time of termination of the energy release at
the base mode. The difference increases with time. The
deviation value increases with an increase of the num-
ber of energy input cycles (discharge cyclicity rate). It
should be noted that taking into account the second
energy addition introduces the basic amendment into
the calculated radius in the monopulse approximation.
Consideration of all the following power pulsations
results in an increase in the radius of no more than 5%.

Additional (even very small) energy supplies affect
the discharge channel expansion velocity more greatly
than the radius (see variants 4, 5 in Fig. 3a and 3, 4 in
Fig. 3b). The next energy input cycle already distinctly
affects the rate in the power increase stage. From the
analysis of the above results, it follows that, at the
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Fig. 3. Discharge channel expansion velocity in the middle section as a function of time and the number of accountable power pul-
sations: (a) are variants of the base mode /, and (b) are variants of the base mode /1.
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Fig. 4. Pressure in a discharge channel as a function of time and the number of accountable power pulsations: (a) are variants of the

base mode /, and (b) are variants of the base mode /1.

monopulse approximation, the channel expansion rates
decrease on their decaying curves depending on the dis-
charge cyclicity rate and the velocity fixation time by
15-50%. In the case of the strongly oscillating modes
of the discharge (Fig. 3a), taking into account the power
pulsation following the second one gives above the
same velocity increase as the second pulsation. In such
discharge modes, the supplied energies have compara-
ble values at the second and all the following power
pulsations (Fig. 1b).

The pressure pattern in the discharge channel
(Fig. 4) and the fluid (Fig. 5) is qualitatively similar to
the channel expansion velocity. However, the following
energy supplies affect the pressures higher than the
velocity. Thus, only taking into account the second
power pulsation results in an increase in the pressure
level in the channel in the relaxation section of more

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

than 40% at base mode /I (Fig. 4b) and above 70% at
mode [ (Fig. 4a). Towards the end of the energy release,
that is, when taking into account all the power pulsa-
tions, the increase of pressure in the channel is 65 and
210% and that of the fluid pressure is 60—-80%. The
most increase occurs taking into account the energy
supplies at the second and third pulsations.

Curves of the specific impulse of the pressure force
(Fig. 6a—d) qualitatively repeat the shape of the curves of
the channel radii (Fig. 2a, b) but differ significantly in the
various variants. At that, the maximum divergences of
the specific impulses in variants /, 4 (Fig. 6b, d) and I, 6
(Fig. 6a, b), representing calculated data for the mono-
pulse and base discharge modes, respectively, are 15—
25% for the discharge channel and 15-30% for the fluid.
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Fig. 5. Pressure profile in a fluid as a function of time and the number of accountable power pulsations: (a) are variants of the base
mode /, and (b) are variants of the base mode /1.
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Fig. 6. Specific impulse of the pressure force for a channel ((a) is the base mode /, and (b) is the base mode /) and a wave in a fluid
((c) is the base mode /, and (d) is the base mode /I) as a function of time and the number of accountable power pulsations.

CONCLUSIONS lating modes of the underwater spark discharge in the

numerical experiment decreases the value of the dis-

An analysis of the above results snows that the charge channel radius by the time of the end of the elec-
employment of the monopulse energy input at the oscil-  tric energy release by more than 10%, the channel
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expansion velocity by 15-50%, the pressure in the
channel during its relaxation stage by 65-210%, the
pressure downstream of the shock wave front by 60—
80%, and the specific impulse of the pressure force by
10-30%. Consequently, when numerically determining
the characteristics of electrohydropulse processing
facilities employing the energy of discharge oscillating
modes, for which the pressure or the specific impulse of
the pressure force are dominant contributors (see, e.g.,
[5, 9, 13]), the calculation model should take into
account all the power pulsations. In the case of weakly
oscillating discharge modes (1 > 0.7), it is desirable to
take into account at least the first two power pulsations,
and, in the case of highly oscillating discharge modes
(n <0.6), it is desirable to take into account at least the
first three pulsations.
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INTRODUCTION

The development of new efficient environmentally
safe methods and technologies for destruction of dense
and firm seabed soils and rocks of shores for hydraulic
engineering construction and reconstruction of sea and
river ports, terminals, housing, and coastal construc-
tions is an extremely real problem.

The existing traditional mechanical methods do not
satisfy all the requirements and needs of exploitation
and applications. They are characterized by the quite
complex operations of self-floating structures posi-
tioned above a region, where construction works need to
be fulfilled under conditions of limitation of the working
depth and low productivity when working with rocky
soils. For soils with high solidity (above 20 MPa),
mechanical methods are unacceptable.

Underwater shock dredging is a more efficient
method; however, it has limitations, for example, close
to hydraulic engineering and coastal constructions,
cable sites, hydraulic hookups, and if navigation in the
safety zone cannot be stopped. Not only coastal ports
and nearby port installations, berths, passing ships, and
buildings can suffer during explosions but also mass
annihilation of fish is possible.

As shown by investigations [1], the electrodischarge
method for destruction of firm soils and shore rocks
will allow an essential decrease in the building and
reconstruction costs of ports, levees, and all kinds of
hydraulic engineering and shore housing construction.

However, its wide-ranging application and exploita-
tion may only be realized provided that the productivity
of the process is increased up to 3—5 m*/h for soils with
a solidity of more than 30 MPa using mobile compact
electrodischarge equipment adapted for work in a
marine environment. The achievement of such produc-
tivity ratings is possible provided that the stored elec-
trodischarge energy is increased by a factor of 3 to 5.
Investigations on the enhancement of the electrodis-
charge showed that, by using exothermal compositions
(EC), its energy can be increased by several times. The

mass and dimension characteristics of the electrotech-
nical systems can also be decreased.

The aim of this work is to increase the efficiency of
electrodischarge destruction of firm soils by using exo-
thermal compositions.

The main idea of the investigations is the use of the
complex action of electrodischarge and exothermal
compositions for the destruction of firm seabed soils.

Electrodischarge (ED) has a number of advantages
in comparison with explosives, namely, the absence of
pollution, the considerably small velocities of the shock
waves, and the possibility to use ED in the immediate
vicinity of industrial buildings, housing constructions,
and other objects.

However, ED ranks below explosives in the volume
of the destruction and productivity. To increase the
intensity and force effect of electrodischarge, systems
for supplying aluminum-bearing exothermal composi-
tions (EC) into the inter-electrode gap of the electrodis-
charge setup were developed [2]. As EC, substances are
used that are capable of an exothermal transformation.
A liquid mixture of an oxidant and a fuel may be chosen
as such a medium. The exothermal mixture is bound to
ignite easily under the action of a spark discharge and
release a quantity of energy, as far as possible, at com-
bustion. Such an active medium should not detonate
under the action of force shock waves and should have
the property of combustion at atmospheric pressure.

As the investigations showed [3], a mixture made up
of 40% fuel and 60% oxidant is the most appropriate
working medium for electrodischarge. When working
out the composition of the discharge medium, the
safety of the process and the mixture activity degree
were considered first of all. First, industrial tests
showed a threefold increase of the electrodischarge
energy with equipment using the EC with the dis-
charges initiated by a wire in the optimal regime. As
further investigations showed, at the destruction of fer-
roconcrete items by high discharge energies (within
100 kJ) with the help of the electrodischarge setup
“Basal’t,” the use of the EC allowed a substantial
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Table
V, m3/h (without EC) V, m%h (30 g of EC)
No. W, kJ
30 MPa 40 MPa 60 MPa 30 MPa 40 MPa 60 MPa
1 12.5 0.14 0.12 0.07 2.28 1.72 1.16
2 25.0 0.25 0.19 0.12 2.44 1.80 1.20
3 37.5 0.39 0.30 0.25 2.60 1.96 1.32
4 50.0 0.50 0.47 0.30 2.72 2.0 1.38
5 62.5 0.64 0.59 0.40 2.88 2.12 1.44
6 75.0 0.90 0.70 0.47 3.0 2.20 1.48
7 87.5 1.0 0.82 0.55 3.08 2.36 1.52
8 100.0 1.27 0.92 0.62 3.28 2.44 1.60

decrease of the setup dimensions and an increase of the
efficiency of its work. It was established experimentally
that the power intensity of the developed EC comprises
from 5 to 8 kJ/g depending on the aluminum percent-
age.

The rheological, physiological, and chemical prop-
erties of the EC can be changed in dependence on one
or another of the requirements for the technological
processes and also by taking into account the parame-
ters of the electrohydraulic plants (EHP). The EC is
characterized as being fire-safe and explosion-proof, as
well as easy ignited by an electrodischarge. These prop-
erties of ECs allow us to use them for the initiation of
discharges at plants working at active production and
allow the increased mobility of the plants owing to the
decrease of their mass and overall dimensions, which
essentially increases the working efficiency of EHP.

Because the electrodischarges at the destruction of
firm seabed soils in the area of ports and levees takes
place in blast holes (with closed and constant volumes,
V = const), the total energy from the electrodischarge
and the combustion of the EC can be estimated. The EC
essentially increases the effect of the destruction due to
the increase of the pressure amplitude in the steam-gas
cavity and the increase of the frequency of its pulsation.
As in the case of an electroexplosion, the energy of the
reaction products can be checked using the formula

PV
E=—— 1
T (1)
where E is the energy of the reaction products, P is the
pressure, V is the volume, and 7 is the ratio of the spe-
cific heats = 1.26.

However, in actual practice, because it is made up of
an electrical energy release and a subsequent chemical
energy release, the estimation of all the ratings becomes
complicated. It is, first of all, necessary to choose an
equation for the calculation of the thermodynamic
parameters of the high-voltage electrochemical explo-
sion (HECE). The expansion of the gas cavity at the
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HECE will cause the parameters to change and depen-
dence (1) to take on a more complex form.

The determination of the energetic parameters of the
HECE can be carried out using the final results of the
destruction volumes and pressures at the complex
destruction by HECE of a firm soil with ¢ = 30, 40, and
60 MPa and at the electrodischarge destruction in a
pure form of the same objects. The resulting volumes of
the destruction zones can be used for the solution of
inverse problems for finding the parameters of the
HECE, thus, omitting more complex and cumbrous cal-
culations taking into account the pressures, the internal
energy, the entropy, the regime of the chemical energy
release in the discharge channel, etc.

The results of the experimentally obtained depen-
dence of the volumes of the destruction zones of firm
seabed soils on the total energy of the HECE at the use
of 30 g of EC and the destruction zones of soils with the
same solidity at a pure electrodischarge are presented in
the table. The parameters of the discharge circuit were
not changed.

In the figure, the diagram of the volume changes of
the destruction zones depending on the energies of the
electrodischarge and ECE is shown.

V, m/hour
3.5
3.0+
2.5F
2.0+
1.5
1.0
0.5

|

]
120
W, kJ

0 20 40 60 80 100

The volume of destruction of firm seabed soils with solidity
of o, MPa: (1) 30, (2) 40, (3) 60 (without EC); (4) 30,
(5) 40, (6) 60 (with EC).
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The established dependence of the volumes of the
destruction zones on the energy of the HECE allows us
to estimate the productivity of a device and the expedi-
ency of its use for objects with a soil solidity from 30 to
60 MPa.

The results of the experimental investigations were
tested while conducting dredging works in the area of
Sevastopol’s port. The technology and a special device
were developed on the basis of these results. The appli-
cation of the technology will allow us to solve the prob-
lem of conducting dredging works or the destruction of
coastal massif close to buildings and communication
systems.
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INTRODUCTION

Any technology for material treatment should
assure the stability of naturally repetitive processes.
Only in this case might one expect a high percentage of
quality outcomes. When technology methods based on
treatment by physical fields are used, the solution of
this problem essentially depends on the stability of the
loading parameters; i.e., the external structure forming
parameters (ESFP) should be naturally and stably
repeated with minimal dispersion. On the other hand,
the control of the processes leading to the internal struc-
tural kinetic changes (ISKC) in the treatment object is
possible by varying the ESFP. Hence, it is necessary to
determine the processes that are the most sensitive to a
change of one or another parameter. The physical and
engineering methods used in the technological opera-
tions of the processes of material treatment are multi-
parametric, multifunctional, and multipurpose as a rule.
Therefore, the problems of stabilization of the loading
parameters in view of their regular repetition with min-
imal values of dispersion should be solved by a system
approach when the set of all basic input and output
parameters of the system is analyzed and the most sen-
sitive connections between the ESFP and ISKC are also
determined. The actuality of such an approach is obvi-
ous since revealing the stabilization conditions of natu-
rally repeated treatment processes will permit us not
only to control the stability by using them but also show
us ways to increase the treatment efficiency.

The academic statement of the mentioned problem
may be represented in the framework of the theory of
systems. We will consider the applied aspect of the
problem for the technological method of electro-hydro-
impulsive treatment (EHIT) of a melt before its pour-
ing. The technological scheme of such a method is pre-
sented in Fig. 1. The pressure field source in the treat-
ment object (liquid metal) is the electric-discharge gen-
erator of elastic vibrations (EDGEV), which affects the
melt by means of acoustic waves through the elastic
transmission element (membrane with a waveguide).

The loading parameters at (EHIT) are the output
characteristics of the EDGEYV, which is the tool acting
on the processing object. The amplitude and the shift

velocity of the waveguide face, the pressure at its end,
the duration and pulsing frequency, and the processing
time are presented as the ESFP. The functionality of the
treatment is determined by the forming of physical pro-
cesses in the melt [ISKC] (generation of a nonstation-
ary field of pressures, acoustic cavitation, formation of
local acoustics fluxes and flows, etc.), providing degas-
sing, refining from detrimental impurities, homogeni-
zation of the melt, and activation of the potential cen-
ters for nucleation owing to the variation of the loading
parameters.

J: Water
- =~ supply
1
\
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Fig. 1. Scheme of EHIT of a melt by EDGEV: (/) air cav-
ity; (2) discharge chamber; (3) electrode; (4) working lig-
uid; (5) current distributor; (6) membrane; (7) waveguide;
(8) ladle; (9) melt.
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Fig. 2. System of the factors providing stability of EHIT.

The aim of this work is to conduct a system analysis
of the physical and engineering factors of ESFP stabili-
zation at EHIT of the melt and to determine the degree
of their influence on the ISKC formation in the treat-
ment object.

Notice that the formation of ISKC in the melt is a
multifunctional process because the scenario of these
processes is determined by the influence of many fac-
tors [1]. At the same time, modern scientific and practi-
cal experience allows us to distinguish and describe
them with sufficient accuracy.

System Analysis

The minimal dispersion of ESFP may be obtained
by optimal selection of the discharge circuit parame-
ters: the geometrical sizes; the shape of the discharge
chamber, the membrane, and the waveguide; the prop-
erties of the working fluid filling the discharge cham-
ber; and the volumetric content of air in the upper part
of the discharge chamber. We will denote them as the
input parameters of the perturbation source. Let us
show their influence on the range of ESFP variation.
Assume that the lower the range of the ESFP variation
at the maximal changes of the input parameters is, the
higher the stability of the process is. In terms of the ter-
minology introduced, let us represent the system of the
EHIT method factors of the melt influencing the ESFP

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

dispersion and also the cast metal quality rating in the
scheme form represented in Fig. 2.

The selection of the EDGEV input characteristics
for ensuring the minimal dispersion of the output load-
ing parameters is based on the analysis of theoretical
and experimental works devoted to EHIT practical
application to a melt in a ladle. One must perform a
detailed analysis of each of the listed input parameters
of the action tool and determine their contribution to the
dispersion of the ESFP.

The Influence of the Characteristics of the Discharge
Circuit on the Stabilization of the Loading Parameters

The following characteristics of the discharge cir-
cuit (as was shown in [2], they exactly determine the
electrical and electrodynamical characteristics of the
discharge circuit and also the hydrodynamic and acous-
tic characteristics of the liquid in the discharge cham-
ber) influence the stabilization of the loading parame-
ters: the voltage on the plates U, the capacity of the
condenser battery C, the inductance of the contour L,
and the length of the interelectrode (discharge) gap I,
The gap length corresponding to the equality of its
active resistance (R,) to the impedance of the contour

(«/L/C) is optimal in view of the maximal value of the
electrical energy transformation efficiency.
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In the papers of many authors where different tech-
nological applications of electroblasting processes in a
liquid were investigated, the integral parameter of load-

ing the stored energy W, = CU, é /2 is used. Its influence

on the characteristics of the work materials and media
in a range of variations were shown. Note that, often,

the energy generation time (T ~ wA/L/C) and also the

relationship between R, and /L/C were not consid-
ered. Such an approach did not allow for a systematic
character when displaying the analysis of the loading
parameters influence on the treatment object character-
istics. We will show this by analyzing the earlier results
of the melt loading characteristics investigations at
EHIT.

It is reasonable to suppose that an increase of W,
leads to a rise of the vibration amplitude of the EDGEV
work element. An experiment showed [3] that the
increase of the maximum deflection of a EDGEV mem-
brane with thickness of §,, = 6.3 mm from 2.6 to 7 mm
takes place at optimal [, with a rise in W, from 0.625 to
2.5 kJ due to the increase of C from 0.5 to 2 (F at U, =
50 kV). In other words, the increase of W, by a factor
of 4 leads to an increase of the deflection by 2.7 times.
However, the EHIT work element is not a membrane
but a waveguide face, so these results are not very infor-
mative. The theoretical investigations carried out in [4]
confirmed that the vibration amplitude of the face of the
waveguide A,, increases with an increase of W,,. In addi-
tion, the duration of the cavitation processes in the melt
(the time intervals between the pressure pulses in the
liquid metal when the pressure falls down to zero or
does not exceed the initial atmospheric value) also
increases. In [5], it is shown that A, and the duration of
the basic movement increase with a rise of W, but the
frequency of the relaxation oscillations practically does
not change. However, an open question remains to be
answered: Is the value of /, optimal in view of the elec-
trical efficiency optimal for formation in the melt of the
maximum possible values of the treatment force fac-
tors?

In paper [6], the dependence of the pressure pulse
parameters acting on the bottom end of the rod on /; and
C is investigated using a measuring rod; i.e., only two
parameters were varied from the indicated four param-
eters. The estimations of the average pressure in a pulse
P, and its duration T, in the specified intervals of C and
[, were made by the authors. Hence, for example, at /,
=5 mm, the highest P, is reached at the value of C =0.5
F but at the minimum of 1,. At [, = 45 mm, the maxi-
mum of P, and T, corresponds to C = 1.5 F. Analyzing
these results, it may be concluded that the minimum
dispersion of P, and T, is reached at a simultaneous
increase of both [, and C. This is physically quite justi-
fied because an increase in C implies a rise in W, and in

the amplitude of the discharge current (~Uy/+/L/C ) and

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

also an increase of its period (~m/./L/C). Within the
bounds of one discharge gap length /,, an increase of C
should lead to a rise of W, and, as was noted in [3],to a
growth of P,. Note that the analyzing parameters in [6]
correspond to the oscillatory regime of a discharge with
the value of the energy fraction released during the first
half-cycle of the current 1 [2] up to 0.4. Therefore, the
practical use of these results is problematic. Note that,
atm < 0.4, there is no systematic character of the results
in [6]; in addition, they do not agree with the results
obtained in [3].

The authors of [7], on the basis of the results of
experimental investigations of a membrane deflection
at a discharge in an enclosed volume, state that, under
the condition W,, = const, the elastic element executes
the maximum displacement at lower values of U,
which means at greater values of C, which emphasizes

the significance of the parameter ./L/C in the forma-
tion of the membrane dynamics. At that, the difference
in the displacement of a membrane with a thickness of
0., = 12 mm and a diameter of d,, = 500 mm increases
from 1.7 to 3 times at the increase of W, from 0.1 to
2 kJ. The analogous relationship for the regimes of a
discharge with constant and different values of W, also
remains for the accelerations corresponding to each
displacement. In this paper, an estimation of the move-
ment velocities of a central part of a membrane with
dependence on W, is also carried out. It is established
that the movement velocity depends on the regime of
energy release in the discharge channel, and, at W, =
const, the movement velocity decreases with an
increase of U,. The saturation region is found outside of
which the increase of W, is unpractical in the view of
the increase of the movement velocity. The significance
of this experiment, in our case, lies in the fact that the
regime of energy release n as an integral parameter of the
discharge circuit influences the dynamics of an elastic
element. Unfortunately, this qualitative result is not
strengthened in [7] by quantitative data, which also does
not provide a reason for the use of the system approach
for the analysis of liquid metal loading stability.

In paper [8], the dependences of the output parame-
ters of the EDGEV on the set of four mentioned param-
eters of the discharge circuit are obtained, which corre-
sponds to the system approach in the solution of this
problem and allows the ESFP stabilization methods to
be clearly found and also the possibility to obtain con-
trol of the ISKC. Here, the expressions for the pressure
at the waveguide face P, (¢) for three regimes of energy
release 1 (1, 0.8, 0.37) corresponding to the aperiodic,
coordinated (optimal in view of the electrical effi-
ciency), and oscillatory character of the current flowing
in the interelectrode gap are presented:
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Uy 107 ..
P(1) = 1944=2L"C "'97z3"‘4exp(—0.94—’-—),
r

~JLC
at n = 0.37;

Uy, - -
P (1) = 3.1—20L 2115~ 1.115t3.74exp(_0.86L),(1)
r

JLC

at n = 0.8;

Uo -1.96 ~-0.96 3.42 1
P, (1) = 0.73=2L"°C"t exp(—0.42————),
P JLC

at n=1,

where r is the radius of the waveguide rod.

Relationships (1) show that the pressure P,(?)
should be analyzed not only in dependence on U,, C, L,
and [, but also on r. The pressure P,(7) is the most sen-
sitive to the change of r. The pressure P reaches its
maximum values at 1 = 0.37, which indicates that the
coordinated regime of the discharge is not optimal in
view of obtaining of the maximum loading factors in
the melt.

Thus, by analyzing relationships (1), the EDGEV
input parameters can be ordered according to their
influence on the loading stability of the melt from larger
to smaller (r, Uy, C, L) irrespective of [,

For one setup, we accurately stabilized the values of
r, Uy, and C. It is necessary to minimize the value of L
in the design of the setup and achieve the maximum fas-
tening of the connecting cables in the space since L
depends on their mutual arrangement.

When formulating the problem for the relationships
obtained, the voltage U, at which the discharge is initi-
ated was taken into account, but always U, < U, since
the losses of electrical energy arose. Therefore, for the
practical use of formula (1) taking into account the
engineering requirements for the conditions of the
loading stabilization, it is necessary to minimize the
dispersion in the difference (U, — U,), which is techni-
cally realizable.

The Dependence between the Geometrical
Characteristics of the Structural Elements
of the Setup and the Loading Parameters

The control of the wave components of the transmit-
ted load at the discharge stage is appropriate to conduct
at the cost of the parameters of the discharge circuit,
waveguide diameter d,,, and the oscillatory component
in the afterdischarge stage by varying the geometrical
characteristics of the EDGEV chamber [5, 8]. As noted
in [7], a characteristic of an elastic movement of a mov-
ing element under the action of a pulse load is the pres-
ence of two harmonics: the high harmonic associated
with the high frequency oscillations of the central part
of the membrane, and the low harmonic of its basic dis-
placement. Such phenomenon is typical for practically
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any parameters of a discharge circuit; i.e., the presence
of the high harmonic is caused by the structural partic-
ularities of the elastic element and does not depend on
the intensity of the pulse load.

With sufficient accuracy, the diameter of the mem-
brane d,,, the waveguide mass m,, the properties of the
working fluid and its volume, the presence of the air
space above the liquid, and also W, can be chosen as
the input parameters of the analyzed system. As was
shown in [9], the pulsation dynamics of the steam—gas
cavity (SGC) may be determined by taking into
account the energy put into it, which is reduced to a
dependence on W,

In [5], on the basis of numerical modeling, the esti-
mation of A,, (the amplitudes of the relaxation oscilla-
tions of the EDGEV waveguide face) in the afterdis-
charge stage is carried out. The possibility for the con-
trol of the loading parameters of the liquid metal at
EHIT at the cost of the EDGEV geometric characteris-
tics was shown. The calculations were performed for
values of the stored energy of 1, 2, and 3 kJ. A numeri-
cal experiment showed that the amplitude A,, decreases
almost ten times with an increase of d,, and d,, by a fac-
tor of two, while the high frequency components in the
basic displacement of the membrane are displayed and
the frequency of the relaxation oscillations increases.
With the increase of d,, and the chamber diameter, the
amplitude A,, essentially increases, the duration of the
basic movement does not change, and the frequency of
the relaxation oscillations significantly decreases. An
increase of d,, and of m,, slightly reduces A,, and the fre-
quency of the relaxation oscillations. The graphical
dependences of the maximum oscillation amplitudes of

the waveguide face A, on §,, at fixed values of d,, and

W, are presented in Fig. 3. It is seen from the figure that
the amplitude is fitted approximately in direct proportion
to the discharge energy with a change of W,,. The change
of J,,, for example, by a factor of 2 leads to the change of

A;™ by approximately a factor of 7 to 9, i.e., almost ten-
fold. Thus, J,, essentially influences the stabilization of
this output parameter in comparison with W,

It should be noted that no noticeable changes in the

values of A;™ take place at an increase of 8, by more

than 16 mm. Therefore, the upper limit of 3, may be
limited by this value, and the lower limit may be limited

by the value at which the amplitude A" does not
exceed the area of the elastic deformations.

In [3], the results of the experimental investigations
of the EDGEV amplitude—frequency characteristics
with a cylindrical chamber are presented. For the range
of 9, from 3 to 16 mm, the form of the dependence of
the maximum displacement of the membrane on d,, at a
pulse energy of 312 J and a voltage of 50 kV is analo-
gous to the curves presented in Fig. 3. In this paper, the
spectral analysis of the EDGEV membrane displace-
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Fig. 3. The dependence of the maximum vibration amplitudes of a waveguide face on the membrane thickness at a membrane diam-
eter &, (in mm) of (a) 100, (b) 230, (c) 300, and (d) 400: Wy = (1) 1; (2) 2;and (3) 3 kJ.

ments is fulfilled, which allows the spectrum of the
main frequencies to be determined. It is established that
the placement of the spectrum maximum moves
towards the high frequencies with an increase of 9,,. As
the other parameters of the EDGEV change, no signif-
icant change of the spectrum maximum placement is
observed. This confirms the conclusion obtained in [5,
7] that the high frequency oscillations of a membrane
are determined by its thickness.

Thus, the parameters of the discharge chamber may
be ordered according to the greatest influence on the
loading parameters of the melt at the SGC stage in the
following sequence: 0., Wy, dy, d,. The greater the
value of W,, the higher the sensitivity of the ESFP is to
the change of J,,. Taking into account that J,, is chosen
from considerations of the membrane durability, the
problem of the definition of its geometry and dynamics
is of current importance.

The Influence of the Properties of the Working Liquid
in the Discharge Chamber on the Parameters
of the Loading

As the working liquid of the EDGEV discharge
chamber, water or weak electrolytes are used [3]. The
characteristics of the free (no wire initiated) discharge
essentially depend on the physicochemical properties
of the working medium (mainly, on the specific resis-
tance p.).

In [3], comparative experimental investigations of
the influence of different working liquids on the
dynamic characteristics of the EDGEV transmitting
element are carried out. The following liquids were
investigated: industrial water (p, = 8.5 (m)), distilled
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water (p, = 150-200 (m)), and PMS-40 organic silicon
(polymethylsiloxane) liquid. The pulse energy was
changed from 50 to 750 J. It was shown that the value
of the acceleration of an EDGEV elastic element using
distilled water as the working medium is changed from
3000 to 11000 m/s2 at W, equal to 80 and 720 J, respec-
tively. At this, the movement velocity changes from 0.3
to 2.5 m/s, the displacement makes up 200-800 um,
and the basic harmonics are the harmonics with a fre-
quency of 1.25 kHz. A decrease of the oscillation
parameters of the EDGEV transmitting element is
observed when using industrial water. The maximum
acceleration makes up 10000 m/s?, the velocity does
not exceeds 1.6 m/s, and the displacement does not
exceed 600 um. The basic harmonics have a frequency
of 1.5 kHz. The values of the EDGEV parameters are
significantly decreased in the case of the application of
the PMS-40 liquid. Therefore, the value of the acceler-
ation is located in the range from 1500 to 3000 m/s? at
W, equal to 80 and 320 J, respectively. The movement
velocity of the element made up 0.6 m/s, and the maxi-
mum displacement was changed from 50 to 150 um. It
was established that, for all the discharge parameters,
the basic harmonics of the EDGEV oscillations have a
frequency of 1.75 kHz.

Therefore, using PMS-40 as the working liquid, it is
possible to decrease the acceleration at the external sur-
face of the elastic element by a factor of 1.25 to 2.25 in
comparison with the industrial water and by a factor of
2.3 to 3.5 in comparison with the distilled water. The
energetic characteristics of the oscillation spectrum are
higher than for the distilled water but somewhat lower
than for the industrial water. At the same time, the
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authors noted a significant increase of the stability of
the EDGEV work.

Thus, the output characteristics of the setup substan-
tially depend on the properties of the working liquid,
and the loading parameters at the EHIT of the melt in a
ladle can be stabilized in a given range by means of the
corresponding selection of a liquid. It is best to use
waters with p, in the area of 20 Om m in the discharge
chambers [9]. This gives satisfactory ratings of the sta-
bility and discharge efficiency, is technically simple for
realization, and is economically sound.

Influence of the Volume of the Air Cavity in the Upper
Part of the Discharge Chamber and the Circulation
of the Working Liquid through the Interelectrode Gap
on the Loading Parameters

In [10], theoretical and experimental investigations
of the degree of influence of the air volume in the upper
part of the discharge chamber and the water circulation
through the chamber on the amplitude of the waveguide
oscillations A,, were carried out. It is established that
the presence of an air cavity and the liquid circulation
positively influence the increase of A, since correctly
organized circulation stabilizes the discharge and min-
imizes the breakdown loss, which can be related to the
category of the discharge initiation, and the air cavity is
a resonator for the dynamic processes of the SGC in a
closed volume [9]. On the basis of the numerical mod-
eling of the processes occurring in the discharge cham-
ber, taking into account the accepted assumptions, it is
found that the presence of an air cavity with a volume
of 0.5% of the volume of the discharge chamber leads
to a significant rise of the maximum amplitude of the
waveguide vibration; however, on the whole, the
changes of the amplitude have a statistical nature.
Choosing the air volume content will allow us to regu-
late (within the necessary limits) the value and the char-
acter of the transmitted load on the treatment object at
the stage of the redistribution in dependence on the pre-
determined properties of the foundries. The liquids
used in the EDGEV for the EHIT of the melt should be
circulated to provid cooling of the working chamber.
This step is required by the high temperatures of the lig-
uid metal, whose heat is transmitted by the waveguide
into the discharge chamber. Hence, the systems and
principles of the circulation influence more than the lig-
uid itself on ESFP.

In the Institute of Impulse Processes and Technolo-
gies of NAN of Ukraine, experimental investigations of
the discharge current and voltage for different /; at both
the circulation of the interelectrode gap and without it
were conducted [11]. The prebreakdown losses of W,
for different values of U,, the rod diameter of the elec-
trode, and /; were determined. Three schemes for the
circulation of the interelectrode gap were applied:
through a hollow electrode, through a hollow current
distributor, and through a hollow isolator. As the results
of the investigations showed, the construction of an
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electrode with the circulation through the hollow isola-
tor is the most successful and recommended for further
exploitation. In such scheme, the prebreakdown losses
decrease on average by a factor of 1.3 to 2.5 in compar-
ison with the same electrode but without circulation. As
a result, the possibility to increase the diameter of the
electrode’s rod diameter up to 12-15 mm and, there-
fore, to increase the working life by a factor of 2 to 3
has appeared. The circulation velocity of the interelec-
trode gap increases with the increase of the diameter of
the rod. Therefore, for example, it is necessary to
increase the effective velocity of the circulation from 3
to 5 m/s with an increase of the diameter from 8 to
15 mm. Further increase of the velocity reduces the
working efficiency of the electrode. In addition, at cir-
culation, the length of the discharge gap [, for prebreak-
down losses composing 20-30% of W, is greater by
30-40% than without circulation; i.e., the possibility to
remove the electrode’s isolator from the ruptured zone
appeared, which also increases the working life of the
technological setup.

Therefore, the loading parameters of the treatment
object can be stabilized by means of optimal choose of
V in the upper part of the chamber and also by liquid
circulation with a determined velocity through the
interelectrode gap.

CONCLUSIONS

1. The analysis conducted confirmed the earlier
obtained data on the multiple-factor and ambiguous
influence of the parameters of the discharge circuit and
the EDGEV parameters on the ESFP determining the
processes in the melt.

2. The system approach for the determination of the
stability rating and efficiency of the ESFP is proposed,
which provides the possibility for complex multifactor
control of the ISKC in the melt.

3. At the channel stage, the ESFP are more sensitive
to the waveguide radius and the value of the breakdown
voltage U,. If the waveguide radius is fixed, the influ-
ence of U, has a statistical nature.

4. The ESFP dispersion can be minimized by a ratio-
nal system for the liquid circulation in the discharge
chamber. Liquid circulation with a determined velocity
(in dependence on the diameter of the electrode’s rod)
through the interelectrode gap allows the prebreakdown
losses to be reduced and the working life of the techno-
logical setup to be increased.

5. The ESFP at the stage of SGC are more sensitive
to the membrane thickness of the EDGEV and the vol-
ume of the air cavity above the liquid. The thickness of
the membrane essentially influences the stabilization of
the vibration amplitude of the waveguide in compari-
son with the discharge energy W,,. The influence of the
air cavity on the dynamics of the waveguide face has a
statistical nature, and the maximum effect is reached at
an insignificant change of the air volume.
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Lately, the treatment of food stuffs and raw materi-
als with electromagnetic fields has been attracting
increasingly strong interest [1-3]. This interest is
caused by the following reasons: food stuffs and semi-
finished products have electromagnetic properties and
electric conductivity and dielectric permittivity and
magnetic permeability so that, during electric and mag-
netic treatment, changes occur in the distribution of the
electric charges in the medium resulting in changes to
the physical and chemical properties of products [4].

Electrohydraulic treatment (EHT) seems to be the
most promising method for treatment of food raw mate-
rials and ready products with electromagnetic fields.

Study [5] is distinguished among the published
results of the applied research. It shows that an electric
charge pulse affects plant raw materials during process-
ing in a comprehensive way. The shock wave emerging
as a result of the medium breakdown actively mixes up
the system. Moreover, by creating tensile forces in the
fluid, it causes the creation of cavity bubbles facilitating
dispersion of particles. The thermal process in the dis-
charge channel results in the creation of a vapor-and-
gas cavity whose pulsing intensifies the heat- and mass-
exchange processes.

In addition, application of this technique facilitates
the suppression or inhibition of the microflora of food
stuffs without significant changes to the organoleptic
properties of those stuffs.

We have studied the effect of electrohydraulic treat-
ment on suspensions of inulin, a polysaccharide (whose
molecule consists of residues of B-D-fructopyranose),
and the process of its partial and complete hydrolysis
resulting in production of fructose-oligosaccharide
mixtures, which are utilized in many branches of the
food-processing industry.
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H O OH H
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A similar study was carried out with chicory (one of
the most widely spread plants with a high content of
inulin), which is used in certain amounts in the food-
processing industry but worthy of wider usage owing to
its multiple beneficial effects on the human body.

Hydrolysis of inulin is performed most frequently
by processing its solution or suspensions with mineral
or organic acids and, in the majority of cases, by heat-
ing [6]. As a result, the hydrolysis products, fructose
and oligosaccharides characterized by a lower poly-
merization degree then inulin (so called fructans), are
usually contaminated by the products of dehydration,
decomposition, and subsequent condensation of fruc-
tose and the coloring agents produced as a result of
other secondary processes.

The use of enzymes for the production of inulin-oli-
gosaccharide syrups, which is discussed in the litera-
ture, is also characterized by a number of disadvan-
tages. In particular, apart from the strict observance of
the requirements for medium acidity and temperature
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parameters, the target product should be additionally
cleaned of both the ferment substance and the produc-
ing coloring agents.

The application of electrohydraulic treatment for
inulin hydrolysis ensures the neutral reaction of the ini-
tial reaction medium and the absence of other chemical
agents, hence, the cleanness of the produced fructose-
polysaccharide mixtures as compared to standard
hydrolysis methods.

For hydrolysis, aquatic solutions or suspensions of
inulin were made with the content of dry substances
varying from 2 to 30%. The powders for the production
of the suspensions were preliminary maintained in
water for 72 hours for the polysaccharide grains to
swell, thus, facilitating the more complete hydrolysis of
the specimens. The prepared solutions or suspensions
underwent electric pulse treatment with 5 to 75 pulse
discharges at an electrode voltage of 3540 kV.

As a result of the electrohydraulic effect and the
other physical phenomena developing during the high-
voltage discharge in the fluid, the glycoside bonds
between the fructose structural units in the inulin mol-
ecules are mechanically disrupted and the elements of
the water molecules are connected; i.e., partial hydrol-
ysis of the inulin molecules occurs. As a result, some of
the inulin molecules are transformed into the final prod-
uct of complete hydrolysis, fructose. The hydrolysis
effect is attained in a neutral medium without adding
any chemical reagents and does not involve the produc-
tion of colored by-products.

The content of the dry substances (DS) in the reac-
tion mixture was measured by the refractometric
method. The content of fructose in the hydrolizate was
determined by the classic Muller method for the deter-
mination of reducing substances.

The optimal number of pulses during the electric-
spark treatment was determined on the basis of the
maximum content of the reducing substances in the
hydrolizate, thus, indicating the most complete hydrol-
ysis of the inulin.

Figure 1 shows, as an example, the results of an
experiment where the optimal number of high-voltage
pulses required for attaining the highest relative content
of fructose in the final product of the hydrolysis was
determined.

Most probably, if the number of pulses exceeds the
optimal value, conditions are created for recombination
processes in which the molecules of D-fructose
(monosaccharide) that were produced at the initial
stages of the hydrolysis do not transform into a more
thermodynamically stable B-pyranose form (as is the
case under the conditions of standard hydrolysis with-
out the application of pulse electric treatment) but inter-
act with each other creating dimers and, primarily,
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Fig. 1. Dependence of the content of reducing substances in
the hydrolyzate on the number of high-voltage pulses.
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as well as trimers, tetramers, and other fructans with a
lesser polymerization degree than inulin, i.e., inulo-oli-
gosaccharides.

The table shows the results of some experiments in
which the optimal parameters of the electric-spark
treatment of inulin solutions and suspensions were
determined.

Since chicory seems to be a more promising candi-
date for practical use in the food-processing industry as
compared to pure inulin, a similar study was carried out
to determine the dependence of the hydrolysis degree
on the parameters of the electric-spark treatment with
freshly minced chicory bulbs and with powders made
from dried and roasted chicory bulbs. For the experi-
ments, commercial powders manufactured by the Sla-
vutsky chicory drying plant (Khmel’nitsk oblast,
Ukraine) were used.

The prospects for the usage of chicory are based, on
the one hand, on economic factors, since extraction of
pure inulin from inulin-containing plants is a suffi-
ciently complex process and requires significant addi-
tional expenses. On the other hand, the chicory root
contains, in addition to the main component, i.e., inulin,
other biologically active substances that may be used
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Regimes of Electric Pulse Treatment of Aqueous Solutions and Suspensions of Inulin

Content
Experi- | Voltage, | Number | Content of fructose Hydrolysis Conclusions
ment no. kV of pulses | of DS, % | in the obtained | degree, %
mixture, %
1 35 5 2.01 0.22 22.1 Number of pulses insufficient for inulin
hydrolysis
2 40 10 2.05 1.47 48.6 Content of reducing substances
in the obtained mixture increases
3 35 20 2.07 2.60 53.9 Number of pulses sufficient for partial
inulin hydrolysis
5 35 50 2.2 1.55 44.5 Content of reducing substance decreases
and the degree of polymerization of inulo-
oligosaccharide increases
6 35 75 221 2.95 41 Degree of polymerization of inulo-oligosac-
charides additionally increasing owing
to recombination processes with a further
increase in the number of pulses not being
needed

for medical treatment and prophylactics, so adding
them to food products in the form of chicory compo-
nents should be welcomed.

For powders made of dried and roasted chicory, the
studies that were conducted were similar to those for
pure inulin. The optimal regimes for pulse electric
treatment were determined, and they virtually coin-
cided with the inulin-treatment regime.

In addition, the dimensions of the particles at differ-
ent stages of the pulse electric treatment were deter-
mined by the method of laser-beam scattering.

The studied commercial specimen of chicory powder
mainly consisted of particles with diameters ~200 pm; it
also contained a significant amount of particles with a
diameter of ~100-50 um and virtually did not contain
particles whose diameter was less than 1 um.

As a result of the electrohydraulic treatment (35 kV
and 10 pulses) (see Fig. 2b), the content of particles
with a diameter of ~200 um halved as compared to the
initial suspension. The amount of smaller particles (10—
5 wm) steeply (3- to 4-fold) increased, apparently, indi-
cating that the macromolecule fragmented as a result of
hydrolysis under the effect of the electrohydraulic treat-
ment and fragments of olygoinulides with a lower poly-
merization degree and finer particles were produced as
a result. A significant number of particles with a diam-
eter of 1.0-0.5 um appeared.

If the number of pulses was increased to 20
(Fig. 2¢), the trend continued: the relative content of
large particles decreased and that of finer particles
(<1.0 um) increased even more. Thus, under these con-

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

ditions, the hydrolysis process continued resulting in
the production of inulin olygomers with a lower poly-
merization degree and fructose.

If the number of spark discharges was further
increased to 30 or more, the content of large and small
chicory particles virtually did not change (Fig. 2d).

The behavior of inulin and inulin-containing materi-
als under the conditions of electrohydraulic treatment
may be explained as follows.

Application of electromagnetic fields is known to
significantly change the magnetic properties of water
[4, 7-9]. This means that this factor alone may change
the conditions of the hydrolysis of organic compounds,
i.e., the interaction with water of such a biopolymer as
polysaccharide inulin.

It was discovered that the chemical bonds in mole-
cules are polarized under the effect of a magnetic field
[10]. The water molecules having a permanent dipole
moment are aligned with respect to the magnetic-field
frequency, and the rotation of dipole molecules under
the effect of an alternating magnetic field corresponds
to the frequency of the field variation [11]. A similar
effect is also observed for organic molecules, for exam-
ple, protein.

However, protein is per se a bipolar substance, while
the nature of the studied biopolymer, polysaccharide
inulin, differs from that of protein. However, the native
inulin molecule is characterized by a certain distribu-
tion of the electric density, in particular, on the oxygen
atoms forming glycoside bonds between individual
fructose links in the inulin polymer molecule differing
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Fig. 2. Distribution of particles by sizes in the initial suspen-
sion of the chicory powder and its hydrolyzates after elec-
trohydraulic treatment (EHT): (a) initial suspension before
treatment; (b) EHT regime: 35 kV and 10 pulses; (c) EHT
regime: 35 kV and 20 pulses; (d) EHT regime: 35 kV and
30 pulses.

from that on the oxygen atoms incorporated into the
primary and secondary alcohol groups. An electromag-
netic field apparently causes a redistribution of the elec-
tronic density in the polysaccharide molecule, includ-
ing changes in the density of the effective charges on
the bridging oxygen atoms. This phenomenon should,
in turn, result in changes to the reaction capacity of gly-
coside bonds on the reaction of inulin hydrolysis.

The changes to the regimes of the electrohydraulic
treatment seem to entail redistribution of the effective
charges on the atoms in the inulin molecule and the
products of its hydrolysis resulting, in turn, in the shift
of the equilibrium in the system either to production of
hydrolysis products or to recombination of low-molec-
ular products into oligomers with a higher polymeriza-
tion degree.

CONCLUSIONS

1. The process of electrohydraulic treatment (EHT)
of suspensions and solutions of inulin and inulin-con-
taining chicory was studied to produce fructose-oli-
gosaccharide mixtures.

2. An optimal EHT regime was found (35 kV and 20
pulses) for production of mixtures with the maximum
content of fructose and inulo-oligosaccharides with a
low polymerization degree.

3. The classical Muller method for the determina-
tion of the content of reducing substances and the
method of laser-beam scattering were applied to prove
that, during EHT, two oppositely directed processes
evolve: hydrolysis of inulin and recombination of low-
molecular inulides. The shift of the equilibrium in the
inulin and low-molecular inulides depends on the spe-
cific EHT regime.
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Abstract—Application of a convective method and a combined method employing a high-frequency current
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rate constants, and the duration of the first and second periods are determined. The effect of a high-frequency
electromagnetic field on the kinetics of the drying is analyzed.
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The average quantity of secondary products (food
wastes) at enterprises of the food-canning industry
amounts about 21% of the mass of the processed pri-
mary product.

Fruits pits comprise a substantial share of the total
volume of the primary product being processed. Their
afterproducts possess good qualities and may be
regarded as a rather valuable sort of secondary raw
material.

Nowadays, air-and-sunshine drying of fruit stones
on unequipped open sites is still widely used. For dry-
ing kernels of apricot stones, a convective method and
a combined method where high-frequency currents
(HFC) are used has been proposed. The aim is to inten-
sify the drying process while retaining the biological
value of the product, improve the cost effectiveness of
the process, and make the process ecologically friendly.
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The experimental setup described in [1] was
employed for the investigations. Kernels of stones of
the “Krasnoshchekii” variety of apricot with an initial
moisture content of U, = 146% were dried.

A VNTz-200 mechanic balance was used to register
the mass loss. The rate of the air supply to the drying
chamber was automatically kept constant at 1.1 m/s.
The air parameters were measured before the heat treat-
ment (initial temperature #, and relative humidity @)
and after the process (¢,).

At the first stage of the work, the kinetics of the con-
vective drying were studied at temperatures of the dry-
ing agent of 60, 70, 80, 90, and 100°C. The mass loss
was measured over intervals of 5 min, and the drying
continued to the equilibrium moisture content of 30%

[2].
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Fig. 1. Drying curve (a) and drying rate curve (b) for kernels of apricot stones using a convective energy supply.
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Table 1. Experimental parameters of the kinetics of drying kernels of apricot stones by a convective method

no. | t,°C | Uy, % (‘2—2])1 X 10%, %ls | Ky, %/(m* s) | Ky x 10%, 57" | Ty repeqe- min | Ty, min | Tp, min | Ty, min
1 60 90 6.46 58.6 1.6 100 240 280 620
2 70 90 8.62 63.5 3.2 89 184 232 505
3 80 95 11.18 65.9 4.0 78 158 169 415
4 90 95 15.74 84.35 4.98 59 122 137 318
5 100 95 23.61 107.1 5.6 35 91 94 220

Figure 1 shows the drying curves U = f(t) and the

dr

stones. As can be seen from the drying curves, the pro-
cess duration amounted 620 min and 220 min at the
temperatures of 60°C and 100°C, respectively; that is,
its decrease by a factor of 2.85 was observed.

drying rate curves (d—U) = f(U) for kernels of apricot
1

The curves of the drying rate (Fig. 1b) are typical for
colloidal and capillary bodies and involve the range of
preheating as well as the first and the second periods of
drying [3].

The drying rate was calculated using the experimen-
tal data for the first period of drying. Table 1 shows the
drying temperature values ¢, (°C), the critical moisture
content U, (%), the drying rate for the first period

(%LT]) (10%) (%ls), the constants of the drying rate for
1

the first period K, and for the second period K,, the pre-
heating time T,yeheq- and the drying duration for the first
period T, (min) and for the second period T, (min).

At the second stage of the experiment, the effect of
the combined action of high-frequency heating,
together with the convective method of energy supply,
upon the drying kinetics at various regimes of the elec-
tromagnetic field £ = 8.75 x 10% and 1.8 x 10* V/m was
studied.

The experimental results are presented in Figs. 2 and
3 as the drying curves and the drying rate curves.

The time of the drying process decreases with the
field strength increase for various temperatures. The
time of drying to a moisture content of 30% amounted
410 min at a temperature of 60°C and an electromag-
netic field strength of 8.75 x 10° V/m, and it was equal
370 min at a strength of 1.8 x 10* V/m; that is, it
decreased by 40 min.

The data presented in Fig. 2 demonstrate that the
combined action of the high-frequency electromagnetic
field and the convective method substantially intensi-
fies the drying process.

Comparison of the dewatering process at the mini-
mal temperature and electromagnetic field strength val-
ues (t = 60°C and E = 8.75 x 10° V/m) with that at the

b
U, % @ AU/ dt x 103, %/s ®
140% « 1=60°C 16 -
120 L m =70°C 14 L
« 1 =80°C
100 ar=00°cCc 2T
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Fig. 2. Drying curve (a) and drying rate curve (b) for kernels of apricot stones using a combined method (convection + HFC); the

electromagnetic field strength is £ = 8750 V/m.
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KINETICS OF DRYING KERNELS OF APRICOT STONES
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Fig. 3. Drying curve (a) and drying rate curve (b) for kernels of apricot stones using a combined method (convection + HFC); the

electromagnetic field strength is £ =1.8 X 10* V/m).

maximal temperature and electromagnetic field
strength values (¢ = 100°C and E = 1.8 x 10* V/m)
shows that the time for drying from 146 to 30%
decreases by a factor of 2.8.

The duration of the drying process of the kernels
reduces due to the more intensive heat release in the
unit volume of the kernels with the field strength
increase; therefore, the drying process rate quickly
increases to its maximal value when the high-frequency
field is used.

At the temperature of the drying agent of 60°C
(Fig. 2b) with the electromagnetic field strength E =

8.75 x 10° V/m, the maximal rate value increases by
17.8%. The maximal rate of the drying process
increases with the temperature increase. When the tem-
perature increases from 60 to 100°C at the same field
strength, the drying rate increases by a factor of 2.

The kinetic characteristics of the drying process
were calculated both for the convective drying method
and for the combined method (convection + HFC) for
various values of the field strength and are presented in
Table 2.

For the second period, the drying rate constant K, at
the temperature of 60°C increased by 14.4% with the

Table 2. Experimental parameters of the kinetics of drying kernels of apricot stones by a combined method (convection + HFC)

no. | 4,°C | Uy, % (‘fl—g)l x 103, %ls | K, %/(m? s) | K, x 106, s7! Tpreheat» MIN | Ty, MIN | Ty, Min | Tge,, Min
Electric field strength E = 8.75 x 10° V/m
1 60 70 7.41 67.2 3.53 80 235 85 410
2 70 69 8.93 65.8 4.09 56 223 61 340
3 80 69 9.59 56.6 4.65 28 193 59 280
4 90 70 11.61 62.2 5.86 25 187 48 260
5 100 70 14.72 76.8 6.45 17 165 33 215
Electric field strength E = 1.8 x 10* V/m
1 60 68 8.73 79.2 4.04 45 273 47 365
2 70 72 9.44 69.6 4.37 33 235 31 300
3 80 69 9.61 56.5 4.56 30 185 29 245
4 90 66 11.01 59.0 5.90 17 158 23 198
5 100 72 20.63 93.6 9.55 13 112 20 145
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Fig. 4. Dependence of the drying rate constants vs. temperature for various types of energy supply: (a) first period, (b) second period.
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Fig. 5. Dependence of the drying rate constants vs. the electromagnetic field strength for various types of energy supply: (a) first

period, (b) second period.

increase in the electromagnetic field strength. The tem-
perature increase from 60 to 100°C and the field strength
increase from E = 8.75 x 10° to E = 1.8 x 10* V/m
resulted in an increase in the drying rate constant K,
from 83 to 136%. These values demonstrate that the
HFC exerts a substantial effect upon the drying process
(especially in the second period) due to the effect of the
HFC on the product structure and the rupture of bonds
between the moisture and material. The variation of the
drying rate constants is shown in Figs. 4 and 5.

The experimental results lead one to the conclusion
that the combined action of HFC together with the con-
vective method of energy supply alters the kinetics of
the drying process: in comparison with pure convec-
tion, the heating duration of the material decreases
from 100 to 13 min (which is more than by a factor of
7) and the duration of the second period of drying
decreases by a factor of 14.

Analysis of the dependence of the drying rate con-
stants vs. the temperature demonstrates that the com-
bined action of the electromagnetic field HFC exerts the
greater effect upon the internal heat and mass exchange;

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

at that, in the second period, the drying coefficient
increases by a factor of 1.83 for £ =8.75 X 10* V/m and
by a factor of 2.4 for E = 1.8 X 10* V/m. This gives evi-
dence of the reciprocal effect of the temperature and the
electromagnetic field strength. The curve for £ = 1.8 X
10* V/m (Fig. 4b) explicitly shows the sinergetic effect
of their action.

The results obtained in the experiments on the dry-
ing process of kernels of apricot stones with a convec-
tive heat supply (Fig. 1) and with the combined action
of a convective heat supply and heating with a high-fre-
quency electric field (Figs. 2 and 3) demonstrate that
the kernels are a complex organic product. In the course
of the heat treatment, the mass loss occurs in the kernels
not only due to the moisture removal (typical for the
majority of materials) but also due to the biochemical
modifications taking place at the high temperatures.
Therefore, the applicability of the drying method for
such kinds of products as kernels should be justified
taking into account these features.

The experiments have shown that the high-fre-
quency heating combined with a convective energy
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supply is more promising for its application in the dew-
atering process of kernels of apricot stones if compared
with pure convection. The most intensive regime occurs
when the drying is performed by the combined action
at a temperature of the drying agent of 100°C and with
an electromagnetic field strength of £ =1.8 X 10° V/m.
The drying process is best performed in two steps. At
the first stage, a convective energy supply should be
used (100°C) down to the critical moisture content in
the kernels of 110%. At the second stage, a combined
energy supply (convection + HFC) with an electromag-
netic field strength of E = 1.8 X 10* V/m should be used
to obtain an equilibrium moisture content of 30%.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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INTRODUCTION

It is conventional that cavitation is a means of attack
on heat- and mass-exchange processes, as well as on
the structure and contact interaction of solids. This
action is associated with nonlinear cavitation effects
arising when a powerful ultrasound propagates in a
medium or when hydrodynamic currents flow behind a
barrier or in narrow channels. In this case, high temper-
atures and pressures are achieved, as well as relatively
high velocities of their variation, in comparison with
those implemented in natural processes and used in
technological procedures. Cavitation actions lead to
physical and chemical transitions in working media that
can decisively affect the development of technological
processes, which is especially genuine and promising
during the development of investigations concerning
nanodisperse-material production.

Emulsions and suspensions being dispersion media
with a variety of compositions and properties are
widely used in the food, chemical, textile, metallurgy,
metal working, and building industries and in repro-
cessing technologies, and their preparation is a very
important link in many industries. In addition, the qual-
itative composition of the final product and the expen-
ditures associated with its fabrication, in many respects,
depend on the choice of the technological procedures
for performing these processes. For more or less
extended time, we investigate the phenomena and
applied effects of cavitation with the purpose of inten-
sifying the emulsification and dispersion on the basis of
application of two-frequency cavitation actions. In par-
ticular, it is established that it provides for the fabrica-
tion of juice with pulp with the maximum saving of the
palatability and nutritious qualities, while providing
considerable simplification of the technology and
equipment. With reference to the wine-making indus-
try, it is possible to produce a suspension of bentonite
with submicronic particles whose contacting area with
the wine stock is 2-3 orders of magnitude higher, which
allows considerable intensification of the process of
adsorption of pectinaceous substances and their floccu-
lation. Taking this into account, in this work, we present
the results of investigations of the dispersion process in

bentonite (Moldova deposits) with initial particles from
200-300 um to submicronic sizes.

EXPERIMENTAL PROCEDURE AND ANALYSIS

Experiments were carried out on an ultrasonic cavi-
tation installation operating under excessive static pres-
sure. The processing method is chosen on the basis of
an analysis of theoretical and experimental data indicat-
ing the fact that the maximum effect of increasing the
efficiency of the ultrasonic dispersion is exerted by
acoustical Pa and static PO pressures with the ratio
Pa/P0O = 0.5 [1]. In a sonic bath with a volume of about
one liter, we poured bentonite in distilled water with a
ratio of 1 : 20 between the solid and liquid phases; the
ultrasonic system was tuned to the resonance frequency
and the necessary vibration amplitude and the cavita-
tion processing was carried out. The particle-displace-

d, um

50

30

10

25
A, um

Fig. 1. Dependence of bentonite-particle sizes on the ultra-
sonic-vibration amplitude A, pm: (1) 4; (2) 8; (3) 12; (4) 16;
(9) 20.
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Table 1. Particle size d as a function of the vibration amplitude A and the time T of the ultrasonic cavitation processing

Duration 7T of the cavitation processing, min
Vibration o
amplitude A, tm monitoring 4 8 12 16 20
particles size d, um
5 100-200 52 35 17 7 3
10 ” 46 18 7 2 0.5
15 ” 31 11 4 1 0.4
20 ” 14 4 1 0.5 0.4

ment amplitude was measured by an electrodynamic
sensor, whose principle of operation is known [2]. The
cavitation mode was detected using the signals received
from a waveguide probe by an oscillograph; this fact
was confirmed by the characteristic pattern of the cavi-
tation-noise spectrum.

The process of the bentonite nanodispersion in dis-
tilled water under the action of ultrasonic cavitation
was studied as a function of the sounding time and the
vibration amplitude in the waveguide. We determined
the particle sizes in the suspension and the degree of
bentonite dispersion using electron microscopy.

RESULTS AND DISCUSSION
For the detection of the basic regularities describing
the ultrasonic cavitation dispersion, the possibilities of
control and simulation of the conditions of the process

as applied to various solid materials, the kinetic fea-
tures of the process, and their correlation with the prop-

150

100

50

4 12 20
T, min

Fig. 2. Bentonite-particle sizes as functions of the duration
7 of the ultrasonic-cavitation action, min: (/) 5; (2) 10; (3)
15; (4) 20.
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erties of the bentonite suspension with nanometric par-
ticle sizes are of considerable interest.

The experimental conditions and the data character-
izing the dependence of the bentonite-particle sizes on
the time of the ultrasonic cavitation processing and
vibration amplitude are listed in Table 1. The results
indicate that the particle sizes decrease with increasing
the vibration amplitude and the cavitation duration
(Fig. 1).

With increasing the duration of the cavitation action,
the angular coefficients Aol for the straight lines d =
f(A) increase and amount to the following: Ao = 2.5,
2.1,1.1,0.4,and 0.2 fort =4, 8, 12, 16, and 20 min.

The ultrasonic-action duration exerts the most
important effect on the bentonite dispersion (Fig. 2).

The increase in the cavitation duration is accompa-
nied by an intense decrease in the particle sizes; the ten-
dency to reach a stationary value of the fine particle dis-
persion is observed when the processing lasts for more
than 12 min. The degree of the effect of the processing
time depends on the vibration amplitude, and, the larger
the amplitude is, the more strongly it manifests itself.

The dispersibility was also investigated depending
on the ultrasonic-vibration amplitude for various dura-
tions of the cavitation action (Table 2).

The results of the investigation of the effect of the
ultrasonic-vibration amplitude and the processing dura-
tion on the degree of dispersion show (Fig. 3) that a

%
100

60

201

T, min

Fig. 3. Percentage of bentonite particles with sizes of 0.5-2
um as a function of the duration T of the ultrasonic cavita-
tion processing, min: (/) 5; (2) 20.
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Table 2. Percentage of bentonite particles with sizes of 0.5-2

DUMITRASH, BOLOGA

Um prevailing in the suspension

Cavitation-action duration T, min
Vibration 4 8 12 16 20
li A
amplitude A, m Particle-size range, lm
Percentage of particles of 0.5-2 pm
5 52-5 30-3 17-1 7-0.5 7-0.5
3 18 25 43 48
20 14-2 4-1 1-0.5 1-0.4 0.5-0.3

12 39 80 92 98

homogeneous suspension with bentonite-particle sizes
of 0.5-2 um is achieved for the vibration amplitudes
above 20 um and the action time exceeding 16 min.

The electron-microscopic analysis indicates that the
suspension volume contains bentonite particles of dif-
ferent sizes. The average particle sizes (longitudinal
and transverse) before the onset of the ultrasonic pro-
cessing amount to 200-100 um. The visual micro-
scopic survey of the samples confirms the effect of the
fine-grained homogenization of the suspension when
processing by cavitation (Fig. 4).

From the analysis of the obtained results and the
data [3-5], it is possible to conclude that the dispersion
process influences all the major effects arising in pow-
erful ultrasonic fields: the cavitation, the acoustical
pressure, the acoustocapillary effect, and the acoustic
flows. The cavitation effect is maximal. In the compres-
sion stage of the acoustic wave, the cavitation bubble
and the gas in it are compressed to high pressures. In
the rarefaction phase of the wave, there is an instanta-
neous expansion of the cavitation bubble (a microex-
plosion), which forms a shock wave with a powerful
acoustical pressure.

On the bentonite-particle surface, where there are
microcracks and surface irregularities, the cavitation-
bubble “germs” are formed. Under the action of the
acoustocapillary effect and the intense acoustic micro-
flows, the fluid penetrates into pores and cracks and an

%500

x5

Fig. 4. Electron-microscopic patterns of the bentonite-particle di
d =52 pum; (c) A =20 um, T =20 min, d = 0.4 um.
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acoustical shock wave arises as a result of the bubble
collapse, thus, destroying bentonite particles.

The analysis of the results (Fig. 1-3) indicates that
the ultrasonic dispersion proceeds in two phases. The
first phase (processing time up to 5 min, Fig. 2) pro-
ceeds much faster than the second phase because of the
presence of a large number of microdefects on the sur-
face of the initial bentonite particles. Under these con-
ditions, the friction and mutual collision of particles
provides an increase in the grinding rate. Then, the sec-
ond phase begins when the particles take on a spherical
shape (Fig. 4c) and the grinding process decelerates
(Fig. 2, processing time more than 5 min).

The bentonite dispersion proceeds intensely provided
that the effort acting a particle during the cavity collapse
(acoustical and static pressure) is higher than the actual
strength of the crushed bentonite. When choosing the
optimum processing duration (15-18 min), i.e., acousti-
cal (2 W/cm?) and static (~5 atm) pressures, high dis-
persibility can be achieved when using the cavitation
method for virtually all the bentonite mass.

CONCLUSION

The ultrasonic-cavitation effect provides the dis-
persion of the bentonite to submicronic sizes. With
increasing the cavitation-processing duration (more than
16 min) and vibration amplitudes (above 15-20 um), the
tendency of reaching a stationary value of the fine dis-
persibility of the particles is observed. A homogeneous

000

%5000

spersion: (a) monitoring (200-100 pm); (b) A =5 um, T =4 min,
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suspension with particles 0.4-2.1 pum in size is
achieved during the processing for more than 16 min
for amplitudes above 20 wm, and provides an essential
decrease in the initial bentonite mass.

REFERENCES

1. Agranat, B.A., Dubrovin, M.N., and Khavskii, N.N,
Osnovy fisiki i tekhniki ultrazvuka (Fundamentals of
Physics and Technologies of Ultrasound), Moscow:
Vysshaya Shkola, 1987.

2. Herbert, J., Ultrasonic, 1967, vol. 3, pp. 239-241.

3. Prokhorenko, P.P., Dezhkunov, N.V., and Kono-

valov, G.E., Ul’trazvukovoi kavitatsionnyi effekt (Ultra-
sonic Cavitation Effect), Minsk, 1981.

. Dobatkin, V.I., Eskin, G.I., Abramov, O.V., et al. Vozdei-

stvie ul’trazvuka na mezhfaznuyu poverkhnost’ metallov
i splavov (Ultrasonic Action on Interface of Metals and
Alloys), Moscow, 1986.

. Vladimirskaya, M.A., Ermilov, A.C., and Agranat, B.A.,

Theoretical and Experimental Investigation of Disper-
sion Process in Materials with Stratified Structure in
Ultrasonic Field, in Problemy sozdaniya i ispytaniya
vysokotemperaturnykh plastichnykh smazok (Develop-
ment and Testing of High-Temperature Plastic Lubri-
cants), Moscow, 1970, pp. 33-36.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43  No.2 2007



ISSN 1068-3755, Surface Engineering and Applied Electrochemistry, 2007, Vol. 43, No. 2, pp. 140-142. © Allerton Press, Inc., 2007.
Original Russian Text © B.E. Egamberdiev, B.Ch. Kholliev, A.S. Mallaev, 2007, published in Elektronnaya Obrabotka Materialov, 2007, No. 2, pp. 75-77.

OPERATING

EXPERIENCE

Investigation of Profiles of the Distribution of Ion-Implanted
Mn Atoms using the Rutherford Back Scattering Method
and the Influence of Thermal Annealing on Them

B. E. Egamberdiev, B. Ch. Kholliev, and A. S. Mallaev

Tashkent State Technical University, ul. Universitetskaya 2, Tashkent, 700095 Uzbekistan
Received July 29, 2006
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Obtaining thin layers with set electrophysical prop-
erties and a certain thickness in the Si surface region is
of great interest both from the viewpoint of technology
and for the design of various highly sensitive sensors
and devices.

In this aspect, the introduction of doping impurities
of the transition group elements (in particular, manga-
nese) is the most interesting. From the technological
viewpoint, it is impossible to obtain thin layers with
limited depth and sufficient concentration in silicon by
the diffusion method due to the high value of the diffu-
sion coefficient of these elements. Therefore, the ion-
beam doping method is applied.

However, works on ion implantation and the inves-
tigation of profiles of the manganese depth distribution
in silicon are practically absent in the literature.

Since Mn impurities in Si may be found both in sites
and interstitial sites of the crystal lattice and may inter-
act with the lattice defects, the Mn distribution at ion
implantation and the Mn activation mechanism are of
interest.

The aim of this research is to study profiles of the
distribution of implanted manganese atoms in silicon
depending on the irradiation dose and annealing tem-
perature.

As is known, for studying profiles of the distribution
of ion-implanted layers, the traditional methods of sec-
ondary ion mass- and Auger-spectroscopy with layer-
by-layer removal are used. These methods do not give
high accuracy of the quantitative characteristics,
although accurate quantitative data on the concentra-
tion of doping impurities are necessary for obtaining
thin layers with set electrophysical properties.

Therefore, in the present work, the profiles of the
distribution of Mn doping impurities and the influence
of the activation temperature on the distribution were

investigated using the method of Rutherford back scat-
tering (RBS).

Plates of KDB brand (Russian) single crystal silicon
of at p= 10 Ohm cm were used. The Mn ions were
implanted in silicon using a Russian ILU-3 installation
at an ion energy of 40 keV along the crystallographic
axis (111). The implantation dose N, was varied in the
range of 10°-10!7 ion/cm?. The sample resistivity was
measured by the four-probe method.

Figure 1 shows profiles of the distribution of the
manganese ions implanted in silicon with an energy of
40 keV at different implantation doses; irrespective of
the implantation dose, the distribution is described by

Concentration, at %

100+
80+
60 o]
n?
A3
401
20+
0 200 400 600 800
d, A

Fig. 1. Mn concentration depth distribution in Si at an irra-
diation dose of 10'°-10'7 ion/cm?. (1) at 1 x 10" jon/cm?,
(2)at1x 100 jon/cm?, and (3atlx 10'7 jon/cm?.
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Fig. 2. Mn concentration depth distribution in Si at an irra-

diation dose of 10'3 ion/cm? after annealing at a tempera-
ture of 600°C for 30 min.

the Gauss function. The depth of the projected path R,
depending on the irradiation dose is in the range of
398-410 A. This coincides with the data of the investi-
gation of these samples by other methods, e.g., SIMS

[1].

Investigation of Si samples after Mn implantation at
a dose of 10" ion/cm? by the RBS method gave the fol-
lowing results on the sample surface: 83% Si, 15% O,
and 2% Mn in atomic units. In the sensitivity range,
manganese is observed up to a depth of ~600 A and
oxygen is observed up to ~900 A. For the silicon plates
after the Mn ion implantation at a dose of 10'® ion/cm?,
the percentage of silicon, oxygen, and manganese in
atomic units on the surface is 76, 18, and 6%, respec-
tively. A significant change of the percentage is
observed at a depth of ~—400 A, where 82% Si, 3% O,
and 15% Mn are found. Within the range of the method
sensitivity, Mn is observed up to a depth of 650 A.
Beginning from this depth, a sharp change in the oxy-
gen content is observed. At a depth of ~900 A, oxygen
is practically not found. At Mn implantation at a dose
of 10'7 ion/cm?, the following picture is observed: 64%
Si, 34% O, and 2%Mn on the surface; 82% Si, 3% O,
and 15% Mn in atomic units at a depth of ~400 A.

Analysis of the obtained data shows that, in the ion
implantation process, both on the sample surface and at
the depth of the Mn distribution maximum, the oxygen
content is mainly changed. One may suppose that
implanted Mn ions supplant oxygen everywhere. This
guess will prove to be correct if the oxygen in the sili-
con crystal is in the free state [2, 3].

The influence of thermal annealing on the behavior
of doping impurities (in particular, on the depth distri-
bution) is of great scientific and practical interest. The
results of the influence of a 30 min thermal annealing

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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Fig. 3. Min concentration depth distribution in Si at an irra-

diation dose of 10'% ion/cm? after annealing at a tempera-
ture of 900°C for 30 min.

on the Mn depth distribution for Si samples are given
below (Fig. 2).

As is seen, the temperature annealing at 600°C does
not considerably influence the impurity depth distribu-
tion. Strong influence begins at a temperature of 900°C.
For the samples doped with Mn at a dose of 10"
ion/cm?, the distribution maximum shifts to a depth of
~800 A and the Mn concentration to 2 at % (Fig. 3). On
the surface, the Mn content is not found; the oxygen
decreases down to 27 at %; and, at a depth of 800 A, it
is not registered.

For the samples doped at a dose of 10'® ion/cm?,
annealing for 30 min at a temperature of 600°C signif-
icantly influences the Mn distribution. The maximum
break is observed. At an annealing temperature of 900°C,
the distribution maximum shifts to a depth of 800 A with
the Mn maximum decreasing down to 5 at %. The impu-
rity distribution for the samples doped with Mn at a
dose of 107 ion/cm? suffers considerable changes at
thermal annealing. Temperature annealing at 600°C for
30 min leads to a shift of the distribution maximum to
a depth of 380 A and to a certain increasing of their
content on the surface. Temperature annealing at 900°C
for 30 min strongly influences the Mn distribution. The
maximum shifts at a depth of 600 A. The distribution
shape becomes more gentle, and Mn is observed up to
a depth of about 1200 A in the range up to 5 at %.

The analysis of the data obtained allows us to state
that application of the RBS method makes it possible to
obtain data on both the impurity depth distribution and
the quantitative characteristics.

In our opinion, the relation between the distribution
of manganese and oxygen in silicon crystals is of inter-
est. Comparison of these distributions shows that, at the
Mn distribution maximum depth, the oxygen content is
minimal, and, vice versa, in places of the maximum O
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content, there is a minimum of the Mn concentration.
For the nondoped initial Si samples, an oxygen distri-
bution with an excess on the surface with its monoto-
nous decreasing in the sample depth is observed; fur-
ther, a uniform distribution takes place. After the ion
implantation, this distribution undergoes a strong
change. The concentration on the surface and in the
near-surface regions increases, and, in the Mn distribu-
tion concentration maximum range, a sharp decrease of
the oxygen concentration is observed. This change
takes place for all the samples with different irradiation
doses.

The ion implantation process influences the state of
the oxygen and of the defects too. The defects formed
both on the surface and at a depth of the Si open free
radicals, which attract free particles (in particular, O).

On the basis of the obtained data, the following con-
clusions may be drawn:

—1In all the investigated samples, the profiles of the
doping impurity distribution had the Gauss form. The
maximum depth of the distribution depended on the
irradiation dose and ion energy. For example, at N, =

10'5 ion/cm? in the case of Mn, the Rp achieved 400 A.
A further increase of the concentration led to the Rp
decreasing down to 290 A.

—The experiments have shown that, by controlling
the dose of implanted ions, one can form a sharp tran-
sition region near the surface of the silicon. Depending
on the type and dose of the ions, this depth is in the
range of 290380 A.

—The investigation of the influence of the anneal-
ing temperature on the profiles of the doping impurity
distribution has shown that, in contrast to the elements
of the third and fifth groups, after thermal annealing,

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

the surface concentration of the elements of the transi-
tion groups does not increase; on the contrary, it
decreases.

—Appreciable diffusion starts at temperatures
above 600°C. The maxima shift to the sample depth
occurs according to the diffusion laws.

—The investigation of the concentration ratios of
the doping impurities and the silicon itself by the RBS
method has given the following results: for manganese
implanted at a dose of 10'> ion/cm? on the sample sur-
face, 83% silicon, 15% oxygen, and 2% manganese in
atomic units was found. Within the range of the method
sensitivity, manganese is observed up to a depth of
600 A. At an irradiation dose of 10'® ion/cm?, the ratios
of the elements on the surface are the followmg. 76%
silicon, 18% oxygen, and 6% manganese in atomic
units. At an irradiation dose of 10'” ion/cm?, at a depth
of 400 A, the element ratios appeared to be the follow-
ing: 82% Si, 3% O, and 15% Mn in atomic units. The
percentage is significantly influenced by the annealing
temperature. Thus, for the doped samples with an irra-
diation dose of 1076 ion/cm?, the distribution maximum
shifts at a depth of 800 A with the content decreasing at
the maximum down to 5%.
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plasma spreading into a vacuum is studied in the 8present paper. It is shown that the angular distribution is iso-

tropic at a density of the laser emission flux of 10

W/cm?; an increase of the latter leads to the maxima appear-

ance. The energy distribution at the determined angles exhibits a difference in the experimental and theoretical
results caused by the additional acceleration of ions by two mechanisms.
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INTRODUCTION

At present, a great number of mass-spectrometric
devices with laser ionization of substances are being
designed. In these devices, lasers in the switched Q mode
allow obtaining pulses with a duration of 10° to 107 s
and an emission flux intensity of 103-10'> W/cm?. The
influence of such a powerful emission results in the for-
mation of plasma, which serves as a source of ions for
mass-spectrometric analysis [1, 2].

Laser mass spectrometry made it possible to obtain
basic results concerning the properties of the laser
plasma, to characterize it as an emitter of ions, and to
formulate the requirements for various types of laser
sources of ions [3, 4]. All this allowed construction of
devices characterized by high sensitivity, reliability,
and reproducibility when analyzing solids by this
method.

However, the good reproducibility and correctness
of the results obtained by this method do not allow its
application for analysis of a solid substance of complex
composition without knowledge of the processes of for-
mation, heating, and spread of dense high temperature
laser plasma. First of all, this affects the treatment of
experiment data under standard and free analysis to
obtain accurate quantitative results. It is true that, in
some works [5, 6], it is shown that, in essence, it is pos-
sible to carry out this analysis by assuming that the rel-
ative sensitivity coefficient (RSC) is equal to one [7, 8];
however, this is not confirmed by analytic practice [9,
10].

Therefore, it seems to us, for quantitative laser
mass-spectrometric analysis, studying the basic physi-
cal processes taking place during the formation and
spread of laser plasma in a vacuum may be of interest,
because these processes determine the properties and
composition of ion beams obtained at late stages of its
spread. Solution of the urgent problem concerning the

character of the quantitative relation of the ion parame-
ters (energy, charge composition, direction, etc.) and
the sample element composition will help to determine
the RSC value for various elements of the probe under
analysis.

On the other hand, since ions of laser plasma spread
in vacuum at different angles and with different ener-
gies, information on their energy and angular distribu-
tions would favor the choice of better orientation of the
sample surface normal with respect to the ion—optic
system of the analyzer and registering system.

The present paper is dedicated to experimental
investigation of the angular and energy distribution of
ions at the laser plasma spread from a solid surface.

EXPERIMENT METHODS

The investigations were carried out by virtue of the
installation shown in Fig. 1 using a time-of-flight mass
spectrometer with an axially symmetric electrostatic
field. The analyzer resolution was no less than 400 [11].
Plasma was obtained by the emission of an Nd laser
working in the switched Q mode, which was placed
outside the ion source chamber. The laser emission
entered the ionization chamber through a glass window
in the ion source chamber.

The duration (80 ns) and the energy of the pulse (E =
2 J) were maintained constant during the whole experi-
ment. The angle of the emission incidence was adjusted
from 45 to 10 angular degrees with respect to the sam-
ple surface normal. The samples were plates of tung-
sten and aluminum in the form of a disk with a diameter
of 10 mm and a thickness of 1 mm fixed on a holder in
special recess 4 of plunger 2; its edge was removed
from the ion source through a high-vacuum quick-act-
ing lock [12] and had the possibility to rotate about its
z axis. The normal could rotate about the z axis on the
xy plane. The laser was placed on a special apparatus,
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to HV pumps

to fore pumps

Fig. 1. Experimental installation. (/) the high vacuum lock, (2) the plunger, (3) the sample, (4) the recess, (5) the laser, (6) the dia-

phragm, (7) the net, (8) the PET, and (9) the ion detector.

which could rotate about the x axis on the yz plane by
10-45°.

Thus, irrespective of the angle of the laser emission
incidence, which may be set in any position (10—45°),
ions spreading at an angle from —90° to +90°0 with
respect to the target normal, depending on position of
plunger 2, can enter the analyzer entrance slit.

For investigation of the ion energy distribution at a
chosen angle of spread from the sample surface, a slit
grid with 85% transparency was placed in front of the
diaphragm entrance. Between the grid and the dia-
phragm, a pulse is applied (T = 107° s) hindering the
potential in a saw-toothed form changing from zero to
500 V. Synchronization of the triggering of the high-
frequency generator (HFG) and the oscillograph scan
was performed by virtue of the laser emission divider
and an FEK[Russian]-9 photoelectron transducer with
a repetition frequency of 10-25 Hz.

The energy distribution of the ions of the spreading
plasma was studied using the formula

1 di
E) = £ 1
J(E) (Zez)S[dL 3:| M

where Z is the charge order, e is the electron charge, S
is the diaphragm slit area, and Vj is the potential of the
hindering field by graphic differentiation of the curve
i(V3).

RESULTS AND DISCUSSION

Under the influence of a laser emission with a rela-
tively high flux intensity on the target, the light quanta
are absorbed by electrons of the target material. As a
result of their interaction with other electrons and
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phonons of the lattice, the target material heats up. The
emission may influence the substance by various mech-
anisms depending on the intensity of the incident emis-
sion flux [13, 14]. For analytic practice, it is important
to find how the composition of the ion beam formed at
the laser selection of the substance reflects the probe
composition.

As shown in [14], at low intensities of the flux (g ~
10°~10” W/cm?), the amount of the evaporated sub-
stance depends on the solid heat conductivity stronger
than on the evaporation heat. In this case, the basic
characteristics of the destruction may be determined
from solution of the heat conductivity problem for the
object under emission. The investigations show that, as
the intensity of the incident laser emission grows, the
heat emission becomes so rapid that it cannot be with-
drawn due to the heat conductivity in time.

Figure 2 shows the energy distribution of ions W* at
different values of the laser emission density g. As is
seen from the figure, the W* energy spectra have one
maximum each and their position practically does not
depend on the emission flux density. At the same time,
a tendency of the appearance of additional maxima
with g increasing is observed. This particularity of the
character of the energy distributions obtained at higher
flux density confirms the mentioned tendency. The
behavior of the dependence of the maximal energy of
the registered ions on the emission flux density corre-
sponded to E,,, ~ ¢"". Estimation of the ion tempera-
ture in the plasma formed has shown that 7 ~ 10* K
(8.6 eV) at a flux density of 108 W/cm?. This corre-
sponds to their energy at a plasma spread of 60—80 eV.
Respectively, 7= 6 x 10* K (12 eV) with E,,, = 100
150 eV at g =4 x 10° W/cm?, and T = 10° K (~15 V)
with E,,. = 150-200 eV at g = 10'°© W/cm?, and so on.
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Fig. 2. The energy distribution of laser plasma ions.
g, Wiem?: (1) at 107; (2) at 108; (3) at 10°.

As one can see, these values of the energy somewhat
differ from the measured ones.

The difference observed between the experimental
and calculation results may apparently be explained by
the fact that laser plasma ions may be additionally
accelerated by the electrostatic field appearing at the
plasmoid boundary. The field appearance is due to the
following. The electrons possessing significantly
higher velocities of heat movement tend to leave the
plasma, and an electrostatic field favoring the accelera-
tion of ions is obtained. The neutrality violation occurs
on the plasmoid periphery, where the plasma density is
lower and the forming layer thickness is equal in order
to the Debye radius r, of the screening. The ions mov-
ing in the field are accelerated up to velocities consid-
erably exceeding the thermal one. The calculations
show that, for carbon plasma at ¢ = 10'® W/cm? and r, =
60 wm, the field intensity in this electric field on the
plasma boundary at a distance of 5 mm from the target
is above 2000 V/cm [13].

According to the electrostatic acceleration mecha-
nism, the maximal kinetic energy of the ions E,,, must
depend on the ion charge and must not change with the
ion mass M. However, the results [16] show that, for the
elements with atomic mass <20 amu, an increase of
E...« with the increasing of the emission flux intensity
is observed. In [1], this discrepancy of the maximal
energy of the ions at the late stages of the plasma spread
is explained by the gas-dynamic spread of the plasmoid
in vacuum under the pressure gradient influence.

Let us note that the laser plasma spread in vacuum
occurs in the time T,, which is less than the laser pulse
duration; that is, at the time when the plasma is still
absorbing the laser emission. Indeed, since the velocity
of the plasma spreading near the target surface is v =
10° m/s and the plasma radius initial moment is r, =
10" mm (the laser emission radius), the characteristic
time of the spreading is T, = ro/v = 107 s, while 7, = 2—
5x10%s;ie., 1, <1,
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Fig. 3. Dependence of the maximal ion energy on the emis-
sion flux. (/) is the calculation curve; (2) is the experimental
curve for the angle 0°; (3) is the curve for the angle 30°.

The dependence of E,,, on the laser emission flux
density is shown in Fig. 3. As is seen from the figure,
the experimental and calculation curves slightly differ.
This means that, at the plasma spread, the ions are addi-
tionally accelerated; this acceleration may take place,
probably, due to both the gas-dynamic pressure and
electrostatic field on the plasmoid boundary. For exam-
ple, in [15], the maximal ion energy with account for
the electrostatic acceleration is given by the expression

Epu ~ T.Z°[A(E) ST, )

where T, is the electron temperature, A(§) is the factor
taking into account the plasma charge composition, and
d is the plasma dimension in Debye radii.

As for the acceleration due to the pressure gradient,
the authors suppose that, as a result, the Cd*, TE*, and
Al* ions acquire the energy E, = 40 = 5 eV; for the O*
and C* ions, itis 60 £ 3 eV.

The space distribution of the ions of the plasma at
the late stages of its spread is a very important charac-
teristic of the ion component of the laser plasma.

For determination of the angular distributions of the
ions, a chamber of their source was used. In it, at a
change of the target plane normal angle (tungsten or
aluminum) with respect to the ion—optic axis of the
mass analyzer, the laser emission incidence angle is not
changed. In order to avoid the influence of craters on
the angular ion distributions, the sample was shifted
along the z axis in the proper plane by virtue of the vac-
uum lock plunger (Fig. 1).

The angular distributions of the W* and Al* ions
were studied at different ion energies at ¢ = 10’ W/cm?
(Fig. 4a). The angular distributions of the ions with an

energy of £ <300 eV at different flux densities were stu
died as well (Fig. 4b).

As is seen from Fig. 4a, the angular distributions of
the ions with energy from 100 to 300 eV are isotropic
within the range of the angles where ions are registered
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Fig. 4. Angular distribution of the ions W* (a) at different energies of the ions, eV: (1) at <300, (2) at <200, (3) at <100; (b) at dif-
ferent densities of the emission flux, W/em?: (1) at 10%, (2) at 108, (3) at 10”.

at all the values of the laser emission flux density. At a
flux density of 10° W/cm?, the ions with energy higher
than 250-300 eV (Fig. 4b) have an anisotropic angular
distribution; for the ions with an energy above 300 eV,
characteristic ejections in directions differing from the
normal are observed. The angular distribution of the
ions with the maximal energy has the form of a petal
elongated along the normal. As the energy increases,
the solid angle where the spread occurs decreases.

Investigation of the material ejection under the laser
emission influence shows that it takes place chiefly in
the direction perpendicular to the target irrespective of
the laser beam direction. The angular distribution of the
ejected material is approximately described by the
dependence cos0, where 0 is the angle calculated from
the irradiated surface normal [16]. At measurement of
the angular distribution of ions from the tungsten target,
under irradiation of a ruby laser working in the
switched Q mode, a distribution law close to cos?0 was
obtained [13].

Let us note that, in many experiments carried out for
different values of the emission flux density, the charge
value, and the energy of the ions (at a constant angle of
emission incidence on the target), symmetry of the
angular ion distribution with respect to the sample
plane normal is observed.

On the energy distributions obtained at an angle of
0°, 30°, and 60° to the normal, the presence of several
maxima is found. The maximal energy decreases with
increasing of the registration angle.

It is possible to interpret the observed angular distri-
butions of the ion energy using models of the ion accel-
eration in the electric field appearing on the boundary
of the spreading plasma and recombination. In addi-
tion, it is necessary to take into account that the ion
spread occurs in a certain solid angle decreasing with
increasing energy. This means that recombination of
the ions with of energy E,,, makes a contribution to the
angular distributions of the ions with less energy than
the ions with higher energy.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43

On the other hand, the role of recombination is also
shown by the following. At almost any angle, slow ions
are not registered and the energy spectrum starts from a
certain minimal value E,;,(z). Recombination of the
accelerated ions leads to the appearance of several min-
ima in the energy spectra.

We also investigated the angular and energy distri-
butions of ions with different charges. The experiments
have shown that the ion spread occurs in the solid angle
decreasing with increasing of the charge value. The
results are preliminary; therefore, they are not given in
the present paper. Let us note here that, in our opinion,
the anisotropy observed in Fig. 4b is also caused by the
spreading of ions of higher charge value in the direction
of the target normal.

CONCLUSIONS

The experiments have given the following results.
The angular distributions of the ions with energy from
100 to 400 eV are isotropic within the ranges registered
irrespective of the laser emission intensity. At flux den-
sities of 10%-10° W/cm?, in the angular distribution
anisotropy, two minima determined by the ion recom-
bination at the spreading are observed. At all the flux
densities and angles of the laser emission, the distribu-
tion symmetry with respect to the surface normal is
observed.

The energy distribution obtained at different angles
E...« decreases with increasing of the angle. The char-
acter of the energy distribution of the laser plasma ions
is explained by the processes of ion acceleration in both
the matched field and gas-dynamic broadening.
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Abstract—In the present work, the spectra of currents of thermostimulated depolarization for composite
corona electret LDPE + ¢ vol % TlInSe, are obtained by the thermoactivation spectroscopy method [11] and
their electret properties and change conditions are investigated.
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INTRODUCTION

Obtaining of polymer composites with specific elec-
trophysical, electret, sensor, tensor sensitive, etc., prop-
erties significantly depends on the nature of the filler
and on the form, dimension, and character of the parti-
cle distribution, as well as on the degree of interaction
between the components. The character of the aggrega-
tion of the filler particles, the crystallization conditions,
and a number of other factors change the polymeric
matrix morphology; as a result, the composite materials
obtained on their basis acquire unique properties. This
leads to widening of the possibilities of their practical
application. Electroactive (electret; piezo—, pyro—, and
ferroelectric; photovoltaic; etc.) polymer composite
materials of the following types are of special interest
[1-3]: polymer—metalliferous, polymer—metallooxidic,
polymer—polymer, polymer—ferroceramic, polymer—
nanoparticles, polymer—fullerenes C60 and C70, and
polymer—semiconductor fillers.

Depending on the polymer matrix nature and filler
type, various methods for obtaining the electroactive
state are applied. For investigation of the charge stabi-
lization particularities, various dielectric and electro-
physical methods are used.

Numerous experimental data convincingly show
that the electroactive properties of the heterogeneous
polymer—filler system are mainly determined by the
phase charge state and by the particularities of the
structure and interphase interaction and the polarization
distribution in the composite [5, 6]. Control of the
charge accumulation and relaxation processes in poly-
mer composites under corona discharge in air is of great
practical and scientific interest for finding the relation
between the polarization parameters and the particular-
ities of the structure and interphase interaction.

Polyethylene (PE) of high density was taken as a
binder because it is well studied and because, in the ori-

ented state, PE exhibits stability of the electret effect
with the effective surface charge density equal to 107
to 10 C/m?. TlInSe, was chosen as a filler for two rea-
sons: on the one hand, for studying its interactions with
polymers as a nucleating agent and, on the other hand,
for the possibility to create flexible electroactive ele-
ments of arbitrary configuration. It should be noted that
TlInSe, is characterized by high photo and tensor sen-
sitivity, switching properties with memory, etc. [7-10].
In addition, the following are insufficiently explored in
these systems: the contact phenomena, the change of
the electrophysical and electroactive properties of the
heterogeneous polymer—semiconductor systems, the
particularities of the interphase phenomena, the pres-
ence of percolation effects, and the formation of space
charges at polarization processes.

EXPERIMENTAL

The components of the powders of the PE and
TlInSe, semiconductor are mechanically intermixed to
obtain a homogeneous mixture. Then, films with a
thickness of 100-150 pm are prepared from it using the
hot pressing method. The sample polarization in the
needle—plane system was performed by a corona dis-
charge action at a voltage of 6 kV for 5 min. The dis-
tance between the polarizing electrodes (needle—plane)
was U, ~10 mm. The electret potential difference was
measured using the noncontact compensation method
[4]. The surface charge density ¢ was determined by
the formula

_egyUy
=—
where g, is the dielectric constant, € is the dielectric

permeability of the composite, and d is the film thick-
ness.
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Fig. 1. Dependence of the surface charge density of the
corona electrets of polymer composite LDPE + x vol %
TlInSe, (where x is equal to (1) 0, (2) 1, (3) 3, (4) 5, and (5)
10) on the filler volume content.

The spectra of the currents of the thermostimulated
depolarization (TSD) were measured using a standard
method [5, 11]. The composite samples were placed
between two electrodes short circuited through a
U[Russian]5-11 electrometric amplifier into a heated
measuring cell [5]. A TSD in a temperature range of
293-543 K was recorded at the linear growth of the
sample temperature with a velocity of =2.5 K/min.

RESULTS AND DISCUSSION

Figure 1 shows the dependence of the surface charge
density G on the content of the filler ¢ for the compos-
ites PE + TlInSe,. As one can see, the dependence has
an extreme character. When the content of the filler ¢
increases up to 3—-5 vol %, the ¢ value grows, and a fur-
ther increase of the former leads to a decrease of the lat-
ter.

Such a dependence was observed in a number of
works on studying the influence of various fillers on the
electret properties of composites based on PE [6, 7]; it
is a common regularity for polymer composites [1, 6].
The character of the electret state formation in these
composites is determined, in the opinion of some
authors [1, 5, 6], by polarization phenomena and by the
electrophysical processes taking place at the interface
of the polymer matrix and the filler. When the filler
quantity grows, the effective surface of the interface
increases, new centers for charge stabilization are
formed, and the interlayer polarization increases lead-
ing to an increase of the surface density of the electret
charges. At certain values of the filler content, its parti-
cles form agglomerates and the integral surface of the
interface decreases, being accompanied by a decrease
of the surface charge density value.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 43
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Fig. 2. Spectra of thermostimulated depolarization of the
composites LDPE + x vol % TlInSe, (where x is equal to (/)
0,(2)1,(3)3,(4) 5, and (5) 10).

Figure 2 shows the TSD spectra for PE (curve /) and
for the samples of PE + TlInSe, with different contents
of the filler (curves 2, 3, 4, and 5). These spectra are
characterized by the observation of an obvious narrow
peak inversion on the TSD curves of the composite
samples with filler contents of 1, 3, and 5 vol % at a
temperature of 445 K. In addition, a high temperature
broad peak within the temperature range of 500-520 K
is observed. These compounds have three identical
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maxima. The temperature position of the first maxi-
mum corresponds to 432-439 K, the second to 450-
460 K, and the third to 517-523 K. The composite sam-
ples containing 10 vol % TlInSe, have two maxima
with opposite signs of the accumulated charge (homo-
charge and heterocharge). The first maximum at 426 K
corresponds in temperature to the first maximum of the
other composites and initial polymer, and the second
maximum is close in temperature to the third maximum
of the composites.

Analyzing the TSD spectra, one can note that intro-
duction of 1-5 vol % of the filler into the polymer leads
to the appearance of deeper centers of the carrier cap-
ture. The number of traps of injected charges at the
corona (increase of the intensity and area of the corre-
sponding maximum) and the depth of their occurrence
(the temperature position shifts to the high temperature
range) increase.

The nature of the inversion peak appearance at
445 K against the background of the large base peak
within the range of 432455 K can be explained as fol-
lows. At electretization, in the process of the corona
discharge action, a space charge is formed, and, in the
field of the space charges (SC), at the interface of parti-
cles of the TlInSe, and the polymer, the interphase
polarization (IP) appears [12]. The direction of this
polarization is opposite to the space charge field. In this
case, at depolarization in the TSD spectra, the inversion
currents determined by the IP are observed. Our expla-
nation of the inversion peak formation agrees, in a
sense, with the Maxwell-Wagner effect, according to
which the charge accumulation on inhomogeneous
materials (composites in our case) is due to the conduc-
tion difference in the amorphous and crystal phases. At
electrification of such a material, carriers will either
agglomerate near the given interface or, vice versa, will
leave it, depending on which of the two conduction cur-
rents is greater. The difference in the local conduction
currents also leads to the charge dissipation at measure-
ment of the TSD currents, because, in this case, the cur-
rents flow in the opposite direction. It should be noted
that the given maximum is, to a higher degree, due to
the charge relaxation on the TlInSe, particle surfaces,
because, with increasing of the filler content in the
composites, the peak value increases.

The effects of sign inversion in the TSD current
were also observed for other electroactive dielectrics,
electrets, and polymer composites [13]. However, inter-
pretation of these phenomena is still controversial.
Depending on the temperature position of the inversion
peak, the surface state, the nature of the polymer matrix
and filler, the polarization character, and other factors,
the observed currents with the opposite sign on the TSD
curves are also related to reorientation of dipoles exist-
ing in the polymer.

In our opinion, the maxima at the temperatures of
432-439 K and 450-460 K are of the same character;
that is, they are a part of one and the same maximum
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connected with the o relaxation in the PE. The
observed inversion in a narrow temperature range is, to
our thinking, a result of the TlInSe, conduction
decrease at repolarization of the space charges in the IP
in the SC field. Let us assume that the temperature posi-
tion of the o-relaxation process may be influenced by
the volume content of TlInSe, in the composite.

The third high temperature maximum at 517-523 K
is probably due to the increasing of the filler intrinsic
conductivity, because the peak value grows with
increasing of the filler content in the composite.

For the quantitative estimation of the interphase
layer thickness in heterogeneous polymer composites,
in a number of cases, the notion of a double layer for-
mation is used (this viewpoint is widely maintained in
impurity semiconductors, where the conduction differ-
ence leads to the double layer formation).

In polymer mixtures and composites, the interphase
layer thickness may be estimated by the formula

7= 2g,8,60kT
1 2 2
ne

where €, and €, are the dielectric permeabilities of each
phase, g is the dielectric constant, 7 is the charge carrier
concentration (for polymer dielectrics, n = 10?! m™), e is
the electron charge, k is the Botzmann constant, and 7' is
the absolute temperature. Calculations of the d; values by
the given formula show that it is about 0.4—1.2 pm.

CONCLUSIONS

Thus, the results of the investigation of the particu-
larities of currents of TSD of electret films based on
samples of LDPE + TIInSe, composites crystallized
under hardening conditions at 273 K show that, on the
TSD curves, rows of depolarization peaks are observed
in the temperature ranges relating to the charge release
out of traps bound by both separate components (PE
and TlInSe,) and the appearance of interphase polariza-
tion in the space charge field. At a temperature of 445
K, on the TSD curves of the composite samples, an
inversion peak with a half-width of 3-5 K is found. In
the TSD spectra in electret composites with TlInSe, at
temperatures of 515-520 K, a depolarization peak
determined by a new center (of traps) of the electret
charge stabilization is observed.

TlInSe, fillers of p conductivity and dispersion of
50-63 wm in composites with polyethylene play the
role of a structure former in the crystallinity degree
increase and in the change of the supermolecular struc-
ture of the polymer.
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INFORMATION

DOI: 10.3103/S1068375507020172

FIFTH INTERNATIONAL CONFERENCE
HYDROGENOUS ECONOMY AND HYDROGENOUS TREATMENT OF MATERIALS
(HTM-2007)

Donetsk, May 21-25, 2007

ORGANIZERS
INTERNATIONAL ASSOCIATION OF HYDROGEN ENERGY TECHNOLOGIES
JOINT SCIENTIFIC AND COORDINATION COUNCIL
on the prospects of transition to hydrogenous economy

PERMANENT INTERNATIONAL COMMITEE
on hydrogenous treatment of materials

*
UN AGENCY FOR INDUSTRIAL DEVELOPMENT
INTERNATIONAL CENTER OF HYDROGEN ENERGY TECHNOLOGIES
(UNIDO-ICHET)

*

DONETSK NATIONAL TECHNICAL UNIVERSITY

*

The general topics of the HTM conferences are hydrogenous economy and materials, the efficiency and safety
of modern hydrogen-intensive works, and the problems of transition to the hydrogenous civilization of the future.

The specific target of the HTM conferences is the organization of wide information exchange and personal
communication for representatives of the hydrogen community from countries of the CIS and of the world hydro-
genous movement, thus, initiating new insight into the following:

e the problems of transition to hydrogenous economy and the long-term goals of revealing bifurcation points
on the path to hydrogenous civilization;

e the goals and methods for solution of modern industrial problems connected with hydrogenous degradation
of materials being accentuated due to the expiration of the design service life of the constructions, communica-
tions, and devices of many hydrogen-intensive and hydrogen-hazardous works in countries of the CIS; and

e the prospective goals of the nearest future in the field of physics, chemistry, and physical chemistry of hydro-
gen—condensed matter systems in the field of hydrogenous, thermal, and plastic treatment of construction and
functional materials for ensuring the safety and efficiency of their use in industry, transport, and everyday life in
the period of commercialization of hydrogenous economy.

Find more information on the HTM conferences by visiting the Hydrogen Community portal on the Internet
(its address is http://donntu.edu.ua/hydrogen-community/)

or in special issues of The International Journal of Hydrogen Energy (1997, vol. 22, no. 2/3; 1999, vol. 24, no. 9;
2002, vol. 27, no. 7-8; 2006, vol. 31, no. 2).

The address for correspondence is the following:
Gol’tsov Victor Alekseevich (Chairman of the Organizing Committee of HTM-2007)
Kotel’va Raisa Vasil’evna (Chief Scientific Secretary of the Organizing Committee)
Donetsk National Technical University, ul. Artema 58, Donetsk, 83000 Ukraine
E-mail: goltsov@physics.dgtu.donetsk.ua
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DOI: 10.3103/S1068375507020184

VII International Scientific School-Seminar
“‘Pulse Processes in Mechanics of Continua”
XIII International Scientific School-Seminar

“Physics of Pulse Discharges in Condensed Media”

In the third week of August 2007, the Institute of Pulse Processes and Technologies of the National Academy
of Sciences of Ukraine, together with other institutes from Ukraine and Russia, will hold the VII International Sci-
entific School-Seminar “Pulse Processes in Mechanics of Continua” and the XIII International Scientific School—
Seminar “Physics of Pulse Discharges in Condensed Media.” The school-seminars will be held on the premises
of one of the holiday hotels located on the shore of the Black Sea (in the village of Koblevo in the Nikolaev region).

Scientific topics of the school-seminars

VII School-Seminar:

1. Physical and mathematical models of continuous and multiphase media.

2. Nonsteady wave processes in continuous and multiphase media.

3. Interaction of hydrodynamic perturbations with space deformed bodies.

4. Physical-mechanical properties and structures of media under pulse hydrodynamic influence.
5. Pulse sources and technologies.

XIII School-Seminar:

1. Physics of electric and optic discharges in condensed media.

2. Physics of electric explosion of semiconductors.

3. Physical properties of dense imperfect low temperature plasma.

4. Physical properties of condensed media under the influence of electromagnetic pulse fields.
5. Diagnostics of the influence of intensive energy fluxes on substances.

6. Prospective sources and means of generation of high energy densities.

We invite all interested scientists and specialists to take part in the mentioned events and to make reports.

Theses of reports (up to 3 pages and formatted according to the requirements of the organizing committee)
should be submitted no later than April 15, 2007. The publication cost for the thesis of one report is equivalent to
$10. The materials of the schools—seminars will be published by the date of their beginning. The working language
of the schools—seminars is Russian.

More information on the schools—seminars, including the requirements for formatting and submission of theses
of reports and bank information may be found on the website of the IPPT NAS of Ukraine (www.iipt.com.ua).

Address of the organizing committee:

Institute of Pulse Processes and Technologies of the National Academy of Sciences of Ukraine,
pr. Oktyabr’skii 43a, Nikolaev, 54018 Ukraine

Telephone numbers: (0512) 22-41-19; (0512) 49-62-09; (0512) 49—-62-26
Email: iipt @iipt.com.ua

Working Organizing Committee
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Demidov State University, Yaroslavl’
Institute of Applied Physics of the Academy of Sciences of the Republic of Moldova
Moscow Physical Society
Joint Physical Society of the Russian Federation, Vladimir Regional Branch

Bulletin

From June 29 to July 2, 2007, at Demidov State University in Yaroslavl,
the regular conference
Long-Living Plasma Formations and Insufficiently Explored Forms
of Natural Electric Discharges in the Atmosphere
will be held

Applications for reports on the following topics are being received:

1. Ball lightning: statistical treatment of descriptions of observations of the natural state; experimental and the-

oretical modeling.
2. Descriptions of experiments on obtaining long-living plasma formations under laboratory conditions.
3. Experimental and theoretical research of plasma erosion properties.

4. Insufficiently explored forms of natural electric discharges in the atmosphere (St. Elmo’s fire, beaded light-

ning, flat lightning, etc.).

Theses will not be published. Reports selected by the organizing committee will be published in the jour-

nal Elektronnaya Obrabotka Materialov.

Applications with the titles of the reports, short (10-15 lines) annotations, and the names of the authors
should be sent by E-mail to grig@uniyar.ac.ru and shir @uniyar.ac.ru or by mail to the following address:
Grigor’ev Aleksandr Ivanovich, Demidov State University, ul. Sovetskaya 14, Yaroslavl’, 150000 Russia

Accommodation in hotel rooms is for two or three people. Prepayment of booking is obligatory.

More information may be found at the following web site:
http://www.uniyar.ac.ru/~grig/Bl_conference
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