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INTRODUCTION

Minimization of finance losses and dangers to the
safety of the state caused by such phenomena as corrup-
tion, falsification of documents, production of unac-
counted for and counterfeit goods and contraband, and
illegal export and illegal migration using forged docu-
ments requires introducing information technologies
into practice that can help to improve the quality of
management in industrial and social spheres.

The experience of experts–criminalists shows that a
text on an institution blank, along with a signature and
seal, can be forged by malefactors who employ modern
methods of computer graphics. Virtual documents can
easily be protected with the assistance of a so-called
electrodigital signature. Paper ones are protected using
traditional methods such as special polygraphic
products (excise marks and exacting blanks) and vari-
ous kinds of holograms (unigrams), latent raster
images, and markings utilizing machine-readable ordi-
nal or occasional numbers. However, all these measures
don’t lead to a noticeable reduction of the damage
caused by offences.

The modern level of state document circulation can
be achieved only in the case when there is provided uni-
formity in the protection of documents—both virtual
and analog (paper) ones. For that, it is necessary not
only to impart every paper document, as a marketable
product unit, with its own unique identification code
assisting the control of its travel route during its whole
life but also to safeguard the numeric code included
into a database together with some unique matrix that
can not be repeated twice. There exists such a faulty
system of views that if some man makes anything
another one can always repeat the same. Therefore,
there appears the statement that it is impossible to con-

struct a unique identifier that can not be replicated by
the shadow economy. The necessity to create such a
unique identifier is discussed from the point of view of
philosophy in [1], and, in [2], there is presented the
description of a patent permitting to one to obtain the
best informational protection of an individual numeric
code with the help of electrodischarge technology.

Such technology somewhat resembles new
approaches to biometric identification [3], when,
instead of typical patterns (papillary lines) on finger
skin (classic dactyloscopy), another individual feature
(location of skin pores situated between these lines) is
introduced into the database. Unlike such approaches
requiring the use of additional information programs
removing distortion caused by the possible rotational
deformation at the skin extension, the electrodischarge
method of spot (pore) tracing on a metal or paper sur-
face has no such drawbacks. When such an approach is
used, the database is built not on graphical information
but only taking into account the parameters (coordi-
nates, area, shape, etc) of the obtained spots. Identification
with a database consisting of millions of electrodischarge
pictures can be carried out within a few seconds.

EXPERIMENTAL RESULTS

The nonreproductivity (individuality) of a matrix
obtained with the help of electric discharges is exam-
ined in this work. The conduction scheme of the
experiment is extraordinary simple (Fig. 1). Small
holes are pierced in a piece of paper by the electrodis-
charge method. Then, the obtained specimens are
scanned using the openings by an ordinary scanner
with resolution of 600 dpi and kept in the JPG format.
The pictures are read with a computer, and there is cal-
culated the relative area of the pierced holes on the ring
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with the matched diameter (see the mathematical treat-
ment of the obtained results). The outcome is presented
in the form of the area versus a ring number diagram.

Primary experiments carried out for the scheme
with a positive point and a negative plane and vice versa
showed that utilization of a high direct voltage source
isn’t optimum to obtain an individual pattern using
paper, probably, owing to the accumulation of charges
on the dielectric glass. Therefore, all the following
information concerns a source with a high alternating
voltage. The results obtained with the help of sphere-
plane electrodes are not optimum as well (the number
of pierced holes in the paper is many times less than the
number of discharges; in other words, the discharge
often follows the path of the previous discharge and
doesn’t cause the individual matrix complexification).
The best results have been obtained with the help of
point-plane electrodes. The majority of the experimen-
tal works in this sphere [4] describe the peculiarities of
physical processes in the interelectrode space; the
informational abilities of these technologies [2] haven’t
attracted sufficient attention of investigators.

To facilitate scanning the places of electric break-
down, there is printed a black circle on the paper. Inside
this circle (hypothetically, the document of exacting
detail being created), there is also drawn the individual
numeric code. If this individual numeric code is absent
it is impossible to build the database because of the
insurmountable mathematical obstacles occurring at
the discernment of the images. The database is con-
structed as a result of combining numeric and wave
(individual matrix) information. The document is found
in the database in accordance with its individual
numeric code, and its authenticity is tested using the
individual matrix. At electric discharge, there not only

appears a hole in the paper (to register it with the help
of a normal scanner is rather difficult) but also there
occurs the evaporation of the conducting black paint
(the estimation of the electron component photon emis-
sion density confirms this possibility) thus eliminating
all the technological problems of recording.

Twelve targets were employed in every interelec-
trode space with a step of 2.5 mm for the purpose of sta-
tistics. A typical document containing an individual
numeric code (generated, as a rule, with the help of a
random number generator) and an individual picture
obtained with the assistance of electric breakdowns
shows up in the following way:

With the interelectrode space being small (the point-
to-plane distance is 5 mm), the number of electrodis-
charge spots doesn’t exceed 20–25. The quantity of the
discharges is about 4000 as recorded with the aid of an
oscillograph. This discordance is attributable to the fact
that a discharge often hits a hole made by previous dis-
charges. The identification mark treatment time is
maintained constant and is about sixty seconds. If the
interelectrode space increases up to 7.5 mm, the num-
ber of electrodischarge spots in the paper rises sharply.
In Fig. 3, there is presented a typical individual picture
(without a numeric code) for a gap of 7.5 mm; it is seen
that not only the picture as a whole is unique but every
spot as well.

Here is a short digression into the history of the
physical experiment that resulted in the origin of
quantum mechanics. It was T. Yung who observed the
interference of light in two slits. C.D. Davison and
L.H. Dgermer (and, independently, D.P. Thomson)
viewed the diffraction of electrons on nickel single
crystals (later on, these scientists received a Nobel prize
in 1937 for these investigations). The nature of the
observed periodic peaks was similar to the character of
the peaks in the two-slit experiment.

Such tests were iteratively repeated, and hypotheses
on the interaction of electrons were examined when
electrons were “piecemeal” emitted with a time interval
of 30 minutes, but the result remained the same;
namely, there appeared an interferential pattern.

Physicists began to carry out experiments with
larger particles. In 2003, there was conducted a classic
two-slit experiment [5], and the interferential pattern on
the simultaneous passage through two slits of a very big
(for quantum measures) molecule of tetraphenylpor-
phyrin was obtained. What is the principal distinction
of our experiment from the previous ones? At first
glance, there are no “slits.” There is normal air under
normal conditions between the source of the electrons
and the target. However, there are always some fluctua-
tions of the electric conductivity (tiny airborne particles,
ionized zones of space radiation, nonuniformities of
temperature and moisture, etc.) acting as “slits” in the
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Fig. 1.

 

 The experiment conduction scheme.
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test. Electron clusters (electron avalanches consisting
of an infinite number of electrons) are analyzed instead
of single electrons. Furthermore, we receive an interfer-
ential pattern again.

The mechanism of the spark passage generation
(and, hence, of the spark discharge origin) is generally
explained by the streamer theory of the gas electric
breakdown. According to this theory, under certain con-
ditions, there arise streamers (dimly luminous thin
branched passages containing gas ionized atoms and

segregated free electrons) from electron avalanches
occurring in the discharge gap electric field. Lengthen-
ing, the streamers overlap the discharge gap and join
the electrodes with uninterrupted conducting filaments;
electric discharge, accompanied by a brightly luminous
passage and sound effects, forms in the most developed
streamer.

We are not going to state that the electric discharge
hitting a particular target section (recorded with the aid
of various equipment) behaves as a quantum particle,

 

Fig. 2.

 

 Document with individual numeric code protection using the electrodischarge procedure.

 

Fig. 3.

 

 Typical individual picture experimentally obtained using electrodischarge technology.
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but we can suppose that the preconduction streamer
(which is impossible to register experimentally) is gener-
ated according to wave principles; namely, this fact
ensures the interferential pattern on the matrix. The
streamer, though, participates in the primary location of

those “slits” through which the discharge will pass. The
wave nature of the processes taking place at streamer
discharge is noted by many authors [6-7]. The dis-
charge itself develops along the trajectory formed pre-
viously by a streamer and behaves as a classic solid.

For state coherence demolition and interferential
pattern disappearance, only the presence of information
on which “slit” the streamer passed through is impor-
tant. If there is no such data (or we have no such infor-
mation), the interferential pattern will always arise on
the target irrespective of whether a single electron flies
and hits the target during 30 minutes or hundreds of
millions of electrons do the same simultaneously as an
electron avalanche. In other words, an interferential
pattern can appear both in the study of microcosm phe-
nomena (motions of a single electron through two
“slits”) and in the investigation of macrocosm phenom-
ena (motions of an electron avalanche through many
“slits,” which was shown using the example of electro-
discharge identification technology).

MATHEMATICAL TREATMENT 
OF THE OBTAINED RESULTS

To treat the obtained patterns, there has been written
a program performing the following operations to imi-
tate the classic experiment with the aim to verify Max-
well distributions.

Searching for the distribution center of the holes in
order to correct the specimen’s inaccurate centration at
the breakdown in the device is carried out according to
the following algorithm:

a) At first, the image projection on the 

 

X

 

 and 

 

Y

 

 axes
is calculated.

b) Then, the point whose coordinates are the central
values of the width interval in the maximum half on
each axis is taken as the center.

Figure 4 shows that the physical center (the needle
electrode is mounted over it) differs from the geometri-
cal one, but the estimation of the needle electrode posi-
tion error with respect to the target geometrical center
doesn’t go beyond the circle with a diameter of 1.5 mm
allowing to us to state that the tip effects are minimum.

We separate the pattern into the mentioned number
of rings with regard to the center found. In the calcula-
tion of the relative area of the holes on the ring with the
given radius, we take into account not the spot as a unit
but its contribution to the total area of the relevant ring
spots.

We then output the results into a file for further
manipulations.

The curves plotted for the obtained data are pre-
sented in the next figures. Every curve shows the result
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 Algorithm for mass center search.
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Fig. 5.

 

 Hole density distribution with a 5 mm gap.
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Fig. 6.

 

 Hole density distribution with a 7.5 mm gap.
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obtained for a new target with the electrode gap being
the same.

DISCUSSION OF THE RESULTS

The obtained data show that the holes on the target
are located irregularly, forming peaks in the curves.
Owing to the algorithm used for determining the center
of the distribution, there hits no spot onto the central
ring whose diameter is small enough to explain the dip
of the first point in some diagrams. The peaks in the
curves don’t disappear even after the great averaging
shown in Fig. 8 (averaging for all the targets with the
given gap). It is also seen that the distance between the
electrodes increasing the curve slope diminishes turn-
ing from a bell-shaped one for small distances to a
nearly straight one when the distance is large. After the
averaged curves are rebuilt along the 

 

X

 

 axis and the
radius is normalized for the interelectrode space value,
it is seen that, at a gap of 5 mm, the curve trend differs
from the behavior of the curves for other gaps. It is pos-
sible to explain this fact by the substantial change of the
field distribution, in this case, as the scale of the plasma

generation on the needle electrode becomes compara-
ble with the gap size.

CONCLUSIONS
1. The electric discharge forms an individual matrix

on the target permitting the creation of an irreproduc-
ible mark.

2. The simultaneous presence of the numeric code
and the individual matrix in the identification mark
allows one to quickly find the studied object in the data-
base and to carry out its identification according to the
coincidence (or noncoincidence) of the individual
matrix (for instance, to recognize an illegal good).

3. Electrodischarge identification possessing all the
features of quantum identification can not be tampered
with and can be used as a protective technology in the
process of creation of documents requiring strict con-
trol, even a national currency.

4. It is impossible in principle to produce two iden-
tical individual matrixes under a common code.

5. The presence of numeric and wave information in
the identification mark allows one to build, in a new
fashion, a multipurpose database of material resources
(papers, metals, thin sheets of plastic, and so on).

6. The presence of the features of an interferential
pattern in the target proves the streamer wave proper-
ties.

7. The presence of particular features in the form of
an interferential matrix in the mark allows hoping that
the numerical code (and the document as a whole) is
fully protected.
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 Hole density distribution with a 10 mm gap.
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 The average distribution of the hole density at differ-
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 The average distribution of the hole density at differ-
ent gaps. Along the 
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 axis, the ring radius is normalized in
accordance with the interelectrode space value.
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A wide variety of different steel tools are used
industrially (in the woodworking industry, printing
industry, tailoring industry, and so on). Their service
life is considerably limited due to the occurrence of vari-
ous defects during production or operation. The idle-
ness of facilities caused by the replacement of tools and
high cost of the equipment lead to significant produc-
tion and material losses. Because of this, the search for
solutions allowing increasing the service life of tools
and thus diminishing these losses is rather urgent.

The process of developing measures preventing and
eliminating the most commonly encountered cutting
tool defects might be considered using the example of
blades for fabric packet cutting out in the tailoring
industry. They are used in vertical machines for cutting
out cloth packets 60–250 mm in thickness (Fig. 1). The
machines comprise a tabletop item with a built-in
motor having a rotational speed of 3000–4000 revolu-
tions per minute. The motor sets the cutting blade into
vertical reciprocating motion with a controlled ampli-
tude. Some machine models are provided with an ada-
mantine disc to resharpen the blade and, after
30

 

−

 

40 grindings, it is replaced by a new one. The high
demands on the blade quality (absence of warpage,
high hardness, and surface fineness) and the machine-
loaded mechanisms are the main factors defining its
cost. With the machine cost of 400–700 dollars [1, 2],
the assembly includes 1–2 blades. Any additional blade
costs 20–30 dollars. Besides the original blades, one
can purchase blades manufactured by other producers.
They are cheaper (10–15 dollars), but their working life
is shorter and they have various defects as they are
made using a simplified technology. Thus, there arises
the necessity of searching for methods permitting one
to restore the working sizes of the blades, to increase
the interval between the grindings, to reduce the mate-
rial removed during sharpening through hardening of

the cutting edge, and to optimize the blade wear in the
course of the cutting. These methods shouldn’t make
the cost of the reworked blades higher than that of the
original ones.

We chose the processing methods after a thorough
analysis of the defects of blades 300 mm long (the cut-
ting edge is 150 mm in length) used for cutting out fab-
ric packets up to 100 mm thick. It is established that
there exist industrial and working defects of the blades.
The industrial defects are the result of breaking the
blade production technology. They manifest them-
selves in the form of warpage and disruption of the
guide profile quality (Fig. 2a). Working defects may
include irregular wear of the cutting edge and the blade
warpage because of the violation of the operation and
grinding conditions (Fig. 2b), as well as “indents” on
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Fig. 1.

 

 Vertical cutting machines using blades with the fol-
lowing cutting edge lengths: a – 150 mm, b – 200 mm, and
c – 250 mm.
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the cutting edge occurring through the improper sharp-
ening or occasional penetration of solid occlusions into
the cutting area.

 

1

 

The presence of the mentioned defects causes the
following consequences. In the case when the blades
are small in section (2

 

 × 

 

9 mm), their length is up to
400 mm for a fabric packet 200–250 thick being cut
out. The big outreach of the cutting part results in the
blade warpage even at minor overheats causing a sharp
growth of the load on the blade back plane bearing on
the machine supporting roller leading to the wear and
breakage of the pilot and guides as well as to the blade
rib chipping off. The same outcome is observed when
there are indentations in the supporting section. As
some of them are rather large, it results in cloth hooks,
sharp reduction of the cutting quality, and the machine
breakdown owing to the blade jamming in the guide.

The blade service life sharply diminishes as it is
necessary to flatten the cutting edge on grinding. This
is due to the irregular wear along the cutting edges and
emerges when thin fabric packets are being cut out and
only a part of the cutting edge works. The same result
is observed when unequally worn adamantine discs are
used to sharpen the blades causing nonsymmetrical
shaping of the cutting edge. Consequently, in order to
flatten it, it is necessary to remove much metal along its
full length.

Thus, the analysis shows there is a need to solve two
main problems. First, it is necessary to apply metal on
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the blades to revive the profile and harden the cutting
edges. Second, it is required to repair blades having
warpage.

By now, various electrophysical and electrochemi-
cal methods have been elaborated and are used to
restore and harden the component parts.

The surface layer properties may be substantially
improved through chemical-thermal processing
because it increases the hardness, the heat stability, and
the resistance to corrosion and, in some cases, reduces
the friction coefficient. However, this kind of treatment
isn’t suitable for hardening existing blades as the thick-
ness of the changed layer is very small and it is removed
nearly completely from the working margins during
sharpening.

Such surface modification methods as chemical
deposition from the gaseous phase, thermal vacuum
spraying, and vacuum ion-plasma coatings (nitration,
alloying, and so on) have drawbacks: the high temper-
ature of the part processing (350–2000ºC), the com-
plexity, and the difficulty associated with the equip-
ment. In addition, they are employed only for nonre-
sharpened tools. Plasma and detonation application of
powder material coatings is also limited because of the
complicatedness of the process, the facility location,
and the rather high temperature of the part heating (up
to 200–2500

 

°

 

C). Moreover, often, the deposited layer
is breakable and has a stratum structure; therefore,
annealing is necessary [3].

It has become possible to considerably improve the
surface wearing qualities thanks to the working out of
industrial lasers. Due to the high density of the energy
in the beam, there occurs quick heating of a thin surface
layer of metal up to its melting. The following quick
heat abstraction into the metal bulk results in the hard-
ening of the surface layer and it becomes highly solid
and wear resistant. Alloying through introduction of the
substance powder into the beam is possible as well. The
equipment complexity, inconvenience, large power
consumption are the main drawbacks of this method
[3,  4].

The electrospark alloying method (ESA) is one of
the most innovative procedures. It is widely used to
restore and change the physical and chemical proper-
ties of machine parts and tools. The low cost of the
equipment, the low power expenditures, and small con-
sumption of hard-alloyed tools are its principal advan-
tages. Such ESA merits as the processing locality, the
comparatively low roughness of the obtained layer, and
the small heating of the operation zone are very impor-
tant when working with a blade [5–8]. The modernized
installation “Elitron-21M” was used for the alloying [9,
10]. Thanks to the presence of the step-by-step control
of the power consumption and the good regulation of
the spark pulses, the installation permitted producing
separate formation of the coating thickness and quality.
The deposited layer had a thickness up to 0.35–0.4 mm
under energy-intensive conditions. The coatings were
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Fig. 2.

 

 The blades before processing.
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applied from the alloys T15K6, BK8, and nichrome.
The coating smoothing (if necessary) was carried out
with graphite plate electrodes. To remove the processed
blade warpage, there was elaborated a special proce-
dure: some conductors (a specific copper vise that
allowed providing quick heat removal from the pro-
cessing zone) were manufactured, and the required dis-
creteness of the working was found ensuring the
wanted time interval of the working zone cooling. This
procedure allows removing the warpage of new blades
as well.

The processing of 25 blades was conducted with
7 being new ones and 18 being used. For the new
blades, there was removed warpage and closed
“indents” on the bearing part and the cutting edge was
hardened. For the used blades, the spotty wear was
repaired, the cutting edge was hardened, and warpage
was removed (if it occurred).

 

1. Electrospark alloying of new blades.

 

 First, the
metal was deposited into the region of “indentations”
on the blade bearing part. The processing was carried
out under energy-intensive conditions with the spark
pulse frequency being low. Steel wire, nichrome, and
T15K6 alloy served as the electrodes. To apply the
metal uniformly, the deposited layer was smoothed at
regular intervals with graphite electrodes under low-
energy high-frequency conditions. After the layer with
the wanted thickness is applied, finish alloying and
grinding was conducted. The cutting edge hardening is
the next stage. The work consisted of alloying the mar-
gins forming the cutting edge. In this work, the alloying
was conducted along one of the margins (Fig. 3a) under
low-energy conditions with the frequency up to
1500 Hz. Such a method of the coating application per-
mits one to reduce the processing time and to greatly
increase the blade service life not only because of the
diminution of the metal removal during sharpening but
also due to the self-sharpening effect. Because, under
these conditions, the electropulses possess little energy
and special auxiliaries are used, it is possible to carry
out alloying close to the cutting edge.

After processing, there was conducted grinding with
adamantine discs to obtain the wanted sharpness of the
cutting edge and restoration of its center.

As was mentioned above, considerable growth of
the lifetime is reached with the aid of the self-sharpen-
ing effect. It manifests itself in the following way. After
working of one margin as the blade wears during cut-
ting, there is some shift of the cutting edge relative to
the blade symmetry center sideways of the processed
margin (Fig. 3b). After the cutting edge becomes blunt,
the unprocessed margin is alloyed and the blade grind-
ing is carried out. It should be emphasized that both
margins are sharpened even though only one was
worked before. Now, during cutting, the operating edge
begins to shift sideways of the just processed margin.
Consequently, by conducting alternate alloying of the
margins, we can considerably lengthen the blade ser-

vice life. This cutting edge shift doesn’t influence the
accuracy as it isn’t more than 1–1.5 mm.

The self-sharpening effect also allows increasing
the longevity of the adamantine discs used to sharpen
the blades as the discs operate in turns (not simulta-
neously), and the removal of metal during the grinding
is greatly lowered because it is only necessary to per-
form a small correction of the cutting edge.

 

2. Electrospark alloying of blades with spotty
wear along their length.

 

 Restoration of the cutting
edge was carried out in the regime of little energy con-
sumption with the frequency of the spark pulses being
up to 1000 Hz. The alloying was conducted by the step-
by-step application of the covering on the worn part of
the blade using electrodes made from steel and
nichrome. The cover thickness was in the range of
0.10–0.15 mm. The applied layer was flattened at regu-
lar intervals by graphite electrodes under high-fre-
quency conditions. After the restoration, the whole
blade was ground to flatten both the processed and
unprocessed parts over the height of the cutting edge
profile. The hardening of one of the working margins
along the whole length (as is described in part 1) by
electrodes made from the alloys T15K6 and BK8 under
high-frequency conditions with the frequency of the
spark pulses being up to 1500 Hz appeared to be the last
stage.

 

3. Improvement of warpage.

 

 As described above,
the blade restoration and hardening was carried out in
special jigs permitting one to avoid warpage during the
treatment. They were used to improve the warpage of
new blades. With this purpose in mind, graphite elec-
trodes were employed under the high-frequency condi-
tions with smooth control of the spark pulse frequency
(up to 2000 Hz). The treatment was conducted in the
following way. The blade was fixed in the jig in such a

 

a b

 

Fig. 3.

 

 View of the cutting edge: a – after hardening, b – dur-
ing operation.
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way that it was placed with maximum tightness to its
surface, and the length of the zone where the treatment
occurred didn’t exceed 2–3 cm. In order to obtain let-
ting down, the processing was conducted on the con-
cave side of the blade with carrying out repeating point
treatment of its guide ribs. After the electrode touched
the surface, the spark pulse frequency was smoothly
increased until the electrode grew warm. The treatment
lasted for 4–7 seconds, and then the electrode was taken
away, the blade was cooled, and the alloying was con-
ducted at another point. The treatment time periodicity
was determined experimentally according to the blade
heating degree and the time of its complete cooling.
The processed parts of the blade ribs were ground with
the aid of an adamantine tool to obtain the wanted qual-
ity of the surface.

The results concerning work on the restoration of
the blade bearing part are shown in Fig. 4. The blades
with a hardened cutting edge are presented in Fig. 5. It
is seen that the quality of the processed surfaces is high
enough.

After the restoration and hardening, there were car-
ried out tests of the blades in a garment factory, and the
following results were obtained:

1) The restored guide doesn’t effect the machine
operation.

2) The cutting edge hardening allows increasing the
number of grindings.

3) The hardening and self-sharpening effect of the
cutting edge extend the blade service life by 7–10
times.

4) The use of the self-sharpening effect raises the
adamantine disc service life by 5–6 times.

Virtually one processed blade of an after-market
fabricator can substitute for not less than 5–7 original
blades.

Consequently, there has been elaborated a number
of new technologies permitting one to carry out resto-
ration and hardening of cutting tools using the method
of electrospark alloying. The application of these meth-
ods for blades used to cut cloth packets made the fol-
lowing possible:

1. removing their warpage,

2. restoring the blade bearing part, and

3. raising the blade cutting edge durability by 6–8
times.

Taking into consideration the small cost of the
equipment for ESA, the low power expenditures, and
the small requirement for hard-alloyed electrodes, the
use of the processed blades manufactured by after-mar-
ket fabricators becomes economically efficient. The
results of the investigations and their practical applica-

 

Fig. 4.

 

 Blades after the bearing part surface has been
restored.

 

(‡) (b)

 

Fig. 5.

 

 Blades after the cutting edge has been hardened.
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tions can be successfully employed to extend the ser-
vice life of other cutting instruments as well.
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INTRODUCTION

The strength of the iron coating adhesion to pieces
of material depends on many factors and conditions of
the technological processes. The determining influence
on the adhesion is exerted by the chemical composition
of the piece of material, its thermal treatment, the
mechanical conditions of the electrochemical opera-
tions, and the initial and subsequent modes of elec-
trodeposition [1–6].

The analysis of the methods of mechanical treat-
ment of steel and cast iron pieces has shown that polish-
ing, turning, and honing carried out for putting them
into the relevant geometrical shape provide satisfactory
adhesion [5, 7]. The modes of preliminary mechanical
treatment must form the required degree of roughness
and uniformity of the properties of the surface layer
subject to electrochemical treatment at operations of
iron electrodeposition.

Realization of the process of piece iron plating
according to the conventional recommendations for
chloride, sulfate, and other electrolytes provides satis-
factory adhesion mainly in conditions of high electro-
lyte temperatures for green steel and cast iron. How-
ever, due to the variety of applied materials and the
design features of pieces, the required adhesion and
quality of their recovery or hardening are not obtained
in industry in many cases. This is attributed to the insta-
bility of the process and the low reproducibility of the
physicomechanical properties of iron coatings. The
mentioned characteristics are determined in many
instances by the composition and stability of the elec-

trolyte properties as well as by the reasonable selection
of the electrolysis conditions [5].

The aim of the present paper is to determine the
electrolysis modes that provide high coating adhesion
to various metallic materials and to study the process of
formation of iron electrodeposits on phases of steel and
cast iron structures in the initial and subsequent periods
of electrolysis.

EXPERIMENTAL

It is of interest to study the strength of adhesion of
iron deposits obtained in methyl sulfate chloride
(MSC) and multicomponent methyl sulfate chloride
(MSC3) electrolytes to materials made of steel 45, 40X,
and 15XGN2T; gray cast iron; and high-grade cast iron
VCh-50, which are most widely used in agricultural
engineering (see Table 1). It was efficient to study the
theoretical justification of the conditions for iron elec-
trocrystallization and the formation of a transition layer
and structures of various types as applied to the process
of electrolysis in a methyl sulfate chloride electrolyte
containing iron ions only. It allowed considering the
physical and electrochemical phenomena with a lower
quantity of influencing factors and studying the possi-
bility to apply the found principles to the process of
obtaining strongly adherent doped iron coatings in a
multicomponent methyl sulfate chloride electrolyte
containing nickel, manganese, and other elements.

The electrolysis conditions were selected within the
range of pH = 0.8–1.8, of temperature 298–333 K, and
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of current density 2–8 kA/m

 

2

 

. The sample preparation
and preliminary operations (fat removal, anode treat-
ment, and initial conditions of electrolysis) were
selected by the method presented in work [5]. The cycle

of iron plating with a current density of 0.1–0.7 kA/m

 

2

 

in the initial electrolysis period was realized accord-
ing to the diagram (Fig. 1). The time of the initial elec-
trolysis period was 5 min with the subsequent starting

 

Strength of adhesion of the coatings obtained in multicomponent methyl sulfate chloride electrolyte to steel 45 (HRC 54-56):

 

D

 

k.init.

 

 = 0.25 kA/m

 

2

 

; the rate of the current change at the starting operation is 5 A/(m

 

2

 

 s); weighing at the connected voltage
on the electrolyzer

Series 
no

Electrodeposition conditions Adhesion 
strength Character of the pin separation 

from the coating
pH

 

T,

 

 K

 

D

 

k

 

,

 

 kA/m

 

2

 

MN/m

 

2

 

1 0.9 298 3.0 350 Break along the coating

2 0.9 333 6.0 423 There are coating particles on the pin; 
metal particle separation from the pin

3 1.3 298 3.0 360 Break along the coating

4 1.3 313 6.0 382 There are great coating particles on the pin

5 1.3 333 6.0 371 Breaking of metal particles from the pin

6 1.6 313 6.0 323 Breaking of great particles from the coating

7 1.6 333 6.0 362 There are coating particles on the pin
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Fig. 1.

 

 Alternation cycles of iron plating of pieces: (a) in the electrolyte requiring current treatment; (b) in the MSC-3 electrolyte
requiring no current treatment.
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operation of the iron plating with a current change rate
of 0.5–0.7 kA/(m

 

2

 

 s). The sample iron plating for deter-
mination of the strength of the adhesion of the coatings
obtained in the multicomponent MSC3 electrolyte was
realized in a range of modes satisfactory in their repro-
ducibility, quality, and the conditions of their possible
practical application.

Metallographical tests were carried out using
MBI-6, MIM-8, and PMT-3M microscopes. The struc-
ture of the materials and coatings was determined using
conventional techniques with recommended and spe-
cial etching solutions. The influence of the initial con-
ditions on the adhesion was studied at the sample stor-
age in the electrolyte after immersion for 0–180 s up to
the electrolysis current connection. For the quantitative
estimation of the adhesion strength, a coating with a
thickness of 2–2.6 mm was deposited on the samples
with pins 3 mm in diameter. The required coating thick-
ness was determined on the basis of the condition of the
correlation of the forces necessary for the pin separa-
tion and the coating layer shifting in the separation zone
[5]. In realization of the experiments, for the qualitative
estimation of the adhesion of the thickness of the coat-
ing on the steel and cast iron samples, the cylindrical
form was 1 mm.

RESULTS AND DISCUSSION

In order to select reasonable modes, the influence of
the currentless sample storage in the multicomponent
MSC3 electrolyte and of the initial electrolysis condi-
tions on the strength of the adhesion of the coatings
deposited, steel 45 was studied first.

At the initial current density of 0.25 kA/m

 

2

 

 with the
operation of the currentless storage in the electrolyte
being omitted (the initial current was connected imme-

diately after the sample immersion into the electrolyte),
the adhesion strength was 390 MPa. The currentless
storage up to 30 s contributed to a decrease of the adhe-
sion strength to 382 MPa. The increase of the duration
of the currentless sample storage in the electrolyte for
up to 120 s decreased the strength of the coating adhe-
sion to the steel more significantly (down to 314 MPa).
At the electrolyte acidity (pH = 1.6) the long-duration
currentless sample storage (120 s) also decreases the
adhesion strength. The coatings obtained at the same
acidity and at the initial electrolysis current connection
immediately after the sample immersion into the elec-
trolyte had an adhesion strength of 323–362 MPa.

The worsening of the adhesion with increasing the
currentless sample storage in the electrolyte is due to
certain causes; according to the research data and sup-
positions of [1–5], the principal causes are the chemical
dissolution of oxide compounds of iron, the formation
of an incoherent layer of products of chemical reac-
tions, and the increase of the thickness of the layer of
adsorbed organic substances on the material surface.
This is confirmed by the increase of the cathode poten-
tial pulse after connection of the polarizing current on
the oscillograms “potential–time” measured at the cur-
rentless storage for 5–180 s (see Fig. 2).

The Negative influence of the long-duration current-
less storage is also confirmed by the metallographic
examinations of transverse microsections of the sam-
ples (see Fig. 3). After the chemical treatment of the
microsections, the interface “coating–metal substrate”
(1) is shown in the form of a continuous dark intercala-
tion corresponding to the currentless storage time. Its
thickness grows as the currentless storage duration
increases; this was also observed at other electrolysis
modes. A dark intercalation characterizing the layer of
more imperfect metal structure saturated with impuri-
ties is also observed at various durations of the current
disconnection in the process of the electrolysis (Fig. 2,
pos. 

 

2

 

).
According to the experiment results and proceeding

from the previously stated suppositions and principles
of the process realization, in order to obtain high adhe-
sion strength, the currentless piece storage in the
methyl sulfate chloride electrolyte before electrolysis
starting is inefficient. Similar results were obtained at
iron plating of steel and cast iron in chloride, sulfuric
acid, and mixed electrolytes in laboratory conditions
and at recovery of pieces in conditions of production.

At the initial density of the current of iron plating

 

D

 

k

 

 = 0.2–0.5 kA/m

 

2

 

, the adhesion strength was
387

 

−

 

392 MPa; at 

 

D

 

k

 

 = 0.7 kA/m

 

2

 

, it decreases to
350 MPa. According to the results of the cathode polariza-
tion studies, at these current densities, the potential
value is obtained at which, simultaneously with hydro-
gen evolution and organic component decomposition,
there takes place sufficiently intense deposition of iron.
In these conditions, the deposited crystals may be also
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Fig. 2.

 

 Oscillograms of the cathode potential (steel 45) in
MSC electrolyte: 
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= 313 K; pH = 1.3 (a),
0.9 (b). Currentless storage, s: 5 (
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formed on the passive cathode surface (see Fig. 3,
poss. 

 

1

 

–

 

3

 

); this causes formation of an imperfect metal
structure. This is shown in the form of dark layers at
chemical etching of microsections.

The metallographic examinations allowed finding
that, at 

 

D

 

k

 

 = 0.2–0.5 kA/m

 

2

 

, there occurs coalescence of
the coating and the piece material (see Fig. 4). Crystals
of the iron coating (pos. 

 

1

 

) are a continuation of the
cementite phase (pos. 

 

2

 

), and, on the ferrite grains,
steels exhibit more pronounced growth characterized
by a fibrous or granular structure (pos. 

 

3

 

). On the sam-
ples iron plated at a high initial current density of
0.7 kA/m

 

2

 

, after chemical etching of microsections, the
interface “coating–base” (see Fig. 5) is shown in the

form of a thin dark transition layer. The subsequent
boundary layer of the coating is characterized by a suf-
ficiently perfect structure (see Fig. 4).

It was also found during the examination that the
deposit layer formed in the initial electrolysis period at
the current connection immediately after the sample
immersion into the electrolyte has a strong adhesion to
the base irrespective of the acidity in the range
pH = 0.8–1.6.

On the basis of the obtained results of the deposit
formation study, the peculiarities of the process of iron
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Fig. 3.

 

 Structure of the boundary layer of the coatings (1000 

 

×

 

 2) obtained in MSC electrolyte with currentless storage for 120 s at the fol-
lowing electrolysis modes: 
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 = 2 kA/m
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T

 

 = 313 K; pH = 0.9 (a), 1.6 (b).
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 Structure of the boundary layer of the coatings (1000 

 

×

 

 2)
obtained in MSC electrolyte on hardened steel 45 at the fol-
lowing modes: 
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 = 4 kA/m
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T

 

 = 313 K, pH = 0.9.
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Fig. 5.

 

 Structure of the boundary layer of the coatings (1000 

 

×

 

 2)
obtained in MSC electrolyte on hardened steel 45 at the fol-
lowing modes: 
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k

 

 = 6 kA/m
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, 

 

T

 

 = 313 K, pH = 0.9.
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electrodeposition in methyl sulfate chloride electro-
lytes may be presented as follows.

 

In the initial period

 

 at the polarizing current con-
nection immediately after the sample immersion into
the electrolyte, the chemical and electrochemical reac-
tions contribute to intense hydrogen evolution on the
cathode. Simultaneously, there take place destruction
(decomposition) of the layer of oxides and denudation
of the surface of the material structure phases, and, on
their active places, crystallization centers nucleate.

 

At low overpotentials

 

 on the cathode (at a polariz-
ing current of 0.1–0.5 kA/m

 

2

 

), the rate of the iron elec-
trocrystallization is apparently low. The concentration
of the iron ions capable of discharging is sufficient for
the growth of the first crystals and the subsequent
growth of a polycrystalline deposit. Judging by the
absence of cracks, the coatings are understressed and
form a sticky transition layer, which is well adherent to
the base material and characterized by small num-
ber of defects and impurities. This determines the
high strength of the deposit adhesion to the base
(see Figs. 4 and 5).

The cathode polarization increase up to the values of
the current density corresponding to the operation
mode is accompanied by a change of the ratio of the
electrode reaction rates, an increase of the iron power
yield, and a change of the crystallization conditions.
The structure obtains a structure, growth habit, disper-
sion, and hardness characteristic of the given mode of
electrolysis. A positive influence on the process of for-
mation of electrolytic deposits of metals is apparently
rendered by joint participation of ions of methyl sulfate
and chlorine in cathode electrochemical reactions [5].
At pH = 0.9–1.3, deposits with a fewer number of
defects are formed (see Figs. 4 and 5). They contain a
small amount of hydrogen; they are less stressed; and,
being characterized by high viscosity and strength, they
resist destruction better [5]. At the sample deformation
(by the compression method) by 25% length, they do
not flake.

At pH = 0.9, the electrolyte temperature increase to
333 K contributes to the increase of the strength of the
electrolytic iron adhesion to hardened steel St.45 from

350 MPa to 423 MPa. The same results were obtained
at the electrolyte acidity pH = 1.3. The highest strength
of the coating adhesion (348–423 MPa) was found in
the multicomponent methyl sulfate chloride electrolyte
with St.45 at pH = 0.9–1.3 and 

 

T

 

 = 313–333 K (see
Table 1).

It should be noted that, in the studied multicompo-
nent electrolyte, the strength of the doped iron coating
adhesion to steel obtained by virtue of the selected ini-
tial conditions of the electrolysis and operation
modes is not less than in the methyl sulfate chloride
electrolyte [5].

The electrolyte acidity decrease to pH = 1.6 leads to
the adhesion strength decrease to 323–382 MPa (see
Table). At low electrolyte acidity (pH = 1.6 and more),
due to the intensification of the process of penetration
into the deposit of foreign particles, organic substances,
and periodically deposited hydroxides, the deposit
structure becomes layered and is characterized by spe-
cific cracking (see Fig. 6). At deformation by the com-
pression method, the loss in weight of the deposits
obtained at pH = 1.6, 

 

D

 

k

 

 = 4 kA/m

 

2

 

, and 

 

T

 

 = 313 K due
to brittle failure was 6.4–8.6%.

Analysis of the investigation results shows that the
doped iron coatings characterized by a fibrous, granu-
lar, or layered structure and by adhesion strength equal
or close to the strength characteristics of the materials
selected for the test may be applied for recovery of
pieces operating in various load conditions.

Thus, in order to obtain high strength of the coating
adhesion to steel in the multicomponent MSC electro-
lyte, it is necessary to realize the following conditions:

1) The initial polarizing voltage (current) must be
connected immediately after the piece immersion into
the electrolyte.

2) An initial current density of 0.15–0.5 kA/m

 

2

 

 must
be maintained for 150–220 s.

3) The current increase at starting the operation
must be realized with a rate of 4–12 kA/m

 

2

 

 s.
The initial conditions found were adopted by us for

investigation of the electrolysis mode influence on the
strength of the coating adhesion to the steels 15XGN2T
and 40X and grey and high-grade cast iron (see Figs. 7
and 8). The strength of the coating adhesion to the steel
15XGN2T at pH = 0.9–1.6 and 

 

T

 

 = 313–333 K was
272–377 MPa and that for the steel 40X with the BH of
230–270 was 348–376 MPa.

The data on the adhesion strength of the doped iron
coatings containing carbon and other elements, as well
as the modes of their obtaining in methyl sulfate chlo-
ride and multicomponent methyl sulfate chloride elec-
trolytes, were applied for hardening and recovery of a
wide nomenclature of pieces.

The development of the technology for recovery of
pieces made of steel and cast iron was based on the
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Fig. 6.

 

 Structure of the boundary layer of the coatings (1000 

 

× 2)
obtained in MSC electrolyte on hardened steel 45 at the fol-
lowing modes: Dk = 6 kA/m2, T = 313 K, pH = 1.5.
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described principles of the process realization and on
the experimentally confirmed initial and subsequent
conditions in the studied range of electrolysis modes:
pH = 0.8–1.6; T = 293–333 K; Dk = 2–8 kA/dm2. The
technology for recovery and hardening of pieces made
of steel and cast iron was introduced in factories repair-
ing agrimotors, automobiles, and other engines.

CONCLUSIONS

1. The process of electrolysis in methyl sulfate chlo-
ride electrolytes was studied and the ranges of modes
providing strength of iron coating adhesion to steel and
cast iron adoptable for technological processes of
recovery and hardening of machine pieces were found.

2. Modes of iron plating in multicomponent methyl
sulfate chloride electrolyte providing high strength of
adhesion to steel St.45, 15XGN2T, and 40X and gray
and high-grade cast iron were determined: connection
of the polarizing current immediately after the immer-
sion of the piece in the electrolyte, electrolysis at an ini-
tial current density of 0.15–0.5 kA/m2 for 3–15 min,
and the current density increase at starting of the oper-
ation at a rate of 4–5 A/m2 s.

3. By virtue of metallographic and other methods,
there was found the influence of the electrolysis initial
conditions on the iron electrodeposition process on the
phases of structure components of hardened steel and
gray and high-grade cast iron, as well as on the forma-
tion and growth of strongly adherent coatings with
fibrous, granular, and layered structures.
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Fig. 7. Structure of the boundary layer of the coatings (500 × 2)
obtained in MSC electrolyte on cast iron SCh 24–44 at the
following modes: Dk = 6 kA/m2, T = 313 K, pH = 1.3.
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Fig. 8. Structure of the boundary layer of the coatings (500 × 2)
obtained in MSC electrolyte on cast iron VCh 50 at the fol-
lowing modes: Dk = 4 kA/m2, T = 313 K, pH = 1.3.
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INTRODUCTION

Preparation of micro- and nanoparticles is a new
trend in the development of up-to-date methods of elec-
trodeposition of metals (see, for example, [1,2] and refer-
ences therein). Nucleation or incipient crystallization
plays a decisive role in technological processes of mak-
ing micro- and nanoparticles. Though the entire elec-
trodeposition process is rather complicated, the forma-
tion of structures mainly depends on the kinetics of
nucleation, which depend on the correct calculation of
thermodynamic functions. To this end, the evaluation
of the probable dimensions of the particles and their
relation to the energy parameters are of primary inter-
est. One may surely conclude that the solution of this
problem proposed in [1] is evidently interesting and
should be analyzed; generalized; and, probably, com-
pleted. This paper is devoted, in particular, to these the-
oretical problems of kinetics of nucleation process, and
its main goal is to generalize our earlier results [3–5]
into a unified system and to find the place of this general
theory in the solution of the special problem of electro-
nucleation.

The classical approach to the nucleation problem
belongs to various degrees to Folmer, Bekker, Duhring,
Frenkel, and Borelius. It is essential that, in their works,
the kinetics of nucleation were treated as a self-organi-
zation process in which the values of the surface and
bulk energies of the particle served as a driving force.
We provide a simple relationship for the radius of the
formed particle (which we cited earlier [6]) without
discussing the known Frenkel theory in detail:

(1)rcr K σ/μ( ),=

 

where 

 

σ

 

 is the specific surface free energy, 

 

μ

 

 is the
change in the chemical potential during the phase tran-
sition (at nucleation), and 

 

K

 

 is the particle form factor
(

 

K

 

 = 1 for a cylinder and 

 

K

 

 = 2 for a sphere). As we
mentioned earlier, Eq. (1) is equivalent in its form to the
known Gibbs–Tompson equation. This approach is pri-
marily based on the possibility to rigorously divide the
total energy of the system into the surface free energy
and the bulk energy. This is a common, though rather
conventional, method. The fact that the nucleus can be
formed in a heterogeneous way, that is, on the surface
of a macroscopic body or in its pores, essentially
reduces to changes in the constants in Eq. (1), where the
interaction of the cluster surface with the surface of the
body is taken into account phenomenologically. The
further generalization of the results of the thermody-
namic relationships to the kinetic processes reduces to
introduction of the equilibrium thermodynamic poten-
tial of the growing cluster taking into account Eq. (1)
with application of the theory of fluctuations. This is
understandable from the first principles, because the
kinetics of formation of the nucleus can follow only in
the fluctuation way. Hereafter, from the general princi-
ples of the fluctuation theory, we obtain the main equa-
tion of a more general theory that describes the nucle-
ation phenomenon.

Examination of the kinetic phenomena reduces to
the semiqualitative Frenkel consideration, according to
which the rate of a stationary flux of formation of the
most probable nuclei is defined as

(2)J ΔEcr/kT–{ },exp∼

 

ELECTRICAL PROCESSES IN ENGINEERING
AND CHEMISTRY

 

Microkinetic Model of Nucleation and Its Application 
in Electrochemistry

 

S. A. Baranov

 

a, b

 

, A. I. Dikusar

 

a, b

 

, and Yu. D. Gamburg

 

c

 

a

 

Institute of Applied Physics, Academy of Sciences of Moldova,
ul. Akademiei 5, Chisinau, MD-2028 Republic of Moldova

E-mail: dikusar@phys.asm.md

 

b

 

Shevchenko Pridnestrovskii State University,
ul. 25 Oktyabrya 128, Tiraspol’, Republic of Moldova

 

c

 

Frumkin Institute of Physical Chemistry and Electrochemistry,
Russian Academy of Sciences, Leninskii pr. 31, Moscow, 117071 Russia

 

Received November 5, 2007

 

Abstract

 

—The phenomenon of electrochemical nucleation in micro- and nanoparticles was investigated. The
theory of metastable nucleation was developed on the basis of the first principles of statistical physics.

 

DOI: 

 

10.3103/S106837550802004X



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 44

 

      

 

No. 2

 

      

 

2008

 

MICROKINETIC MODEL OF NUCLEATION 99

 

where 

 

Δ

 

E

 

cr

 

 is the activation energy of the nucleus for-
mation. In Eq. (2), the preexponential factor is omitted,
which we do not examine hereinafter. Then, the solu-
tion of the problem reduces to the determination of the
free energy (see Fig. 1). It is also interesting to qualita-
tively present the ratio of the probability of a nonequi-
librium process 

 

f

 

 owing to the flux 

 

J

 

 to the probability
of the equilibrium distribution of nucleated particles 

 

f

 

0

 

vs. the radius of the particles 

 

r

 

.
In this approximation, the free energy is defined (if

we take into account only low temperatures) as

(3)

where 

 

Δ

 

E

 

cr

 

 is the activation energy of formation of the
nucleus, and 

 

E

 

cr

 

 ~ 

 

A

 

(

 

r

 

cr

 

)

 

2

 

 – 

 

B

 

(

 

r

 

 – 

 

r

 

cr

 

)

 

2

 

.

In this case, we obtain the simplified Landau theory
exactly, which weakly works particularly in the nucle-
ation region (see the 

 

Δ

 

r

 

 interval marked by dashed lines
in Fig. 2). That is, particularly in the region where 

 

Δ

 

r

 

 ~
(

 

r

 

 – 

 

r

 

cr

 

), the theory cannot predict the probability of the
nucleation process.

The present work is envisaged to go beyond the limits
of the Landau theory, from which, as was pointed out,
the Frenkel theory also follows (and Eq. (1), respec-
tively).

Before proceeding to the general theory, we perform
a critical analysis of the previous research. Thus, for
example, the main conclusion, which follows from [1],
is in fact a modification of the Frenkel theory and,
hence, of Eq. (1), which can be now presented in the
form where the parameter 

 

μ

 

 is changed by a respective
parameter 

 

μ

 

1

 

, which we write in the form 

 

μ

 

1

 

 = 

 

A

 

e

 

 – 

 

A

 

k

 

, (4)

where 

 

A

 

e

 

 is the part of the electrochemical energy spent
for the generation of the particle and 

 

A

 

k

 

 is the disclina-
tion energy that initiates the nucleation process (as is
noted in [1]). An explicit presentation of these energies
in a phenomenological model is given in [1], but note
that it remains completely unclear in this approach

ΔG3 ΔEcr,∼

 

what part of the electrochemical energy is spent for the
formation of the particle. In [3–5], an instanton model
was proposed, which involves, for example, micro-
scopic parameters of the system, such as the energy of
interaction of atoms in the nanoparticle. It is expedient
to compare the results of these approaches, especially
taking into account that an instanton model of disclina-
tions already exists [7–8].

1. THERMODYNAMIC APPROACH
TO THE NUCLEATION PROBLEM

Note that, earlier, we obtained a set of results similar
to those discussed here, though on the basis of a general
formal approach in the framework of the model of sta-
tistical nucleation [4, 5]. Naturally, the former
approach and that proposed here are equivalent,
though, methodically, it is interesting to obtain the
result on the basis of other general principles, at least
with the aim to prove its validity.

The nucleation process is a metastable process in its
essence, and it is described as a state of a conventional
extremum on a hypersurface of free energy in a multi-
dimensional space. Naturally, the system can leave the
specific metastable state and transfer into a state with
another minimum overcoming the saddle point on the
hypersurface of free energy separating the minima. The
reverse processes are also probable. The specified sad-
dle point defines the probability of the metastable pro-
cesses. From general considerations of the statistical
thermodynamics of quasi-equilibrium processes, the
probability of this process is defined as

(5)

where 

 

Q

 

 is the thermodynamic activation potential,
which involves both the activation energy of an elemen-
tary act and the energy expenses related to the change
in the state configuration. The latter expenses for a
number of processes can even exceed the former, but all
the expenses are defined by the value of the free energy
of the system 

 

F

 

 in the vicinity of the saddle point,

W Q/kT–( ),exp∼

 

Δ

 

G

 

3

 

r

 

cr

 

r

 

Fig. 1.

 

 Form of the function of free energy.
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which, in essence, define the thermodynamic activation
potential.

Let us consider a model topology of free energy in a
certain generalized form:

(6)

where 

 

F

 

n

 

 is the average value of the free energy near the
saddle point as a function of some generalized coordi-
nates of the system (we do not specify the form of the
function here), which depends on the external forces
that act on the system

(7)

and 

 

S

 

' is the derivative of the energy state vector (this 

 

S

 

vector characterizes the energy state of the “atom” with
the specified 

 

r

 

 coordinate), which is a classical variant
of the spin function.

It is convenient to pass from the function of free
energy 

 

F

 

 to the thermodynamic potential 

 

Φ 

 

adding the
function of the chemical potential multiplied by the
number of particles. The variation of the thermody-
namic potential should be equal to zero (the extremum
condition). If we omit the variations of the external
forces, which we consider hereafter, the obtained equa-
tion takes the form

(8)

this leads to the equation 

 

S

 

'' = 0.

Let us pass to a cylindrical coordinate system.
Assume that the nucleus is a very long cylinder and the
dependence of 

 

S

 

 on the 

 

z

 

 coordinate can be neglected.
We use the variables 

 

θ

 

 and 

 

r

 

 as the standard variables of
the cylindrical coordinate system instead of the coordi-
nates 

 

x

 

 and 

 

y

 

. Then, the spin function (with the accuracy
to a constant) is presented as an angle function 

 

θ

 

(

 

ρ

 

)
counted from the axis 

 

z

 

. The reverse transformation to
the Cartesian coordinates has the form 

 

S

 

x

 

 = 

 

S

 

sin

 

θ

 

, 

 

S

 

y

 

 =

 

S

 

cos

 

θ

 

. Then, we write the specified part of the free
energy in these variables:

(9)

where 

 

θ

 

(

 

r

 

) is the angle between the cylinder axis and
the spin vector (the magnetization vector in the theory
of micromagnetizm (see [3–12] for more details)), and

 

r

 

 is the radial coordinate. The model kinetic energy T(r)
is a classical analogue of the exchange (potential)
energy in the Heisenberg model for the two-dimen-
sional space (see [3–5, 7–13] for more details). Note, it
is not occasional that T(r) coincides in its form with the
kinetic energy of the quasiparticle in spherical coordi-
nates. This is associated with the fact that the nonlinear
model under consideration admits solutions in the form
of quasiparticles (nonlinear waves) called instantons
[8–13]. Also note that the quasiparticles (instantons)
are not dynamic particles in our case but topological

F Fn Fk A/2 S'( )2,+=

Fk A/2 S'( )2,=

δΦ δ T r( ) νd∫ 0,= =

Hg c, T r( ) A/2 θ'( )2 θsin( )2/r2+{ },= =

formations [9–11]. Therefore, the kinetic energy T(r)
should be assumed to be virtual kinetic energy of the
topological instanton.

These equations are nonlinear, but, for the case of a
cylindrical particle, they possess an analytical solution,
which was obtained for other physical problems
[3−12]. For the generality of the consideration, we pro-
vide these equations, their solutions, and a detailed
graphical analysis of the solutions.

Let us find the variation minimum in the integrand.
Then, from (8) and (9), a known nonlinear equation fol-
lows

(10)

Here, it is convenient to introduce the relative coor-
dinate ρ = r/rcr [3–5, 7–13] (because the theory should
be scale-invariant [9–13]), which changes as 0 < ρ < 1.

To find a nonhomogeneous solution that physically
describes the nucleation, we specify the respective
boundary conditions in the following form:

θ(ρ) = 0 or π (for convenience, we assume θ(ρ) = π)
for ρ = 0; 

θ(ρ) = π/2 for ρ = 1. (11)

A similar problem was examined earlier [3–5,
7−13], and its analytical solution was presented as

tan{θ/2} = 1/ρ. (12)

A solution of this kind is called a two-dimensional
soliton or instanton [3–5, 7–13], and it is a rare example of
an accurate analytical solution of a nonlinear problem.

Now, the meaning becomes clear of the simplifica-
tion of the real physical problem (variation of the
exchange energy only, which assumes a low-tempera-
ture limit in the classical case). Owing to this simplifi-
cation, an analytical solution can be obtained, which, in
fact, only qualitatively corresponds to the real situation
because of the simplified model and the zero tempera-
ture limit. However, the fact is substantial that, even in
this simplified situation, the obtained solution does not
allow one to clearly separate the energy of the system
into the surface and bulk energy (hereafter, we provide
a result that makes this conclusion more obvious); at
the same time, one can suppose this conclusion to
remain valid when the temperature increases. Consider
then a general case that corresponds to the model with
an accurate solution. This case allows one to find crite-
ria when Eq. (1) can be adequately used.

It was shown earlier [3–5, 7–13] that the generaliza-
tion of the model that takes into account electrochemi-
cal phenomena can be introduced as an electric field
with a specific dependence on the radial coordinate ρ in
the form B/ρ2 (where B is a positive number, and the
form of the potential energy we define hereafter).
Therefore, by analogy with the problem from [3–5,
7−13], we introduce into consideration an equation in
the form

θ'' ρ( ) θ' ρ( )/ρ θ θ/ρ2cossin–+ 0.=
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(13)

where the magnitude a2 is (by analogy with the prob-
lem about a cylinder magnetization [3–5, 7–13]) the
ratio of the energy of anisotropy (which, for the sake of
certainty, orients θa(ρ) along the cylinder axis) to the
constant of the exchange interaction A. That is, we
define this parameter by the equation

a2 = B/A. (14)

For correlation with the previous statistical model
(described by Eq. (9)), we should assume that, for B = 1,
anisotropy is absent and, for B > 1, it appears (for the
physical meaning of the anisotropy see below).

The solution to equation (13) takes the form [3–5,
7–13]

tan{θa/2} = 1/ρa. (15)

Note that solution (15) for the tangent of the angle
θa exhibits a power dependence on the parameter a.
Since solutions (12) and (15) can be analytically joined,
we further omit the index a at the function θ(ρ) and
consider one general analytical solution.

Shown for illustration is a comparative graphical
characteristic, which follows from the two statistical
models considered above.

As can be seen in Fig. 3, in the first case (curve 1,
a = 1), it is difficult to separate the cylinder volume that
can be attributed to the surface energy, because the
angle θ changes smoothly as a function of ρ. For
curve 2 (a = 10), a region can be chosen whose volume
constitutes the surface energy of the cylindrical parti-
cle. In the framework of our qualitative examination,
we conventionally can assume, for example, that the
surface layer is counted beginning from ρ = 0.8. Mak-
ing this choice, we only proceed from the graphical
shape of curve 2 in Fig. 3, which falls sharply for
ρ > 0.8. The volume defining the surface energy of the
cylinder constitutes 36% of the cylinder volume. When
a subsequently increases (curves 3 and 4 for a equal to
50 and 100, respectively), this volume then makes up
less than 10 and 5% of the cylinder volume, respec-
tively.

Concerning the three-dimensional diagram shown
in Fig. 4, it can be clearly seen in it how smoothly the
function θ(ρ) behaves when a = 1. On the other hand,
when a > 1, θ(ρ) is constant virtually over the entire
surface and approaches π. At the end only, when ρ
approaches one, the function θ(ρ) tends to zero. Note
that, in the three-dimensional diagram (Fig. 4), for our
case, only a values exceeding one have a physical
meaning. For a less than one, the solution θ(ρ) has no
physical sense (it is shown only to illustrate the three-
dimensional image).

One can conclude that, in the case when

a � 1, (16)

θa'' θa'/ρ a2 θa( ) θa( )/ρ2cossin–+ 0,=

as can be clearly seen in Figs. 3 and 4, the separation of
the surface energy and, hence, Eq. (1) with all its con-
sequences become valid. Thus, we can assert, for exam-
ple, that, in this case, the region where the Landau the-
ory is not applicable should contract (Fig. 2). Since, in
a real system, a short-range interaction (in this case, it
is defined by the exchange interaction, that is, by the
interaction between elementary particles) and a far-
range interaction are always present, which here define
the anisotropy, the parameter a is the ratio of the far-
range energies to the short-range energies (see [9, 10]
for more details). Then, we return to a more thorough
revision of the concept of the energy of the anisotropy.
In the simple model examined here (that only qualita-
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1.0
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1
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3 4

θ(ρ)

ρ

Fig. 3. Families of dependencies of the slope angle of the
energy spin relative to the cylinder axis θ(ρ) (which charac-
terizes the particle energy in the Heisenberg model in the
from of the solution to Eq. (15)) vs. the reduced radius ρ of
its coordinate and the parameter a, which changes taking the
following values: (1) 1, (2) 10, (3) 50  and (4) 100 (explained
in the text).
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Fig. 4. 3D diagram of the dependence of the spin slope
angle θ(ρ) (that is, “an energy spin” according to its physi-
cal meaning) relative to the cylinder axis, which charac-
terizes the energy of the particle in the Heisenberg
model, vs. the parameters a and ρ.
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tively represents the real situation), a very strong
dependence of θ vs. a was obtained. It can be presented
as an exponential function of a unitless parameter a.

2. APPLICATION OF STATISTICAL THEORY FOR 
THE PROBLEM OF NUCLEATION

Prior to examining the specific problem of electro-
chemical nucleation, it is necessary to perform a brief
review of the statistical methods that we already used
earlier [3–5] and of their relation with the lattice (dis-
crete) statistical models. There is a vast number of pub-
lications on this problem; therefore, we confine our-
selves to a short survey only.

In 1925, E. Ising initiated the theory of statistical
lattice models. He proposed a model that, in its isotro-
pic version, presents the following Hamiltonian:

(17)

where Hi is the Hamiltonian in the Ising model without
an external field, szi and szj are the z components of the
Pauli matrix (i and j are the numbers of particles
(atoms)), and A is the constant of the exchange interac-
tion (A > 0 for the case of ferromagnetism). Let us
assume for simplicity that this constant does not
depend on the particle number; this corresponds to the
case when only the interaction between the nearest par-
ticles is examined. The meaning of the function A
becomes clear when we discuss the covalent bond
between two atoms. As is known, the magnitude of this
bond exponentially decreases with the increase in the
distance between the atoms. Therefore, in the sum of
Eq. (2), only the nearest neighboring of “atoms” is
taken into account, which is simulated by spin opera-
tors. The Ising model is related to the models of mag-
netic materials (a quantum model of two-dimensional
magnetic films, for example). It was also successfully
applied to explain the physics of phase transitions in a
lattice gas. This allows one to describe binary mix-
tures, surface adsorption, DNA “melting,” and other
phenomena where phase transitions can be revealed.
However, in a continuum approximation, the given
model describes the surface well and is hardly applica-
ble for the description of a cylindrical particle.

For our case, a more complicated model is appropri-
ate (it will be discussed below) proposed by W. Heisen-
berg in 1928, in which, as differs from (17), the Hamil-
tonian has the form (for the simplest case of the isotro-
pic exchange interaction and without the operator of the
interaction with an external field)

(18)

where, unlike the Ising model, Si and Sj are represented
by three-dimensional spin operators (that is, in the
Hamiltonian, a scalar product of the projections of the

Hi A/2 sziszj,∑–=

i j≠

Hg A/2 SiS j,∑–=

i j≠

spin matrices SiSj = sxisxj + syisyj + sziszj is present). This
model is more realistic for a ferromagnet and an atom
(in a lattice gas); however, it is difficult to obtain its
analytical solution even for a one-dimensional case.

The Heisenberg model in a classical case of con-
tinuum approximation, as is shown hereafter, allows
one, in particular, to also examine three-dimensional
objects in the form of a cylindrical nuclei. Let us briefly
substantiate this conclusion.

To obtain a classical analogue of Eq. (18) for a fer-
romagnetic Hamiltonian, we take an expression for
field operators similar to (18)

(19)

where a double integration is performed over the vol-
ume of the space of the field magnetic operators M(r),
which are a classical analogue of spin operators with
accuracy to the numerical constant 1/(2μ0)2, where μ0 is
the Bohr magneton

(20)

where R1 is the radius vector defining the position of the
first lattice site (δ(r) is the Dirac delta function). This
analogy is based on the fact that the commutation rela-
tions for M(r) and S1 are the same. Further, we assume
the function M(r) to be a classical analogue of the spin
operator S. The next step to obtain a classical analogue
of Hamiltonian (18) is to expend the function M(r1) in
the Taylor series to the second derivative (with respect
to the variable (r – r1)). The first product of M(r) by the
zero term of the expansion gives a constant energy
shift, which is not interesting in our case. The second
product of M(r) by the first term of the expansion
gives zero as a result of integration, since each lattice
site is a symmetry centre; the integrand possesses the
first power with respect to the variable (r – r1), and
we have an integral of an odd function over a sym-
metric interval.

Only items in the form of M(r) M''(r) give a nonzero
input (two primes denote the second derivatives with
respect to the coordinates x, y, and z). Further, we inte-
grate by parts and obtain a symmetrical term of the
exchange interaction in the form

(21)

where A is the exchange interaction in the continuum
approximation, and Sk is the classical analogue of the
spin function component (k is x, y, and z). Further, as
the given function, we assume the energy state of the
particle with the coordinates x, y, and z (in the model of
a continuum medium). Since we examine a classical
analogue of the theory, the function Sk has a continuous
spectrum. We pass to a cylindrical coordinate system
(similar to [3–5]) and assume the nucleus to be a very

Hg

=  1/ 2 2μ0( )2( ) v A r r1–( )M r( )M r1( ) v 1,d∫d∫–

M r( ) 2μ0 S1δ r R1–( ),∑=

Hg c, A/2 Sk'( )2,∑=
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long cylinder, so the dependence of S on the z coordi-
nate can be neglected. We use the variables θ and r as
the standard variables of the cylindrical coordinate sys-
tem instead of the variables x and y. Then, the spin func-
tion is represented (with accuracy to a constant) by an
angle function θ(ρ) counted from the axis z. The
reverse transformation to the Cartesian coordinates has
the form Sx = Ssinθ, Sy = Scosθ. Write down the
Hamiltonian in these variables using the conversion
coefficients (Lame coefficients)

(22)

where θ(r) is the angle between the cylinder axis and
the magnetization vector and r is the radial coordinate.
The model kinetic energy T(r) is a classical analogue of
the exchange (potential) energy in the Heisenberg
model for a two-dimensional space. Note, it is not occa-
sional that T(r) coincides in its form with the kinetic
energy of the particle in spherical coordinates. This is
related with the fact that the examined nonlinear model
admits solutions in the form of quasiparticles (nonlin-
ear waves) named instantons. Also note that, because
the quasiparticles (instantons) are not dynamic parti-
cles in our case but topological formations, the kinetic
energy T(r) should be treated as the virtual kinetic
energy of a topological instanton. That is we obtain the
equation that was earlier obtained by other methods.

Hence, we return to Eqs. (10) and (13) and their
analysis, which was already performed in the previous
section, and to solutions in the form of (12) and (15).

3. CALCULATION OF THE FREE ENERGY
OF CYLINDRICAL PARTICLES

To evaluate how the free energy changes in the
direction from the centre of the particle to its surface,
let us examine the change of the free energy of a
cylindrical particle layer by layer. The formula for
energy that we used to obtain the equation of motion
has the form

E(ρ) = T + W, (23)

where T is defined by Eqs. (9) and (22), and W =
B/2(sinθ2)/ρ2 is the anisotropy that represents the
potential energy in our case.

Substituting the solution to Eqs. (10) and (13) in the
form of (12) and (15) in the expression for T and W, we
obtain

T = W (24)

(note that this is a consequence of the virial theo-
rem) and

(25)

Then, we analyze Eq. (25) both analytically and
graphically. For a particular case, for example, when
a2 = 1, we obtain the relationship

Hg c, T r( ) A/2 θ'( )2 θsin( )2/r2+{ },= =

T W+ 2A a2/ρ2( ) ρ( )2a/ 1 ρ2a+( )2[ ].=

(26)

from which it can be seen that the energy tends to A (for
ρ2 = 1) on the cylinder surface. In the case when B > 0,
the energy on the cylinder surface tends to Aa2 (that is
to B), and this tendency is revealed more drastically for
greater B values. Hence, in particular, one can consider
this parameter to be a respective parameter for the ther-
modynamic surface energy involved in Eq. (1). Note, it
is denoted as σ there.

The energy inside the particle tends to 2A in the case
of (26); however, in the same passage to the limit, it
tends to zero in the case of (25). This specific step of the
free energy is characteristic for a phase transition that
occurs in the system in the case when an infinitely small
anisotropy appears. Similar phase transitions are
known, and here they were obtained as a result of the
analysis of rather simple expressions.

Below, we provide graphs that clearly demonstrate
the existence of phase transitions.

Note that, in the diagrams in Figs. 5 and 6, a non-
physical case is shown when the parameter a is less
than one. Therefore, the maximum in the region 0 <
a < 1 has no physical meaning. The energy step has a
quite different real meaning, which we interpret as a
phase transition for a > 1.

As was clearly demonstrated, the consequences of
the discussed model reduce to the fact that the energy
may be divided into the bulk energy and the surface
energy if an anisotropy exists in the system, which sub-
stantially exceeds the isotropic short-range exchange
interaction. In this case, a steplike energy E(ρ) increase
occurs in the system, which corresponds to the phase
transition related to the nucleation of the particle.

For example, regarding the physical nature of the
examined anisotropy, we can note (see, for
example, [5]) that, in the case of electrochemical crys-
tallization, this anisotropy can be induced by the distri-
bution of the electric field in the near-electrode layer,
because the dimensions of the particles become compa-

T1 W1+ 2A/ 1 ρ2+( )2
,=

0

E/A

0

5

15

0.2
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ρ

Fig. 5. 3D diagram of the energy dependence vs. the
parameters a and ρ.
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rable with the dimensions of the layer. Note that ideas
to examine the near-cathode layer as a source of free
energy of the particles were proposed earlier (see, for
example, [14]). This idea was quantitatively imple-
mented in [5]. The present paper is, in particular,
devoted to the idea of the possibility to transfer from the
traditional approach (with complete separation of the
energy into the surface and bulk energy) to the general
case when this rigorous separation is not necessary.

CONCLUSION

With decreasing of the dimensions of a body, the
thermodynamic state of its surface plays a greater role
in the description of its thermodynamic state. The sim-
plest model given above demonstrates that, in this case,
it becomes more and more difficult to separate the ther-
modynamic functions into the surface and bulk quanti-
ties. We have found at least a qualitative criterion that
reduces mathematically to a rather large parameter a
representing the ratio of far-range energies to short-
range energies when it is possible to perform a similar
separation.

Topological ideas applied, in particular, in the the-
ory of field and elementary particles and later in the the-
ory of magnetism have lead to a number of new results
in statistical physics as well. One of these results
obtained in [3] is a fundamental solution in the form of
instanton waves [3, 5, 9–13], which are already used to
describe the physical behavior of magnetic materials
[15, 16] and nematic liquid crystals [7].

While investigating the problems of applied charac-
ter, in particular, magnetization of a cast amorphous
microwire (that is, a long cylinder with its diameter of

micro- and nanodimensions), these ideas allowed
obtaining definite new results [9–13]. The aforemen-
tioned ideas were also transferred to the study of nucle-
ation phenomenon [3, 5]; they are presented in the most
full scale in the given paper.

For example, in this research, as far as was possible,
we did not examine the mathematical problems dis-
cussed in [9–13]. Here, the greater attention was given
to the application of these mathematical solutions to the
problems of electrochemical nucleation.

A weakness of the examined model is that a cylin-
drical symmetry was used instead of a spherical sym-
metry. We had to examine only examples of very elon-
gated nanoparticles whose geometrical properties can
be well approximated by an infinite cylinder. Actually,
such particles are often obtained by an electrochemical
method. Synthesis of sphere-shaped particles is also
interesting. However, in the case of spherical symme-
try, it is not possible to obtain analytical solutions, but
we put forward hope for the development of approxi-
mate numerical calculation methods.
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INTRODUCTION

Interaction between atmospheric-pressure gas-dis-
charge plasma and electrolyte solutions initiates chem-
ical redox processes in the liquid phase and can find
application for solving various applied problems (e.g.,
for purification and sterilization of water, solutions, and
articles). While selecting the discharge type for practi-
cal purposes, the chemical activity of the later and the
features of the devices designed for the implementation
should be taken into consideration.

Atmospheric-pressure nonstationary gliding dis-
charge between two metal electrodes, considerably
allowing reduction of the erosion of the electrodes, was
offered by A. Chernikhovskii [1]. Research of the given
discharge type chemical action when two metal elec-
trodes are close to a solution surface was carried out in
work [2]. Gliding discharge in a metal electrode–solu-
tion surface system was used for the first time in [3, 4].
In these works, the oxidizing action of gliding dis-
charge on dye solutions and salts of variable valency
metals was studied.

The basic role in initiation of redox reactions is
played by formation of primary chemically active par-
ticles H, OH, 

 

e

 

solv

 

 in the solution superficial layer under
the action of ionic bombardment. As the results pre-
sented in works [5, 6] show, in spite of the very small
thickness of the solution superficial layer (hundredths
of a micron), the primary active particles have time to
react within this thin layer. As a result, oxidizing pro-
cesses can proceed with the assistance of OH radicals
in the cathode spot and of these radicals’ dimerization
product—hydrogen peroxide—within the rest of the
volume of the solution [5]. The ratio between the con-

tributions of these paths depends on the rate constants
of the corresponding reactions.

The object of the work is to study the efficiency of
hydrogen peroxide accumulation as a steady secondary
oxidizing agent under the action of gliding discharge on
an electrolyte solution as compared with glow dis-
charge. The changes in the physical and chemical char-
acteristics of the solution as a result of the glow dis-
charge treatment have been investigated as well.

EXPERIMENTAL

Glow discharge was induced between the anode—a
point in the gas phase—and the solution surface. The
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scheme of the cell is presented in Fig. 1. The distance
from the anode to the solution surface was 0.4 cm.

The gliding discharge struck between an electrode
of variable curvature and the electrolyte solution
(Fig. 2). An air stream moved above the solution sur-
face in the direction of increasing the discharge gap.
The plasma zone was formed in the field of the minimal
gap and shifted under the action of the air stream along-
side the electrode until the interelectrode distance
exceeded the critical one at which the discharge
quenched. Immediately, the discharge struck again
within the least gap zone. The process repeated and
became quasiperiodic. The interelectrode distance was
4–8 mm.

The concentration of hydrogen peroxide in the solu-
tion was defined by the iodometric titration method
using the standard procedure with addition of
(NH

 

4

 

)

 

2

 

MoO

 

4

 

 as a selective catalyst of the H

 

2

 

O

 

2

 

 reaction
with iodide-ion [7]. As the process solutions, distilled
water and solutions of Na

 

2

 

SO

 

4

 

 with concentrations of
0.001 and 0.01 mole/l served. The volume of the pro-
cess solution was 100 ml, and the discharge currents
were 10 mA. Simultaneously with the H

 

2

 

O

 

2

 

 concentra-
tion, the pH and electroconductivity of the solutions
were controlled.

RESULTS AND DISCUSSION

The dynamic current–voltage characteristics of
gliding and glow discharge with an electrolyte cathode
were obtained (Fig. 3, 4). They indicate that the nature
of these discharges is similar and that their influence on
the physicochemical properties of the solution may be
expected to be similar as well. Really, changing the
electrolyte solution pH under the action of gliding dis-
charge is practically similar to the action of the glow
one (Fig. 5) with the only difference that, under other-
wise equal conditions, the influence of the gliding dis-
charge on the solution increases the electrolyte acidity
and, correspondingly, the solution electroconductivity
to a greater extent. Reducing the solution pH under the
action of glow discharge, as shown in work [8], is
unequivocally connected with synthesis of nitrogen
oxides in the plasma zone and their dissolution in water
to afford nitric acid. In the case of gliding discharge, in
the presence of an air stream, the formation of nitrogen
oxides in the gas phase proceeds more intensively and,
therefore, their greater amount can pass into the liquid
phase. However, their significant quantity is carried by
the same stream out the cell; therefore, the difference in
the acidity of the solutions treated with glow and glid-
ing discharge is insignificant.

Accumulation of hydrogen peroxide under the
action of glow and gliding discharge was investigated
for two modes: 1—the solution was stirred only after
the termination of the plasma treatment, and the aver-
age concentration of H

 

2

 

O

 

2

 

 formed during the effecting
discharge was defined; 2—the solution was stirred dur-
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+–

4

 

Fig. 2.

 

 Gliding discharge cell. (
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) air stream; (
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) plasma
zone moved with air stream; (
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) electrolyte solution;
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) magnetic stirrer.

 

1

2

 

5 kV 5 ms

5 mA

 

Fig. 3.

 

 The dynamic current – voltage characteristics of the
gliding discharge.
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Fig. 4.

 

 The dynamic current – voltage characteristics of
glow discharge.
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ing the plasma treatment, and, after its termination, the
average concentration of H

 

2

 

O

 

2

 

 was defined. Stirring the
solution during treatment appeared to exert an essential
influence on the accumulation of hydrogen peroxide
only in the case of glow discharge.

The kinetic curves of H

 

2

 

O

 

2

 

 accumulation in water
are presented in Fig. 6. From the initial regions of the
kinetic curves for various solutions, the initial rates of
hydrogen peroxide formation and H

 

2

 

O

 

2

 

 current outputs
(the quantity of hydrogen peroxide molecules formed
under the action of ionic bombardment of the solution
surface counting upon one singly charged falling ion)
were calculated. The data are presented in the Table. It
may be noted that, when gliding discharge is used, the
yield of H

 

2

 

O

 

2

 

 considerably exceeds the yield of hydro-
gen peroxide in the plasma–solution system with the
stationary glow discharge. It is shown in works [3, 4]
that, at the initiation of oxidizing processes (in this
case, by oxidation of organic dye and formation of
MnO

 

2

 

 from Mn

 

2+

 

), the efficiency of gliding discharge
appears to be essentially higher than the glow one.

Most likely, it was connected with the fact that, at the
initiation of the gliding discharge, a lot of hydrogen
peroxide is formed in the solution.

We assume that such a difference is caused by the
processes of H

 

2

 

O

 

2

 

 decomposition in the solution super-
ficial layer under discharge action. Glow discharge is
stationary, and hydrogen peroxide is formed in the
cathode spot zone, which is permanently exposed to
plasma action. If the solution is not stirred up, then
H

 

2

 

O

 

2

 

, formed in the field of the cathode spot, decom-
poses under the discharge action, without having time
to diffuse into the solution volume. If the solution is
stirred up, then a considerably larger amount of hydro-
gen peroxide is transferred from the cathode area into
the solution volume depending on the mode of stirring.
Since gliding discharge (unlike the glow one) is quasi-
periodic, the zone of plasma contact with the solution
permanently moves. The H

 

2

 

O

 

2

 

 that is formed has time
to diffuse from the cathode area into the solution vol-
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Fig. 5.

 

 Changing solution acidity under the action of gliding
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) and glow (
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) discharges. Solution volume – 100 ml; dis-
charge current – 10 mA; electrolyte – water.
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 Accumulation of hydrogen peroxide in water under
the action of plasma treatment; (

 

1

 

) and (

 

2

 

) gliding discharge
without stirring and with stirring, respectively; (

 

3

 

) and
(

 

4

 

) glow discharge without stirring and with stirring,
respectively. Solution volume—100 ml; current—10 mA.

 

Initial rates of formation and current output of hydrogen peroxide in solutions under action of plasma treatment

Solution Initial rate of H

 

2

 

O

 

2

 

 generation, 
mol/(l s)

Initial output of H

 

2

 

O

 

2

 

, 
mol/

 

Φ

 

Experimental 
conditions

Glow discharge

H

 

2

 

O 3.002

 

 × 10

 

–7

 

0.289 Without stirring

H

 

2

 

O 6.427

 

 × 10

 

–7

 

0.619 With stirring

0.001 M Na

 

2

 

SO

 

4

 

3.778

 

 × 10

 

–7

 

0.364 Without stirring

0.01 M Na

 

2

 

SO

 

4

 

3.347

 

 × 10

 

–7

 

0.322 Without stirring

Gliding discharge

H

 

2

 

O 1.531

 

 × 10

 

–6

 

1.474 Without stirring

H

 

2

 

O 1.333

 

 × 10

 

–6

 

1.284 With stirring

0.001 M Na

 

2

 

SO

 

4

 

1.250

 

 × 10

 

–6

 

1.204 Without stirring

0.01 M Na

 

2

 

SO

 

4

 

9.351

 

 × 10

 

–7

 

0.900 Without stirring
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ume before the discharge strikes in the former place.
Thus, it is possible to draw the conclusion that the effi-
ciency of the H

 

2

 

O

 

2

 

 accumulation in the considered
plasma–solution systems is defined mainly by the pro-
cesses of hydrogen peroxide decomposition under the
discharge action, which should be taken into account
while selecting the discharge type and developing indi-
vidual plasma–solution devices for practical problem
solving.
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According to [1], the intermetalloid compound
Nb

 

3

 

Ge with an A-15-type structure is a superconductor
(SC) characterized by a high temperature of transition
into the 

 

T

 

c 

 

(22.7–23.2 K) superconducting state, a high
value of the critical current density of 

 

j

 

c

 

 > (3–5) 

 

×

 

10

 

6

 

 A/cm

 

2

 

, a rigid hardness, and a tolerance to sponta-
neous decomposition; i.e., it does not react with the
environmental components (O

 

2

 

, H

 

2

 

O) in a cycling
range of 4.2–298 K and preserves its critical parameters.
All the known methods of obtaining intermetallide
Nb

 

3

 

Ge are expensive and require making use of special
devices that ensure high cooling rates (1073–1273 K c

 

−

 

1

 

)
for latching the SC-phase at 

 

T

 

 < 800 K. Therefore, we
have taken another way of SC-phase formation on the
basis of Nb and Ge, namely, the introduction into the
initial two-component system (Nb-Ge) of a third com-
ponent (a metal) that fulfills the function of a stabilizer
of the Nb

 

3

 

Ge SC-phase and simultaneously somewhat

decreases its critical parameters [1].

 

1

 

 In connection
with using such a kind of approach, which was tested
on metallurgical specimens, for Nb

 

3

 

Ge SC-phase stabi-
lizing, it is necessary to examine the diagrams of the
state and composition: the critical temperature 

 

T

 

k

 

 of

 

1

 

Kalugin, V.D., Sidorenko, O.V., Opaleva, N.S., Keilin, V.E., Kov-
alev, I.A., Electronnaya obrabotka materialov, 2008, no. 2,
pp. 39

 

−

 

44.

 

alloys of (Nb) 

 

d

 

-element with 

 

p

 

-elements of III (Al) and
IV (Ge) of the main subgroups of the periodic table [1].

The characteristic feature of the Nb–Al alloys dia-
gram is the presence of “low” and “high” (

 

T

 

c

 

) of the
alloys with a small (up to 18 at %) Al content and the
average one (in the range of 10–38 at %). For Nb–Al
alloys, the SC-phases have a maximal 

 

T

 

c

 

 ≈ 

 

18 K, an
A-15 structure, and an Nb

 

3

 

Al composition. The super-
conductivity of Nb alloys with a small Al content (up to
10–15%) also results from Nb’s own superconductivity
in magnetic fields with H 

 

�

 

 H

 

C2(Nb)

 

 (where H is the
magnetic induction or magnetic field intensity); there-
fore, the Nb’s own SC can be excluded by carrying out
measurements at H 

 

�

 

 H

 

C2(Nb)

 

.

In the process of plating an Al metal stabilizer over
a very thin layer of Ge, which stabilizes the metastable
SC-phase of the metal, a thermal diffusion of the atoms
theoretically must lead to Nb

 

x

 

Al

 

y

 

 SC-phase formation, the

 

T

 

k

 

 of which is 

 

≅

 

6–7 K (the Al content is 10–20 at %).
Therefore, after the process of Al plating on Nb and the
subsequent annealing, there forms the SC-phase, which
in He

 

zhe

 

 is necessarily characterized by a definite value
of the 

 

I

 

c

 

 critical current.

According to the diagram of the state for the Nb–Ge
system, the presence of a metastable Nb

 

3

 

Ge SC-phase
with the greatest degree of probability appears in the
range of the Ge concentration of 

 

≈

 

10–30 at %. How-
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Abstract

 

—Formation of the stable superconducting (SC) phase of intermetallide Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

 (x 

 

≅

 

 0.2–0.30)
by thermal annealing of multilayer structures of Nb/Ge/Al-like specimens under T = 1213 

 

±

 

 20K in vacuum
has been studied. The multilayer structures have been obtained by the method of electrochemical concretion of
Ge and Al layers on Nb (Nb is a structural foundation). The critical (

 

I

 

c

 

) currents that flow inside the specimens
at the temperature of He in magnetic fields H >> H

 

C2(Nb)

 

 have been measured; the critical densities of the current
(

 

j

 

c

 

) have been rated. The nature of the (

 

j

 

c

 

) dependence on the time of annealing, the magnetizing force H(Tl),
the layer thickness of Ge -h

 

Ge

 

 (mcm) (at h

 

Al

 

 

 

≈

 

 const), and the layer thickness of Al-h

 

Al

 

(mcm) (at h

 

Ge

 

 

 

≈

 

 const)
have been determined. A conclusion on the technological expediency of the electrochemical method of obtain-
ing multilayer Nb/Ge/Al-like structures for the purpose of SC intermetallides formation by means of the ther-
mal-diffusion method has been reached.
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ever, ts phase gets entirely destroyed under the small
cooling rate conditions of the specimens after anneal-
ing, and no other SC-phases were found to appear at all
at concentrations of Ge > 30 at. Therefore, there is a
very high probability that the Al stabilizing effect of the
metastable phase (under the condition of Al and Ge
atoms diffusion into the Nb mass) occurs in the same
Ge concentration range (up to 25–30 at %). Such a
hypothesis is confirmed by the idea of the existence of
the intermediate SC-phase of Nb

 

3

 

Ge

 

0.2

 

Al

 

0.8

 

 with 

 

T

 

c

 

equal to 20 K [2]. In accordance with the Nb–Ge dia-
gram, the Ge concentration in the Nb

 

3

 

Ge

 

0.2

 

Al

 

0.8

 

 phase
corresponds to 6.6–10.0 at %; i.e., at the presence of Al,
superconductivity occurs in a phase with a small con-
tent of Ge (up to 10 at %) or there stabilizes a metasta-
ble Nb

 

3

 

Ge phase at temperatures lower than 1273 K.
The latter appears to be quite real, since the effect of
stabilizing at the presence of an active metal is neces-
sarily accompanied by Ge-component loss (Ge concen-
tration reduction in the SC-phase) and its transfer into a
phase that lacks superconducting properties in He

 

zhe

 

.

Thus, the diagram analysis results concerning the
state and composition of 

 

T

 

c

 

 alloys of Nb–Al and Nb–Ge
made us add to the experimental program of SC-phase
formation, which comprises the initial structures of
Nb/Ge and Nb/Ge/Al and the tests on the formation of
Nb/Al/Ge and Nb/Al, in order to prove by our experi-
ments the fact of formation of SC-phases of various
chemical nature both in the presence and in the absence
of a Ge sublayer on Nb.

In the technology of a multilayer deposition of dif-
ferent metals including a component of the SC-phase,
electrochemical methods were used (ECM). In the pro-
cess of thermal diffusion treatment of multilayer metal
structures, there form thin (~10

 

–6

 

 m) layers of SC-phase
from Nb

 

3

 

Ge intermetallides (a metastable phase—
MSP) and Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

 (a stable phase—SP). The pro-
cesses of electrolytical formation of a multilayer metal
structure include a successive electrodeposition on the
Nb base (a constructional frame of a specimen) of the
second component of a metal SC-phase Ge and of the
third component (Al) from nonaqueous solutions of
electrolytes. The SC-phase formation of Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

occurs in the process of high temperature annealing
(at 

 

T = 

 

1213 

 

±

 

 20 K) in vacuum with a period of anneal-
ing equal to 10–36 hours.

The task of determination of certain transformations
among the components Nb, Ge, and Al during the
annealing with formation of intermetallides of various
composition was not our aim, since it is not new. In [2],
one can find thorough information on the fact that, for
the metallurgic specimens of Nb–Ge–Al (Al is a stabi-
lizer for the SC-phase of Nb–Ge), the only stable SC-
phase has proved to be Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

 (at x

 

 ≈ 

 

0.2–0.3),
which has every reason for existence with availability
of phase X-ray analysis. On the basis of the present
data, it has become obvious that, should the multilayer
metal system Nb–Ge–Al formatted according to the

“layer-by-layer” method of electric deposition be
exposed to thermal annealing, the occurrence of 

 

I

 

c

 

(

 

j

 

c

 

) at
a temperature of 4.2 K (He

 

zhe

 

 definitely reveals the
presence of only the Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

 phase itself (at 

 

T

 

c

 

 ≈

 

20.6 K), since no other phases of triple intermetallides
are superconducting. By the way, such an implicit state-
ment cannot be referred to the Nb

 

3

 

Sn SC-phase,
because, according to the diagram of the Nb–Sn state,
intermetallide SC-phases exist within the entire range
of compositions [1].

Quite naturally there arises a question about the role
of the Nb base as a superconductor in the Nb/Ge/Al
multilayer system and the Nb

 

3

 

Ge

 

x

 

Al

 

1 – x

 

 SC-phase,
since 

 

T

 

c

 

(Nb) = 9–10 K (at H

 

C2 

 

up to 0.2 Tl) [1]. Also,
one can actually consider that the 

 

I

 

c 

 

values for the triple
superconducting phase Nb–Ge–Al may belong first of
all to Nb. To avoid such a fatal error, in the experiment,
it is possible by carrying out the measurements of the
critical 

 

I

 

c

 

 current of the specimens on the basis of Nb in
magnetic fields with H and big values of the second
critical magnetic field for Nb (H

 

C2

 

). 

 

I

 

c

 

 (Nb) reduces to
zero when H

 

crit.

 

(H

 

C2

 

) is for Nb 

 

≥

 

 0.2 Tl [1]. Only under
these conditions of the experiment (H = 1–7 Tl) may 

 

I

 

c

 

be referred entirely to the Nb

 

3

 

Ge

 

x

 

Al

 

1 – x superconduct-
ing phase. By the way, such a means of Nb-base SC
exclusion was successfully used previously by the
authors of [3] for the system Nb–Sn (Nb is a structural
foundation, a carrier of a thin Nb3Sn SC layer). All the
above mentioned show that the results of Ic measure-
ments for the specimens of Nb/Ge/Al in the fields of
1−7 Tl can only be referred to the Nb3GexAl1 – x
SC-phase.

The purpose of the present investigation is the
experimental determination of practical realization of
electrochemical methods of Ge and Al deposition from
previously studied electrolytic germanizing [4–8] and
aluminizing solutions [9, 10] for the creation of multi-
layer metal structures and their following thermal diffu-
sion transformation into the SC-phase (of Nb3GexAl1 − x
type) with regard to the measurement data of the critical
current (Ic) values and the calculated critical current
density (jc) values of the SC-phase in magnetic fields of
various intensity (H).

For the experimental investigations, we used plate-
type Nb specimens 0.2 × 10–3 m thick. The transition
width between the two base foundations with apertures
for rigid mounting of electric contacts of the measuring
circuit was 5 × 10–2 m. After the stages of electrodepo-
sition on Nb–Ge–Al, the multilayer structure anneal-
ing, and the successive plating of compensating (stabi-
lizing) copper and tin layers in accordance with the rec-
ommendations in [3], the obtained specimens
theoretically represent multilayer systems that can be
written as follows in their sectional view:

1) Nb/Nb3Ge (MSP)/Nb3GexAl1 – x (SP)/Ge/Al/Cu/Sn
(the initial structure—i.s.: Nb–Ge–Al),

2) Nb/Nb3Al (SP)//Nb3GexAl1 – x (SP)/Ge/Cu/Sn
(i.s.: Nb–Al–Ge);
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3) Nb/Nb3Ge/Cu/Sn (i.s.: Nb–Ge), and
4) Nb/Cu/Sn (i.s.: Nb).
For the critical current Ic measurements, we used a

device with a high direct current source, which was
described in [3]. The current–voltage characteristics
were read in the external magnetic field up to 7 Tl
(transversely to the specimen surface) at a liquid
helium temperature of 4.2 K.

In connection with the discovered possibility of
electric deposition of Ge from alcohol solutions con-
taining additives of H2O (up to 5–8%) [4, 6, 8], the
technological conditions of this process are performed
in a bath with a Ge anode at the contact of the electro-
lytic solution with the atmosphere. The Ge anode use
ensures stabilizing of the Ge(IV) concentration in the
solution.

In the case of the aluminizing process on Ge or Nb
from a xylene solution, it is shown in [10] that, in order
to initiate a discharge of less energy-consuming Al(III)-
containing electroactive particles, to generate a voltage
drop in the bath, to ensure realization of the process
under conditions of contact of the electrolytic solution
with the atmosphere, and to provide for the solution
lifetime extension (to prevent it from separation), it
should be periodically electrolytically processed by
Al electrodes. The initial electrolytic processing
was �5A che/el (ik = 2 mA/cm2).

Thus, the technologic conditions of the multilayer
Nb/Ge/Al structure formation comprise complex
results of the laboratory methods of Nb specimens
preparation prior to the electric deposition of Ge and Al
from the alcohol and xylene solutions, correspondingly,

along with the developed additional technological sta-
bilizing means of the electrolytic solution compositions
and determination of the possibility of Ge, Al elec-
trodeposition processes realization in the baths under
conditions of the solution–atmosphere contact (a con-
siderable cost reduction of the technologic process).

The conditions of the annealing process of Nb arti-
cles (with Ge, Al coatings) in a vacuum furnace have
been studied well [1]; therefore, they are not presented
in this paper.

At the annealing stage, across the Nb-base surface
and in the mass of the multilayer Nb/Ge/Al structure,
there forms the SC-phase. After the annealing stage, on
the surface of the SC-phase of the work specimen, it is
necessary to apply the compensating (Cu) and tin (and
then indium) layers (for compensating for the SC
breakdown current and ensuring reliable electric con-
tact during the Ic measuring process) [3].

The electric deposition of the Cu layer comprises
baths for degreasing, rinsing, copper coating (succes-
sively from the pyrophosphate and sulfuric electrolytic
solutions), final rinsing, and drying of the article [3].
Electrolytic tinning is performed in accordance with [3]
recommendations.

The calculation results of the jc critical current den-
sity of the Nb3GexAl1 – x intermetallide SC-phase for
various multilayer structures are presented in Figs. 1–4.
One can see from Fig. 1 that, for a pure Nb and Nb/Ge
structure (without a stabilizing Al layer), the jc values
for both the (Nb) structural foundation and the Nb3Ge
metastable phase are equal to zero. These results
explicitly show that the SC-phase of the Nb3Ge inter-
metallide that is formed in the process of annealing

1.0

0.5

0 12 24 36

jc × 10–6, A/cm2

1

2

3, 4

τann., h

Fig. 1. The values of the critical current density jc of the
Nb3GexAl1 – x SC-phase obtained by annealing of various mul-
tilayer metal structures with regard to the τann. annealing time.
The magnetic field intensity H = 1Tl; h(Ge) ≈ 1.5 × 10−6 m;
h(Al) ≈ 1.0 × 10–6 m. Structures: 1 – Nb/Ge/Al (Cu/Sn); 2 −
Nb/Al/Ge (Cu/Sn); 3 – Nb/Ge (Cu/Sn); 4 – Nb(Cu/Sn).
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1

2

3, 4

Fig. 2. The values of the critical current density jc of
Nb3GexAl1 – x SC-phase obtained by annealing of various
multilayer metal structures in magnetic fields of different
intensity H. τann. = const = 24 h; h(Ge) ≈ 1.5 × 10–6 m.
Structures: 1 – Nb/Ge/Al (Cu/Sn); 2 – Nb/Al/Ge (Cu/Sn);
3 – Nb/Ge (Cu/Sn); 4 – Nb (Cu/Sn).
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structure 3 (Fig. 1) destructs entirely while being
slowly cooled, reaching T ≈ 878 ± 20 K [1, 2]. The tests
with Nb specimens (the annealing takes place under
standard conditions) in fields of 1–7 Tl also display the
absence of the Nb SC-state at 4.2 K. As follows from Fig.
1, the presence of Al (a stabilizer of the Nb3Ge SC-phase)
in a multilayer structure results in the occurrence (after
annealing) of SC properties (dependencies 1, 2; Fig. 1)
that weakly change with increasing of τann. At the same
time, the succession of Ge and Al deposition on Nb is
of major importance for the jc values. In the case when
the metal stabilizer (Al) is plated on Ge, Al obviously
exhibits certain screening (protective) properties
(besides the SC-phase stabilizer function) towards the
Ge layer. The SC-phase formation rate and its mass
increase are much greater in this case, so the jc values
in the case of system 1 are 4 times systematically more
than for the SC-phase that forms in structure 2. It is not
improbable that, in the annealing process of structure 2,
there are mainly forms of the Nb3Al SC-phase whose
critical current density is several times lower than that
for the phase of Nb3GexAl1 – x [5]. The above-mentioned
weak change of the jc value character with the increase
of τann. shows that, already at τann. = 12 h, the surface Nb
layer and the Ge, Al layers interdiffuse and further
annealing becomes unnecessary for the technological
process.

The results shown in Fig. 2 confirm a well-known
regularity for the metal superconductors concerning the
jc decrease with the H increase [3]. It can be roughly
estimated that, in the fields H = 1–7 Tl, the system 1 jc
decreases by 12–13 times and, for the system 2, by
3.5−4.0 times. It is evident that, in the absence of the
possibility for SC-phases formation (dependencies 3, 4;

Figs. 1 and 2), there is no need to say anything about the
character of the dependence on τann and H.

The presented experimental data show (Figs. 1, 2)
that identification of the SC-phase of the Nb3GexAl1 – x
intemetallide by the criterion of the presence of super-
electric conductivity (by means of measuring jc), pro-
vided this property is fully suppressed in the (Nb) base,
is explicitly possible in magnetic fields of H = 1–7 Tl.

The process of formation of intermetallide stabi-
lized SC-phase in the regime of the component thermal
diffusion can be traced according to the jc value
increase, depending on the Ge-layer thickness (the Ge0
atoms concentration), under conditions of the thickness
permanency of the stabilizing (Al) layer in a multilayer
initial structure. Figure 3 presents the results of the jc
change with the increase of h(Ge) at h(Al) = const,
which confirm that the formation rate of the Al stabi-
lized intermetallide phase is close to a linear depen-
dence (curve 1). When the multilayer Ge-containing
system lacks the stabilizing Al layer (dependence 2),
the critical current of the SC-phase is absent, since it is
metastable at T ≤ 800 K and, in the process of slow
cooling up to room temperatures, it is not observed.

The kinetics of formation of Nb3Al and
Nb3GexAl1 − x intermetallides in the multilayer
Nb/Al/Ge structure is obviously crucially influenced by
the process of Nb3Al formation, since, in the case of the
behavior of the Nb3GexAl1 – x phase formation process,
the values of jc should be close to the values of jc = (0.8–
1.1) × 10–6 A/cm2 (Fig. 3, dependence 1) typical for this
intermetallide. However, (see Fig. 4) the actual jc values
for the annealed Nb/Al/Ge system turn out to be three
times less than for the case when a metal stabilizer is
applied on the Ge sublayer. This allows one to claim
that, in the case of the Nb/Al/Ge system, there mainly
takes place the Nb3Al intermetallide SC-phase forma-
tion process. The quantity of Nb3GexAl1 – x phase turns
out to be small; therefore, on the curve of Fig. 4 at
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0.5

0

jc × 10–6, A/cm2

2 4 6
h(Ge), μm

1

2

Fig. 3. The values of the critical current density jc of
Nb3GexAl1 – x SC-phase obtained by annealing of vari-
ous multilayer metal structures with regard to the thick-
ness of the Ge-layer h(Ge) in a magnetic field of intensity
H = 1Tl. τann. = 12 h, h(Al) ≈ (10–12) × 10–6 m. Struc-
tures: 1 – Nb/Ge/Al (Cu/Sn); 2 – Nb/Ge (Cu/Sn).
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0 5 10 15
h(Al), μm

jc × 10–6, A/cm2

1

Fig. 4. The change of the critical current density jc of the mul-
tilayer Nb/Al/Ge structure with regard to the Al-layer thickness
(h(Al)) in a field of 1 Tl τann. = 12 h; h(Ge) ≈ 7.7 × 10–6 m.
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h(Al) > 10 × 10–6 m, a tendency of constancy of jc on
h(Al) is traced. In the last event, it is necessary, perhaps,
to increase the period of annealing of the specimens in
order to form a more compact mass of Nb3Al alloy,
which is accompanied by the additional increase of the
jc value.

The results of Figs. 3 and 4 represent a special inter-
est for the technology of electrochemical Ge and Al
coating formation on Nb. It follows from the results
that, in order to exclude ballast Ge and Al metals
(unused for SC-phase formation) on Nb articles, it is
recommended to apply Ge and Al layers of optimal
thickness h(Ge) ≈ (3–6) × 10–6 m and h(Al) ≈ (10–12) ×
10–6 m for ensuring jc values of the Nb3GexAl1 – x inter-
metallide phase (where x ≅ 0.2–0.3) at the level of
values of (0.8–1.1) × 106 A/cm2. Under the conditions
of technological realization on Nb specimens of sug-
gested thicknesses of Ge and Al coatings, the latter are
determined by the time of electrochemical deposition
(with constancy of all the rest of the process parame-
ters) [8, 10].

Thus, on the basis of the laboratory investigation
results, there have been proposed the technological
conditions of the electrochemical method for Nb/Ge/Al
multilayer structure formation from nonaqueous elec-
trolytic solutions, and a thermal diffusion processing of
these specimens has been carried out for the purpose of
Nb3GexAl1 – x intermetallide SC-phase formation. In the
magnetic fields of various intensity (at H � HC2(Nb)), the
transport currents Ic have been measured and the critical jc
current densities of Nb3GexAl1 – x superconducting
phase layers have been rated (for instance, at H = 4Tl,
jc = 0.24 × 106 A/cm2).

Experimentally defined regularities of the jc value
change of the Nb3GexAl1 – x SC-phase in accordance
with the type of the initial multilayer metal structure
and the time of annealing allow one to conclude that the
electrochemical method of the initial structure forma-
tion (a successive electric deposition of Ge and Al from
nonaqeous media on Nb sublayers) is expedient and
more available and therefore fit for practical implemen-
tation in the production of articles and devices used in
the regime of superconductivity at the temperatures of
liquid hydrogen (20.3 K) and liquid helium (4.2 K) or
cycling in the temperature range of 4.2(20.3)–298 K.
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INTRODUCTION

Technological methods of out-of–furnace melt
treatment are considered as techniques of liquid metal
preparation for casting and as one of the tools for con-
trolling the quality of cast products. Taking into
account the multifunctionality of these methods, it is
necessary to abide by the principle of physicochemical
integration of the melt treatment processes at their tech-
nological differentiation [1]. Algorithms for product
quality control are constructed at the decision-making
level more efficiently if more experimental data on the
functional dependences between the internal structure-
kinetic changes in the metal and the external structure-
forming parameters of the treatment are accumulated.

Joint research carried out earlier at the PTIMA and
IPPT of the National Academy of Sciences of Ukraine
has shown that complex out-of-furnace melt treatment
in one technological module, including magnetody-
namic treatment (MHDT) and electrohydropulse treat-
ment (EHPT), may be successfully applied in cast pro-
duction for liquid metal preparation for casting [2, 3]. A
scheme of the complex metal loading used in real con-
ditions of MHDT and EHPT is shown in Fig. 1. At
EHPT, discretely repeating high-power polyfrequency
pressure pulses are introduced into the melt. Its func-
tional capabilities are determined by multifactor inter-
dependent acoustic and hydrodynamic processes pro-
ceeding in the melt in the form of volume acoustic cav-
itation and hydrodynamic flows [4, 5]. Their role is

crucial in obtaining in such treatments such effects as
homogenization and finishing of the melt and recon-
struction of its structure up to the atomic one [4, 6]. The
processes taking place in the melt at MHDT partially
coincide with those proceeding at EHPT; however, they
develop by other mechanisms [7].

Earlier, in works [2, 3], the physical and technolog-
ical capabilities of a module constructed on the princi-
ple of combination of MHDT and EHPT have been
studied. The efficiency of the complex treatment was
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 Scheme of the complex melt treatment (MHDT +
EHPT).
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studied in experiments with application of the metal-
science analysis techniques for examination of cast
samples. This approach allows estimating the treated
metal quality; however, it does not give direct data on
the physical processes taking place in the liquid in the
course of the complex treatment. Thus, we find it rele-
vant to obtain additional experimental information,
which will not only allow understanding the mecha-
nisms of the complex impact on the liquid medium but
will also be a base for further construction of algo-
rithms for control of these physical processes and,
therefore, the cast product quality.

In the present work, the problem was solved by the
method of physical simulation using a transparent liq-
uid. As the model medium, we selected water heated to
50

 

°

 

C, which is often used for solution of the problems
of physical simulation of high-temperature metallurgi-
cal processes. Here, it should be noted that complete
simulation of hydrodynamic and acoustic processes in
liquid metal faces serious difficulties that do not allow
constructing a set of basic dynamic similarity criteria
accepted in hydrodynamics and acoustics. In the major-
ity of cases, there are no reliable experimental data on
the most important (in this statement of the problem)
properties of liquid metals and alloys; experimental
confirmations of the self-similarity of the processes
with respect to one or another similarity criterion are
absent. There are no science-based data on the cooper-
ative action of the forces appearing in nature (inertial;
induction; hydrodynamic; forces of gravity, pressure,
viscosity, and of surface tension); this complicates the
determination of the conditions of simulation compati-
bility. As was mentioned in [8], such an uncertainty
allows considering models to be analogous, not similar
to the original; that is, when there is a possibility to
recalculate the data obtained on the model to the data of
nature by virtue of similarity criteria and selected
scales. Nevertheless, even partial satisfaction of the
complete set of basic similarity criteria allows predic-
tion of scenarios of the process proceeding in nature
according to the data of simulation studies with accu-
racy to their analogy.

Let us analyze the similarity capabilities of the pro-
cesses under study.

As was shown earlier [3, 7], the results of melt treat-
ment depend on schemes of liquid metal circulation in
the MHD-facility, its temperature 

 

T

 

, and the rate 

 

G

 

, as
well as on the EHPT parameters (the single pulse stored
energy 

 

W

 

0

 

 and the pulse repetition frequency 

 

f

 

). As is
mentioned in [9], the EHPT efficiency may be
increased using attachments on the waveguide face–
end. A key role is assigned to them in the formation of
the volume acoustic cavitation zone and its geometrical
sizes depending on the area of the piston disturbing the
liquid. At invariable energy parameters of EHPT and
the waveguide face–end area

 

 S

 

B

 

, an attachment of an
area of 

 

S

 

H

 

 > 

 

S

 

B

 

 will allow increasing the volume of the
cavitation cloud formation zone. However, an excessive

increase of 

 

S

 

H

 

 due to an increase of the adjoined liquid
mass will lead to a decrease of the rate and value of the
waveguide face–end displacement; this will weaken the
cavitation formation effect. Besides, two or more
attachments placed at certain distance from each other
will allow obtaining a turbulation zone between them
due to coupling of compression and tensile waves.
Thus, it is possible to obtain the effect of an acoustic
pump favoring additional loading of the melt.

The above-stated conditions were used as a basis for
construction of simulation stands. The experiment
involved two stages of studies; this significantly
reduced the total number of expensive experiments nec-
essary for accumulation of statistics and allowed con-
sidering the processes characterizing each of the used
methods of treatment individually using the differenti-
ation principle. At the first stage, only physical pro-
cesses at EHPT were studied. At the second stage, the
processes of the complex treatment MHDT + EHPT
were investigated.

SIMILARITY CONDITIONS

The geometrical similarity was reduced to the con-
dition of geometrical scale equality due to maintenance
of the equality of the sizes of the waveguide, the treated
reservoir, and the active zone of the MHD-facility for
the model and real life. Equality to one of the rate scale
was provided in a similar way due to maintenance of
equality of the linear rate of circulation (m/s) in the
MHD-facility channel of real life and the model and
equality of the rates of the waveguide face–end motion.
The time scale was provided by comparison of the char-
acteristic periods of time, for example, the time of the
pressure pulse action at EHPT in nature and in the
model at equal energy parameters of the EHPT.

The dynamic similarity was considered for each of
the basic hydrodynamic similarity criteria.

The Strouchal number Sh characterizes the inertial
hydrodynamic forces appearing at nonstationary
motion

(1)

where 

 

L

 

 are the sizes of the bodies, m; 

 

u

 

0

 

 are the char-
acteristic rates of the bodies, m/s; and 

 

t

 

 are the charac-
teristic periods of time, s.

The above-mentioned simulation conditions pro-
vided equality of Sh

 

M

 

 and Sh

 

H

 

. From now on, the
indexes “H” and “M” show an attribute to nature or to
the model.

The Froude number is considered at wave formation
on the surface; however, since, in our case, only hydro-
dynamic and acoustic processes in the melt volume
depth were studied, the Froude criterion was not taken
into account.

The Euler number Eu takes into account the correla-
tion of the forces of pressure and inertia. It is not deter-
mining for separation-free motion. In the case of the

Sh L/u0t,=
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appearance of the cavitation processes, it may be
reduced to the cavitation number 

 

κ

 

 [8, 10]:

(2)

where 

 

P

 

∞

 

 is the static pressure of the undisturbed
medium, 

 

P

 

Π

 

 is the pressure inside the cavitation bubble,
and 

 

P

 

a

 

 is the acoustic wave pressure.

The correspondence of 

 

P

 

∞

 

 for the model and nature
was taken in the form 

 

P

 

∞

 

H

 

 = 

 

P

 

∞

 

M

 

.

The value of 

 

P

 

Π

 

 for water is determined by the satu-
rated vapor pressure [10] and, for nature, by the gas
pressure, which may exceed the saturated vapor pres-
sure by orders of magnitude. Therefore, in our opinion,
the comparison of the pressure values in a bubble in
water and a melt is a speculative problem. The acoustic
pressure is determined by the correlation

(3)

where 

 

ρ

 

 is the medium density, and 

 

C

 

 is the sound
velocity.

It is technically impossible to provide the equality of
the acoustic impedances 

 

ρ

 

C of the model and natural
liquids at equality of the piston motion rates 

 

u

 

M

 

 and 

 

u

 

H

 

.
Thus, it is also impossible to provide equality of 

 

κ

 

M

 

 and

 

κ

 

H

 

 at geometrical and time scales equal to one.

The Weber number We is the ratio between the sur-
face tension forces and the inertial forces, which is
determined in studies of the dynamics of flushes,
splashes, capillary processes, and cavity formation; it is
equal to

(4)

κ 2
P∞ PΠ–

Pa

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

Pa ρCu0,=

We σ/ ρu0
2L( ),=

 

where 

 

σ

 

 is the surface tension at the liquid–gas inter-
face.

Since the geometric scale is equal to one, the above-
mentioned conditions provided the equality
We

 

M

 

 = We

 

H

 

.

The equality of the Reynolds numbers Re, in our
case, was provided by the equality of the dynamic vis-
cosities of the model and nature 

 

η

 

M

 

 = 

 

η

 

H

 

 in the relation

(5)

where 

 

D

 

 is the diameter of the MHD-facility channel,
and 

 

u

 

 is the liquid motion rate.

Let us add that the hydrodynamic situation in the
melt volume satisfied the condition 

 

M

 

 < 1, where 

 

M

 

 is
the Mach number.

For observation of the mentioned similarity criteria,
there were analyzed the ratios of the following charac-
teristics of the properties of the natural situation and the
model: the dynamic viscosity, density, and surface ten-
sion. For metal melts, the values of these properties
were selected at the melting temperature according to
[10–14] (Table 1), and their average values were used
in the calculations.

The same properties for water are given in Table 2.

Thus, the data of Tables 1 and 2 show that, under the
condition of equality to 1 of the scales of the geometry,
time, and the rate for the water heated in the tempera-
ture range of 35–60

 

°

 

C and the melt near the melting
point, the equalities of the Re, Sh, and We numbers are
satisfied. It is impossible to provide equality of the 

 

E

 

u

 

number. That is, it is impossible to obtain complete
dynamic similarity under the selected conditions.

Re
uρD

η
-----------,=

 

Table 1.

 

  Physical properties of natural alloys near the melting point

Alloy

 

ρ

 

, kg/m

 

3

 

η

 

, mN s/m

 

2

 

σ

 

, J/m

 

2

 

σ

 

/

 

ρ

 

, m

 

3

 

/s

 

2

 

Iron based alloys 2.4 

 

×

 

 10

 

–4

 

Aluminum based alloys 3.7 

 

×

 

 10

 

–4

 

Pure aluminum 2386 1.3 0.914 3.8 

 

×

 

 10

 

–4

 

Pure iron 7050 5.4 1.856 2.6 

 

×

 

 10

 

–4

 

Note: The spread of the reference data is given above the line, and the average value is given below the line.

6600–8170
7390

--------------------------- 3.8–6.3
5.15

------------------ 1.65–1.90
1.78

------------------------

2380–2410
2400

--------------------------- 1.0–1.8
1.4

------------------ 0.85–0.95
0.9

------------------------

 

Table 2.

 

  Physical properties of water at various temperatures

 

t

 

, 

 

°

 

C 20 30 40 50 60 80

 

ρ

 

, kg/m

 

3

 

0.9982 0.9952 0.9922 0.9902 0.9882 0.9718

 

η

 

, mN s/m

 

2

 

1004 829 655 562 470 357

 

σ

 

, J/m

 

2

 

72.58 70.99 69.41 67.72 66.04 62.50
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FIRST STAGE EXPERMENTAL RESULTS
AND DISCUSSION

In the composition of the experimental stand for
simulation of the physical processes in the melt at
EHPT, the ladle with the melt was replaced by a trans-
parent chamber filled with water (Figs. 2 and 3). There
were applied waveguides of diameters of 50 and 20 mm
with attachments of various diameters welded on the
face–end and the ones with two attachments spaced at
the value of their diameter. The distance from the
waveguide face–end to the chamber bottom was varied.
For obtaining a more complete picture of the processes
taking place during EHPT, at first the treatment was
realized with pure water and then sand and fireclay par-
ticles were placed on the chamber bottom and the liquid
was colored. It was specified that W0 = 1.25 kJ and f =

1.5 Hz; the treatment duration was 1 min. Videotaped
footage was digitized by the program DrDivX11 and
was block-by-block searched by virtue of the program
Light Alloy 2.9.

Results of the first-stage experimental studies have
shown that the attachment on the waveguide face–end
significantly activates the cavitation processes and
macroflows with their maximum level corresponding to
the ratio between the attachment diameter and the
waveguide diameter ~2.5. The characteristic motion of
the liquid at a single pulse is shown in Fig. 2. One can
observe how the cavitation cloud formed by the fed
pulse (Fig. 2a) is thrown to the bottom of the treated
reservoir (Figs. 2b and 2c). In the time ~0.6 s, the cavi-
tation cloud starts to decompose (Fig. 2d).

(c) (d)

(b)(‡)

Fig. 2. Physical processes in the model liquid at EHPT (single pulse dynamics): (a) 0.05 s; (b) 0.25 s; (c) 0.5 s; (d) 0.6 s.

(‡) (b) (c)

Fig. 3. Characteristic “throwing” of colored liquid at EHPT: (a) 0 s; (b) 2 s; (c) 4 s.
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The water coloring allowed us to estimate the rates
of flows from the waveguide face–end to the chamber
bottom and to find that pronounced turbulent flows
appear between the two attachments spaced at the value
of their diameter. Above the upper attachment and
below the lower attachment, with a certain time lag,
there appear intense cavitation zones consisting of large
bubbles with diameters up to several millimeters. At the
very first pulse from the attachment zone, the intense
“throwing” of the colored liquid to the bottom and
sidewards with a rate of about 0.25 m/s is observed
(Fig. 3). Further motion of the colored liquid front
occurs with a rate of 0.05 m/s.

At the frequency of the pulse repetition f = 2 Hz, the
time of complete turbidity of the treated reservoir with
water did not exceed 30 s. One can estimate the time of
stirring of the metallic liquid that fills the metallurgical
reservoir of the same volume using the relation

(6)

where m is the water mass in the chamber, and d is the
characteristic size of the reservoir.

Taking into account the similarity scales, one can
calculate that the metal melt with the volume equal to
that of the model liquid will be stirred for a time
exceeding 30 s by a factor of ρH/ρM. Thus, the melt of
aluminum alloy will be stirred for 72 s and that of iron–
carbon alloy, for 210 s. An increase of the frequency of
the pulse repetition will decrease this time pro rata.

Using the sand and fireclay placed on the chamber
bottom, the depth of the electrohydropulse impact was
studied. Visual observation has shown that a pro-
nounced cavitation cloud under the waveguide face–
end is thrown to the chamber bottom with a rate of
about 0.25 m/s. Immediately after the first pulse, a cra-
ter is formed in the sand and gas is actively evolved
from the fireclay pieces, even from those located not
under the waveguide. After several pulses, their shaking
over the whole chamber bottom area is observed. This
indirectly confirms the fact of gradual involvement of
the whole liquid volume into the flow process; the shak-
ing of the fireclay pieces counts in favor of the avail-
ability of nonstationary flows.

It is known from experience of EHPT application in
cast production that the waveguide immersion depth
must be such that the maximum volume of melt can be
treated without the reservoir bottom destruction, for
example, casting ladle fettling. Therefore, in the real
technological process of EHPT of melts, the waveguide
immersion depth is, as a rule, selected equal to 1/3 the
height of the liquid metal. The metal-science studies
confirm that, in this case, the aftereffect on the cast
structure and the mechanical properties of the cast
products is the best.

The present studies have shown that, at the
waveguide immersion depth less than 1/3 of the height
of the liquid column, the effect of intense wave forma-

m
πd2

4
--------ρu,=

tion on its surface is observed. A crater in the sand prac-
tically does not appear, although there is observed
unstable gas removal from the remaining motionless
fireclay pieces strictly under the waveguide face–end.
Active influence on the chamber bottom begins at the
waveguide immersion depth equal to 1/3 of the liquid
column. At immersion at a depth of 1/2 or more, after
several pulses, the sand exhibits oscillation forms char-
acteristic of oscillations of plates; this counts in favor of
intense influence on the bottom. Thus, the efficiency of
the waveguide immersion precisely at a depth of 1/3 of
the height of the liquid column in the reservoir is con-
firmed.

SECOND STAGE EXPERMENTAL RESULTS 
AND DISCUSSION

At the second stage, the complex MHD + EHP treat-
ment of the melt was simulated. The experimental stand
consisted of a laboratory installation for EHPT and a
model of the MHD facility that provided complete geo-
metrical and kinematic similarity to real conditions.
The stand also contained a system regulating the sup-
ply, circulation, and discharge of the liquid, as well as
lighting and registering equipment. A waveguide with a
diameter of 20 mm with an attachment was applied.
There were used three of nine complex treatment
schemes studied earlier in work [3] (Fig. 4), which pro-
vided significantly different changes of the structure
and properties of the cast metal. The rate of the liquid
circulation in the model MHD facility G, the stored
energy W0, and the frequency of the pulse repetition f
were varied (Table 3). If it was necessary, for better
visualization of the processes proceeding during the
treatment, colored liquid was used.

One can estimate the processes taking place in the
liquid at the complex treatment according to scheme A
(MHD charging + EHPT) from Fig. 5a. At EHPT in the
model MHD facility, according to this scheme, after
each pulse, there appears a cloud of cavitation bubbles
below and above the waveguide attachments. The
greatest cloud (~40 cm3) is formed under the
waveguide face–end. The appearing bubbles are
removed by the flow upwards from the channel. On the
face–end of the waveguide with an attachment, along
the waveguide, in the region of the walls of the

Table 3.  Parameters of the complex treatment MHDT + EHPT

Varied 
parameter

Experiment number

1 2 3 4

G, l/s 0.068–0.21 0.17 0.17 0.17

f, Hz 1.5 1.5–8 1.5 1.5

W0, kJ 1.1 1.1 0.6–1.6 1.6

Complex treat-
ment scheme

A A A A, B, C
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MHD-facility central channel, after each pulse, liquid
vortexes appear. It is possible they are a manifestation
of interaction of the hydrodynamic flows in the MHD
facility with convective flows caused by the pulse
action of EHPT. As the time of the circulation increases
from 0.068 to 0.21 l/s, the bubbles are removed from
the MHD-facility central channel more rapidly, liquid
vortexes appear irrespective of the values of G, and the
cavitation bubble zone volume somewhat decreases
(Fig. 6a).

As the frequency f increases from 1.5 to 8 Hz, the
bubble sizes decrease; however, the cavitation bubble
zone volume does not depend on f (Fig. 6b).

As the pulse energy W0 increases, the volume of the
cavitation bubble appearance zone increases in propor-

tion ( ) (Fig. 6c). Coloring of the liquid has shown
that, when the front of the colored liquid approaches the
waveguide face–end, a dark zone appears under it
(Fig. 5b). It is possible that it is due to the coloring mat-
ter concentration increasing or due to the presence of an
optical effect (vortex, high pressure zone). In the course

W0

of time, the liquid color in the chamber levels; in the
zone under the waveguide face–end, after each pulse,
the water darkens for a short time only. The stirring
time for the water at EHPT in the model MHD facility
was 7 s. Taking into account the similarity scales, one
can calculate that the aluminum melt of the same amount
shifts for 17 s and the iron–carbon melt, for 49 s.

At treatment according to scheme B (MHD absorp-
tion + EHPT), after each pulse, there take place intense
gas evolution and formation of a considerable quantity
of bubbles, including those of great diameter (up to
5 mm). The basic quantity of bubbles is in the central
channel of the MHD facility (Fig. 5c). However, their
upfloat is not observed, because, for this, the gas bubble
must move against the hydrodynamic flow. Thus, the
conditions of gas removal from the treated liquid are
not established. As the frequency increases, the hydro-
dynamic picture varies only slightly in the qualitative
aspect, but a pronounced vibration of the central chan-
nel occurs.

At treatment according to scheme C (MHD
stirring + EHPT), after each feed pulse, there appears a

MHD charging + EHPT MHD adsorption + EHPT MHD stirring + EHPT

A B C

Fig. 4. Schemes of the complex melt treatment (the arrows show the liquid motion direction).

(‡) (b) (c)

Cavitation
Zone of impactappearance

Zone of bubble
formation

Fig. 5. Complex treatment (MHDT + EHPT) of the model liquid.
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cloud of cavitation bubbles below and above the
waveguide attachments; the greatest cloud is formed
under the waveguide face–end. A part of the formed
bubbles gets into the central channel or appears in it,
but immediately floats up and is removed by the flow in
the liquid circulation direction. Each pulse causes vor-
texes in the water under the waveguide face–end and in
the central channel. When the frequency is increased
from 1.5 to 8 Hz, the picture does not qualitatively

change, only the intensity of the formation of the cavi-
tation bubbles increases.

Thus, a comparison of the results for schemes A, B,
and C shows that the circulation direction significantly
influences the processes, thus leading to changes of the
structure and the properties of the liquid. Treatment
according to scheme A results in formation of smaller
bubbles compared with schemes B and C. The proba-
bility of collapse for small bubbles is much higher than
for large ones. Therefore, during treatment according to
this scheme, it is possible to realize an intense process
of bubble collapse with generation in the nearest melt
of a high-pressure microzone. As is mentioned in [4],
this favors local overcooling of the melt; additional
nucleation at crystallization; and, finally, to the cast
structure reduction. Treatment according to schemes B
and C allows bubble “inflating” with gas up to greater
sizes. Hence, here, the gas removal effect is more prob-
able, as well as the obtaining of cast products of higher
density. Results of the metal science studies confirm
this [3, 7]. In order to allow gas bubbles to float up to
the melt surface at treatment according to scheme B,
the mode of periodic switching on of the MHD facility
may be additionally applied.

CONCLUSIONS

It is impossible to obtain complete similarity of the
processes up to their identity at simulation of the com-
plex EHP + MHD treatment of metal melts using water
or another model medium due to the variety of the latter
and their different nature.

At the same time, it is possible to provide partial sat-
isfaction of the set of basic similarity criteria; this
allows describing scenarios of proceeding of the pro-
cesses in nature according to the data of model studies
with accuracy up to their analogy.

One can qualitatively estimate the processes talking
place at EHPT: formation of a cavitation cloud, its shift
from the waveguide face–end to the reservoir bottom
with a rate of about 0.25 m/s, and the appearance of
nonstationary hydrodynamic flows (the rate is about
0.05 m/s) in the treated volume.

The optimum ratio of the diameters of the attach-
ment and the waveguide is determined to be ~2.5.

The efficiency of the waveguide immersion at a
depth of 1/3 the height of the liquid column at EHPT is
confirmed.

There are determined dependences of the volume of
the cavitation zones appearing at complex MHD and
EHP treatment on the technological parameters of the
treatment: the liquid circulation rate, stored energy, and
frequency of the pulse repetition at EHPT.

The most effective schemes of the complex EHP +
MHD treatment (the schemes “MHD charging +
EHPT” and “MHD stirring + EHPT”) providing the
maximum degree of gas removal from the model liquid
are determined; this, together with the metal-science

40

35

32

0

40

0

64

56

40

V, cm3

0.068 0.170 0.210 G,  l/s

V = 43.8–56.4 G

1.5 5.0 8.0 f, Hz

0.6 1.1 1.6 W0,  kJ

V = 51W0
0.5

(a)

(b)

(c)

Fig. 6. Dependence of the cavitation zone volume: (a) on
the circulation rate; (b) on the frequency of the pulse repe-
tition; (c) on the stored energy of a single pulse (scheme A).
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results obtained earlier, gives the possibility to recom-
mend these schemes for further practical application.
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INTRODUCTION

The scientific interest in the problem of the electric
and magnetic field energies direct application in vari-
ous branches of industry and science has significantly
increased over the past few years. Magnetic and electric
impacts on homo- and heterogeneous media have been
successfully used for the purposes of energy transfor-
mation [1,2], as well as for biological and physiological
[3] process control in a number of electric technologies
[4]. In order to attain a more efficient utilization of elec-
tromagnetic fields, it appears essential to thoroughly
and profoundly study the processes of their interaction
with substances. In this respect, significant progress has
been achieved both in the physics of solid state and
magnetic hydrodynamics (MHD), which study the
interaction between exterior magnetic fields and con-
ducting liquid media (liquid metals, plasma). Another
progressing direction is electric hydrodynamics (EHD),
the subject matter of which is the processes involving
an electric field impact on the hydromechanic state of
liquids and gases. The most advanced progress has
been reached in the field of liquid dielectrics [2, 4–8].

An inherent part of magneto- and, particularly, elec-
trohydrodynamics is the subregion of convectional phe-
nomena, whose essential physical characteristic is the
spontaneous motion of liquid media caused by the
impact of the fields being considered. Magnetic con-
vection can be observed in the so-called ferromagnetic
liquids [9] artificially obtained in laboratory conditions
and in suspensions of ferromagnetic powders produced
on the basis of liquid dielectric carriers (kerosene,
transformer oil, etc).

The current urgency of ferrohydrodynamics [9] is
justified by such variants of its possible utilization as
magnetic suspenders, modulators of various types,
gyroscopes, automatic electrical switches, medical

diagnostics, heat and mass transfer augmentation,
energy transformation, etc. [10].

Electroconvection phenomena (electric convection)
are of no less interest. Particularly, the possibilities of
their application in performing mechanical [2] and heat
energy transformation [11] into the electric one are
regarded. There have been created the theoretical and
experimental bases for using electric fields in the pro-
cess of augmentation of heat mass exchange in liquids
and gases [5].

The investigations of an electric field influence upon
liquid media are undoubtedly considered to be of great
importance from the educational viewpoint, especially
for revealing physical and chemical properties of liquids
[12] with regard to the hydrological phenomena [13].

At the same time, the indicated regions (MHD and
EHD) should be viewed just as separate limiting cases
of electromagnetic hydrodynamics (EMHD). The wide
region which still remains in the shadow is the field of
“intermediate” (with respect to their electrophysical
parameters) semiconductor media. The matter concerns
water solutions of salts and electrolyte solutions, sus-
pensions obtained on the basis of conductive or semi-
conductive solid particles [14], etc.

The joint influence of electric and magnetic fields on
the mechanical properties of liquids has been examined
insufficiently. Here, new perspectives are to be revealed
in the field of utilization of hydroelectromagnetic
(HEM) phenomena occurring under the above influ-
ence.

The purpose of the present paper is to briefly present
certain issues concerning the joint impact produced by
crossed electric and magnetic fields upon the hydrome-
chanics of weakly conducting liquids (solutions) with
regard to utilization of the electromagnetic convection
and revelation of its physical mechanism.
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magnetic convection, as well as its applications, are discussed.
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1. On the prospects of application of crossed
electric and magnetic fields in hydromechanics and
on certain aspects of hydroelectromagnetic phe-
nomena.

 

 Some impacts of crossed electric and mag-
netic fields on hydrodynamics of solutions as applied to
convection heat exchange have been studied by the
authors of [14]. Paper [15] presents the methods of
application of crossed fields for disengagement of
charge carriers in plasma and obtaining electric energy.
Attempts have been made to use similar methods for
water desalination [16]. Studies of crossed electric and
magnetic fields' interaction with plasma have been
taken into consideration, particularly, concerning the
problems of solar-terrestrial physics [17].

In spite of the comparatively great number of papers
devoted to the impact of crossed magnetic and electric
fields upon various processes, many aspects of the
given problem either are not studied at all or insuffi-
ciently represented in the literature. First of all, this
concerns the alternating in time fields, as well as the
fields of different configuration. The physical mecha-
nism of convection phenomena caused by crossed
external fields is not yet entirely comprehended. Actu-
ally, the problems of equilibrium stability and the pecu-
liarities of convection in liquids at the presence of such
fields are not studied. Moreover, as one can see, the
study of the electric and magnetic field influence,
including crossed fields influence, on the processes of
crystallization has been presented. However, there has
not been raised a question yet about the role of some
hydroelectromagnetic phenomena occurring in these
processes. The same can be said of the impact of the
above fields on biological objects, since the tissues of
living organisms comprise liquid, which is a solution of
various substances (from the viewpoint of our interest,
it is worth noting that this liquid can come into hydro-
dynamic interaction with external fields). Taking into
account certain general structural properties of plasma
and strong solutions, we should also mention that the
study of the electromagnetic field influence on solu-
tions may be of significance for some plasma aspects in
physics as well.

All these and the above-mentioned problem of water
desalination, which still remains to be solved, along
with scale formation control and phase disengagement
processes (and the opposite processes of mixing the lat-
ter), require a more profound scientific approach. In
these directions, the application of crossed electric and
magnetic fields seems to be the most promising. In
addition, once again, there arises the issue of the hydro-
elecromagnetic phenomenon impact upon the above
processes. In order to study this phenomenon, it is nec-
essary to create a classification of the reasons for its
occurrence. The construction of such a classification
requires further examination and revelation of a certain
physical mechanism, the basis of which is provided by
the driving forces of hydroelectromagnetic convection.

 

2. Electromagnetic forces affecting liquid (non-
metallic) mediums.

 

 The issue of forces, called ponder-
omotive, is considered to be major in the hydrome-
chanics of liquids in external electromagnetic fields
(EMF). When determining their value, it is possible, in
principle, to be based on the forces which affect sepa-
rate particles of a substance, summarizing them in a
proper way. The event of a separate particle’s motion in
electromagnetic fields is rather complicated in itself
and lacks a solution for a random case. Thereupon, a
thermodynamic approach appears to be by far more
effective for the forces evaluation. In the case of not too
high-speed alternating EMF (

 

ν

 

 < 10

 

8 

 

Hz), the general
force affecting a volume unit of a liquid medium com-
prises two components (SI) [18] :

the magnetic

(1)

and the electric

(2)

where 

 

ε

 

, 

 

μ

 

, 

 

ε

 

r

 

, 

 

μ

 

r

 

 is the absolute and relative dielectric
and the magnetic permeabilities, correspondingly; 

 

γ

 

 –
the medium density; and the rest of the symbols are
common. The resulting force is determined by the sum

of (1) and (2):  =  +  At the same time, one
should distinguish between both intergenerated electro-
magnetic fields and independent electric and magnetic
ones created by the independent external sources.

The latter implies EMF.
The first summands in (1) and (2) represent the

forces affecting a volume unit with  current density
and 

 

ρ

 

 charge density by the magnetic and electric
fields, respectively. The second ones are forces speci-
fied by the media heterogeneity on 

 

μ

 

 and 

 

ε 

 

(forces that
influence the “bound,” “magnetic,” and electric
charges). The third group of terms are magneto- and
electrostrictive forces, which fail to participate directly
in convection phenomena of closed regions due to their
potentiality [5]. The final term in (1) is connected with
the fact that, in the process of the thermodynamic deri-
vation of the first three, the impulse of the field itself
should be considered. In order to determine the force
that solely affects the substance, it is necessary to sub-
tract the force connected with impulse current of the
field itself (Abrahaams’s force). Whence the given
summand, generally called Abrahaams’s force, occurs.
This force is small as a rule and is generally neglected.
However, we shall keep it at the start for the estimation
purposes. Henceforth, in (1) and (2), one can neglect
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the second and the third summands on the right, since
we are to regard, firstly, the nonmagnetic liquids
(

 

μ

 

 = 

 

μ

 

0

 

 = const) and, secondly, the isothermal condi-
tions when there is no reason to expect a gradient of the
dielectric permeability. Thus, we are to estimate the
function of separate components for the force in the fol-
lowing expression:

(3)

The estimates show that consideration of Abra-
haams’s force is necessary at frequencies of 10

 

5

 

 Hz of
the external field and intensities of the external electric
and magnetic fields ~1 kV/cm and 

 

H

 

-10

 

2

 

 E, corre-
spondingly. In this respect, it is necessary to note that
the effects generated by Abrahaams’s force present
physical interest and are worth investigating. It would
seem that the Coulomb force 

 

ρ

 

E

 

 does not have any sig-
nificant meaning for solutions due to the limitation of
the possible intensity magnitudes of the electric field in
solutions with a comparatively high specific conductiv-
ity (as compared to liquid dielectrics). However, one
should bear in mind that the densities of the volume
charges 

 

ρ

 

 may turn out to be high due to the electric
concentrational effects [19]. However, in general, the

 

ρ

 

 force can be indirectly estimated with respect to the

density of the conduction current  = 

 

σ

 

E and the
mobility of the 

 

k

 

 ions giving rise to this current accord-
ing to formula

(4)

The numerical estimates show that this force can
play a significant part in hydroelectromagnetic phe-
nomena as well.

Let us now discuss the first term of formula (3),

where  is the total current density, which, in the general
case, can be determined by expression [20]:

(5)

where 

 

D

 

±

 

 are diffusion coefficients of charge carriers

with densities 

 

ρ

 

±

 

,  is the hydrodynamic velocity, and

 is the medium polarization vector. The first sum-
mand in (5) is a usual ohmic current; the second, a con-
vection current; the third, a bias current; and the follow-
ing two terms are diffusion currents of negative and
positive ions. The final summand is a bias vortical con-
vection current [20].

It is obvious that the current density in (5), in the
general case, can give rise to six additional “lorentz”
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forces, the estimation of which is connected first of all
with the estimation of separate summands in (5) and is
a subject for further investigations; here, each term of
expression (5) may turn out to be of importance, but, in
the first place, it is certainly a through conductivity cur-
rent, since, on the threshold of the convection phenom-
enon occurrence, the contribution of other currents
(convection ones, in particular) is negligibly small.
When considering the presence of alternating currents
in further investigations, due attention should be
devoted to bias currents as well, the relation of which to
the convection currents is as follows:

(6)

where 

 

ν = 1/

 

t

 

0

 

 is the frequency of the applied voltage,
and 

 

τ

 

 = 

 

ε

 

/

 

σ

 

 is the time of the electric relaxation. At fre-
quencies of 

 

≥

 

10

 

5

 

 Hz, the bias currents can essentially
correct the total current.

The authors aimed to present general characteristics
of the forces that can cause hydroelectromagnetic phe-
nomena. However, this subject is actually infinite in its
physical essence. In alternating electric and magnetic
fields, there arise certain factors that can have a signifi-
cant (if not crucial) meaning in convection. They
include, firstly, the change of the dielectric permeabil-
ity with the frequency and, secondly, structural changes
of the kind of “the ionic fur coat shaking up” and the
resonance phenomena correlated with it.

Thus, from the theoretical point of view, we shall
have to solve a whole complex of intricate and fascinat-
ing physical problems, the solution of which will pro-
mote successful application of hydroelectromagnetic
phenomena.

 

3. Some preliminary experimental data on con-
vection caused by crossed electric and magnetic
fields.

 

 It is generally known that, at current power on
the order of dozens of miliamperes per square centime-
ter and a magnetic field intensity on the order of hun-
dreds of oersted, there can hardly be observed any con-
vection phenomena. Indeed, as tests prove, no hydrody-
namic effects were observed after the electric and
magnetic fields of the given parameters and constant in
time had been applied. Alternating fields gave no rise to
any formidable effect.

Later on, a more thorough series of experiments
were carried out with the physical characteristics range
of the fields being expanded. The experimental device
was a kind of a cell (80

 

 × 

 

50

 

 ×

 

 10 mm) filled with a table
salt solution containing additives to ensure the liquid
motion visualization. An alternating magnetic field was
used (at first, using the mains frequency) obtained in
the gap of an 800 Hz laboratory transformer. The direc-
tion of the constant electric field (of current) was per-
pendicular relative to the magnetic one. It was deter-
mined that the peak values of the currents (up to elec-
trolysis) and of the voltages generated no well-ordered
motions in the liquid.

jb/ jcon τ/t0∼ τν,=



126

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 44      No. 2      2008

GROSSU et al.

Certain physical speculations on the charged parti-
cle motion in alternating electrical and magnetic fields
supported by theoretical calculations brought the idea
of the fields synchronizing, i.e., phase coincidence. For
this purpose, a matching electric circuit was con-
structed and experimentally selected. As a result, there
were registered well-ordered and rather intensive
stream flows of a cellular structure. Two characteristics
of the given motion should be noted: (1) the stability of
the motions at arbitrarily large (up to extreme) values of
the field voltage and (2) the abrupt change of the liquid
motion direction at the current reversal. These phenom-
ena have not yet found their quantitative explanation.
We failed to reveal a description of similar effects in the
existing publications as well.

At the same time, effect (2) indicates that the motion
the force of the electromagnetic convection is repre-

sented by the first summand (1):  ×  = σ  × 
Effect number one displays strong stability of the given
flow, which resembles, in this sense, the Couette rota-
tion of liquid between two coaxial cylinders rotating in
the same direction at a greater angle velocity of the
exterior cylinder as compared to the interior one [21].

From the practical point of view, it is worthwhile to
note the significance of construction of one-dimen-
sional flows (pumps) and the study of the motion affect
upon heat mass transfer. It is not improbable that the
liquid becomes non-Newtonian and the fields “wash
away” the boundary layers, which may result in consid-
erable intensification of transference processes. The
knowledge of the volume concentration distribution of
salts is also important for revealing the role of hydro-
electromagnetic phenomena in phase disengagement.

CONCLUSION

1. A brief review of scientific data on the interaction
processes of electromagnetic fields and liquids is pre-
sented.

2. Physical aspects of hydroelectromagnetic phe-
nomena and their driving forces are discussed.

3. Preliminary experimental data revealing physical
peculiarities of hydroelectromagnetic phenomena and
their various applications are discussed.
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INTRODUCTION

The loading effect at plasmochemical etching is
shown in decreasing of the material etching rate with
increasing of its amount, starting with a boundary
value. The loading effect appearance was initially
attributed to decreasing of the number of chemically
active particles (CAP) per unit area of the treated sur-
face [1, 2]. It was considered that the CAP formation
rate does not vary. Later, the conclusion was made that
the loading effect is related to the appearance of gas-
eous products of heterogeneous reactions and to a
change of properties of the plasma bounding surface
(boundary conditions for active particles) [3, 4]. As a
result, the physical parameters of the plasma, the rates
of the active particle generation, and the rate of the tar-
get process change. This effect may play the key role at
modification of polymer films and fabrics in industrial
reactors where plasma is completely bounded by chem-
ically reacting surfaces. The loading effect is poorly
known today. The majority of works in this field are
concerned with investigation of material etching rates
for obtaining of optimum values [5–7]. Data on the
change in the rates of formation of gaseous products
and their ratios related to the difference in the treated
surface area are available only for polyimide film on
exposure to oxygen plasma [8].

The aim of the present work is to study the loading
effect influence on the kinetics of the stationary process
of etching and formation of gaseous products at the air
plasma action on the surface of fabric of polyethylene
terephthalate (PETP).

EXPERIMENTAL

The experiments were carried out by virtue of the
installation whose scheme is shown in work [9]. Plasma
was formed by ignition of a direct current discharge in
a cylindrical reactor of C-49 glass. The pressure of the
plasma-forming gas in the reactor varied from 50 to
200 Pa, and the current intensity varied from 20 to
110 mA. The constant parameters were the following:
the linear rate of the gas flow in terms of the standard
conditions was 30 cm/s, the sample temperature was
357 K, and the treatment time was 10 min. The subject
of the studies was a home lavsan fabric of filament
yarns characterized by a mean thickness of 124 

 

μ

 

m
(specification 81476). The fabric parameters deter-
mined by virtue of a scanning electron microscope
(Tesla BS-300) were the following: the yarn diameter
was 220 

 

μ

 

m, the space between the yarns was 20 

 

μ

 

m,
the mean diameter of the monofilament in the yarn was
18.5 

 

μ

 

m, and the specific density was 7.2 mg/cm

 

2

 

. The
fabric samples in the form of a cylinder were placed on
the thermostatically controlled reactor wall in the posi-
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tive column space. The length of the fabric cylinder ele-
ment was varied within the range of 2–16 cm. The posi-
tion of one of the sample edges remained invariant, the
treated material surface increased from 20.5 to 164
cm

 

2

 

, and the part of the reactor surface covered with the
fabric increased from 6 to 50% (Fig. 1).

The loss in weight of the samples was determined
by periodic weighing on analytical scales (WA-34
brand). The weighing accuracy was 1 

 

×

 

 10

 

–4

 

 g. The
composition of the gaseous products of the etching, the
rate of their formation, and the consumption of the
reagents were analyzed by virtue of a mass spectrome-
ter ([Russian] IPDO–2A with a PMO-4C sensor).

RESULTS AND DISCUSSION

According to the results of the mass spectrometric
measurements, under all the mentioned conditions,
oxygen is consumed; the destruction products are mole-
cules of CO

 

2

 

, CO, H

 

2

 

O, and H

 

2

 

. Nitrogen-containing
products of the etching and nitrogen consumption are
not noted in the air; the NO molecules are stable prod-
ucts of the discharge burning.

Figure 2 shows, for a pressure of 100 Pa and a dis-
charge current of 80 mA, the mean rates of loss in
weight 

 

W

 

 found as the ratio of the losses in weight of
the whole sample to its area, and Fig. 3 shows, under
the same conditions, rates of O

 

2

 

 consumption and for-
mation of gaseous products 

 

W

 

i

 

. Within the reproduc-
ibility of the results, the evolution of the products with
due account for the oxygen consumed for the material
oxidation completely determines the experimentally
measured rates of the loss in weight. As the load ratio
increases by a factor of 8, the total mole fraction of the
products in the gaseous phase increases from 0.21 to
0.31. The specific rates of all the processes decrease
(for a loss in weight by approximately a factor of 5)
asymptotically approaching their constant values. If the
mechanisms of the proceeding processes remain invari-
ant, then the yields of gaseous products per one reacting
oxygen molecule must be preserved.

Studies [10–14] have shown that, according to the
dependences of the yields of the polymer material etch-
ing products on the plasma parameters (the plasma-
forming gas: oxygen, air), all of them may be divided
into two groups. The first group may include molecules
of CO

 

2

 

 and H

 

2

 

O, their yields being either constant or
linearly increasing. The second group includes mole-
cules of CO and H

 

2

 

. Their yields do not depend on the
discharge current, they linearly decrease as the pressure
increases; besides, at the transition into the zone of the
afterglow, the yield of H

 

2

 

 molecules sharply decreases
and shows another dependence on the pressure. The
channel contribution leading to formation of CO and H

 

2

 

increases at the transition from O

 

2

 

 plasma to air plasma.
For the rates of formation of molecules of CO

 

2

 

; H

 

2

 

O;
and, partially, H

 

2

 

, a relatively simple linear connection
with the rate of formation of O atoms in the plasma
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 Fragment of the experimental installation diagram:

 

1

 

 is the cathode; 

 

2

 

 is the anode; 

 

3

 

 is the diaphragm; and 

 

l

 

min

 

and 

 

l

 

max

 

 are the minimum and maximum dimensions of the
sample element, respectively.
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 Rate of loss in weight of the PETP fabric versus the
reactor load ratio (%).
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exists. For CO molecules, no correlation with the rates
of formation of the active plasma agents (O atoms, O

 

2

 

metastable molecules, ions, and quanta of VUV radia-
tion) has been found. Therefore, a conclusion was made
that the observed relationships are connected with
peculiarities of the reaction mechanisms in the solid
phase. However, the rates of formation and yields of
CO and H

 

2

 

 are inversely and strongly nonlinearly con-
nected with the pressure (the flow on the surface of
oxygen molecules in the ground state).

We have calculated yields of gaseous products per
one reacting molecule of O

 

2

 

 (

 

ϕ

 

i

 

 = 

 

W

 

i

 

/

 

W

 

O2

 

) and have
presented them in Fig. 4. As the treated surface area
increases, symbate changes of the product yields take
place; the ratio of the material destruction channels var-
ies in favor of the channel with formation of CO and H

 

2

 

.
Besides, the yields of CO and H

 

2

 

 increase much faster
than the yields of CO

 

2

 

 and H

 

2

 

O decrease. It is obvious
that this redistribution of the channels is a result of a
compositional change of the plasma-forming gas. In
fact, oxygen is consumed for the reactions and its par-
tial pressure decreases to a considerable extent; at the
same time, the initial gas at the material etching is
doped with destruction products. According to the
results of measurements in the space behind the sam-
ple, as the loading increases from 6 to 50%, the ratio of
the total partial pressure of the etching products to the
partial pressure of the O

 

2

 

 molecules increases from 3
to 14. Thus, even when the reactor surface part covered
with the fabric is relatively small, the PETP fabric etch-
ing occurs in a complex multicomponent system.
According to the data of calculations carried out for O

 

2

 

plasma [15], the appearance of etching products of
CO

 

2

 

, CO, and H

 

2

 

 in the gaseous phase leads to a
decrease of fast electrons in the EEDF and, as a conse-
quence, to a decrease of the constants of the rates of the
gaseous threshold processes. The higher the threshold
process energy, the greater the decrease degree. In the

case of air, the product influence on the discharge prop-
erties must be more pronounced. This is confirmed by
the results of work [11]. The increase of the rate of loss
in weight of the fabric of PETP fibers in air plasma,
even at a relatively low load ratio of the reactor (less
than 10%), was accompanied by a decrease of the
atomic oxygen concentration at the sample temperature
increase. In oxygen plasma, under the same conditions,
no dependence of the atom concentration, the electric
field intensity, and the gas temperature on the material
etching rate was observed.

It is possible that there is an additional cause leading
to variation in the ratios of the rates of the gaseous
product formation. This is dissociation of the reaction
products by electron impact, which may be shown at
great distances from the sample to the place of sam-
pling. We have checked on this hypothesis by realizing
measurements at motions of the sample with a 2-cm
element along the positive column. The results have
shown that dissociation of the reaction products under
these conditions may be neglected.

In the sample presence, the concentration of nitro-
gen oxide molecules in the discharge decreases greater
at a higher load ratio of the reactor (see Fig. 5). When
the reactor surface part covered with the fabric is 6%,
the concentration of NO molecules decreases by a fac-
tor of 2 in comparison with the initial value (in the sam-
ple absence) and by a factor of 17 at 50%. Atoms of
O(

 

3

 

P) and vibrationally excited molecules (VEM) of
nitrogen play the principal role in the formation of NO
molecules [16]. This explains the strong dependence of
the nitrogen oxide concentration on the ratio of the
reactor loading with the polymer.

The next stage of the work is connected with the
study of the loading effect in a wide range of the dis-
charge parameters (pressures and currents). Plasma
action was exerted on samples with a width of 2.7 and
16 cm, and the reactor load ratio was 8.5 and 50%,
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respectively. Let us denote them as the low load ratio
(LLR) and high load ratio (HLR). The experiment data
at all the studied parameters have shown retention of
the common effect; that is, as the amount of the treated
material increases, the specific rates of the loss in
weight, oxygen consumption, and evolution of the
gaseous etching products decrease as well as the NO
molecule concentration in the discharge.

Figure 6 shows the specific rates of the loss in
weight of fabric samples (at LLR and HLR) versus the
air pressure at a discharge current of 80 mA and versus
the discharge current at a pressure of 100 Pa. Under the
same conditions, Figs. 7a and 7b present yields of
gaseous reaction products and Fig. 8 shows the NO
molecule concentration in the discharge.

The difference in the weight rates due to the loading
weakly depends on the discharge parameters. The dif-
ference in the concentrations of NO molecules is pre-
served approximately constant too. Interdependent
influence of the parameters and the loading is shown
mainly in the behavior of the evolution of the reaction
products. We have calculated ratios of the yields of each

product at HLR and LLR ( / ).ϕi
HLR ϕi

LLR

 

Oxidation of the polymer surface is obtained at joint
action of O(

 

3

 

P) atoms, O

 

2

 

(

 

a

 

1

 

Δ

 

g

 

) metastable molecules,
and oxygen molecules in the ground state. The pres-
ence of oxygen atoms is a necessary condition of
plasma etching of materials, i.e., destruction of oxygen-
containing groups, leading to formation of gaseous
products [17]. If with increasing loading, due to the
mutual influence of the heterogeneous and volume pro-
cesses, both the total flow of oxygen particles and the
relative content of atoms in it decrease, then the yields
of the destruction gaseous products must decrease. This
is what takes place at all the discharge parameters in the
case of the channel of destruction with formation of
CO

 

2

 

 and H

 

2

 

O and at low pressure in the case of the
channel of destruction with formation of CO and H

 

2

 

. As
has been mentioned above, the connections between
the rates of formation of O atoms and CO

 

2

 

 and H

 

2

 

O
molecules are linear. Irrespective of the parameters, the
ratio of the yields of these products for HLR and LLR
holds approximately true (see table).
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The situation for the channel with yield of CO and
H2 is more complex. As was mentioned above, the
mechanism of the reactions of the formation of CO and

H2 is not thoroughly understood. The total of the linear
and nonlinear effects resulting from the increase of the
content of the reaction products in the gaseous phase,
the decrease of the flows of the molecular and activated
oxygen to the surface, and the variation in their ratios
leads to the fact that the difference in the yields of CO
and H2 connected with the loading increases almost
proportionally with the plasma-forming gas pressure.
The contribution of this channel inversely and nonlin-
early depends on the oxidant pressure. As the load ratio
increases for all the conditions, the partial pressure of
O2 molecules in the composition of the plasma-forming
gas decreases; this must be accompanied by a nonlinear
increase of the yields of CO and H2. Earlier, we faced
the fact that, at a low content of O2 in the N2 and O2
mixture, an additional reagent is water vapor and the
main products of the polymer etching are molecules of
CO and H2 [18].

CONCLUSIONS

At plasmochemical etching in air of a fabric of
PETP filament yarns, the loading effect is shown in a
wide range of the discharge parameters. Gas evolution
changes the plasma properties and, as a consequence,
the kinetics of the target process. As the loading
increases, due to the mutual influence of heterogeneous
and volume processes, the flows of oxygen particles to
the material surface decrease; besides, their ratio varies.
In particular, the relative content of the O(3P) atoms
decreases. The atomic oxygen balance is connected
with the concentration of NO molecules in the dis-
charge. Even with a relatively small part of the reactor
surface covered with the fabric (6%), the total partial
pressure of the reaction products exceeds the partial
pressure of O2 molecules; the concentration of NO
molecules in the discharge appreciably decreases; that
is, the loading effect takes place. As the treated material
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amount increases, the specific rates of etching, the con-
sumption of oxygen from the gaseous phase, and the
formation of gaseous products of the material destruc-
tion considerably decrease as well as the concentration
of NO molecules in the discharge. The interdependent
influence of the parameters and the loading is shown in
the behavior of the evolution of the reaction products. As
the load ratio increases, the destruction channel ratio var-
ies in favor of the channel with the yield of CO and H2
being stronger at higher pressure of the initial gas.
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INTRODUCTION

In the case of heterogeneous polymer systems
(HPS), it is found [1] that the adsorption interaction
with the filler particle surface results in restriction of
the possible conformations of the macromolecules pro-
viding a change of the relaxation properties of the com-
posite. In the adsorption layer, separate segments of the
macromolecules directly interact with the surface, thus
forming adsorption sequences [2]. It also contains seg-
ment formations in the form of loops and tails that
belong to the given molecule but are not adsorption
connected to the surface, as well as segments of an
adsorbed macromolecular coil that does not directly
interact with the surface. Therefore, the adsorption
interaction of the polymer molecules with the solid sur-
face of the filler may be considered a process leading to
redistribution of intermolecular forces in the surface
layer and formation of additional points of the physical
structural network due to contacts of the chain seg-
ments with the surface. It is characteristic that changes
of molecular mobility affect not only the adsorption
layers but also the surface ones, since the surface effect
is shown clearly far away from the surface [3]. The
properties of the polymer layers (PL) formed at the
interface with solids are of great practical interest, espe-
cially in the case of polymer systems with fine fillers
[1]. One can apply to transition layers the notions of
effective thickness 

 

Δ

 

l

 

, density 

 

ρ

 

1

 

, and other properties
they are estimated by [3]. However, the issue concern-
ing not only the conditions of PL formation and estima-
tion of their characteristics and structure but also the
influence on the complex of HPS properties remains

open. Therefore, the aim of the studies is to determine
the effective characteristics of PL and their role in the
formation of the electrophysical properties of metal-
filled flexible-chain polymers. It should be noted that,
in amorphous flexible-chain polymers, only fluctuation
(not excepting the discreteness of their form) structure
elements with finite lifetimes may exist [4]. After the
manner of [1], let us call them microblocks (or super-
networks); the lifetime of separate relaxation oscilla-
tors is described by the Boltzmann relation [5].

MODEL

Let us suppose, after [3], that HPS is an assembly of
particles of fine filler, PL, and polymer with invariable
properties. This model approximation of HPS is correct
provided that the filler content 

 

ϕ

 

 is less than the critical
one 

 

ϕ

 

cr

 

, that is, when the whole polymer binder transits
into the PL state [4]. After introduction of a certain
quantity of filler into the HPS, the density fluctuations
in the form of PL appear. All the active centers of the
filler surface act as potential field sources, being to
some extent equivalent to the external pressure, since
interaction at the polymer–filler interphase is realized
[4]. Let us suppose that potential forces of interaction
of the kinetic elements of the polymer matrix structure
and active centers act radially to the filler surface. Then,
taking into account the statistical character of the bond
distribution, following [5], we write

(1)ρ1 ρ0
W l( )
kT

------------–⎝ ⎠
⎛ ⎞ ,exp=
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where 

 

ρ

 

0

 

 is the mean value of the polymer matrix den-
sity, and 

 

W

 

(

 

l

 

) is the value of the work necessary for
bringing the polymer structure subsystem to the filler
surface active center at the distance 

 

l

 

 (at 

 

l

 

 = 

 

∞

 

, 

 

W

 

 = 0
and 

 

ρ

 

1

 

 = 

 

ρ

 

0

 

). Taking into account that

(2)

where 

 

W

 

1

 

(

 

l

 

) is the value of the work necessary for the
formation of the place of the structure subsystem in the
PL, the value of this work at 

 

l

 

 = 

 

∞

 

 corresponds to 

 

W

 

2

 

,
and 

 

W

 

3

 

(

 

Δ

 

l

 

) is the work of the potential forces at the
structure subsystem transition from 

 

l

 

 = 

 

∞

 

 to the certain
point 0 of the PL. Taking into account the Boltzmann
law [5], we obtain

(3)

where 

 

P

 

i

 

(

 

l

 

) (

 

i

 

 = 1, 2) is the probability that the center of
one of the (

 

N 

 

– 2) structure subsystems of the polymer
matrix (except for the considered two) lies at the point
0. Using relations (1) and (2), we obtain

(4)

where 

 

P

 

(

 

l

 

) is the 

 

P

 

 value at 

 

l

 

 = 

 

∞

 

.
Proceeding from the fact that the source of the HPS

density variation is, in addition to 

 

ϕ

 

, the PL connected
to it, without loss of generality, it follows that 

 

P

 

i

 

 ~ 

 

ϕ

 

. In
fact, the higher the volume content of fine filler in the
polymer system, the higher the probability of the
kinetic structure element being at the point 0 of the
polymer surface layer. In a first approximation, we con-
sider that 

 

W

 

2

 

(

 

∞

 

) = 0, that is, 

 

P

 

2

 

(

 

l

 

) = 0; then,

(5)

where 0 < 

 

ϕ

 

 

 

≤

 

 

 

ϕ

 

0

 

, and 

 

ϕ

 

0

 

 is the limiting volume content
of the disperse phase in the HPS (0.74 at regular pack-
ing of equidimensional spheres of the disperse filler,
0.63 at the statistical one, and 0.80 in the case of a
binary mixture of spheres differing in their dimensions
by approximately an order) [3].

If we suppose that, on the filler particle of radius 

 

R

 

,
a PL appears in the form of a globular layer of the effec-
tive thickness 

 

Δ

 

l

 

 and then (at 0 < 

 

ϕ

 

 

 

≤

 

 

 

ϕ

 

cr

 

) there is a poly-
mer in bulk, then

(6)

where 

 

M

 

s

 

, 

 

M

 

p

 

, 

 

M

 

f

 

 is the mass of the HPS, of the polymer
in bulk, and of the filler, respectively, and 

 

N

 

i

 

 is the
quantity of the filler particles.

W l( ) W1 l( ) W2– W3 Δl( ),+=

1 P1 l( )–
1 P2 l( )–
---------------------

W1 l( ) W2–[ ]
kT

--------------------------------–
⎩ ⎭
⎨ ⎬
⎧ ⎫

,exp=

ρ1 ρ0

1 P1 l( )–
1 P2 l( )–
---------------------

W3 Δl( )
kT

------------------– ,exp= =

ρ1 ρ0 1 ϕ–( )
W3 Δl( )

kT
------------------– ,exp=

Ms

=  Mp Ni ρ0 1 ϕ–( )e
W3 Δl( )/kT–

4πR2 R M f ,+d

R

R Δl+

∫+

In the range 0 < ϕ ≤ ϕcr, as the filler content in the
HPS increases, the value Mp decreases. Let us represent
the given dependence in the form of the Langmuir
equation [2]

(7)

where α is the coefficient characterizing the filler activ-
ity [4]. Taking into account that, at introduction of the
filler particles N, the polymer binder mass varies from
Mp to the value Mpl (Mpl is the PL mass), after integra-
tion of relation (7), we obtain

(8)

If we suppose that macromolecules in the PL do not
participate in the molecular motion process, then their
rate v is [3]

(9)

where ΔC1 and ΔC2 are the values of the heat capacity
increment for the polymer being in the PL state and in
the HPS bulk at 0 < ϕ ≤ ϕcr. Then, from relations (8) and
(9), it follows that

(10)

Therefore, the coefficient α shows at what rate the
polymer from the bulk has transited into the PL at vari-
ation of the number Ni of the fine filler particles per
unit.

Using relations (6), (8), and (10), let us determine Δl
of the PL in the range 0 < ϕ ≤ ϕ0 from the condition

(11)

where Vpl is the effective volume of the PL; ρf is the
filler material density; and Vs and Vf are the volume of
the HPS and the filler, respectively. Let us estimate the
effective density ρ1 of the PL taking into account rela-
tion (5) on the assumption that the value W3(Δl),
according to (2) and (9), as well as the statistical distri-
bution of the surface active centers and their interaction
with the polymer

(12)

where W0 characterizes the energy of the polymer–filler
interaction resulting from intermolecular and inter-
atomic interactions of various nature [6], β depends on
the number of active centers of the filler surface [1], and
v is determined by the value of the polymer chain flex-
ibility [3].

On the basis of (5) and (12), respectively, we find

(13)

dm αmdn,=

Mpl Mp 1 αNi–( )exp–[ ].=

v 1
ΔC1

ΔC2
----------,–=

1 αNi–( )exp–
ρ1

ρ0
----- 1

ΔC1

ΔC2
----------–⎝ ⎠

⎛ ⎞ ,=

R3ρ f

ρs

ρ f

-----
Vs

V f

------ 1–⎝ ⎠
⎛ ⎞ ρ1V pl

2 αNi–( )exp–
1 αNi–( )exp–
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W3 Δl( ) W0βv ,=

ρ1 ρ0 1 ϕ–( )
W0β
kT
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For determination of the value Δl of the PL, it is nec-
essary to solve equation (6) with respect to Δl taking

into account relations (11) and (13). As calculations
show, the value Δll should be written as follows:

(14)Δl R 1

ρs ρ f ϕ–( ) 1
ΔC f

ΔCp

----------–⎝ ⎠
⎛ ⎞

ρ0ϕ 1 1 ϕ–( ) 1
ΔC f

ΔCp

----------–⎝ ⎠
⎛ ⎞ W3/kT–( )exp+

-----------------------------------------------------------------------------------------------------+

1/3

1–

⎩ ⎭
⎪ ⎪
⎪ ⎪
⎨ ⎬
⎪ ⎪
⎪ ⎪
⎧ ⎫

,=

Thus, on the basis of equation (14), the PL effective
thickness in the absence of coagulation structures of the
filler particles depends on their dispersion, the physico-
chemical characteristics and concentrations of ingredi-
ents, and the conditions of formation and operation of
the composite.

RESULTS AND DISCUSSION

In terms of the considered calculations of ρ1 (13)
and Δl (14), as well as the heat capacity increment ΔCi
(i = 1, 2), let us estimate the effective density and thick-
ness of the PL of a representative of amorphous flexi-
ble-chain polymers—PVC (polyvinyl chloride)—con-
taining fine metallic filler. In the studies, we used sus-
pended PVC of the C–6359–M grade filled with fine Cu
powder. The filler CCl4 was deprived of fat, then it was
boiled in methyl alcohol and dried in vacuum at T = 393 K
up to constant weight. The predominant size of the Cu
particles with the form coefficient ≈1 is equal to 12 ×
10–6 m. The samples were pressed in the T–p mode at
T = 403 K and p = 10.0 MPa. A number of the samples
were subject to isothermal annealing at T = Tg (Tg is the
glass–transition temperature of the HPS) during 1 hour.
The density of the composites was determined by the
method of hydrostatic weighing with an accuracy of
0.03% [4]. Molecular relaxation of the PVC systems
was studied by the dielectric method by virtue of the
unbalanced bridge of Schering and Lynch [4] in the
range of temperature 293 ≤ T ≤ 403 K and of frequen-
cies 20–2 × 105 Hz. As it follows from the results
obtained according to relation (13) and shown in Fig. 1,
for the PVC systems at T = 300 K, there is observed
nonmonotonic variation of the value ρ1 depending on
the content of fine Cu. It is taken into account that, for
powderlike metals, the kinetic equation of oxidation
has the form [1]

(15)

where n ≤ 2; mt and m0 are the mass of the oxidized and
initial metal, respectively; t is the time; and k is con-
stant. At t ≤ 1 hour and T = 403 K, the oxide film thick-
ness is about 15.0 × 10–10 m and the oxidation proceeds
according to the scheme Cu  Cu2O. It is considered
that, on the surface of such a filler, there exist 1–2%
coordinatively unsaturated atoms of metal that interact

β
mt

m0
------ 1 ktn–( ),exp–= =

with the PVC atoms. The value β = 2% is selected in the
calculations taking into account that the PVC is charac-
terized by dipole–dipole, induction, and disperse inter-
actions [6]. The intermolecular interaction is about 4 ×
10–20 J [1]. It is characteristic that, in the studied range
of the filler content, the PL decondensation in compar-
ison with the initial PVC is observed. In the range
0 < ϕ ≤ 1.13 vol %, the gradient of the PL density vari-
ation is about 3.2%, and, as ϕ increases up to 11.3 vol %,
it decreases to 1.1%. Figure 1 shows the results of the
Δl value variations determined according to relation
(14) depending on the content of the disperse phase.
The PL effective thickness appeared to decrease lin-
early in the whole range of PVC filling.

Studying the charge transport in PVC systems, it is
supposed [4] that the volume resistivity ρV of the com-
posites rapidly decreases at ϕ ≥ 10.0 vol % Cu. There-
fore, at ϕ ≤ 10.0 vol % fine metal, HPS are not consid-
ered as a rule. At the same time, investigation of the
dependence logρV = f(ϕ) has shown (Fig. 1) that varia-
tion of the logρV value takes place already at introduc-
tion of first rates of the electroconducting filler. It is
characteristic that, in the case of composites that were
not subjected to preliminary thermal treatment (Fig. 1),
introduction of ingredients in the range 0 < ϕ ≤
11.3 vol % makes a less significant contribution to the
value ρV. The correlation between logρV and ρ1 (0.67 ≤
ϕ ≤ 11.3) vol % at I = const is observed in the form

(16)

where A and B are the parameters of linear regression
calculated by Fisher’s ratio test [5], being equal to 4.18
and 9.15, respectively (the confidence interval of the
correlation coefficients is 0.70 < |r| < 0.91). The depen-
dence of the conductivity of these systems on the PL
state is also shown by the relation between the current
density j and Δl (Fig. 2). The reciprocal proportion
between them is a direct demonstration of the fact that
current carriers appear in the HPS bulk instead of being
injected from contacts and/or particles of the filler
(at E ≤ 5 × 104 V m–1).

It is found that, at constant voltage, at the PL effec-
tive thickness decrease by a factor of 10, instead of the
expected increase (by the same factor), its density var-
ies by a factor of only 1.3. It should be noted that, at
long-term effect of the electric field, the current in the
studied systems at U = const decreases in time rapidly

ρVlog A Bρ1,+=
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at first, then more slowly, achieving a stationary value
(Fig. 2). For the initial period of time (up to a minute),
the ampere–time characteristic is satisfactorily approx-
imated by an exponent. After the studied sample is
abridged for t > 3 min, the ampere–time ratio is repro-
duced. The dependence of the residual current value on
Δl of the PL at U = const is also shown in Fig. 2. The
samples were kept in the electric field for one hour. It is
revealed that, at U = 150 V and at the PL thickness
decrease by a factor of 10, the residual current value
increases by a factor of only 1.1. Taking into account
the significant inertia in the stationary current setting,
its ampere–time dependence at various thicknesses of
the PL for the specified mean field intensity was stud-
ied. The experiment results are shown in Fig 2; it fol-
lows from them that, as Δl increases within the stud-
ied range, the current relaxation time increases from
2 to 16 min.

Figure 2 also shows the dependence of the dielectric
permeability ε of the systems PVC + Cu on the value Δl
of the PL at T and f = const. One can see that an increase
of the Δl value results in a decrease of ε. At higher fre-
quency f, these variations are less. Taking into account
that ε is the value directly proportional to the number of
particles taking part in the polarization, the carried out
calculations [3] show the increase of their number by
19% in the case of annealed PVC. However, the num-
ber of particles taking part in high-frequency dielectric
losses of the annealed PVC appears to decrease by
10%. This allows stating [4] that contributions to their
mean value  are additive. Since εCu  ∞, the formu-
lae of Wagner [3] and Bruggeman [4] may be reduced
to the form

(17)

(18)

where ε0 is the mean dielectric permeability of the
medium surrounding the fine metal particle. Therefore,
here the PL influence on the composite dielectric prop-
erties is taken into account, though implicitly. The
obtained dependences (curve 5, Fig. 2) show that, at
2.0 × 10–6 < Δl < 4.0 × 10–5 m, the most intense varia-
tion of the  value is observed. It will not be suggested
that, in the given range of ingredients, aggregation of
Cu particles is possible. Therefore, the intense variation
of  in the specified range Δl is due to structural varia-
tions taking place in the PL. It appears that, as the Cu
content increases, there is shown the existence of two
competitive factors: a decrease of ρ1 of the PL and an
increase of  due to the filler contribution to the com-
posite dielectric properties.

ε

ε ε0 3ϕε0,+=

ε
ε0

1 ϕ–( )3
-------------------,=

ε
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ε
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Fig. 1. Dependence of the values of ρi (1 and 2), Δl (3), and
lgρV (4 and 5) on the filler content on the basis of the addi-
tivity (1); relations (13) and (14), respectively (2 and 3);
annealed samples (4); and unannealed samples (5) (explana-
tions are in the text).
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CONCLUSIONS
It is found that surface layers act as an additional

polymer modifier in the formation of the electrophysi-
cal properties of heterogeneous systems.
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INTRODUCTION

Seaweed is not a new thing in world industry,
although it is still limited to use mostly in food and
pharmaceuticals. Let us look at the report of the Irish
Galway Institute quoting some specific difficulties:

These difficulties and the size of the Irish industry
should be considered in relation to the international
seaweed industry. About 7 million t of seaweed (wet
weight) were produced world wide in 1993, of which,
some 65% was food grade (Anon. 1997). Brown algae
accounted for 4.9 million t, of which, Chinese produc-
tion alone of the food kelp Laminaria japonica was
4 million t. Japan produced an additional 300000 t of
this kelp making a total in 1995 of about 4.3 million t,
which probably makes Laminaria japonica the largest
single-species crop produced by aquaculture in the
world. Some 250–300000 t of this material is used in
China to make about 7000 t of alginates—viscous
polysaccharides used in a wide variety of industrial
applications, particularly in the food industry. In addi-
tion, Japan and Korea in 1993–1994 produced about
21000 million sheets of nori (about 550000 wet t). Nori
is a red alga (mainly Porphyra yezoensis), and this crop
is worth about US $1.5 billion; it is the most valuable

single-species crop produced by aquaculture in the
world. The third most valuable food species is wakame
(Undaria pinnatifida), of which 750000 t were pro-
duced in Japan, Korea, and China in 1995. In 1995, in
contrast, the only European production of seaweed by
aquaculture was 8 wet t of wakame in Brittany, and
even this small amount was more than adequate to
satisfy the demand.

Most of the remaining seaweed harvesting and
aquaculture goes to fuel the production of the three
families of seaweed polysaccharides known as seaweed
sums: alginates from brown algae and carra-geenans
and agars from red algae. The wholesale value of these
gums is about US $560 million. The total worth of the
international seaweed business exceeds US $4.5 bil-
lion, of which Ireland has only a very small percentage.

Algae cultivation for electricity generation has been
discussed in some recent decades. All algae have been
divided into microalgae (with a size of some microns)
and macroalgae or seaweed, which are much greater.
The photosynthesis is similar in both kinds, and we will
start the early history with microalgae. However, the
technical problems of cultivation and combustion are
different, that is why we will focus on macroalgae only.
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Abstract

 

—The present paper is aimed at describing a “closed cycle” power plant scheme (Solar Oxygen Fuel Tur-
bine (SOFT)) with macroalgae (seaweed) cultivation in a pond, combustion of its organic matter in a fluidized bed
boiler using the Rankine cycle, and return of the combustion products to the pond to feed the algae. The oxygen
used for combustion is released to the atmosphere during photosynthesis. It is further elaborated in a paper pre-
sented at ECOS2005 in Trondheim. As a renewable fuel, the seaweed Ulva lactuca is selected. Its growth rate in
many experiments (in the literature) is 0.1–0.2 per day, the heating value of its dry weight is 19 MJ/kg, and its
optimal concentration in salt water is 1 : 1000. The energy efficiency is less than in photovoltaics, but the energy
expenditures to construct the pond as a solar energy receiver are much less, so it gives some economic benefits.
For a power unit of 100 kW, the pond surface is about 4 hectare. The cultivation of seaweed in sea-water ponds
is well developed in Italy and Israel for water cleaning and chemical production. Construction in the future of
a SOFT system near the Dead Sea in the Israeli desert would provide the country with needed power, chemicals,
and fresh water using solar energy. The system is protected by United States Patten no. 6 477 841 B1 dated
12.11.2002 with priority in Israel dated 22.03.1999. Many more benefits to the customer than are in the patent
text are highlighted in the paper, including fresh water by desalination. In view of the active work in Italy on
water cleaning using Ulva and contaminants in the water as nutrients for an increase of the biomass productiv-
ity, an additional target of the SOFT cycle might be incineration. Some suppositions of the use of a desert sur-
face for massive scale use of ponds are given.
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The first published results of the use of open ponds
with microalgae to convert carbon dioxide from power
plants into methane fuel belong to Golueke and Oswald
(cited in [1]). They demonstrated a small system
involving microalgae growth, digestion to methane,
and recycling of nutrients. They tried to catch the CO

 

2

 

and inject the flue gases into the pond regardless of the
fact that there was a very small fraction of CO

 

2

 

 in the
flue gases (about 10%). Then, especially active was the
Solar Energy Research Institute (SERI, now NERL) in
their “Aquatic Species Program.” After the testing of
three outdoor algae facilities in California, Hawaii, and
New Mexico, it was concluded that it is possible to pro-
duce microalgae in a large-scale pond with high pro-
ductivity and relatively low cost.

Similar results published by Alexejev et al.[2] from
Moscow University demonstrated a small microalgae
system called “Biosolar” with production of 40 g/m

 

2

 

dry biomass in a day. The mineralized elements from
the tank of the produced methane are reused by the
algae. CO

 

2

 

 is restored after burning. They stated
“1 mtce of methane might be produced from a surface
of 70 m

 

2

 

 annually.”

The chemistry of an algae pond was described by
L. Brown [3, 4], along with the outlook for a raceway-
type pond and a paddle wheel to move the water. The
overall reaction for photosynthesis by cianobacteria
and micro-and macroalgae is as follows:

CO

 

2

 

 + H

 

2

 

O + light 

 

⇒

 

 CH

 

2

 

O + O

 

2

 

. (1)

He also stated: “We estimate that microalgal bio-
mass production can increase the productivity of desert
land by 160-fold (6 times that of a tropical rainforest).
Microalgae require only 140–200 lb of water per pound
of carbon fixed even in open ponds, and this water can
be low-quality, highly saline water.”

If the pond water is rich with nutrients as waste
municipal water or released from an animal farm,
very high figures of the dry biomass production have
been published: 120 g/m

 

2

 

 in a day [5] or 175 g/m

 

2

 

 per
day by Pulz (cited in [6]). These figures translate into
40

 

−

 

50 kg/m

 

2

 

 annually.

In parallel with the ponds, some schemes of relevant
power plants to use the produced biomass as a fuel have
been proposed. A patent by Yamada [7] contains the use
of dry algae as an addition to the regular fuel. A fraction
of the flue gases is released to the atmosphere by a
smoke stack, while the rest is directed to an absorption
tower to be washed by water, which dissolves the CO

 

2

 

from the flue gases and returns it to the pond. The neg-
ative point of this scheme is the rather small fraction of
CO

 

2

 

 in the flue gases, where the dominant gas is inert
nitrogen. The separation of the CO

 

2

 

 from the nitrogen
turned out to be an insurmountable problem.

A radical solution—the separation of nitrogen not
after but before combustion—has been described by
Yantovski [8] as the cycle entitled SOFT (Solar Oxygen

Fuel Turbine). For further development of the SOFT
cycle, see below.

Combustion of the biomass in “artificial air,”—a
mixture of oxygen and steam or carbon dioxide—gives
flue gases without nitrogen. The CO

 

2

 

 then might be
returned to the pond to feed the algae.

DATA ON ULVA GROWTH

Crucial data for the SOFT project are the productiv-
ity of Ulva under natural insolation and with an ordi-
nary sea water temperature and chemical composition.
There exists an experience of Ulva harvesting on an
Irish island [20] where it is quite abundant. Besides
Ulva, there exist a number of similar highly productive
seaweeds.

Let us try to evaluate the possible growth rate of
macroalgae with the dimensions of a branch from one
to ten millimeters. For simplicity, assume the form of
the organic matter particle to be a sphere.

Its volume is

 

 V

 

 = 4/3

 

π

 

r

 

3

 

 and its cross section surface
is 

 

A

 

 = 

 

π

 

r

 

2

 

. The solar energy flow density (insolation) is

 

δ

 

 = 220 W/m

 

2

 

. The low heating value of the produced
organic matter is 

 

H

 

 = 19000 J/g, the biomass density is

 

ρ

 

 = 800 kg/m

 

3

 

, and the efficiency of the photosynthesis
is  = 0.1.

AS A RESULT OF PHOTOSYNTHESIS, 
THE SPHERE RADIUS IS INCREASED

According to the standard definition of the relative
growth rate RGR = M'/M, where M' = the rate of the
mass increase in a second or in a day and M = the mass
of the organic particle, we have

M'/M = RGR = (3/4)

 

δ

 

/H

 

ρ

 

r,

 

In time increase M(t) = M

 

0

 

exp(

 

t

 

 · RGR) (2)

The actual problem is the change of RGR in time,
when (2) is invalid.

In this formula, the least known are the two follow-
ing quantities: the efficiency of the photosynthesis
(assume it to be 0.1) and the size of the considered par-
ticle (assume 

 

r

 

 = 1 mm). With these rather preliminary
assumptions we, have M/M = RGR = (3/4) 220 

 

×

 

0.1/(19000 

 

×

 

 800000 

 

×

 

 0.001 = 0.108 

 

×

 

 10

 

–5

 

 1/s =
0.09378 ~ 0.1 1/day.

The result is in agreement with the observed data. It
is evident that the more 

 

r

 

 is the less RGR is. In some
research, the decline of RGR is indicated after a certain
size of the particles is achieved.

The direct measurement of Ulva lactuca growth
according to different insolation in shallow water (40 to
70 cm) in the Roskilde Fjord in Denmark was per-
formed by O. Geertz-Hansen and K. Sand-Jensen in
1992 [22]. They measured the surface area A of 17 mm
diameter Ulva disks. The growth rates denoted were
calculated as RGR = 

 

μ

 

o = ln(A/Ao)/t, where t = the
days of incubation.
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Fig. 1.

 

 (a) Growth of Ulva lactuca versus insolation. Black dots—with addition of inorganic nitrogen; open dots—without [22]. (b)
Correlation line for many algae: heating value versus ash content [21]. (c) Heating value variation in a year. In New Zealand, winter
is in May–Aug.
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Experiments vividly show the conversion of solar
energy into chemical energy in the Ulva biomass at the
rather high latitude of Denmark (see Fig. 1a.) All 5
graphs are presented in RGR in units per day versus the
local insolation in mol/sq.m/day. The last unit should be
converted for our convenience to W/sq.m. Here, mol =
mols of photons = 1 Einstein = 210 kJ, and one day =
86 400 s; hence, 10 mol/m

 

2

 

 day = 24.3 W/m

 

2

 

. The most
important data are the rather high growth rate (up to
0.3/day) in the natural conditions of 55

 

°

 

 latitude with
modest insolation and real temperatures. In Israel, it
might be much higher due to the warm winter.

The most productive seaweed Ulva is already used
for water cleaning (denitrification). The experience
provides a value for the SOFT cycle.

As the depth of the ponds here is 1 m, the dry weight
of the Ulva biomass is 1.5 kg per m

 

3

 

 of water and the
growth rate is 0.1/day. The daily produced biomass is
1200 kg (case B) = 13.8 g/s. If we assume that the LHV
of the biomass = 19000 J/g, the energy flow in the bio-
mass as a fuel is 262.2 kW. Assuming a realistic effi-
ciency of the fuel into power conversion of 25% (even
in small units as in microturbines or piston engines of
ZEMPES), the produced power from such pond with a
0.8 ha surface is 65.5 kW, or 100 kW from 1.22 ha. In
the subsequent calculations, the same power requires
4 ha due to the lower assumed biomass productivity. It
is possible since the photosynthesis during denitrifica-
tion is more productive than in sea water without
nitrides.

The role of nitrides is mentioned in an earlier work.
We recorded specific growth rates (NGR) ranging

from 0.025 to 0.081 d

 

–1

 

 for a period up to two months in
repeated short-term experiments performed at relatively
low initial algal densities (300–500 g AFDW per m

 

–3

 

).
These NGR are significantly related to dissolved inor-
ganic nitrogen (DIN) in the water column. The tissue
concentrations of total nitrogen (TN) were almost con-
stant, while the extractable nitrate decreased in a simi-
lar manner to the DIN in the water column. The total
phosphorus showed considerable variation, which was
probably linked to pulsed freshwater inflow.

In the long-term incubation experiment, the NGR of
Ulva was inversely related to the density. The internal
concentrations of both total P and TN reached maxi-
mum values after one month; thereafter, the P concen-
tration remained almost constant, while the TN
decreased below 2% w/w (by dry weight). The TN
decrease was also accompanied by an abrupt decrease
in the nitrate tissue concentration. The biomass incu-
bated over a two-month period suffered a progressive N
limitation as shown by the decreasing NY ratio (49.4 to
14.6). The reciprocal control of Ulva against the bio-
geochemical environment and vice versa is a key factor
in explaining both the resource competition and the
successional stages in primary producer communities
dominated by Ulva. However, when the biomass
exceeds a critical threshold level (approximately 1 kg

of AFDW per m

 

–3

 

), the macroalgal community
switches from active production to rapid decomposi-
tion, probably, as a result of self shading, the biomass
density, and development of anaerobic conditions
within the macroalgal beds.

Systematic measurements of Ulva growth under the
natural conditions of a coastal lagoon (Sacca di Goro in
the Adriatic Sea in Italy) were made by Viaroli et al.
[23]. In a 26 km

 

2

 

 area with an average depth of about
1.5 m, they observed different chemical contents of the
water and they recorded an RGR of Ulva of about 0.05–
0.15 per day. This is a renewable source of fuel for the
SOFT cycle in the gigawatt range.

MACROALGAE AS A RENEWABLE FUEL

Having looked at a growth rate of about RGR =
0.08 – 0.23 in the literature and a fantastic “calibration
value” of RGR = 0.4509, we need to learn the main
property of any fuel—the heating value. Sometimes, it
is called the calorific value when measured in calories.
In the literature, one may see rather different values
from 10 to 19 MJ/kg. The question is what is meant by
kg, dry or wet, and with ash or without. The most com-
prehensive seems to be the work by M.D. Lamare and
S.R. King [21]. Here, dry algae samples are disinte-
grated and combusted in a bomb.

Extrapolating to 0 ash we see that 4.7 kcal/g of dry
wt = 19.64 kJ/g, which might be accepted for all
organic matter of different algae. For 10% ash, it is
about 19 kJ/g, which is selected for the forthcoming
energy conversion calculations. As an inorganic sub-
stance is absorbed from water solutions without photo-
synthesis, it seems to be out of the energy balance.

The heating value of algae depends on the season of
growth (see Fig. 1b).

Considering this, the heating value of Ulva seems to
be a little less than 19 MJ/kg. However, we will use just
this figure as it is more statistically proven.

MACROALGAE CULTIVATION IN ISRAEL 
AND ITALY

The crucial data for this paper are based on Israeli
experience [9]. There were in 1998 three raceway-type
ponds, each with a surface of 1500 m

 

2

 

 with paddle-
wheel sea water circulation. CO

 

2

 

 is supplied by a tank
on a truck and injected into the water by perforated
tubes. The depth of the water is 0.4 m, and the hydrogen
factor is pH = 7. Firm figures were obtained for the sea-
weed Gracilaria only. The stable productivity of dry
mass from the ponds was 12 t/year, or 8 kg/sq m year.
By the use of the seaweed Ulva, the expected produc-
tivity is doubled. These ponds are located in Northern
Israel near to the shore of the sea, from where the sea
water is pumped into the ponds. Still, the produced bio-
mass is used as raw material for chemicals and pharma-
ceutics. Recently, some headway in seaweed culti-
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vation was made by Noritech Seaweed Biotechnol-
ogies Ltd.

In Italy, the main practical interest in Ulva seems to
be concentrated in water cleaning and denitrification
[16–19], where much research has been done in Gen-
ova, Venice, and Parma Universities. Their active work
gives an opportunity to use the SOFT cycle also as an
incinerator with deflecting extra nitrides, heavy metals,
and other contaminants using a fuel separation device
to dispose of them perhaps underground at some depth.

ENERGY FLOW CONCENTRATION

The main obstacle of solar energy capture is its very
low current density, especially when annually aver-
aged. In Israel, it is about 220 W/m

 

2

 

, only 16% of the
solar constant 1368 W/m

 

2

 

. In Central Europe, it is half.
Thus, the energy expenditure and the cost of the inci-
dental energy absorber is of primary importance. In the
case of photovoltaics with rather high efficiency (in a
laboratory, about 30%; in practice, half that), the
required pure silicon absorber requires for its manufac-
turing lots of energy and money. That is why solar cells
are up to now rather expensive. As will be shown later,
the efficiency of solar energy conversion into electricity
using an algae pond is much less (about 3–5%). How-
ever, the energy expenditure for the absorber–pond is a
hundred times less than that for silicon.

Having been absorbed by algae, the solar energy in
chemical form is concentrated by a water flow much
better than by an optical concentrator. The concentra-

tion factor of a paraboloid concave mirror is about 500;
this means the averaged focal spot energy current den-
sity is about 500 

 

×

 

 220 = 110 kW/sq m.
The energy flow in the pipe from an algae pond to

the processing is about

(3)

Here, 

 

α

 

 = 0.001 = the mass fraction of biomass in
the water, 

 

ρ

 

 = 1000 kg/m

 

3

 

 = the water density, 

 

V

 

 =
1 m/s = the water velocity, and 

 

H

 

 = 19 MJ/kg = the dry
biomass heating value.

It is evident that the energy current density in the
pipe is a hundred times more than that at the focal point
of an optical concentrator (hydrodynamic concentra-
tion). This means the equipment size for the subsequent
energy conversion processes should be rather small. It
is more important than the large size of a solar energy
absorber.

POWER UNIT OUTLOOK

A schematic is presented in Fig. 2. Water with algae
6 from pond 4 is going to water separation unit 12, from
where the pure water without algae is used as circulat-
ing water to cool condenser 14 and absorb CO

 

2

 

 in 16.
Wet organic matter is dried in 18 by the heat of flue
gases. Relatively dry fuel is directed to the fluidized bed
combustor 8. After combustion in the artificial air (a
mixture of oxygen and carbon dioxide), the flue gases
go into cyclon separator 20, and then the deflected ash
is returned into the pond. CO

 

2

 

 with some steam goes
through heat exchanger 19 and fuel drier 18 to a sepa-
ration point, from where a major part is mixed with
oxygen, forming artificial air for the fluidizer, and a
minor part is directed to absorber 16 to be dissolved in
the circulation water and returned to the pond. This
minor fraction of the CO

 

2

 

 flow is exactly equal to the
CO

 

2

 

 that appeared during the combustion. Oxygen is
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 Schematics of the SOFT cycle [15].
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 from the patent description. The efficiency
versus fuel wetness and a version of the SOFT cycle with
fuel gasification.
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produced from air at the cryogenic or ion transport
membrane (unit 10). Water from condenser 14 goes by
a feed water pump through heat exchangers 18 and 19
into tubes of fluidized bed combustor 8 (boiler). The
produced steam expands in turbine 22 driving a gener-
ator. Low pressure steam is condensed in 14. Actually,
it is the ordinary Rankine cycle.

Some words on the chemical production follow. It is
unwise to combust crude seaweed at a power plant in
the same sense that it is unwise for crude oil. A small
mass fraction of seaweed contains very useful organic
chemicals, which should be deflected along with the
water separation before the fuel combustion. There
exist lots of methods of high organics separation, which
is far from the scope of the present paper. In any case,
the chemicals production could improve the economics
of the SOFT cycle.

Let us take for a numerical example the decentral-
ized power supply of a small power plant of 100 kW
[10]. In order to get reliable figures, we make rather
modest assumptions:

—the fuel is wet (50% water content);
—the ASU power consumption with 98% oxygen

purity is 0.22 kWh/kgO2;
—the superheated steam before the turbine is at 130

bar and 540°C;
—the isentropic coefficient of the turbine is 0.80 and

that of the feed pump is 0.75;
—the seaweed productivity is 16 kg/m2 per year, or

10 W(th)/m2; and
—the photosynthesis efficiency is 4.6%.
The calculated results are as follows:
—the heat input is 425.5 kW(th),
—the net output is 107.3 kW (el),
—the cycle efficiency is 25.2%, and
—the pond surface is 4 ha.
A graph of the efficiency versus the fuel moisture

can be seen in Fig. 3. For quite possible figures of the
Rankine cycle with reheating and efficiency of 35% the

needed surface of the pond is 3 ha. For an Israeli kib-
butz of some hundred people, only 4–5 such units and
a pond of 15–20 ha are required. For a local power plant
of 10 MW with a cycle efficiency of 40% and photosyn-
thesis efficiency of 6%, the specific power per square
meter is about 5 W (220 × 0.4 × 0.06 = 5.28) and the
pond size is about 2 km2. By order of magnitude, it is
comparable with the Yatir reservoir in the Negev desert
near to Beer Sheva. The Keren Kayemeth Lelsrael [11]
is planning to build 100 water reservoirs in the next five
years. One of these might be used for a SOFT demon-
stration.
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Fig. 6. Location of the tentative Life Sea in the Negev desert
in the middle of the channel of the Red Sea–Dead Sea.
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Finally, for the national power demand of 10 GW
(about 2 kW per capita) in Israel, a reasonable extrapo-
lation is possible: an expectation of specific power of
10 W/m2 due to increasing the cycle efficiency and the
photosynthesis. This means the needed pond surface is
about 1000 km2. The surface of the Dead Sea is just the
same (exactly 980 km2). If in the future a Life Sea (with
a normal, not deadly salt concentration for seaweed)
appears in the desert not too far from the Dead Sea (see
Fig. 6), it could give the country full electrical power
along with lots of fresh water and organic chemicals.
There would be no emission of combustion flue gases
and no net consumption of oxygen, which is consumed
in combustion but released in photosynthesis. The only
requirement is solar energy and a piece of desert. Also,
a terror attack could not cause any serious damage.

An Israeli group represented at the Johannesburg
Summit by Mr. Jacob Keidar announced the Israeli–
Jordanian project of a 300 km long pipeline just from
the Red to the Dead Sea. The Life Sea might be a useful
consumer of the transferred water at the middle of the
pipeline (see Fig. 6).

GASIFICATION

In a proper energy mix, not only electricity but also
gaseous or liquid fuel is needed. In the SOFT cycle, it
is attainable by a small modification (Fig. 3). The dif-
ference is the incomplete combustion (gasification) in
the fluidized bed reactor (now it is gasifier 24). Biomass
gasification is well documented [12]. Fluidized bed
gasification experiments with the sugarcane bagassa
are described by Gomez [13]. The produced gaseous
fuel mixture consists of carbon monoxide, hydrogen,
and carbon dioxide. After cleaning in 20, it is used in
piston engine or turbine 26, thus producing mechanical
power. The same fuel–gas mixture might be converted
into liquid fuel such as methanol or even gasoline. After
combustion in 26, the flue gases are absorbed by circu-
lated water and returned to pond 4 to feed seaweed 6.

The figures in brackets (0.06 and 103) reflect the
mass ratio of water/CO2.

WATER DESALINATION

For the state of Israel, the problem of fresh water is
not less severe than of electrical power supply. The
annual demand is about 1.4 km3 of fresh water. It rains
only 50 days in a year, and 60% of the land is desert.

Let us consider what the SOFT cycle might do for
water desalination: is it possible to use the low-grade
heat after the turbine expansion to evaporate of a frac-
tion of the circulating salty water (sea water) with the
subsequent condensation of vapor for fresh water pro-
duction (desalination).

Assume an evaporator of a minor fraction of the cir-
culating water after the turbine. Cooling and condens-

ing this vapor by the major part of the circulating water
gives fresh water as a condensate.

How large is its flow rate? Assume the turbine to be
of a back-pressure type with an exiting steam pressure
of 1.2 bar. If, in a modern high-temperature steam tur-
bine, the inlet is characterized by 1000 K and 200 bar,
the enthalpy is 3874 kJ/kg. After the expansion, the
steam is at 450 K and 2830 kJ/kg. For water evapora-
tion at 1 bar, an enthalpy drop of 2500 kJ/kg is enough.

In a small power unit of 100 kW, the mass flow rate
of the cycle water of the Rankine cycle is
100/0.25.1044 = 0.4 kg/s. The mass flow rate of desali-
nated water is the same: 0.4 kg/s.

For a small demonstration plant, the figures are as
follows:

—Pond surface 4 ha (40000 m2),
—Power 100 kW,
—Dry fuel flow 0.021 kg/s,
—Chemicals (4%) 1 g/s,
—Fresh water 0.4 kg/s.
The specific dry fuel consumption is 756 g/kWh. It

is about twice the standard fuel consumption in micro-
turbine power units due to the lower heating value and
low efficiency.

In a 1 GW power plant with cycle efficiency of 40%
and a pond surface of 10 × 20 km, the flow rate of the
produced fresh water is 4 t/s, or 14 400 t/h. Assuming
7000 h/year of operation, the yield of water annually is
about 0.1 km3. It is evident that, if the SOFT cycle with
water desalination is used at full scale, it might meet all
the water demands. The contemporary practice of the
use of 18 power generating and desalinating plants at
the West Bank of the Arabian Gulf [14] giving 15 GW
of power and 1.9 km3 of desalinated water annually
confirms the above guesses. In the case of the applica-
bility of the experimental results of Italian researchers
[16–18] with higher growth of Ulva, the size of the
mentioned ponds might be much reduced.

COMPARISON WITH THE FIRST SOFT 
VERSION OF 1991

The closed cycle power plant concept based on
algae photosynthesis in a pond, combustion of organic
matter of dried algae in a zero-emission power plant,
and CO2 capture to return it to the pond for feeding the
algae was published in 1991 [8] (see Fig. 5). There was
used air separation and expansion in a steam turbine.
The difference was that an inert gas replaced nitrogen
in the combustor. It was not carbon dioxide but steam.
Also, the algae was different: not macro but micro, that
is why not a fluidized bed combustor but a gas-turbine
one as for clean fuel was assumed. After the triple
expansion in the turbines together with steam, the car-
bon dioxide was returned to the pond. Now, this version
is actively being used by Clean Energy Systems (CES),
which is creating a demonstration plant of 5 MW in
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California not for algae but for ordinary gas fuel. It
might be the first zero emission power plant. If it is suc-
cessful, an algae fuel system for a SOFT cycle demon-
stration might be added.

CONCLUSIONS

The seaweed Ulva, which was selected as a renew-
able fuel for the SOFT cycle, is well documented. Its
main properties are the following: a relative growth rate
of RGR = 0.1–0.2 per day (or 10–20 times in a month
with averaged insolation) and a heating value of
15−19 MJ/kg of ash-free dry weight. The optimal con-
centration of organic matter in the water is about
1 : 1000 by mass.

The SOFT power cycle, which is protected by a
United States patent [15], is of practical interest for
countries with sufficient solar radiation. The concept is
ready for engineering, economic calculations, and dem-
onstration. It is a nonfossil fuel, nonnuclear, nonpollut-
ing, and nonoxygen consuming power cycle with the
least expensive receiver of solar radiation and effective
hydrodynamic concentration of the energy flow. Its
additional service to the human environment might be
incineration by combusting Ulva with nitrides and
other contaminants from added brackish water.
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1. INTRODUCTION

Scientific endorsements concerning barrier perfor-
mances of mineral liners are indispensable for obtain-
ing disposal site reliability, and examinations address-
ing the individual quality of natural clay soils are nec-
essary. The use of argillaceous sites for industrial waste
storage is due primarily to their very lowest permeabil-
ity (hydraulic permeability lower than 10

 

–9

 

 m/s) [1, 2].
However, it is necessary to choose the most suitable
type of clay that resists better against the waste aggres-
siveness (acidic, basic, radioactive wastes, etc.) and has
a low porosity and high sorption capacity.

Various investigations have been carried out on
clay–pollutant systems [3, 4]. Several authors [5–7]
reported that the contact of a chemical solution with an
argillaceous barrier gives a significant modification of
the textural and structural properties. Generally, the
acid solutions are the most aggressive compounds,
which destroy the crystalline structure of clays, espe-
cially the octahedral layer [8]. The clay soils used for
the experimental work were chosen from three Tunisian
sites (soil 1, soil 2, and soil 3) originating in the Gabes
region. The industrial waste consisted of an enormous
quantity of solid powder accompanied by a liquid solu-
tion of high acidity (the pH varies between 2 and 3);

this acid solution (leachate) is very charged with no-
xious elements (F, Cl, S, and P). Moreover, the leachate
permeability test of the three soils was studied in our
laboratory using a permeameter [9].

The present study correlates the permeability varia-
tions with the textural and structural modifications of
the clay soils produced by the acid attack and noxious
elements sorption in clay minerals. First, we used N

 

2

 

adsorption to determine the surface area and the pore
size distribution by the MP method. Second, we used
scanning electron microscopy (SEM) and energy-dis-
persive spectroscopy (EDS) to investigate the form
variation of the particles and to detect the noxious ele-
ments fixed in the clays.

2. MATERIALS AND METHODS

 

2.1. Soils

 

The samples used in this work were provided from
three sites in the south of Tunisia (soil 1, soil 2, and
soil 3) in the form of intact carrots packed in PVC tubes
to avoid any contamination coming from the external
environment. The depths of the removal are 17.60,
10.10, and 12.15 m. The permeability tests were carried
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Abstract

 

—This paper reports the interaction between clay and acidic wastewater (pH = 2.7 and rich in F
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,

P  Cl
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, etc.). However, this work investigates the structural and textural evolution after the leachate perme-
ability test of clay soils from three potentials sites for acid effluents storage in the south of Tunisia (soil 1, soil 2,
and soil 3). We can notice that the coefficient of permeability decreases according to the time in the case of soil
1 and soil 2 and increase from 6.8 
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 10
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 to 1.1 

 

×

 

 10
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 m/s for soil 3. The textural changes for the three varieties
of clay soils obtained after the leachate permeability test were studied through nitrogen gas adsorption at liquid
nitrogen temperature; we determined the specific surface areas (SBET) and total pore and micropore volume.
The textural study data have indicated that soil 1 had the lowest textural properties with a pore volume in the
0.06–0.09 cm
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 g

 

–1

 

 ranges and with a surface area (SBET) varying between 35.4 and 47.4 m

 

2

 

 g

 

–1

 

. A detailed
structural and morphologic modification were undertaken by scanning electron microscopy (SEM) equipped
with energy-dispersive spectroscopy (EDS); their results show that soil 1 and soil 2 are able to uptake the
noxious elements. By comparison, the selectivity of the elimination of these elements is in the order
F > P > S for soil 1. The quantitative analysis of anions shows that the sorption capacity of fluoride for soil 1
is about 60 mg/g and is much higher compared to others anions.
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out using the samples without modification in order to
maintain the originality of the materials. The mineral-
ogical composition of these samples is summarized in
Table 1. The industrial waste contains significant
amounts of solids combined with a liquid solution of
pH = 2.7 heavily loaded with harmful elements
(Table 2).

 

2.2. Permeability Test

 

The permeability test was carried out using an ode-
ometer (permeameter) [9]. The hydraulic conductivity
k (cm/s) governed by the Darcy law was calculated by
the following equation [10]:

where 

 

A

 

 is the cross section of the sample, 

 

a

 

 is the cross
sectional area of the presser tube of the water column,

 

L

 

 is the thickness of the sample,

 

 t

 

 is the time interval
between the readings of the levels 

 

h

 

1

 

 and

 

 h

 

2

 

, 

 

h

 

1

 

 is the
initial height of the water, and 

 

h

 

2

 

 is the final height of
the water at the time 

 

t

 

.

 

2.3. Textural Measurements

 

Nitrogen sorption isotherms at liquid nitrogen tem-
perature (77 K) were obtained with a Quanta-chrom-
Autosorbl unit using a volumetric technique. Prior to
the analysis, all the samples were degassed in vacuum
at 160

 

°

 

C for 4 hours. The BET surface areas were cal-
culated from the nitrogen adsorption isotherm at rela-
tive pressures ranging from 0.05 to 0.35. The total pore
volume was derived from the amount of nitrogen
adsorbed at a relative pressure close to unity (

 

p

 

/

 

p

 

0

 

 =
0.99) by assuming that all the accessible pores had been
filled with condensed nitrogen in the normal liquid
state. We proposed here a micropore analysis method
called the MP method to calculate the micropore size
distribution. In the MP method [11], the surface area of
a group of pores with similar pore size is obtained from
the difference in the slopes of the tangents drawn at two
adjacent points on the 

 

t

 

 plot. In addition, the pore vol-
ume of the pores group is then calculated from the
information of the surface area and pore size assuming
a pore shape. For seeing the argillaceous modification
texture inside the grain, we measured the total specific
surface of the clays using adsorption of ethylene-glycol
[12]. The interest in this protocol is that the molecular
value of the obstruction of the ethylene glycol is inde-
pendent of the nature of the compensation cation load;
it is equal to 2.22 m

 

2

 

/mg of ethylene glycol. The total
surface area is given by 

 

S

 

T

 

 = 2.22 p, where p is the
weight of the ethylene-glycol retained after the adsorp-
tion stability in mg per gram of the sample.

k
2.3aL

At
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h1
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2.4. Scanning Electron Microscopy (SEM)

 

The morphological observation was undertaken
using a PHILIPS FEI QUANTA 200 scanning electron
microscope, which was employed in the conventional
high-vacuum mode using gaseous secondary electron
and secondary electron detectors, respectively. To
investigate the compositional variation of the untreated
soil after the permeability test, semiquantitative micro-
probe chemical analysis by energy-dispersive spectros-

 

Table 1.  

 

Mineralogical composition of the three soils

 Sam-
ple

Mineralogical composition of the clay samples, %

 Paly Smec Kao  Il Q Ca Do

Soil 1 35.4 1.7 14.9 – 29.1 18.9 –

Soil 2 – 56.3 6.5 – 12.5 24.7 –

Soil 3 – – 22.9 62.7 9.7 – 4.7

 

Note: Paly—palygorskite, Smec—Smectite, Kao—Kaolinite,
Il—Illite, Q—Quartz, Ca—Calcite, Do—Dolomite.

 

Table 2.  

 

The composition of the leaching solution

Ions Initial concentration in the wastewater, mg/L

F

 

–

 

2360

Cl

 

–

 

880

1500

Na

 

+

 

2836

1563

Ca

 

2+

 

850

PO4
3–

SO4
2–
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copy (EDS) was performed in SEM in order to charac-
terize the new chemical elements adsorbed in the clay
soils.

 

2.5. Instruments for F

 

–

 

, P  Cl

 

–

 

, and pH 
Measurements

 

The fluoride concentrations and pH were mea-
sured using a Metrohm 781 pH/Ion Meter and an
HI9321 pH meter (HANNA Instruments), respec-
tively. The phosphate concentration was measured
using the standard method [13] (vanadomolyb-

O4
3–,

 

dophosphoric acid colorimetric method) using a
Hach DR/4000 spectrophotometer. The chloride
was analyzed using a Metrohm 716 DMS Titrino
using a silver nitrate solution.

3. RESULTS AND DISCUSSION

 

3.1. Permeability

 

The permeability study is composed of two parts:
first, the determination of the permeability coefficient
using water and, second, the determination of the
kinetic permeability using an acidic waste solution.
Table 3 summarizes the permeability coefficient
k (m/s), and we observed that, for soil 1 and soil 3, the
permeability is 

 

k

 

 < 10

 

–9

 

 m/s. However, since the waste
solution that will be stored has an acidic character
(pH = 2.7), it is indispensable to determine the perme-
ability using the leachate solution as function of the
time (>200 days) (Figs. 1, 2, and 3). These results show
that there exists an interaction between the waste solu-
tion and the soils where the permeability decreases
according to the time in the case of soils 1–2 and
increases from 6.8 

 

×

 

 10

 

–10

 

 to 1.1 

 

×

 

 10

 

–8

 

 m/s for soil 3.
This amelioration of permeability found in the case of
soil 2 could be due to the precipitation of some com-
pounds that blocked the water circuit in the specimen.
The consequences of the carbonate fraction degrada-
tion are relatively higher in both soils (see Table 4). In
contrast, in the case of soil 3, there is probably the for-
mation of interconnected microcracks, which increase
the solution flow, because this soil has a low percentage
of carbonates and a low plasticity (illitic clay), which is
affected by the acidic attack. After the leachate perme-
ability test, the specimen recovered from the per-
meameter was prepared for the textural and structural
study.

 

Table 3.

 

  Results of permeability for the three soils obtained
using an odometer

Samples Water 
permeability, m/s

Permeability test using 
the waste solution

Permeability, 
m/s

Test duration, 
days

Soil 1 8.5 

 

×

 

 10

 

–10

 

6.2 

 

×

 

 10

 

–11

 

223

Soil 2 2.8 

 

×

 

 10

 

–9

 

1.9 

 

×

 

 10

 

–10

 

287

Soil 3 6.8 

 

×

 

 10

 

–10

 

1.1 

 

×

 

 10
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 Variations of the leachate permeability with time
for soil 1.
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 Variations of the leachate permeability with time
for soil 2.

 

Table 4.

 

  Percentage of carbonate of the soils before and
after the permeability test

 Samples % of carbonate

 Soil 1 crude 18.9

 Soil 1 after the permeability test 7.7

 Soil 2 crude 24.7

Soil 2 the after permeability test 12.1

Soil 3 crude 4.7

Soil 3 after the permeability test 3.1
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3.2. Textural Characterization

3.2.1. Nitrogen adsorption isotherms.

 

 Figure 4
shows the nitrogen adsorption–desorption isotherms
for the three soils before and after the permeability test.
The shape of the isotherms for all the samples corre-
sponds to type II in the IUPAC classification, and, for
all the isotherm curves, the hysterisis was of H

 

3

 

 type
characteristic of layered materials with slit-shaped pores
[14]. Then, the isotherms of soil 1, soil 2, and soil 3 did not
present a plateau exactly parallel to the pressure axis,
which can correspond to the adsorption in some kind of
mesoporosity [15].

The increase in the adsorbed volumes of the leached
samples with the attack time can be explained by the
increasing pore numbers in the samples of soil 1 and
soil 2 [16]. The adsorption and desorption branches of
the hysteresis loop of soil 3 before and after the perme-
ability test are similar. We can notice that, in the cases
of soil 1 and soil 2, the pore volume increases after the
leachate permeability test; it is clear that the isotherms
move upwards with the adsorbing N

 

2

 

 volume.

 

3.2.2. Surface area, porosity and microporosity.

 

 The
specific area and total pore volume of the samples
before and after the permeability test as obtained from
the isotherm data are collected in Table 5. In the three
samples, the acid attack caused by the waste solution
after the permeability test produces an increase of the
specific surface 

 

S

 

BET

 

 and the micropore volume 

 

V

 

mp

 

. A
high specific surface area (

 

S

 

BET

 

) was obtained for soil 3
due to the important illitic fraction in this sample.
Moreover, in soil 3, the textural variation (

 

S

 

BET

 

 and 

 

V

 

mp

 

)
remains very weak. However, a higher total specific
surface (

 

S

 

T

 

) was determined for soil 2 because it is con-
stituted of smectic clay, which has a significant internal
specific surface. Before and after the permeability test,
the specific surface and the total pore and micropore
volume of soil 1 remained the weakest.

Figure 5 shows the micropore size distributions
(MPSD) of the samples calculated by the MP method.
For all the samples, the height of the MPSD curve
increased after the permeability test indicating an
increase of the number of micropores, and the maxi-
mum of the micropore volume corresponds to the pore
size (12 Å). It’s due to the attack of the impurity, essen-
tially the carbonate by the acid lixiviat. The micropore
volume is highest in soil 3; also, the three curves have
a Gaussian form representing a more uniform
micropore size distribution in the 11–13 Å range.

 

3.3. Structural Characterization

 

The SEM/EDS analysis shown in Figs. 6, 7, and 8
exhibits the morphology and chemical composition of
the three soils before and after the leachate permeabil-
ity test. The composition of the untreated soil is given
in Figure 6a (EDS spectra). The major elements are O,
Si, and Al; the others (Mg, Fe, Na, Ca, and K) are the
minor.

After the permeability test, the SEM imaging
(Fig. 6b) shows that the particles’ morphology
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 Variations of the leachate permeability with time
for soil 3
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Table 5.  Textural parameters of the soils before and after the permeability test

Samples SBET, m2/g ST, m2/g VTp, cm3/g Vmp, cm3/g

 Soil 1 crude 35.4 55.7 0.064 0.013

Soil 1 after the permeability test 47.4 77.7 0.090 0.019

Soil 2 crude 57.1 209.8 0.122 0.023

 Soil 2 after the permeability test 70.8 224.2 0.124 0.032

Soil 3 crude 91.5 133.4 0.216 0.035

Soil 3 after the permeability test 92.2 134.9 0.164 0.039

Note: SBET—specific surface BET; ST—total specific surface areas; VTp—total pore volume at P/P0 = 0.99; Vmp—micropore volume.
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Fig. 5. Distribution of the micropore volume according to the MP method for the three soils: a—raw sample, b— sample the after
permeability test.
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becomes more laminated; this is due to the attack of the
impurity by the acidic waste, thus ensuring purification
of the clay represented by the layers of argillaceous
form. In addition, the new EDS peaks after the perme-
ability test (Fig. 6b) are attributed to fluoride (F), sulfur
(S), and phosphorus (P) and correspond to the fixation
of these elements in this sample. Also, when the EDS
probe was focused on a group or only one particle
within the same aggregate, all showed the existence of
F and S atoms. This shows the fixing uniformity of
these noxious elements and reveals that this soil
(palygorskitic clay) does not let pass the harmful ions
to the underground water.

In the case of soil 2, Fig. 7 reveals that the morphol-
ogy was modified completely and the particles
becomes finer and dispersed after the acidic treatment.
Therefore, the EDS analysis (Fig. 7b) shows a remark-
able reduction in the Ca percentage revealing the attack
of carbonates. In addition, we observe the fixation of
other elements such as sulphur (S), phosphorus (P), and
chlorine (Cl).

According to Fig. 8, the EDS analysis indicates that
soil 3 is composed predominantly of O, Si, and Al (the
Si/Al mass ratio near 2 is unity); also, greater amounts
of potassium (K) are clearly observed in Fig. 7a relative
to the cation and no exchangeable illite. This sample is
evidently not enriched with noxious elements (Fig. 7b)
after the permeability test, just a weak adsorption of
sodium (Na). Moreover, we notice a reduction in the
percentage of Al, thus confirming that soil 3 has been
attacked by the acidic waste solution (especially, the
octahedral layer).

3.4. Sorption Study of Anions into the Three Soils

The aim is to argue the results found by the EDS
analysis and to quantify the removal of all the anions by

these sample. A sorption study of F–, P  and Cl–

from the waste solution was carried out using 1 g of
powdered soil in 30 ml of solution; the agitation time

O4
3–,

was about 48 hours. The results for all three samples are
shown in Table 6. It can be seen that the sorption capac-
ity of anions into the three soils is in agreement with the
results found by the EDS analysis in the majority of
cases. Fluoride is the more selective element in soil 1,
and the sorption capacity is very interesting; it is about
60 mg/g. Table 3 shows that the selectivity of the fluo-
ride adsorption onto the three samples was 25–50 times
greater than for others anions.

4. CONCLUSIONS
Based on the difference of the mineralogical compo-

sition of the three soils, soil 1 is essentially palygor-
skite clay mixed with kaolinite, soil 3 was illito-kaoli-
nitic clay, and soil 2 was smectic clay associated with
kaolinite and calcite. Following this study, the results of
the leachate permeability show that, in the cases of soil
1 and soil 2, k decreases with the leached time. In con-
trast, soil 3 shows an increase of the permeability
according to time. This was clearly due to the higher
resistance to the acid attack and the lowest textural size
of soil 1 and soil 2. Moreover, in all the samples, the
specific surface area and the micropore volume
increase after the permeability test was derived from an
essentially carbonate attack. The EDS/SEM analysis
indicates the remove of the noxious elements such as
fluoride (F), sulphur (S), and phosphorus (P) by soil 1
after the permeability test and the fixation of the (Cl) in
the place of (F) by soil 2. However, the sorption study

of F–, P  and Cl– from the waste solution into the
three soils shows that the fluoride is more selective for
all the samples and is on the order of 60mg/g for soil 1.
Based on these results, the suitable site for waste stor-
age is soil 1 or soil 2.
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The operation stability of high-voltage electrotech-
nical devices, such as high-voltage impulse capacitors,
at large electric intensity in a dielectric is mainly deter-
mined by the properties of the impregnating dielectric.
When selecting a liquid dielectric, one should keep in
mind not only the demands for high electric strength,
low dielectric loss, and resistance to the effect of partial
discharges but also the requirement of the compatibility
with the structural materials used. This means that the
liquid shouldn’t impair the physicomechanical charac-
teristics of the structural materials used and they them-
selves shouldn’t cause a substantial reduction of the
electrophysical parameters of the liquid dielectric.

Lack of information on the compatibility of a liquid
impregnating dielectric with structural materials
doesn’t allow predicting the safety and longevity of the
electrotechnical device itself.

Phenylxylilethane, being a synthetic hydrocarbon-
aceous aromatic oil of the diarylalkan series possessing
high resistance to gas and stability, is widely employed
at present to impregnate capacitors with a dielectric on
the basis of polymer films. When evaluating the influ-
ence of polymer structural materials applied in capaci-
tor construction on the electrophysical characteristics
of phenylxylilethane, there was examined the effect of
the compatibility of polymer films, foil, and a metal
layer [1, 2, 3], which was estimated according to the
change of the loss tangent as one of the most sensitive
characteristics integrally reflecting the capacitor effi-
ciency.

In the reference literature [4, 5], information on the
reciprocal influence of liquid dielectrics and structural
materials is given in a general form: copper and its
alloys and salts of organic acids and metals with vari-
able valency (copper, iron, cobalt, etc.) are active cata-
lyzers of liquid oxidation, and it is necessary to select
resins individually for every fluid.

Assessment of the impact of structural materials
used in capacitor construction on the electrophysical
characteristics of phenylxylilethane is the aim of this
paper.

The following structural materials were selected to carry
out the investigation: aluminum foil A5, polyethylene-
terephthalate film PET-KE, polycarbone film PK-K,
polypropylene film PP-KSS, copper M1, copper tin
coated with solder POS-40, brass L63, glass-
epoxidephenol tubing, glass fiber laminate STEF-1,
amides PA6 of type B, polypropylene interpolymer
22007-29, rubber MBS-M1, rubber 51-1434, rubber
51-1486, rubber IRP-2025, and lacquer LBS-1.

The structural material samples were placed into
separate glass containers with phenylxylilethane and
kept for 24 hours under the following conditions:

—residual pressure not more then 6 Pa;
—temperature (80

 

–5

 

)

 

°

 

C.
After exposure under the mentioned conditions, the

containers with the phenylxylilethane and the structural
material samples were cooled in vacuum up to the envi-
ronmental temperature and were held for 48 hours.
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The results of the measurement of the phenylxylile-
thane electrophysical parameters (relative permittivity

 

ε

 

, loss tangent tg

 

δ

 

, volume electric resistivity 

 

ρ

 

v

 

, and
electric strength 

 

E

 

st

 

) after contact with structural mate-
rials are shown in the table and diagrams presented in
Figs. 1–4. To make the variation of the phenylxylile-
thane electrophysical parameters more obvious, there
are represented their values before the contact with the
structural materials in the form of the base line.

The greatest reduction of the phenylxylilethane
electric strength occurred after its contact with resins
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Compatibility testing results for phenylxylilethane with structural materials

Materials

Characteristics

 

E

 

st

 

, kV/mm

 

ε

 

 tan

 

δ ρ

 

v

 

, Ohm/cm

Aluminum foil A5 33.12 2.523 2.811 

 

× 10

 

–4

 

6.07 

 

× 10

 

12

 

Polyethyleneterephthalate film PET-KE 34.08 2.512 2.806 

 

× 10

 

–4

 

4.93 

 

× 10

 

12

 

Polycarbone film PK-K 33.98 2.520 2.824 

 

× 10

 

–4

 

4.78 

 

× 10

 

12

 

Polypropylene film PP-KSS 33.76 2.522 2.810 

 

× 10

 

–4

 

4.55 

 

× 10

 

12

 

Steel St3 34.69 2.524 2.716 

 

× 10

 

–4

 

4.98 

 

× 10

 

12

 

Steel 45 34.76 2.523 2.738 

 

× 10

 

–4

 

5.03 

 

× 10

 

12

 

 Copper M1 32.82 2.547 4.272 

 

× 10

 

–4

 

2.43 

 

× 10

 

12

 

Copper tin-coated with solder POS-40 34.29 2.513 3.116 

 

× 10

 

–4

 

4.77 

 

× 10

 

12

 

Brass L63 33.14 2.536 3.898 

 

× 10

 

–4

 

3.73 

 

× 10

 

12

 

Glass-epoxidephenol tube 33.88 2.534 2.344 

 

× 10

 

–4

 

7.43 

 

× 10

 

12

 

Glass fiber laminate STEF-1 33.60 2.541 2.819 

 

× 10

 

–4

 

6.64 

 

× 10

 

12

 

Amides PA6 of type “B” 33.26 2.489 3.126 

 

× 10

 

–4

 

5.48 

 

× 10

 

12

 

Polypropylene interpolymer 22007-29 33.51 2.521 2.916 

 

× 10

 

–4

 

4.46 

 

× 10

 

12

 

Rubber MBS-M1 35.43 2.547 3.017 

 

× 10

 

–4

 

9.36 

 

× 10

 

12

 

Rubber 51-1434 34.82 2.537 3.226 

 

× 10

 

–4

 

6.69 

 

× 10

 

12

 

Rubber 51-1486 33.96 2.540 3.132 

 

× 10

 

–4

 

4.78 

 

× 10

 

12

 

Rubber IRP-2025 32.64 2.549 4.244 

 

× 10

 

–4

 

4.26 

 

× 10

 

12

 

Lacquer LBS-1 deposited on cable paper K-120 34.82 2.484 3.213 

 

× 10

 

–4

 

7.64 

 

× 10

 

12

 

Note: Before the compatibility testing with the structural materials, the phenylxylilethane had the following characteristics: 

 

E

 

st

 

 = 35.2 kV/mm;

 

ε

 

 = 2.52; tan

 

δ

 

 = 2.5

 

 × 

 

10

 

–4

 

; 

 

ρ

 

v

 

 = 8.37

 

 × 

 

10

 

12

 

 Ohm/cm.
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Fig. 1.

 

 Variation of the phenylxylilethane electric strength after contact with structural materials. 1 – Aluminum foil A5; 2 

 

– 

 

poly-
ethyleneterephthalate film PET-KE; 3 – polycarbone film PK-K; 4 – polypropylene film PP-KSS; 5 – steel St3; 6 – steel 45;
7 

 

−

 

 copper M1; 8 – copper tin coated with solder POS-40; 9 – brass L63; 10 – glass-epoxidephenol tube; 11 – glass fiber laminate
STEF-1; 12 – amides PA6 of type “B”; 13 – polypropylene interpolymer 22007-29; 14 – rubber MBS-M1; 15 – rubber 51-1434;
16 – rubber 51-1486; 17 – rubber IRP-2052; 18 – lacquer LBS-1.

 

51-1486 and IRP-2052 by 3.5 and 7.3%, respectively,
testifying that it isn’t desirable to use them in contact
with phenylxylilethane. Resins MBS-M1 and 51-1434
had the lowest influence on the change of the phe-
nylxylilethane electric strength, and they could be
recommended to be utilized in constructions where
phenylxylilethane is used as a liquid impregnating
dielectric.

In estimating the effect of copper and its alloys
(brass L63) on the electric strength value of phenylxy-
lilethane, it can be deduced that the copper product sur-
faces contacting with phenylxylilethane should be
tinned. Thus, after the contact with copper whose sur-
faces were tinned with solder POS-40, the phenylxyli-
lethane electric strength decreased only by 2.6%, while,
after the contact with copper and brass L63, the phe-
nylxylilethane electric strength receded by 6.7 and
6.0 %, respectively.

The structural material virtually didn’t affect the
phenylxylilethane relative permittivity. Its largest
change was observed after the contact with lacquer

LBS-1 deposited on cable paper K-120 with the varia-
tion being only 1.4%.

After the contacting of phenylxylilethane with all
the structural materials, the loss tangent value in some
way or another arose, especially, (as was expected)
after contacting with copper (by 70.8%). The greatest
reduction of the phenylxylilethane volume electric
resistivity occurred after the contact with copper M1
(by 70.9%) and after the contact with brass L63 (by
55.4%), while, after the contact with copper tinned with
solder POS-40, the decrease was only 43%.

Generalizing the results of the conducted investiga-
tion on the assessment of the structural materials’ effect
on the electrophysical characteristics of phenylxylile-
thane, we can draw the following conclusions:

—The examined structural materials don’t consid-
erably impair the electrophysical characteristics of phe-
nylxylilethane. As for copper and alloys based on cop-
per, their surfaces should be tinned.
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 Variation of the phenylxylilethane loss tangent after contact with structural materials. 1 – Aluminum foil A5; 2 – polyethyl-
eneterephthalate film PET-KE; 3 – polycarbone film PK-K; 4 – polypropylene film PP-KSS; 5 – steel St3; 6 – steel 45; 7 – copper M1;
8 – copper tin coated with solder POS-40; 9 – brass L63; 10 – glass-epoxidephenol tube; 11 – glass fiber laminate STEF-1; 12 – amides
PA6 of type “B”; 13 – polypropylene interpolymer 22007-29; 14 – rubber MBS-M1; 15 – rubber 51-1434; 16 – rubber 51-1486;
17 – rubber IRP-2052; 18—lacquer LBS-1.
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Fig. 2.

 

 Variation of the phenylxylilethane relative permittivity after contact with structural materials. 1 – Aluminum foil A5;
2 – polyethyleneterephthalate film PET-KE; 3 – polycarbone film PK-K; 4 – polypropylene film PP-KSS; 5 – steel St3; 6 – steel
45; 7 – copper M1; 8 – copper tin-coated with solder POS-40; 9 – brass L63; 10 – glass-epoxidephenol tube; 11 – glass fiber
laminate STEF-1; 12 – amides PA6 of type “B”; 13 – polypropylene interpolymer 22007-29; 14 – rubber MBS-M1; 15 – rubber
51-1434; 16 – rubber 51-1486; 17 – rubber IRP-2052; 18 – lacquer LBS-1.
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—Rubbers of types MBS-M1 and 51-1434 can be
recommended for use when there is possible contact
with phenylxylilethane.

The obtained results can be applied for designing
not only high-voltage impulse capacitors but also many
other electrotechnical devices where phenylxylilethane
is used.
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 Variation of the phenylxylilethane volume electric resistivity after contact with structural materials. 1 – Aluminum foil A5;
2 – polyethyleneterephthalate film PET-KE; 3 – polycarbone film PK-K; 4 – polypropylene film PP-KSS; 5 – steel St3; 6 – steel 45;
7 – copper M1; 8 – copper tin coated with solder POS-40; 9 – brass L63; 10 – glass-epoxidephenol tube; 11 – glass fiber laminate
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INTRODUCTION

Mass-spectrometric investigations of the secondary
ion emission products (MSSI) is a direct method of
analysis of element and isotope contents of conducting
and nonconducting solid substances. Similar to other
methods of mass-spectrometric analysis, MSSI also has
certain analytical characteristics that allow one to
reveal a simple reaction between the concentration of
the analyzed element and the registered initial signal.

Despite the fact that systematic investigations of
secondary ion emission (SIE) was started with Beske’s
work [1], even at present, however, it remains to clarify
one of the main moments of this method, namely, a cer-
tain inadequacy between the measured mass spectrum
of the secondary ions (SI) and the chemical structure of
the specimen. The reason for the disagreement is the
unequal yield of ions of different elements due to the
ionization peculiarities of the atoms and the mass dis-
crimination in the separation systems and their registra-
tion. For the assessment of the above disagreement,
there are generally used the coefficients of the effective
efficiency (CEE) of the element being defined in rela-
tion to the internal standard [2]:

(1)

where 

 

I

 

x

 

, 

 

I

 

vn.st

 

.

 

 are the measured analytical signals of the
element being defined and the internal standard; 

 

N

 

x

 

 and

 

N

 

vn.st

 

.

 

 are the concentrations of the corresponding ele-

ments; and  is the coefficient of the effective effi-

Ix

Ivn.st .
------------ Kvn.st .

x Nx

Nvn.st .
--------------,⋅=

Kvn.st .
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ciency. The magnitude  is frequently presented
as

where  is the coefficient of the relative yield of
secondary ions, which characterizes the atom discrimi-
nations of various elements at the ion emission, and

 

F

 

prib.

 

 is the instrument factor, which is connected with
the ions separation according to their mass and their
registration.

A great number of works (see, for instance, [3–5])
show that the CEE magnitude can be determined exper-
imentally by means of introducing into the sample
being analyzed an internal standard with a given con-
centration. This permits one to decrease the systematic
error, on average, by 20%. However, the manufacturing
and certification of the standard specimens with consid-
eration for the rigid requirements for their homogeneity
that the MSSI should meet are extremely difficult;
therefore, CEE determination by means of theoretical,
empirical, or semiempirical expressions still remains
urgent. At present, a great number of empirical expres-
sions have been suggested, each of which is based on a
certain mechanism of SI formation [6–9]. In order to
make use of one or another expression for the CEE cal-
culation, it is necessary to know the physical processes
that underlie the SI formation basis. Therefore, nowa-
days, one of the major issues of mass spectrometry of
solid substances is the solution of the problem of a stan-
dard-free analysis. In this connection, preliminary
knowledge of the CEE magnitudes for the elements that
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form the investigated sample, in our opinion, is of cer-
tain interest.

In this work, there has been made an attempt to cre-
ate a CEE catalogue for a wide range of elements on the
basis of experimental results. The existence of such a
catalogue for some energy ranges and primary ion cur-
rents, as it seems to us, will enable reduction of the sys-
tematic error occurring in the process of the analysis of
a solid substance using the MSSI method.

THE EXPERIMENT CONDITIONS
The experiments were carried out on the device

whose scheme is presented in Fig. 1. The primary ions
with 1.5–5.5 keV of energy and with a 0.1–0.5 mA/cm

 

2

 

ion flow density were extracted from of the plasma (1)
of a glow discharge in argon (oxygen, xenon) through
the aperture in the cathode (2), accelerated, focused by
means of the ion-optical system (3) located behind the
cathode, and directed onto the sample (4) at an angle of
45

 

°

 

 with respect to the perpendicular of the sample sur-
face. The secondary ions were gathered by an extract-
ing grid (5), which was supplied by the pulse voltage in
accordance with the target with a duration of 10

 

–7

 

 s.
Such a regime of the experimental device operation
permitted us to obtain at the source outlet a cluster of
primary ions with divergence of 1–2

 

°

 

. As an ion ana-
lyzer, there was used a time-of-flight mass spectrome-
ter with an axially-symmetric electric field (6), which
allowed us to focus the ions according to the energy and
angle of divergence. The necessity of making use of the
above analyzer is accounted for by the fact that the sec-
ondary ions emitted from the sample surface have a
comparatively greater (over 5%) divergence of the ini-
tial energies.

One should note that, actually, any kind of ion
sources can be used as an ion gun. A major requirement
that an ion gun should meet is a great magnitude of the
ion current, and, since the secondary-emissive mass

spectra little depend on the divergence of the bombard-
ing ions, their divergence within a range of 10–20% is
quite allowable.

For rapid installation or replacement of the speci-
mens, there has been used a high-vacuum fast-opera-
tion lock (7) [10], permitting one to mount or shift the
specimens without upsetting the high vacuum (10

 

–4

 

 Pa)
at the ion source. Due to the experimental device, there
has been performed heating of the samples up to
500

 

−

 

600

 

°

 

C in order to purify them of absorbed gases.
The analyzed specimen was mounted on a metal

substrate (8) that was introduced through the vacuum
lock into the ionization area. The target was heated by
means of an electric heater.

In the preparation of the targets, their purity was the
main concern. This is stipulated by the fact that the par-
ticles with energy of several kilo-electro-volts at collid-
ing with the solid substance utterly lose their energy
over a path length of several nanometers. It is the depth
where the secondary ion formation occurs, and the
presence of alien molecules on the surface may consid-
erably distort the mass spectrum of the analyzed sub-
stance. The contamination of the target can happen in
the mass spectrometer itself, as well as due to an insuf-
ficiently high vacuum (10

 

–2

 

 to 10

 

–3

 

 Pa) in the ionization
area. The experiments showed that heating up the target
to 500–600

 

°

 

C for 1–2 hours entirely purifies it from the
absorbed molecules.

THE RESULTS OF THE EXPERIMENT

Fig. 2 presents typical mass-spectra oscillograms of
certain metals. The insufficient reproducibility (up to
30%) of the results stipulated repeated bombardments.
In Table 1, you can see the CEE calculated on the basis
of the mass spectra of the most commonly used iso-
topes of 27 pure metals. The elements in the Table are
arranged in the order of the CEE reduction. 

 

56

 

Fe

 

+

 

 was
selected as the external standard. Ar

 

+

 

, O

 

+

 

, and Xe

 

+

 

served as the bombarding ions.
The Table also presents the potentials of the first and

second ionization of the elements being analyzed. The
metals' CEEs presented in the Table allow one to reach
a number of conclusions that are of interest from the
practical point of view and are of great importance for
the comprehension of certain peculiarities of the SI
mechanism formation on the metal surface. Above all,
it should be noted that the emission of the secondary
ions is a structural-susceptibility phenomenon, since it
depends on the structure and properties of the target
material. This implies that, with regard to the nature of
the target, the intensity of the ion emission (CEE) for
various metals may differ by more than two orders.

As is seen from Table 1, the difference between the
CRS magnitudes for various metals amounts to more
than two orders at Ar

 

+

 

 ion bombarding and to about
three orders for O

 

+

 

. This, indeed, is the cause of the
range of efficiency of the analysis (5 · 10

 

–6

 

 to 5 · 10

 

–5

 

%).
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Fig. 1.

 

 Experimental device.
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On the basis of the experimental data, there were
built the CEE MSSI curves of the dependences on the
atomization energy and ionization potential of the ele-
ments (Fig. 3). As one can see from the Figure, the

dependence of the relative yield of ions  from the
first ionization potential has a quadric character. The

dependence of  upon the atomization energy (4)
reflects the atomization processes (the rate and atomi-
zation energy) effect upon the SI relative yield. The

greatest  is observed for the elements with the least
ionization potential but with the greatest atomization
energy.

It is of interest to compare the data of Table 1 with
respect to the CEE change according to the arrange-
ment of the elements in the periodic system. The inves-
tigations showed precise correlation for the elements
located in one row. For the majority of metals (Mg, Zn,
Al, Cd, Ti, Sn, and Pb) of one row, the CEE magnitude
linearly reduces with the 

 

Z

 

 serial number increase.

Moreover, the straight lines  (

 

Z

 

) for different groups
are parallel.

Since the elements of one group of the periodic sys-
tem are isoelectronic, i.e., they have an equal number of
external electrons, the significant decrease of the SI rel-
ative yield with the 

 

Z

 

 increase should be explained by
the influence of the internal shell structure on the emis-
sion process, and the distinctions observed for one
period are obviously stipulated by the change of the
electronic structure of the valent electrons.

The influence of the physicochemical primary ion
properties on the coefficient of the secondary ionic
emission is of positive interest for both theoretical and
practical application. Owing to the importance of the
problem, the dependence of the relative yield of ions of
certain metals upon the nature of the bombarding ions
was studied in the present work. In Table 2, one can see
the CEE magnitudes calculated on the basis of the mass
spectra of 27 metals obtained by MSSI at various ener-
gies of the primary ions (Ar

 

+

 

, O

 

+

 

, and Xe

 

+

 

).
As is obvious from the Table, the SI yield of certain

metals depends not only on the energy of the bombard-
ing ions but also on their chemical properties. Thus, for
instance, while the CEEs for Bi, Pt, Ag, and Au do not
differ by an order of magnitude at Ar

 

+

 

 or O

 

+

 

 bombard-
ing, for Al, V, and Ti, they differ by two orders.

Thus, the analysis of multiple investigation results
indicates the presence of a large data discrepancy in the
way of the coefficients of the secondary ion emission
for similar elements at a range of energy of the bom-
barding ions. Since the direct comparison of the data is
difficult, in this case, the only way to estimate the CEE
of various elements is to compare them with similar
characteristics of a commonly used isotope of one of
the metals. The Table comprises ion relative intensities
of various elements with respect to 
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Fe

 

+

 

 ion intensities.
It is obvious that the difference of the relative yields of

XFe
+

XFe
+

Xi
+

Ki
+

 

one and the same metal amounts to more than one order
(e.g., for Al

 

+

 

, Mg

 

+

 

, and V

 

+

 

) considering the bombarding
ions structure and to several times at the change of the
bombarding ions energy.

It should be noted that the acquisition of reproduc-
ible results in the process of secondary ion investiga-
tions is not a trivial task. There was observed an influ-
ence of surface-active elements having a maximal affin-
ity with oxygen and therefore displaying a pronounced
tendency for the SIE changes with the change of the
residual gas composition, i.e., the oxygen partial pres-
sure. However, despite the data divergence, it is possi-
ble to reach a preliminary conclusion about the signifi-
cant CEE change from element to element, which can
amount to three orders in some cases. That is why, in
order to attain proper results while making use of the
proposed catalogue of elements for carrying out sys-
tematic investigations, it is necessary to maintain the
constancy of the experimental conditions.

CONCLUSION

In conclusion, it is worth noting that the experimen-
tal CEE determination is a complicated task. Therefore,
any available information on certain elements' discrim-
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 Mass-spectra oscilograms of Fe, Ti, and Al.
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Table 1.

 

  Experimental magnitudes of the effective efficiency coefficient

Element
EEC Potential 

ionization, eV Atomization energy, eV

Ar

 

+

 

O

 

+

 

Xe

 

ϕ

 

I

 

ϕ

 

a

 

Mg 11.4 86 131 7.644 1.15
Al 9.6 447 129 5.89 7.81
Nd 4.13 1.11 83 6.32 9.37
Y 2.87 5.12 72 6.58 4.43
V 2.75 200 122 6.74 3.36
Ga 2.28 13.2 83 6.00 2.08
Be 2.19 15.5 72 9.32 –
Mn 2.15 13.5 69 7.34 3.12
Ti 1.56 127 67 6.83 3.73
Co 1.22 5.97 48 7.86 4.62
Nb 1.16 35.6 41 6.77 3.53
Cr 1.01 41.6 34 5.76 –
Fe 1.00 15.8 25 7.88 6.35
Ni 0.98 1.42 20.3 7.63 5.23
Mo 0.39 25.2 14.1 7.18 7.28
Bi 0.36 0.46 2.5 8.32 –
Zr 0.29 27.2 7.2 6.93 –
Cu 0.26 1.26 3.1 7.72 7.94
W 0.187 5.83 3.0 7.98 7.91
Ta 0.186 5.43 5.03 6.0 6.73
Pt 0.11 0.125 2.3 8.96 6.83
Ag 0.108 0.135 1.71 7.84 4.32
Sn 0.94 0.558 1.02 7.35 2.63
Pb 0.86 1.22 0.95 7.85 2.83
Zn 0.44 0.908 0.63 9.42 1.32
Cd 0.291 0.108 0.55 9.93 2.33
Au 0.123 0.051 0.72 9.20 2.0

 

ination in the secondary emission, in our opinion, will
be profitable for interpretation of solid substance mass
spectra. The problem is that the CEE (regardless of the

solid substance atom ionization method) is subjected to
the influence of all the stages of the solid substance
mass-spectrometric analysis. First of all is the physics
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Table 2

The bombarding ion energy W = 2.0 keV

Element
EEC

Element
EEC

Element
EEC

Ar+ O+ Xe Ar+ O+ Xe Ar+ O+ Xe

Mg 6.91 60.4 92.0 Co 0.77 3.92 19.2 W 0.121 3.71 1.91
Al 5.82 342 80.5 Nb 0.71 25.43 16..3 Ta 0.09 3.53 3.12
Nd 2.31 0.51 46.2 Cr 0.53 26.32 13.2 Pt 0.08 0.07 1.71
Y 1.92 29.8 15.6 Fe 0.41 8.12 11.0 Ag 0.071 0.08 0.92
V 1.70 148 60.2 Ni 0.18 2.93 10.3 Sn 0.060 – 0.73
Ga 1.23 7.03 56.5 Mo 0.17 16.8 8.7 Pb 0.03 – 0.69
Be 1.11 7.82 40.9 Bi 0.15 0.42 9.2 Zn 0.02 – 0.51
Mn 1.42 6.71 23.2 Zr 0.14 15.2 5.3 Cd – – 0.41
Ti 0.93 6.12 21.0 Cu 0.15 0.63 6.1 Au – – 0.21

W = 3.0 keV

Element
EEC

Element
EEC

Element
EEC

Ar+ O+ Xe Ar+ O+ Xe Ar+ O+ Xe

Mg 7.92 67.1 917 Co 0.81 4.83 45.5 W 0.132 4.02 4.3
Al 6.13 350 216 Nb 0.81 27.2 39.2 Ta 0.120 3.92 7.2
Nd 2.95 0.61 62.3 Cr 0.61 28.6 34.4 Pt 0.088 0.085 3.22
Y 2.02 39.2 27.3 Fe 0.52 9.18 23.7 Ag 0.16 0.102 2.4
V 2.21 152 26.7 Ni 0.48 3.62 21.6 Sn 0.61 0.357 1.3
Ga 1.83 8.75 66.5 Mo 0.27 18.7 19.7 Pb 0.052 0.94 1.1
Be 1.60 9.01 60.9 Bi 0.25 0.53 22.4 Zn 0.02 0.68 1.0
Mn 1.61 7.71 58.8 Zr 0.21 18.74 11.4 Cd 0.01 0.82 1.3
Ti 1.01 8.62 52.4 Cu 0.15 0.81 13.7 Au 0.01 0.03 1.1

W = 4.5 keV

Element
EEC

Element
EEC

Element
EEC

Ar+ O+ Xe Ar+ O+ Xe Ar+ O+ Xe

Mg 11.4 86.1 131 Co 1.22 5.97 48 W 0.187 5.83 3.0
Al 9.62 447.2 129 Nb 1.16 35.6 41 Ta 0.186 5.43 5.3
Nd 4.13 1.11 83 Cr 1.01 41.6 34 Pt 0.112 0.108 2.3
Y 2.87 5.12 72 Fe 1.00 15.8 25 Ag 0.108 0.135 1.71
V 2.75 200 122 Ni 0.98 4.42 20.3 Sn 0.094 0.558 1.02
Ga 2.28 13.2 83 Mo 0.39 25.2 14.1 Pb 0.086 1.22 0.15
Be 2.19 15.5 72 Bi 0.36 0.46 2.5 Zn 0.034 0.918 0.63
Mn 2.15 13.5 69 Zr 0.29 27.2 7.2 Cd 0.019 0.108 0.55
Ti 1.56 127 67 Cu 0.262 1.26 3.1 Au 0.012 0.051 0.72

W = 5.5 keV

Element
EEC

Element
EEC

Element
EEC

Ar+ O+ Xe Ar+ O+ Xe Ar+ O+ Xe

Mg 8.41 74.1 172 Co 1.01 5.73 65 W 0.179 4.91 6.0
Al 6.62 374 150 Nb 0.93 32.1 56 Ta 0.171 4.81 10.1
Nd 3.11 0.8 89 Cr 0.88 35.7 50 Pt 0.101 0.107 4.6
Y 2.21 47.1 81 Fe 0.81 12.1 41 Ag 0.93 0.121 3.41
V 2.23 170 160 Ni 0.78 4.07 35 Sn 0.87 0.441 2.04
Ga 1.91 11.2 95 Mo 0.35 21.7 31 Pb 0.81 1.02 1.9
Be 1.82 12.3 87 Bi 0.31 0.37 42 Zn 0.029 0.87 1.26
Mn 1.89 10.2 84 Zr 0.25 24.1 14 Cd 0.016 0.94 1.21
Ti 1.31 115 81 Cu 0.21 0.98 18 Au 0.040 0.03 1.44
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of the processes, including the stages of atomization
and ionization of various elements. Second is the dis-
crimination of the ions in the analytical system and of
the elements in the ion-optical system. In other words,
the CEE should be considered as a result of the collec-
tive interaction of various processes. As seems to us,
this will simplify the problem of theoretical and exper-
imental CEE investigation, because, behind any type of
discrimination, there is a definite physical process that
submits to investigation.
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INTRODUCTION

Over the period of the last decades, optical methods
have been widely used for investigation of the electron
properties of low-dimensional systems [1–2].

Therefore, the study of the optical phonon influence
on the properties of electrons in quantized semiconduc-
tor wires in the case when the electron–phonon interac-
tion strongly alters the absorption frequency depen-
dence appears to be relevant. One of these effects is the
dimensional phonon resonance [3–4], whereby the
light absorption is due to electron transitions between
dimensionally quantized levels in quantized semicon-
ductor wires with LO-phonon participation.

If the difference of the energy between the dimen-
sionally quantized levels taking part in the optical tran-
sition is close to the energy of the optical LO-phonon,
there appears a resonance coupling between the dimen-
sionally quantized levels, which may lead to pinning
effects [4].

In the present work, the theory of the form of the
dimensional phonon resonance line in dimensionally
quantized semiconductor wires at fulfillment of the
above indicated conditions is developed.

PROBLEM FORMULATION AND BASIC 
RELATIONS

Below, there are considered dimensionally quan-
tized wires with the length 

 

L

 

 and the cross sectional
area 

 

a

 

 

 

×

 

 

 

d

 

, where 

 

a

 

 is the Y-direction width and 

 

d

 

 is the
Z-direction width. The semiconductor is assumed to be

of cubic syngony and the electron dispersion law to be
parabolic. The temperature and the concentration of
electrons are supposed to be sufficiently low so that
only the lower dimensionally quantized level is occu-
pied and the optical LO-phonons are not excited.

In the considered approximation, the wave function
and the electron energy have the form

(1)

(2)

where 

 

m

 

* is the effective mass of the electron; 

 

m

 

 and 

 

n

 

are the whole numbers indexing the levels of the
dimensional quantization in the state 

 

γ

 

; and 

 

k

 

x

 

 is the
continuous quantum number.

Interaction of the electron in the dimensionally
quantized semiconductor film with bulk LO-phonons is
described by the Hamiltonian

(3)

(4)
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(5)

Here, 

 

ω

 

0

 

 is the frequency of the optical LO-phonon;

 

k

 

x

 

α

 

 is the similar wave vector of the electron (along the
wire axis) in the state 

 

α

 

; 

 

q

 

x

 

, 

 

q

 

y

 

, and 

 

q

 

z

 

 are the 

 

OX

 

–, 

 

OY

 

–,
and 

 

OZ

 

–components of the wave vector of the phonon

 respectively;    and  are the phonon
and electron operators of creation and annihilation; and

 

α

 

0

 

 is the dimensionless constant of the electron–
phonon interaction. 

 

C

 

αα

 

'

 

(

 

q

 

) are given in paper [5] and,
due to their bulkiness, the expressions are not presented
here.

For calculation of the absorption, let us apply the
method developed in [6]. In the case of the normal inci-
dence of the electromagnetic wave of the 

 

S

 

-polarization
(from the range of 

 

z

 

 < 0 into the range of 

 

z

 

 > 0, 

 

OXZ

 

incidence plane) on the wire, for the function 

 

α

 

(

 

ω

 

, 0)
determining the frequency dependence of absorption,
we obtain

(6)

(7)

Here, 

 

ω

 

 and 

 

c

 

 are the frequency and velocity of light
in vacuum, 

 

m

 

0

 

 is the free electron mass, 

 

ε

 

∞

 

 is the high-
frequency dielectric constant of the semiconductor, and

 

n

 

γ

 

 is the function of the distribution of the electrons in
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the γ state. At derivation of (6), there was taken into
account the simplest graph (Fig. 1).*

DIMENSIONAL PHONON RESONANCE
Let us consider the electromagnetic wave absorp-

tion caused by the electron transitions into the one-
dimensional band with n = 2 with simultaneous
LO-phonon emission assuming that m = nγ = 1.

Transiting in (6) from summation over  to integra-
tion and integrating over qy and qz, we obtain

(8)

(9)

(10)

At low temperatures, n1(t) may be substituted by the
step n1(t) = θ(ΕF – E1 – �ω0t2), where θ(x) is the Heavi-

side function, and EF – E0 = 

Thus, integral (8) is truncated by t0 = 
so that

(11)

(12)

and α(ω, 0) = 0 if  ≥ t0. Using the asymptotic
decomposition, by the expression under the integral
sign, it can be shown that, at Γ  0, the absorption
contains a logarithmic singularity; that is,

(13)

If Γ � t2, then, as follows from (11),

(14)

* From now on, the terminology and graph technique presented in
[7] are used.
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Fig. 1. Simplest graph of the angular part responsible for
dimensional-phonon absorption.
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RESONANCE ELECTRON–PHONON 
INTERACTION

Let us assume that E2 – E1 ≈ �ω0, and ω = 2ω0. Then,
the electromagnetic wave energy is consumed by the
electron transfer to the upper level and by the
LO-phonon creation. Since the distance between the
levels is equal to the phonon energy, there appears a res-
onance coupling between the levels due to the real elec-
tron transfer to the lower level with the phonon emis-
sion. This interaction removes degeneration of levels of
the electron–phonon system (the level n = 2 and the
level n = 1 plus phonon), and this leads to the appear-
ance of two spectrum branches. In this case, as can be
seen from (13), the simplest graph (Fig. 1) logarithmi-
cally diverges at the frequency ω = 2ω0; this means
divergences of the higher-order graphs for the angular
part. Summation of the perturbation theory series over
the electron–phonon interaction leads, as a rule, to sub-
stitution of the value

As is shown in [4], the “outgoing” terms of the
kinetic equation are small; therefore, they may be dis-
regarded.

a) Analysis of the perturbation theory series for the
function W.

The function W determining the absorption behav-
ior in the resonance region is a sum of irreducible
graphs, wherein phonon lines are situated on the upper
horizontal section to the left of the external phonon line
(Fig. 1).

In the case ω = 2ω0, it suffices to be restricted to the
simplest graph (Fig. 2a).

It is in accord with

(15)

Using the expression for the matrix element, we
obtain

(16)

where λ = 

In calculation of the integral over � in (16), it is pos-

sible (with an accuracy to the  order terms) to
neglect the dependence on u and � in the multiplier

[S i ωδγ ω0+( )+ ] on [S i ωδγ ω0+( ) W–+ ].
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(u2 – 2u� + �2 + x2 + y2), whereupon the integral can
be easily calculated and
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b) Frequency dependence of the absorption.
In order to obtain the frequency dependence of the

absorption, [S + i(ωδγ − ω0)] should be substituted by
[S + i(ωδγ − ω0) – W] in (6). As a result, we obtain

,(18)

(19)

One can see from the given formulae that the dimen-
sional phonon resonance line splits into two maxima

situated at the points Γ1 =  and Γ2 =  as in

the case of the magnetooptic absorption in bulk semi-
conductors [8].

These two maxima correspond to the two branches
of the spectrum of the electron–phonon system. The
spectrum is determined by the equation [8]

which is obtained by setting to zero the denominator
[S + i(ωδγ − ω0) – W] and by substitution of W by Wa.

The above developed theory predicts splitting of the
peak of the dimensional phonon resonance in the fre-
quency range ω = 2ω0 into two components, the dis-
tance between them being determined by the resonance
electron–phonon interaction.
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Fig. 2. Graphs renormalizing the upper electron line in the
angular part.
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