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Abstract—Photoelectrochemically nanostructured GaN epilayers were found to exhibit good sensitivity
towards CO in the temperature range from 180 to 280°C. We show that subjection of nanostructured GaN
samples to 166 MeV Xe™2? ion irradiation causes considerable reduction of the gas sensitivity, while post-irra-
diation rapid thermal annealing results in sensitivity restoration, the effect being dependent upon the dose of

irradiation and annealing temperature. A 50% restoration of the relative sensitivity is demonstrated after rapid

+23 ;

thermal annealing for 1 min at 800°C in samples irradiated by Xe*?3 ions at a dose of 102 cm™2.
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INTRODUCTION

GaN is a high temperature material with excellent
potential for use in various fields including high power
electronics, light emitting devices, and sensors. It
exhibits pronounced chemical stability and radiation
hardness, the Ilatter property being considerably
enhanced by nanostructuring of the compound by
means of photoelectrochemical (PEC) etching tech-
niques [1]. Recently we found that nanostructuring is
an effective tool for improving the sensitivity and
selectivity of GaN-based gas sensors [2]. This paper
reports the investigation of the influence of high
energy heavy ion irradiation and subsequent annealing
on CO gas sensitivity of photoelectrochemically nano-
structured GaN epilayers.

EXPERIMENTAL DETAILS

The unintentionally doped GaN layers used in our
experiments were grown by low-pressure metalorganic
chemical-vapor deposition (MOCVD) on (0001)
c-plane sapphire substrates. The thickness of the layers
was 2.7 um and the concentration of free electrons was
of about 107 cm—3. Ti/Au ohmic contacts of concen-
tric annular design were deposited by lift-off on the
GaN epilayers. Subsequently the samples were sub-

! The article is published in the original.

jected to PEC etching in 0.1 M of KOH solution for
20 min at room temperature under illumination of a
350 W Hg lamp focused on a spot of 5 mm in diameter.
The obtained morphology represents a uniform distri-
bution of conical nanostructures, as illustrated in
Fig. 1. The origin of these nanostructures is related to
threading dislocations inherent to GaN epilayers
grown on lattice-mismatched substrates [3]. The elec-
trochemically treated samples were irradiated at room
temperature by 166 MeV Xe*?} ions at doses 1019, 10!!
and 10'2 cm~2. The irradiation was carried out on the
1C-100 cyclotron at the Joint Institute for Nuclear
Research in Dubna, Russia. After ion irradiation and
preliminary gas sensitivity exploration, the GaN sam-
ples were subjected to rapid thermal annealing in N,
atmosphere for 1 min. For the gas response investiga-
tion the samples were mounted in a cell where the CO
gas concentration was varied from 200 to 2000 ppm,
whereas the sample temperature was increased from
180 to 280°C.

RESULTS AND DISCUSSION

The relative sensitivity S was calculated using the
equation:

Ry —-R
S = %XIOO%,

N,
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Fig. 1. The morphology of PEC nanostructured GaN and gas response towards 200, 1000 and 2000 ppm of CO before Xe* B jon
irradiation. (/) 2000 ppm CO; (2) 1000 ppm CO; (3) 200 ppm CO.

where Ry, is the electrical resistance in nitrogen as a

carrier gas, while R is the resistance in CO gas envi-
ronment.

The sensitivity of PEC etched GaN layers to CO
concentration was found to be linear before ion irradi-
ation. The gas sensitivity as a function of sensor tem-
perature is illustrated in Fig. 1. The sensor response
time was in the range of 2—3 s, whereas the recovery
time did not exceed 10 s at 280°C.

After ion irradiation, the gas sensitivity was
reduced to 17% at the dose of 10'° cm~2, and even to
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Fig. 2. The gas response of PEC nanostructured GaN
toward 1000 ppm of CO for 3 doses of Xe irradiation. The
initial three points represents data for the samples before
annealing; (1) Dose 10'9; (2) Dose 10'!; (3) Dose
10" cm=2; CO = 1000 ppm; 7, = 280°C.
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6% for the samples subjected to ion irradiation at the
dose of 10 cm~2 (Fig. 2). This corresponds to the dim-
inution of the sensitivity by at least ten times in com-
parison with the sensitivity of non-irradiated samples
(Fig. 1). The drastic reduction of the sensitivity is
expected to be caused by the large number of lattice
defects induced by ion irradiation in the sensitive layer
of GaN which is located at the base of conical struc-
tures.

An effective method for curing the defects induced
by high energy ion irradiation is thermal annealing [4].
The annealing-induced restoration of the crystal lattice
is particularly effective for nanostructured semiconduc-
tor materials. The results of our investigation prove to
confirm this trend. From the data illustrated in Fig. 2 it
can be seen that for the highest dose of 10'> cm~2 the
rapid thermal annealing at 800°C leads to 50% restora-
tion of the sensitivity parameter in comparison with the
non-irradiated samples.

The high energy Xe irradiation influences not only
the sensitivity parameter, but also the recovery time of
the gas sensor. In our case, the response time was in the
range of 2—3 s before and after 10'> cm~2 Xe irradia-
tion, while the recovery time was found to be in the
range of 35—36 s after this high dose irradiation and of
about 22 s after subsequent rapid thermal annealing at
800°C (Fig. 3).

CONCLUSIONS

Host defects created in nanostructured GaN epil-
ayers by high energy Xe*?3 ion irradiation lead to con-
siderable deterioration of the CO gas sensitivity which
is caused probably by irradiation-induced changes in
the surface properties of GaN nanostructures. It
should be noted that the mechanism of high energy
particle interaction with nanostructured GaN require
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Fig. 3. The influence of Xe irradiation and rapid thermal
annealing on recovery time of the nanostructured GaN
based gas sensor. (/) after Xe irradiation; (2) after tr. an.
500°C; (3) after tr. an. 700°C; (4) after tr. an. 800°C;
CO = 1000 ppm.

further investigation since the observed increase in the
conductivity of these layer after irradiation could
involve different specifics. Nevertheless, the results
presented in this report are promising from the point
of view of potential applications of nanostructured

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

GaN in gas sensor electronics operating in high energy
ion irradiation environment.
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Abstract—The methods for expanding the use of nanocrystalline electrolytic Fe—W alloys by creating a mul-
tilayer structure and using oil lubrication were studied. It was shown that lubricants can reduce the coefficient
of friction and oxygen penetration into the sliding pairs, thus enhancing the wear resistance behaviour of Fe— W
coatings as compared to that at dry friction, when the surface tribo-oxidation dominates. The electrodeposi-
tion of multilayer Fe—W/Cu coatings from a single bath was shown to be feasible. The tribological and
mechanical properties of such coatings were investigated. The multilayer structure was found to improve the
wear resistance characteristics of the coatings even at dry friction and at a relatively high normal load of 10 N.
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INTRODUCTION

The induced codeposition of metals of the iron
group with refractory metals (W and Mo) [1—3] from
citrate solutions can be used as an effective method for
obtaining coatings that have improved corrosion and
tribological characteristics [4—8]. Recently, such coat-
ings have been regarded to be an alternative to electro-
Iytic chromium coatings owning to the fact that the
ecological conditions of their obtainment are safer as
compared to those of electrolytic chromium from
toxic electrolytes [9].

Such coatings are primarily amorphous (nanocrys-
talline) [3, 10—14], which is a peculiarity of Fe—W
alloys. Their mechanical properties at deposition from
various electrolytes in the range of current densities of
10—350 mA/cm? and deposition temperatures of 40—
90°C [3, 7, 9, 10, 14] were studied previously. Maxi-
mum values of the microhardness were obtained for
the coatings from a citrate-ammonia electrolyte
deposited at 70°C.

Materials known as multilayer coatings have also
been an object of intensive studies lately. Such materi-
als, which consist of alternating nanoscale layers of
various metals and alloys, have improved physicome-
chanical, optical, electric, magnetic, and magneto-
optical properties as compared with the traditional
alloys [15—20]. Multilayer coatings of micrometric
and nanometric sizes [23—28] may be produced by
electrodeposition.

This study is aimed at a comparative examination
of the mechanical and tribological properties of coat-
ings made of iron-tunglten alloys and chromium at

their friction with a lubricant, and Fe—W/Cu coatings
at dry friction.

EXPERIMENTAL

The Fe—W and Fe—W/Cu alloys were deposited
from electrolytes A and B.

(A) The electrodeposition of Fe—W coatings was per-
formed from an electrolyte of the following composition,
(g/D): iron sulfate FeSO, - 7H,0)—355; sodium wolfra-
mate (Na,WO, 2H,0)—132; sodium citrate
(Na;C4H;0,)—112; citric acid (C4HgO,)—33. The pH
of the obtained solution was adjust to 7.6—7.8 using
ammonia. The current density was 1—5 A/dm?.

(B) The electrodeposition of the Fe—W/Cu coat-
ings was performed from a single bath (electrolyte A)
with the addition of copper sulfate (CuSO, - 5H,0)
with a concentration less (by weight) by 100 times than
that of iron sulfate. The pH of the obtained solution
was adjust to a value of 7. The deposition was carried
out from a cell with unseparated anode and cathode
spaces under galvanostatic conditions at 70°C. A
stainless steel plate served as the anode. The thickness
of the coatings varied in the range of ~8—15 um
depending on the current density of the deposition.

The Fe—W and Fe—W/Cu coatings were deposited
onto substrates of two types. In order to study the
mechanical and triblogical characteristics, the elec-
trodeposition of the coatings was performed on
mechanically polished St3 steel. For the polarization
measurements, copper electrodes were used as the
substrate. The substrate was degreased in an ultrasonic
bath with acetone followed by degreasing in water with
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a soft detergent and then rinsed prior to the elec-
trodeposition. After that, the substrate was applied to a
nickel underlayer from a nickel-plating electrolyte
that contained NiCl, - 6H,0 240 g/1 + HCI 80 g/1 for
1 min.

Polarization curves were obtained from the B elec-
trolyte in a three-electrode cell with an unseparated
anode and cathode space on a Parstat 2273 poten-
tiostat. A saturated silver-chloride electrode served as
the reference electrode in relation to which the poten-
tial values were measured. The polarization curves
were read at a potential sweep of 2 mV/s on a copper
wire cathode. On the basis of the obtained polarization
curves (Fig. 1), the optimal currents of the deposition
for copper were also calculated for the Fe—W alloys
from the limiting current of the diffusion. The polar-
ization curve of the deposition was used to experimen-
tally select a galvanostatic mode of the deposition. The
electrodepositon of the multilayer coatings was per-
formed in the pulse-galvanostatic mode (table). In all
of the experiments, the current density in the elec-
trodeposition of the alloys and copper was constant.
After the period of the electrodeposition of the copper
(fc,) and the alloy (Zgw), there was a pause (f,s)
(Fig. 2, table).

The roughness of the surfaces of the deposited
coatings was studied using (WYKO NT 3300) noncon-
tact white light interferometry. The same methods
were applied for the determination of the extent of
wear volume after fretting tests on the coatings. The

hardnesss was defined on a Nano-Hardness Tester,
CSM.

Testing of the Coatings at Dry Friction

The friction and wear of the electrolytic coatings
that were deposited on the St3 steel were estimated
based on the dry bi-directional ball-on-flat sliding
tests (fretting mode 1). The electroplated multilayer
coatings were tested under the following conditions:
the normal force was 10 N, the amplitude of the dis-
placement of the counterbody was 200 pum, the fre-
quency of the reciprocal motion was 5 Hz, and the
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Fig. 1. Polarization curve of the electrodeposition of the
Fe—W/Cu alloy that was obtained on a plate electrode
from electrolyte B.

number of cycles was 50000. The coatings were
exposed to friction at oscillation against a fixed coun-
terbody, which was a 10-mm-diameter corundum ball
with an elasticity modulus of 300 GPa. All of the tests
were performed at an environmental temperature of
23 £ 2°C and 50% relative humidity. The coatings
were prepared for the friction tests: they were
degreased in acetone and ethanol and dried. After the
testing, the coatings were cleansed in an ultrasonic
bath with ethanol to remove wear debris prior to exam-
ining the wear profiles.

Testing the Coatings for Wear Resistance
in the Presence of Oils

The tests were performed on an MVPD-1KPI labo-
ratory facility according to the methods of [29]. The
wear test conditions are: upper immobile cylindrical
specimen (of 10.04 mm diameter with a 30-mm-long
working part) coated with Fe—W on the flat surface of

Conditions of the electrodeposition and the roughness of the multilayer coatings

Deposition . 2 . 2| Thickness of
Feril&;i/eCu fcys S icy, A/dm TFe—ws S Tpauser S | Tre—ws A/AM |y 1o vers, nm| R BT
1 45 6.8 19.5 ~10 0.98
2 180 0.1 34 10 2 ~50 2.01
3 360 68 10 ~100 0.09
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Fig. 2. Typical curves of the dependency of the potential on the time at the pulse-galvanostatic electrodeposition of Fe—W/Cu
coatings in modes /—3. The potential is indicated without an ohmic component.

the lower specimen of quenched 45 steel (the HRC was
46—47, and the sizes were 110 x 50 mm), which was
performed a reciprocal motion (at a frequency of
280 double strokes/min with a 100-mm peak-to-peak
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Fig. 3. Effect of the W concentration in the Co—W and
Fe—W alloys on the size of the blocks (of a grain) that were
electrodeposited at direct (DC) and pulse (PC) currents of
the electrodeposition. (/) DC, pH 6.7; (2) PC, pH 6.7;
(3) DC/PC, pH 8.
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displacement amplitude) under a load of 300 N. The
friction couples were lubricated with M-10 G,K oil.
The oil was supplied by a programed control mini-
feeder, which ensured the accuracy of the oil expendi-
ture and the synchronism of its being fed into the zone
of the friction. The linear wear of the Fe—W specimens
and the electrolytic chromium at the end of the testing
was determined with regard to the average width of the
wear area using a PMT-3 microscope.

For comparison, the tribological characteristics of
the Fe—W coatings that were deposited from the A
electrolyte at a current density of 1 A/dm? and those
from the chromium electrolyte (the standard electro-
lyte) at 55 A/dm? were determined.

RESULTS AND DISCUSSION
The Wear Study of the Coatings in the Presence of Oils

It was shown previously [30] that electrodeposited
iron—tungsten alloys can be obtained in a nanocrystal
state. Thus, at a tungsten concentration in the coating
above 22—25% (at.), its grain size becomes less than
10 nm, which must lead to the change of the tribolog-
ical and mechanical properties (Fig. 3 and 4 [31]).
Indeed, such a small size of the grain enhances the
hardness of the coatings, and its magnitude becomes
comparable to (or even higher than) that of chromium
coatings.

Vol. 46

No. 6 2010



EFFECT OF A MULTILAYER STRUCTURE AND LUBRICATION
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Fig. 4. Nanohardness that was measured at various loads of
the indenter of the Fe—W and Co—W alloys and the Cr
coatings; (/) Fe—W , (2) Co—W, and (3) Cr.

However, as the tribological tests of the iron-tung-
sten coatings showed, at the dry friction and a load of
2 N, such coatings undergo tribooxidation during the
friction process (Fig. 5), which naturally interferes
with their application. The Fe—W coatings undergo a
high degree of wear (a darker color implies a larger
depth in the image) resulting from the oxidation of the
surface [30].

In order to expand the possibilities of using these
alloys, we carried out investigations of the Fe—W —
based alloys at their friction in the presence of oils,
along with the variant of the multilayer coatings with
copper.

One of the ways to decrease the wear is lubrication.
The character of the behavior of the friction couples in

541

the presence of oils greatly depends on the ability of
the oil to penetrate into the area of the wear and
remain there. The presence of oils substantially
decreases oxygen’s access to the area of contact in
comparison with the degree of wear without lubrica-
tion, and this fact is found to be of special importance
in the case of iron-based coatings [32].

In the context of the aforementioned, we studied
the behavior of the Fe—W coatings in the presence of
oils with a steel 45 counterbody. Indeed, the improve-
ment of the tribological properties of the iron-tung-
sten coatings at friction in the presence of oils was
noted. The friction coefficient decreases in the pres-
ence of oils to indicate the penetration of the lubricant
into the contact area (Fig. 6). However, the friction
coefficient that was measured is not so low as the one
of the chromium coatings. This may be accounted for
by the fact that the oxides that increase the friction
coefficient [32] appear even in the presence of oils in
the case of the Fe—W coatings, which affects the wear
characteristics (Fig. 7).

It is seen that the depth of the wear of the Fe—W
alloys deposited at various current densities is larger
than that of the chromium coating (Fig. 7). Moreover,
the Fe—W coatings deposited at higher current densi-
ties are characterized by a larger depth of wear, which
is attributed to the somewhat higher tungsten content
at the deposition at low current densities. Thus, even
in the presence of oils at friction, the wear for the Fe—
W coatings remains substantial, resulting, obviously,
both from the choice of the oils for the given friction
couple and the high load, which prevents reaching the
required hydrodynamic mode at the given conditions
of loading.

- 0.82
- 0.50

[-O

- —0.50

—1.00

—1.50

—1.91

Fig. 5. The 3D images after the dry friction at 2 N and 10000 cycles of the electroplated coatings: (a) Fe—W (26 at % of W);

(b) Co—W (24 at % of W).
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Fig. 6. Friction coefficient of the electroplated Fe—W,
Co—W, and chromium coatings in the presence of oil.
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Wear depth, pm
10

Fig. 7. Depth of wear of the electroplated Fe—W coatings
at different current densities and coatings of electrolytic
Cr. The friction tests were performed in the presence of oil
and at a load of 300 N (after 21000 cycles).

Fig. 8. The 3D images of the surfaces of the Fe—W /Cu multilayer coatings for modes 1—3 of the electrolysis and a layer’s thickness
in the multilayer coating, nm: 10 (7), 50 (2), and 100 (3).

Wear Study of the Fe—W/Cu Coatings
at Dry Friction

The analysis of the tribological properties of the
obtained multilayer Fe—W/Cu coatings was com-
pared with electrodeposited Fe—W coating at
1 A/dm?.

The study of the surfaces of the multilayer elec-
trodeposited coatings showed that the roughness
attains considerable values (Fig. 8 and the table),
which is evidently specified by the nonuniformity of
the obtained layers and the growth of the sizes of the
grains at the deposition of the layers having a small
thickness. In this case, high roughness is observed for
individual layers with a thickness less than 100 nm.
The finest roughness is observed at 100 nm, which is
probably correlated with the more uniform deposition
of the copper layers and the iron-tungsten alloy.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

The sufficiently high roughness and nonuniformity
of the coatings certainly must affect the tribological and
mechanical properties. Thus, at the dry friction tests of
the multilayer coatings at 10 N and 50000 cycles, the
obtained wear track depend on the initial roughness of
the coatings (Fig. 9). On the average, the wear depth at
a given load was ~6 pm in 10-nm-thick layers, which
is practically identical to the value of the wear depth
for pure iron-tungsten coatings that were deposited at
1 A/dm?. Note that, for the coatings having high
roughness (as for instance in the case of a 50-nm-thick
layer), one can hardly talk of the accuracy of the value
of the wear depth (Fig. 9). Nevertheless, the layers
with a thickness of less than 50 nm are found to not
show any special improvement of the wear character-
istics, which are correlated with the tribooxidation of
the iron-tungsten coatings at dry friction.

No. 6 2010
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Fig. 9. Profiles of the multilayer coatings after the wear as measured in various directions for deposition modes 1—3 (table) and

the Fe—W coating.
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Fe—W/Cu—50 nm — 300 x 103 um?

Fig. 10. The 3D images of the surfaces of the multilayer coatings and pure Fe—W after the tests for wear.

Thus, the volume of wear for the multilayer coat-
ings with 10-nm-thick individual layers equals the
wear for pure iron-tungsten coatings (Fig. 10). A
decrease of the volume of the wear (Fig. 10) occurs at
an increase of the thickness of the ingle layers with the
minimum wear for 50-nm-thick layers.

The change of the friction coefficient of the multi-
layer coatings obtained at 10 N and an appropriate
number of cycles is shown in Fig. 11. Asis seen, for the
specimen that was deposited with ~50-nm-thick lay-
ers, a certain decrease in the friction coefficient is
observed as compared to the other coatings. This fact
correlates with the lower value of the wear obtained for
these coatings.

Hardness Measurement

The study of the mechanical properties, in particu-
lar, the hardness of the deposited multilayer coatings,
was carried out using the multicycle method (MCM)
on a Nano Indentation Tester. This method makes it
possible to estimate the effect of various loads of the
indenter (at different depths of penetration) on the
hardness of the coatings. In this case, the hardness
variation of a coating may be estimated in one areca of

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

the coating according to the thickness of the elec-
trodeposit, instead of a few areas when using monoin-
dentation. Figure 12 shows the results of the MCM
study of the nanohardness of the multilayer coatings
that were deposited in 1—-3 modes of electrolysis
(table). Copper is found to abruptly decrease the hard-
ness of the multilayer coatings, particularly of those
with 10-nm-thickness. This relates to the hardness
obtained for the 50-nm-thick layers to a lesser degree.
The values of the hardness of these coatings are prac-
tically identical to the hardness of the Fe—W coatings
(Fig. 4). Note that high roughness makes it difficult to
estimate the hardness. The data in Fig. 12 are pre-
sented for a more uniform area (Fig. 13a): the hard-
ness estimation is found to be impossible over more
rough areas (Fig. 13b).

CONCLUSIONS

The results of this study show the principle possi-
bility for expanding the use of nanocrystalline Fe—W
electroplating alloys. The friction coefficient and the
penetration of oxygen to the friction surface are found
to decreased at friction in the presence of lubricants.
This makes it possible to improve the wear character-
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Fig. 11. Dependence of the friction coefficient on the
number of cycles at dry friction using the method of “a ball
along a plane” at 10 N for the Fe—W/Cu multilayer coat-
ings and the Fe—W coatings.
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Fig. 12. Hardness measurements using a multicycle
method (MCM) for modes /—23 of the deposition of coat-
ings (table) with the thickness of the layer, nm, being as fol-
lows: (1) 50; (2) 100; (3) 10. See the text for other details.
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Fig. 13. Microstructure of the prints and adjacent zones after the indentation of the multilayer coatings using the MCM:

(a, b) electrolysis mode 2 (prints in various areas of the coating).

istics of the Fe—W coatings versus the dry friction,
when the surface tribooxidation is predominat.

The study of the tribological and mechanical prop-
erties of the multilayer Fe—W/Cu coatings by means of
electrodeposition from a single bath leads to the
improvement of the wear characteristics of the coat-
ings even at dry friction and at a sufficiently high load
of 10 N. The hardness of these coatings can be high in
the case of the ~50-nm-thick individual layers, never-
theless of the copper presence.
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Abstract—The cumulation of de Broglie waves of electrons in hollow molecules (for example, Cg,) has been
investigated. The existence of negatively charged endoions of fullerenes with trapped electrons in the inner
cavity (endoelectrons) is proved. The Schrodinger (Helmholtz) stationary equation for hollow polarized mol-
ecules is solved analytically. An endoelectron has a positive total energy, but, because of the polarization
forces, it is localized (constantly cumulating) in the center of the hollow spherically symmetric molecule
(Cgp)- The analytically calculated Eigen y-function and eigen energy determine the probability of finding an
electron in the cavity of a hollow molecule. The Eigen energy of a quantum cavity (Cg) is compared with
experimental studies of cross sections of electrons attachment to Cq, dependencies on the electron energy.
The importance of the polarization hollow molecules in the stabilization of the fullerene endoions with endo-
electrons (with energies from 0.2 to 12 eV) is proved. The effect of the cumulation of electrons in the hollow
of the molecule (the trap for electrons) can be used to control the concentration of the charge carriers, the
thermal and electrical properties of semiconductors, and the hardening of materials with free electrons. The
quantum properties of polarized cavities could cause the variation of the parameters of nanocomposites with

a concentration of quantum modifiers (Cgg).
DOI: 10.3103/S1068375510060037

INTRODUCTION

Fullerenes, nanotubes, clathrates, and onions
comprise a peculiar class of nanostructures possessing
a well-defined property of forming “traps” for other
nanoobjects—separate atoms, molecules, or similar
interleaved (matreshka) structures, for example, for
endofullerenes (fullerenes with an enclosed atom or
molecule) [1, 2].

To designate endofullerenes there is used the for-
mula M,@C, where M is the encapsulated atom or
molecule, and the lower indices k£ and # indicate the
number of such atoms and carbon atoms in a fullerene
molecule, respectively. The used notation allows one
to distinguish endohedral molecules from common
chemical compounds, which, in the case of fullerenes,
are designated by the symbol M,C,. In all the men-
tioned cases, the enclosed structures are formed by
electrically neutral atoms and molecules which them-
selves consist of the layers of positive and negative
charges complexly distributed in the space. (The foun-
dations for such understanding or femtotechnologies
with the layers of space charge were laid even by Ruth-
erford early in the last century.) Yet, it is well known
that the fullerene molecules are strong acceptors of
electrons; the electron affinity of Cg, is 2.7 eV [1].
Thus, the molecules of fullerenes can capture elec-
trons and easily form chemical compounds. The elec-

trons localize on the outside of a fullerene molecule
due to the formation of a chemical bond. As the exper-
iments show, there appears to be possible another
“scenario” of the interaction between an electron and
a fullerene (or another hollow molecule).

The characteristic dimension of the cell L of the
Cgy molecule (a pentagon or hexagon) is not more
than 2.8 A. This dimension corresponds to the mini-
mum energy of the electron (~18 eV) (in the case of a
de Broglie plane wave) needed to leave the inner bulk
of C¢, through these cells (£ = p*/2m, p = (h/L), where
h is the Planck constant, and m is the electron mass. If
the electron has energy more than 18 eV, it can pene-
trate into a hollow molecule and leave it. It is logical to
suppose the existence of some range of values of the
electron resonance energies sufficient for the electron
to penetrate into the molecule but not leave it.

In other words, fullerenes are traps for electrons
possessing some resonance energy. The resonance
capture into the inner cavity results in the formation of
endoelectrons in fullerenes and other hollow mole-
cules. This feature of hollow molecules—to play the
role of traps for the electrons with resonance ener-
gies—opens up fresh opportunities to control the
properties of composite materials (their parameters).
Thus, selecting concentrations of hollow molecules
(quantum resonators), for instance of a fullerene, it is
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Fig. 1. Experimentally measured cross sections of the electron attachment to Cg versus its energy: (a) for Cg [6]. The straight
solid vertical lines mark the intrinsic energies (with the main numbers n = 1, 2, 3, 4) calculated by (9) in view of the action of the
forces of the polarization of Cg( on stabilization of the fullerene endoion; (b) relative cross sections of the attachment of an elec-
tron to SFg and Cg for the flow of Cg (7= 673 K) [7]; (c) experimental curves of the efficient yield of the resonance capture of

electrons by the Cg, fullerene molecules [5].

possible to reduce the heat conduction of materials, to
increase their strength characteristics forming double
layers of spatial charge [3, 4], etc. The negative ion of
a fullerene with an endoelectron or their system in the
cavity can be called an endoion. The aim of this paper
is to substantiate the possibility of such a “scenario.”
The analytical calculations and numerous experi-
ments [5—7] (see the references in [6, 7]) count in
favor of this assumption. Endohedrals were discovered
almost simultaneously with fullerenes; as for the pos-
sible appearance of endoelectrons and, correspond-
ingly, endoions of fullerenes and other hollow mole-
cules, it was for the first time reported in [3, 4] in the
form of a hypothesis and its good substantiation.

Interaction of Cyy Molecules with Electrons

The interaction of Cg, molecules with electrons has
been studied in many works. Evidently, there is no
other molecule (besides its derivatives and C,,) capa-
ble to form long-lived negative molecular ions (NMI)
with the energy of the bombarding electrons up to
20 eV [5—7]. The mechanism of stabilization of NMI
as regard to the electron removal at such a great excess
energy stored in it is not clear yet [5—7] (see Fig. 1).
Really, if the attachment to the fullerene molecules
takes place according to the classic mechanism of an
electron capture by a carbon atom into a potential well
without deep penetration of the electron into the
fullerene, there should be expected only a peak in the
region of the small energy of electrons as is observed in
the case of the SF; molecule (Fig. 1b). In the case of
a hollow C,, molecule, there is quite another picture
(Fig. 1). As in the experiments, there has been found
the threshold of attachment of an activated electron to
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the Cg4yand C,, (Fig. 1); it could be involved the disso-
ciative attachment mechanisms, requiring a certain
energy of the electron activation. However, no decom-
position products of Cg, were found after a resonance
electron was captured [6]. There is also no consensus
of opinion among research workers regarding the
mechanism of the resonance capture of slower (=1—
1.5 eV) electrons [5—7]. The resonance peaks in the
cross sections of the attachments (see Fig. 1), accord-
ing to [7], for Cg, are observed in the experiments at
the electron activation energies E, = 0.2; 1.5; 4.5; 5.5;
8eV.

If the first resonance level with n = 1 is clearly iden-
tified in Figs. 1a and 1b (in [6] it is pointed out that
E, = 0.24 eV), the levels n = 2—5 mentioned in work
[7] are established less accuratly, and the presence of
them is doubted (so, the values F,_s = 2.25; 3.8; 4.9;
6.1 eV are presented in [6]). Being in seemingly good
agreement, the results of experimental works [5—7]
substantially differ in the details of the resonance levels
(Figs. la—1c). So, the energy of activation of the first
resonance level of the Cg, ion established in [6] is
0.24 eV, differing by 20% from the value presented in
[7]. The relative magnitudes of the first peaks are sev-
eral times different in relation to the second ones
(Figs. 1la—1c). The author is inclined to believe that
the results with the absolute values of the cross sections
presented in [6] are more reliable, though even these
data could be evidently refined in the course of further
more accurate experiments. According to [6]
(Fig. 1a), the effective radius of the polarization inter-
action exceeds the characteristic radius of the C4, mol-
ecule (0.36 nm), and, for the electrons with the energy
of about 2 eV, it amounts up to 0.63 nm, exceeding the
molecule’s radius by 7,4 = 0.26 nm. Undoubtedly,
Vol. 46
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this phenomenon is connected with the polarization
forces arising between an external (exo-) electron
and the Cg, molecule polarized by this exoelectron
(or another polarizing molecule). The polarization
interaction results in the development of a standing
spherical wave—an endoelectron—inside the mole-
cule’s cavity.

The interaction of the Cg, molecule with an exter-
nal electron in the case of the interaction with atoms of
alkaline (or alkaline earth) metals is well studied. At
room temperature, Cgy, crystallizes in the form of a
face-centered cubic (FCC) lattice with relatively weak
intermolecular bond forces. Such Cy, molecular crys-
tals are called fullerites. In a close-packed FCC struc-
ture (the lattice parameter is 1.417 nm), the C4, mole-
cules are represented by balls of 1.002 nm radius. One
C¢, molecule is accounted for by one octahedral and
two tetrahedral cavities of 0.206 and 0.112 nm radii,
respectively. Such great cavities make fullerite promis-
ing for the synthesis of new compounds through the
introduction of various atoms and molecules into
them. Such an introduction is called an ntercalation
[1]. If the intercalation of atoms results in the transfer
of valence electrons to the Cg, molecules, then such
compounds are called fullerides and are designated by
M, Cq,. Here, M = K, Rb, Cs, etc. Valence electrons
are delocalized along the Cg, shell producing molecu-

lar anions ng with the difference between the lengths

of the double and single bonds reducing. The spectra
of the light combination scattering (LCS) of such
intercalated fullerenes displace into the low-frequency
region in relation to the intramolecular spectra of
fullerene molecules by nearly 6 cm™! for each valence
electron transmitted to the Cy, molecule [§—10]. It is
followed from the electron structure of the Cg, mole-
cule that, in the course of the reduction of Cg,, the
lowest free level #,,, is filled on which up to k = 6 elec-
trons can be settled [1, 2, 11]. According to [8—11], it
is believed that if there happens the capture of the elec-
trons of a nanomaterial (metal or semiconductor) on
the C, shell (the electron sinks into a potential well)
and the concentration of anions is comparable or
exceeds the concentration of the Cg, nondoped by
electrons, then the spectrum of the C¢, doped by elec-
trons should also displace by 6 cm™! to the captured
electron [8—11]. However, if the electron with the
energy £ > 0 is thrown into the internal cavity of the
fullerene due to the generation of polarization forces,
which disappear when the electron penetrates into the
hollow molecule, then such a shift could not be
observed. Indeed, as is shown in this work, the endo-
electron with the activation energy £> 0.2 eV is local-
ized by the polarization forces in the center of the hol-
low molecules (with Cgj as an example); does not pro-
duce chemical bonds with them; and, out of the
boundaries of the localization region (> R), the prob-
ability of its existence is zero (that is y(r> R) =0).
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Interaction of an External Electron with Hollow
Structures: The Cumulative—Topologic Mechanism
of the Capture of an Electron in the Course
of the Production of Endoions

In order to estimate the profile of the capture of an
electron according to the mechanism of the form reso-
nance, some investigators choose a spherically symmet-
ric rectangular potential with the energy well in the whole
cavity of the Cg, (with the negative energy —2—3 eV, for
example, [12] and the references in this paper). This is
a mistake of the formulation of the problem, as there is
no potential well in the internal cavity of Cg,. The cap-
tured electron’s energy E in the cavity constantly
remains substantially more than zero. In these works,
the Cg4, molecule’s polarization favoring the perma-
nent return (cumulation) of the captured electron to
the center of the hollow structure is considered incor-
rectly. A potential well with the dimensions of a hollow
molecule does not form. The action of the polarization
forces results in the formation of a barrier (a quan-
tum—coulomb focusing “mirror”) reflecting the elec-
tron to the center of the hollow molecule. This polar-
ized “mirror” (barrier) focusing the captured electron
to the fullerene center is formed for a short instant by
the synergetic (joint) fields of some bare positively
charged ions of carbon atoms that appeared owing to
the polarization of the molecule only at that moment
when this endoelectron leaves the bulk of the hollow
molecule (that is, becomes an exoelectron). Without
the action of coulomb potentials, the electron moves
inertially during the most time towards the center of
the no longer polarized molecule. The value of the
average electron polarizability of the Cg, hollow mole-
cules is large—o. = 90 x 1073 m3. The greatest mistake
in the theoretical works is the fact that there is not taken
into account the substantial internal region without a
potential into which the electrons with the energy from
0.2 to 12 eV bombarding the molecule are thrown with
the subsequent permanent reflection of them from the
concave shell (the polarization “mirror™).

The spherical potential well produced by the shell
of carbon atoms is localized only at the molecule’s sur-
face with the shell’s thickness dimensions and does not
occupy the whole volume of the Cy, molecule. The
most internal volume of the Cy, molecule is free from
a coulomb potential (the shell). The potential is shell-
type with the characteristic shell thickness on the
order of the carbon atom diameter, that is less than
1 A. Thus, it is the author’s opinion that all quantum—
mechanical computations carried out under the
assumption that the coulomb potential well of the Cg,
molecule occupies the whole internal volume and the
electron with the initial energy, for instance, 10 eV,
immediately sinks into this well with the negative
energy —2 eV are incorrect. (As will be proved in this
work, the size of the reflecting shell’s radius is deter-
mined by the polarization forces and exceeds the geo-
metric radius of a hollow molecule.)
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Fig. 2. The diagram of the cumulative throw off of an electron with the energy from 0.2 to 18 eV into the cavity of the C¢j molecule
and the resonance formation of the endoion ¢,@C,. The successive reduction of the length of the de Broglie wave of an electron

bombarding the fullerene molecule polarized by it [4].

The author thinks that the mechanism of “the sta-
bilization” of an electron with energy less than 18 eV
colliding with the fullerene molecule is its removal
into the internal cavity of the Cy, molecule (Fig. 2) and
the consequent localization of the electron, that is, the
formation of a standing wave—an endoelectron—in
the internal cavity of the Cq,. The polarization of the
C¢, molecule and its geometric spherical shape (con-
vex on the outside and concave on the inside) play a
significant role in the process of the electron penetra-
tion into the fullerene. As is proved in this work, such
geometry determines not only the width of the poten-
tial barrier but its height too (up to 18 eV).

Entering the internal region after the removal from
the inner surface of the Cg, molecule, the electron
could not freely leave the closed molecule if its energy
FEisinthe range of 0.2 eV< EF< 18 eV. Only the capture
of the electron into the Cgj internal cavity as into a trap
with the “mirrors” reflecting it to the center allows one
to explain rationally the significant cross sections of
the “attachment” (Fig. 1) at the energies of the elec-
trons more than the ionization potential /¢, = 7.6 eV.
The minimum Kinetic energy of the electrons capable
to be in the Cy, molecule’s internal bulk should be
more than 0.2 eV. This is determined by the uncer-
tainty principle and the Cg, molecule’s diameter: D =
0.72 nm (R = 0.36 nm).

In the resonance capture of an electron (within the
mentioned range of its energies) by the Ci, molecule
and the corresponding production of an endoion
e,@C,, there participate the following factors:

(1) the polarization of a fullerene (for example,
the Cg, molecule) with interaction with an incoming
electron;

(2) the acceleration of the electron by a synergetic
(joint) field of the ions of carbon atoms appearing

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

owing to the polarization of Cg, and its further accel-
eration to the center of a hollow molecule while mov-
ing in the region of a nucleus of one of the carbon
atoms;

(3) the absence due to the geometric factor, of the
polarization of a molecule with an electron inside (the
molecule’s surface is concave inside and convex out-
side).

After the molecule is polarized by the incoming
electron, the latter is accelerated in the field of the car-
bon ion and acquires the kinetic energy necessary for
the penetration and accumulation (cumulation) of
electrons in the internal volume of the Cg,. After the
electron has passed around the ion’s nucleus, it leaves
the accelerating ion and flies into the Cg, molecule’s
inner volume. Losing the kinetic energy, the endoelec-
tron again “swells” inside the C4, molecule: its de Bro-
glie characteristic wave grows (Fig. 2). In this case, it
becomes nonpolarized again and the polarization
potential disappears before the electron leaves the hol-
low molecule. The electron polarizes the C4, molecule
more efficiently inside it than outside owing to the
geometric factor. It is caused by the fact that the Cq
molecule’s inner surface is concave.

Such differences in the geometry of the electron
shells for the outer and inner electrons determine the
resonance dissipation of the inner electron by a dozen
of the shell electrons (their number is inversely related
to the electrons’ kinetic energy or to the square of the
de Broglie wave), and, for the outer electron, vice
versa, they determine the possibility to be accelerated
and focused to the center of the convex positively
charged part of Cg,. The energy of an endoelectron
being about 0.2 eV, it could not polarize the molecule
at all according to the Gauss theorem and interact
with all the electrons of the Cg, shell simultaneously.
Thus, the “quantum—classic” endoelectron with the
Vol. 46
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energy from 0.2 eV entering into the Cg, spherical
molecule could not leave it if the fullerene cage is not
broken. For the electron with the energy much more
than 0.2 eV, the interaction takes place with the less
number of electrons and thus the probability of its
penetration through the Cg, shell’s potential barrier
grows (with the electron energy increasing, the effi-
cient shell barrier reduces). With the energy of the
electron being more than 18 eV, it freely leaves the
inner volume of the C,.

Thus, the stabilization of a negative ion e¢,@C,
takes place owing to the cumulative throwing off of the
incoming electrons by the nuclei of carbon atoms into
the trap—the inner volume of a molecule—and the
subsequent generation of polarization forces when the
electron leaves the boundaries of the hollow molecule.
This assumption is proved by the analytical investiga-
tions carried out in this work and their comparison
with the experiments conducted in [5—7].

For a nanotube, the geometric factor of dissipation
of an electron inside it has a 2D-dimension. The sim-
ilar dissipation in a nanotube ensures the ballistic con-
duction of nanotubes. As thin extended quasi-one-
dimensional and quasi-two-dimensional structures of
complex geometry—nanotubes and nanofilms—were
created in nanotechnology long ago, at the same time,
a demand arose for the theoretical description of the
behavior of an electron in the framework of such com-
plex structures. It is believed in the theoretical models
that, out of these regions, the wave function y (7, 7) of
a quantum particle exponentially rapidly reduces (the
model of soft walls) or is zero (the model of rigid
walls). Above, we have substantiated the model of rigid
walls for low-energy electrons (for example, E, < I4)
determined by the simultaneous interaction of an
endoelectron with a lot of electrons of the Cg, shell.

In some theoretical works, the solutions of a model
of thin bent cylinder with a “twisted boundary” or a
thin bent film have been considered in the adiabatic
approximation [13]. It is convenient to characterize
the scale difference in the thin extended structures by
a small “adiabatic” parameter y = D/L, which is
assumed to be little in [13]. Here, D is the diameter of
the nanotube, and L is its length. Within the limits of
these models, it is shown that the “geometric poten-
tial” or the existence of rigid walls in an empty
waveguide produces an efficient attraction to the
points of the greatest curvature of the axis. The term
“geometric potential” was coined for the first time by
V.P. Maslov in [14]. It is clear that, in the case of
fullerenes, such a cumulation point is the center of a
fullerene. As for the fullerene, the adiabaticity param-
eter x = D/L becomes equal to 1; the generalized adi-
abatic principle for the description of the electron
dynamics in bent nanostructures worked out in [13] is
unsuitable for traps—fullerenes. In this case, D = L.

Yet, within the limits of a spherical model with rigid
walls, it is possible to calculate the proper values of the
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resonance energy for endoelectrons and eigenfunc-
tions for Helmholtz hollow quantum resonators. This
proves the possibility of the formation of quantum
traps (resonators) for electrons on the basis of hollow
molecules (Cq, in particular). The trap is determined
by the same geometric potential [14] reflecting the
electron from the shell of a hollow molecule to its cen-
ter. (It should be noted that the title of the work [14]
“Asymtotics of Eigenfunctions of the Equation Au +
k*u = 0 with Boundary Layers on Equidistant Curves
and Scattering of Electromagnetic Waves in
Waveguides” serves this work—to find a solution for
the case of Cg; see also (1).) Indeed, in such spheri-
cally concave (for the endoelectron) traps, an inner
electron with energy of more than 18 eV can freely
leave the internal cavity of a fullerene. Thus, in the
case of a fullerene, the “geometric potential” effi-
ciently focuses the electron to the center of the inter-
nal cavity and constantly reflects to the center already
the inner one—the endoelectron. From the above
mentioned considerations, one can select the height of
the potential barrier—18 eV.

Interaction of an Endoelectron with Concave
Nanostructures. The Mechanism of Reflection
and Cumulation of the Fullerene Endoelectron

by the Polarization “Mirror”

Let us calculate the influence of the “geometric
potential” on the cumulation of the electrons to the
center of the fullerene. Inside the fullerene, where the
coulomb potential is zero, the electron with the total
energy E, ~ 0.2 eV can be considered as a closed by the
shell spherically symmetric standing wave reflected to
the center of the fullerene and described by the Schro-
dinger stationary equation and the Helmholtz equa-
tion [15, 16]:

Ay (r) + kyy(r) = 0. (1)

Here, ki = 2E,m/h*, m is the electron mass.

The solution of equation (1) in the spherically sym-
metric case without considering the centrifugal poten-
tial (/=0)is [16]:

y(r) = [Acos(k,r)+ Bsin(k,r)]/r. 2)

As the boundary conditions on the internal boundary
of the reflecting shell, in the model with an absolutely
rigid shell, we lay the condition for the total internal
reflection:

y(r>R)=0, where >at r<R

y(r) = Acos(k,r)/r. )

According to [15, 16], in model (1)—(3), inside
such a shell there should exist intrinsic discrete (reso-
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y (1) = cos (kir)/r
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Fig. 3. The electron y-function versus the distance to the
hollow molecule’s center (r is in radians).

nance) levels of energy for the electron closed by the
shell with the activation energy E, ~ 0.2 eV:

E, = ©(n-1/2)’1"/2mR* = 0.37(n—1/2)’/R eV,
4)
n=123...

According to (4), prescribing, for example, R = 0.36 nm
(the radius of the Cg, shell), we obtain at n = 1—3 the
energy spectrum of the resonance levels of the cap-
tured electrons:

E,_, 5=071;64;17.7;...eV. ®))

If the real thickness of the Cg, shell is taken into
account, the calculated energy of the levels increases
1.9 times, respectively:

E,_, ,=13;12.0;..eV. (6)

Infinite spectrum (5) or (6) is cut by the fact that,
when the kinetic energy is more than 18 eV, the elec-
tron can freely leave the Cg, as a de Broglie plane wave
because its characteristic dimensions are comparable
with the characteristic dimensions of the fullerene cell
(Fig. 2). Even these results agree satisfactorily, to a first
approximation, with the experiments [5—7] (Fig. 1).
The results presented in [5] of the cumbersome
numerical calculations according to the model dating
back to the Thomas—Fermi model give the smallest
energy of the oscillation mode for the case of Cgy ~
2.55 eV. Undoubtedly, it would be well to carry out
numerical computations of the distribution of the
electron density in Cg, by the method of a density
functional (see, for example, [17]) with the presence
of an incoming electron. Yet, certain details of the
cross section structure and the physics of the electron
cumulation into hollow molecules can be refined fur-
ther within the limits of an analytical model proposed
by the author (1)—(4).
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Fig. 4. The relative probability to find an electron in the
Cg cavity versus the distance to the fullerene center. The
relative probability of the presence of an electron outside
the Cg shell is darkened.

Space Distribution of an Electron
in the Fullerene Molecule Cavity

Thus, the y-function by (3) is a function hyperbol-
ically descending from the origin of the coordinates.
However, from (3), it doesn’t follow that the probabil-
ity to find an electron at zero distance from the
fullerene molecule’s center is infinite. As we know
[18], the probability that the electron is in the volume
dVis \y(r)PdV = 4’ |y(r)|*dr. Thus, the relative prob-
ability to find an electron in the spherical layer at a dis-
tance r from the fullerene molecule’s center is deter-
mined by cos?(k,r) (Fig. 4). The maximum probability
to find an electron in the hollow spherical molecule is
actually achieved in its center, as the shell with such
boundary conditions constantly reflects the electron
to the structure center. The function y(r) is not
smooth at the origin of the coordinates and, what is
more, is unlimited in the center of the focusing. The
geometric potential of curved surfaces coined by
V.Maslov in 1958 [14] operates in such a way in the
case of hollow spherically symmetric molecules. It is
this geometric potential that determines the cumula-
tion of an electron to the center of the Cg, structure
and the peculiar features of the formation of the elec-
tron y-function in the fullerene cavity. The geometric
potential turns into infinity at the origin of coordi-
nates, and (1) not only undergoes a kink but becomes
infinite itself (cos(k,r)/r — o at r — 0). The cumula-
tion of an electron by the geometric potential is con-
sidered in this solution. Before determining the possi-
ble spectrum of the physical phenomena causing the
appearance of this potential, we estimate the probabil-
ity of the penetration of an electron through the
potential barrier of the Cg, shell.
Vol. 46
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Penetration through the “Geometric” Potential Barrier

The probability W of the penetration of an endo-
electron through the “geometric” barrier is deter-
mined by a number of parameters [15]:

W~ Cexp(—-4n(2m(U- E))'"*d/h)
~ exp(-1.08x10"(U- E,)"*d).

One of them is the size of the barrier’s characteristic
width d [m], and the second one is the value of the
potential U [eV]. Evidently, for the endoelectrons with
the energy about 1 eV, d can be assumed equal to the
radius of the C¢, ~ 0.36 nm. Let the barrier height be 18
eV. According to these assumptions, the characteristic
lifetime of the fullerene endoion is about 10-¢-9 s, If
there was coulomb repulsion between the tunneled
electron and the fullerene, as in the case of the o-
decay of atom nuclei, it would be almost impossible to
detect the fullerene endoions, as by these estimations
the electron lifetime inside the Cg is negligible. How-
ever, the decomposition of the fullerene endoion
results in polarization of the so far neutral molecule of
fullerene and the exoion focuses again to the center of
the molecule by polarization forces. Thus, the ions
with endoelectrons with the positive activation energy
less than 12 eV exist during some period of time suffi-
cient to detect and examine them [5—7] (Fig. 1). The
polarization interaction between the Cgy, and the elec-
tron that has left the hollow molecule just now is
responsible for their long existence. The polarization
interaction returns the electron tunneled into the Cg,
shell back to the fullerene center if the energy of this
electron is less than the energy of the polarization
interaction between the electron and the fullerene
molecule.

The polarization interaction of the Cg, molecule
with an external electron increases several times the
efficient radius of the geometric potential; i.e., the
electron radius is reflected back into the Cg, molecule:
R— R+ ry,4 with the lifetime growing correspondingly
up to 10~ s. Yet, for the electrons with the resonance
activation energy E, capable of being reflected specu-
larly in the polarizing potential (mirror) of the Cg,
molecule, the lifetime in a hollow molecule grows
even more times. This phenomenon of generation of a
long-lived “soliton” in the region of Cg, is proved by
the resonance character of the attachment of the acti-
vated electrons, detected in the experiments, for
instance, in [5—7] (Fig. 1), and by the analytic investi-
gation being carried out in this work.

Polarization Interaction. Detailed Comparison
of the Analytical Calculations
with the Experimental Investigations

The efficient radius of the interaction of the Cg,
molecule with an electron can be estimated from the
experimental data [6] (see Fig. 1a). According to the
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efficient cross section presented in Fig. la, the effi-
cient radius of interaction R, ~ (c/m)"/? is about
0.56 nm for the first resonance and R, = 0.62 for the
second energy eigenvalue. Thus, the polarization
interaction can substantially stabilize the fullerene
endoion at certain energies of the endoelectron (not
exceeding the energy of the polarization interaction)
correlating well with the experimental observations
[5-7].

Let us estimate eq,,4, the characteristic energy of
the polarization (induced) interaction of an electron
with a fullerene molecule being polarized by it. The
electric field of the C4, molecule dipole acting on the
electron inducing the polarization of this very mole-
cule [19] is

E(r) = 2P/F = 20E(r)/F = 2ae/dne,r.  (7)

Integrating (7) with respect to r, we obtain the
energy of the polarization interaction of the electron
and the fullerene molecule e;,4(7):

ep(r) = —ae’/8meyr’ = 0.065(r,/r)" eV.  (8)

Here, r, = 1, and r is measured in nm. Prescribing
the distance from the electron to the fullerene mole-
cule 0.26 nm, which corresponds to the maximum
cross section of the electron’s attachment to Cg, (see
Fig. 1a), we obtain e@(r;,,q = 0.26) = 14 eV. In the case
of such energies, the de Broglie wave length (0.33 nm)
is comparable with the radius of the fullerene mole-
cule. Owing to the polarization of Cgy, the further
acceleration of the electron bombarding the fullerene
takes place on several carbon ions (see p. 2), thusal-
lowing the electron to penetrate into the inner cavity
of the fullerene. On the other hand, if the energy of the
incoming electron is more than the characteristic
polarization energy (eq;,q ~ 14 €V), the inertance of
the electron with such kinetic energy can now coun-
teract the polarizing forces. This should lead to a con-
siderable decrease of the characteristic lifetime of the
fullerene endoion depending on the endoelectron
energy as its energy increases to about 14 eV. Such a reg-
ularity is actually observed in the experiments [5—7]
(Fig. 1). Experimental observations [5—7] allow one to
reach the conclusion that e;,4 for Cq, ~ 12 eV.

Variation of the Mathematical Model to Consider
the Polarization Interactions

Considering the polarization forces returning an
electron back into Cy, it is possible to select the char-
acteristic radius of a standing wave for the electron;
not R = 0.36, but, for example, 0.26 nm more, that is,
R + rg = 0.62 nm. In this case, the energy spectrum
determined by the characteristic dimension of a polar-
ization “well” according to (4) should be revised,
hence,

E,__4=023;2.1;6.0; 11.8eV. 9)
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Fig. 5. The diagram of the revised model of the fullerene
endoion considering the effect of the polarizing barrier
(“mirror”) and the corresponding increase (by r;,4) of the
efficient dimension of the standing wave.

In the case of such variation, there is good correla-
tion (9) with the experimental data presented in Figs. 1a
and Ic. If we consider that 7,4 for the first cross section
peak is some smaller then for the second one, then the
revised value E,_, = 0.28 eV. Thus, during a part of
time, I the electron is inside Cg,, and, during the less
part of time (Fig. 4), it is in the region of the action of
the polarization forces determining the characteristic
dimensions of the standing wave of the electron and the
eigen energy spectrum of the spherical-symmetric
quantum resonator for the electron (Cg;). The revised
model considering the polarization interaction between
the Cq, and the electron with energy E, ~ 0.2 eV is pre-
sented in Fig. 5.

By the experimental observations (Fig. 1a), the reso-
nance capture energy does not exceed 12 eV, thus, by (9),
k = 2n; the principal number of endoelectrons stabilized
by the polarization forces in the endoion ¢,@C,, does
not exceed 6. According to [11], the Cgy-k anions with
k = 6 were not observed experimentally.

If there are created artificially some conditions
under which fullerenes tightly cover a nanomaterial
and the electrons can be on the surface of the nano-
materials only inside Cg,, then the space charge lay-
ers modifying the integral properties of the compos-
ite materials containing hollow molecules can be
formed in such materials.

The electric fields appearing round the endoions of
fullerenes can several times (k times) exceed the elec-
tric fields around free electrons and reach or exceed
the crystal fields (10'° V/m) on the surface of nanoma-
terials modified by endoions [4].
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Modification of Properties of Nanomaterials
at Formation of Double Layers of Spatial Charges
on Their Surface

Under ordinary conditions, the C, fullerene mol-
ecules form a crystal—fullerite [1]. In the last decade,
the molecule of fullerene is the most often studied
object by various spectral methods [1, 2]. Metal and
semiconductor spraying by fullerene crystals—by ful-
lerites—can results in a number of remarkable proper-
ties, in particular, in the coulomb melting of fullerites
[3], the coulomb hardening of nanoobjects at their
compression, a decrease of theheat conductance,
growth of a nanomaterial’s thermal resistance [4], etc.
It can happen due to the capture of a substantial part
of the nanoobject’s electrons by fullerenes acting as
traps for the electrons with energies in the range from
0.2 to 12 eV. The potential energy of the coulomb
interaction of two charged ions in the fullerite with £ =
l isabout 1.4 eV (D= 1 nm). By the results of this work,
the accumulation of energy in the Cg, cavity can reach
Es=2(E, + E, + E;) = 17 eV on one endoion ¢,@C,
with k = 6.

Calculations for Higher Fullerenes

Assuming that r,4 little changes in the case of
higher fullerenes and its geometric efficient radius R is
proportional to N'/2 (N is the number of carbon atoms
in the higher fullerene, where 4tR?> ~ N), the calcula-
tions of the eigen energies of the quantum resonators
is a simple arithmetical problem. Spectrum (9) should
be divided into the square of the geometric factor for
the higher fullerene. This factor ;, = 1.03 for C,;
Csa = 1.09 and Gy = 1.12.

So, for C,,, from (4) we obtain
E,_,_4=0.21;1.9;56;11.1eV. (10)

Such reduction of the value of the resonance
energy of the first peak for C,, is experimentally
observed [5—7].

DEDUCTIONS

Quasi-stationary mutually resonant processes of
cumulation and scattering (spray) of the de Broglie
waves of electrons with activation resonance energy of
such a dual fluctuating cumulative—dissipative process
are for the first time analytically studied in this work. It
is shown that the formation of a stationary standing
wave occurs as the result of the localization of two res-
onance processes—cumulation and spray (dissipa-
tion)—in the region of a hollow molecule (the Helm-
holtz quantum resonator). The cumulation of the
electron with nonzero energy to the center of a quan-
tum resonator (hollow molecule) occurs due to the
focusing polarization forces (polarization “mirrors”
returning the electron to the molecule center). Polar-
ization mirrors returning an electron to the fullerene
center are determined by the generation of synergetic
Vol. 46
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(common) electric fields by a part of the positively
charged fullerene cage. The displacement of the elec-
tron shell and the denudation of the positive charge of
carbon atom nuclei happen at polarization. As a result
of polarization, a part of the negative charge of the
shell shifts into a far region from the electron that left
the cavity. As the electron moves away from the center
of the polarizing molecule, its energy decreases due to
the action of the Cg, dipole field, and the potential
energy of the Cq, electron shell grows. In this case, the
kinetic energy of the electron is transferred into the
energy of the Cg, electron shell. The spray of endoelec-
trons from the Cg, center is determined by their iner-
tance (by an impulse or the total kinetic energy E,,
which is different from zero). The endoelectrons in
endoions (¢,@C;) have the positive total energy E,,
but, owing to the polarization forces acting on them
on the part of the polarizing molecule, they are local-
ized (constantly cumulate) to the center of this hollow
spherically-symmetric molecule (for example, Cg).

The accomplished comparison of the analytically
(see (9)) and experimentally found values of the reso-
nance energies of the attachment to Cg, [6] shows
good agreement. Thus, for the first two resonances
(Fig. 1a), the agreement does not exceed the experi-
mental error [6] (#10%). The conducted investigation
has proved the importance not only of the polarization
of a hollow molecule in the stabilization of an endoion
of fullerene with endoelectrons with activation energy
within the range from 0.2 to 12 eV but also the impli-
cation of the resonance (agreement) of the electron
activation energy and the eigen energy of the Helm-
holtz quantum self-organizing resonator ¢,@C, pro-
duced from C; in the presence of an electron with the
activation resonance energy.

The good agreement between the resonances was
obtained experimentally, (Fig. 1a) and the eigen values
of the energies of the quantum resonators calculated
analytically by model (1)—(4) proposed by the author
proved the possibility of the formation of negatively
charged fullerene endoions e,@Cg, with the captured
electrons into the internal cavity (endoelectrons) with
the resonance values of the activation energy.

The endoelectrons long-lived due to the resonance
polarization interaction with Cg, with the activation res-
onance energy in ¢,@C,, do not form chemical bonds
with carbon atoms. Thus, we should not expect in the
experiments any modification of the bonds and spectra of
the C¢, molecule in e,@Cg, even at the level of 5—6 cm™!
for an electron, as in the case of intercalated fullerides
[8—10], but it seems possible to study the resonance
absorption in the energy range AE = E;, — E;_ |, where
i=2or3(Fig.5)

The schrodinger stationary equation (Helmholtz
homogeneous equation) (1) for hollow spherically
symmetric molecules with regard for the polarization
forces (coulomb “mirrors” suddenly appearing in the
case of the tunneling of an electron through the Cg,
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lattice) at the periphery of the polarizing molecules is
analytically solved in this work as evidence for the phe-
nomenon of cumulation of electrons in ¢,@Cy, (see
(3) and Fig. 5). Not only the eigen (resonance) values
of the energy (9) but also the corresponding profiles of
the eigen y-functions determining the probability of
the existence of an electron in the molecule’s cavity
are calculated analytically. In accordance with this,
there is analytically computed (3) the probability of
the existence of an electron with the activation reso-
nance energy in the cavity of a hollow molecule for a
spherically symmetric quantum resonator (Fig. 4). It
turns out that, regardless of the suppressing probability
(=70%) of the presence of an electron inside the
fullerene molecule (Fig. 4), the efficient radius of an
endoion exceeds the characteristic dimension of the
molecule by the value r;,4 due to the specificity of the
dependence of the polarization forces on the distance
to the polarizing molecule. As follows from the com-
parison of the analytical model and experiments [6]
(Fig. 1a), the relative quantity = (R + r;,q)/R—the
scale correction for the polarization interaction (or
simply the scale correction, according to terminology
[12])—grows from £ = 1.56 up to { = 1.71 with the
increase of the incoming electron from 0.24 to 2.07 eV.
Correspondingly, 7,4 from the first resonance to the
second one changes from 0.2 up to 0.26. It follows
from the comparison of the analytical calculations and
the experimental observations that the characteristic
dimension of the efficient polarization of the Cg, mol-
ecule (r,,4) (or the scale collection, according to termi-
nology [12]) depends considerably on the energy of
the incoming electron (if the values of the maximums
in the attachment cross sections in [6] are measured
with an accuracy of ~10%). When the energies of the
electrons are more than 8 eV, the attachment cross
section sharply drops with the increase of the activa-
tion energy (Fig. 1) [5—7]. If the dependence of the
efficient cross section of the attachment (the endoion
radius) on the energy of an incoming electron is con-
sidered in the analytical model, the accuracy of the
agreement of the energies of the first and the second
resonances calculated by (4) with the experimentally
established activation resonance energies is ~90%
(Fig. 1a).

Thus, in this work, there is proposed an actual
physical mechanism of resonance capture of an electron
by polarizing hollow molecules and its simple analytical
model allowing one to find the spectrum of the activa-
tion of electrons and the eigen spectrum of the quan-
tum resonator e;_;@Cg, (see (9)) in agreement with
the experimentally observed resonances in the cross
sections of the electron attachment to C, [6] with an
accuracy not worse than +=10% (for £, ,,4,). The pro-
posed model allows one to carry out verification of the
experimental results obtained in [5—7] and to refine
the scale correction for the polarization interaction. It
is proved in the work the importance of the polariza-
tion of a hollow molecule for the stabilization of an
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endoion of fullerene with endoelectrons with the
energy from 0.24 to 12 eV, as well as the significance of
the resonance agreement of the eigen energies of the
quantum resonator—fullerene—with the electron
kinetic energy. The electron kinetic energy serves as the
energy of activation of the oscillating resonance process
(capture of the internal “soliton”) formed by the reso-
nance polarization barrier (the coulomb ‘mirror’).

The effect of the resonance interaction of hollow
molecules with electrons with activation energies from
0.24 to 12 eV is determined by the following:

—the polarization interaction (the polarization
coulomb “mirror” focusing electrons into the cavity);

—the geometry of a hollow molecule of fullerene,
and

—the energy resonance (agreement of the eigen
energy of the quantum resonator itself with the elec-
tron activation energy).

On the basis of the comparison of the experimental
observations of the resonance attachment cross sec-
tion [5—7] and the analytical calculations of the
energy spectrum (see (9)), there is substantiated the
possibility of the formation and long existence of
endoions (or endoelectrons) of fullerene ¢, @Cgy, with
n =3 or k = 6 (according to the Pauli principle).

The effect of electron cumulation into hollow mol-
ecules (traps for electrons) can be used for control in
semiconductors (concentration of charge carriers,
thermal and electric properties) and for the hardening
of materials with free electrons. The property of
fullerenes to catch electrons and to form fullerene
endoions of endoelectrons opens up the possibility to
modify nanomaterials using coulomb forces and syn-
ergetic (intrinsic, general) electric fields [3, 4]. The
author proves in his works [3, 4] that this femtotech-
nology of the microworld founded by Rutherford, who
discovered a substantial partition of the charge in
atoms, starts to show up considerably even in the
nanoworld due to the quantum properties of the elec-
tron. The quantum properties of polarizing resonators
(showing up in the dependence of the attachment
cross section on the energy of the electrons) self-con-
gruent with the resonance energy of the electron acti-
vation can determine the resonance (oscillatory) char-
acter of the variation of nanocomposite microparam-
eters in relation to the volume concentration of
quantum modifiers (for instance, Cq).

We have studied Cg, as an example, the cumulation
of the de Broglie waves (and of y-function) of elec-
trons in polarizing, quantum, and spherical resona-
tors—hollow molecules. The method tested for Cg,
and higher fullerenes can be used to simulate the phe-
nomena determined by the polarization of molecules
as in the case of nanotubes as well as other molecules
with a great values of the polarizability (o). The mech-
anism of the resonance cumulative—dissipative cap-
ture of an electron and the formation of a negative ion
e,@C, with an electron inside the molecule cavity
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according to the diagram in Fig. 2 can be modified for
the mechanism of the cumulative—dissipative capture
into the internal cavity of polarizing atoms with the
following formation of endohedral structures—
fullerenes and nanotubes, inside which one or several
electrons and atoms are enclosed. The obtained results
can be used to describe the polarization processes
between electrons with the activation resonance
energy and any complex polarizing molecules.

In conformity with the available experiments [3—5],
the performed analytic calculations and their perfect
agreement with these experiments considering the
polarization interactions in this work, there are classi-
fied quantum points, lines (wires), and wells according
to the sign of the total energy of the lectrons at infinity
from the quantum “box” capturing the electron (with
E >0 or with £ < 0). In classic strictly finite quantum
structures, the total energy of a quantum particle £, <0
(of FQ-particle) and in infinite quantum structures
limited by polarization forces, the total energy of a
quantum particle at the infinity from the polarizing
quantum box E, > 0, yet polarization forces localize
such charged particles with resonant kinetic energies
E, > 0 (I1Q-particles) in the region of the polarizable
quantum “box” (Fig. 1). [Q-particles cumulate the
total energy of the total energy of an electron coming
from infinity in the region of the quantum “box”.
Contrastingly, FQ-particles are formed at cumulation
of electrons and the unset of a part of the total electron
energy (energy dissipation into the vicinity) in the
form of the electromagnetic radiation.

The examined properties, determined by forma-
tion of charged endohedral structures and charged
bilayers of such structures, in particular of negative
ions ¢,@C,, on the surface of positively charging
nanomaterials are of scientific and practical interest
and call for further theoretical and detailed experi-
mental investigations.

CONCLUSIONS

Based upon numerous experiments (see, for exam-
ple, [5—7]) and references in these works, the author
proved by the example of the resonance capture of an
electron by a quantum resonator—Cg,—that, in the
microworld, there occurs self-organization of the
cumulative—dissipative structures discovered and
studied in the mesoworld in [20]. The cumulation
structures under our investigation, unlike diffusion
structures, discovered by Turing, are formed by the
collapse to the center of convection currents [20], but
not only in diffusion fluxes as in [21]. In cumulative—
dissipative convective structures, there is possible the
self-cumulation of mass, energy, impulse, charge, and
electric field as determined by coulomb (polarization)
forces. This idea is in outline stated by the author in
[20] and detailed in this work with regard for the
importance of quantum properties of electrons and
quantum properties of the Cgy, resonator. Thus, in this
Vol. 46
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work it is once again proved the possibility of the self-
focusing (cumulation) of a material determined not by
gravitation forces but by electric forces,being 10* times
stronger than gravitation ones (and v/c times stronger
than magnetic forces). E.I.Zababakhin [22], one of the
creators of the most powerful bomb, could not expect
such a powerful coulomb cumulation of the energy—
mass—impulse fluxes.
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Abstract—This scientific review is devoted to the mechanism of the anode heating in aqueous electrolytes
and its application for the heat and thermochemical treatment of steels and titanium alloys. The heating and
electrochemical peculiarities of the anode hardening are considered, the technological possibilities for
improving the operational properties using nitrohardening, carbonizing, or oxidation are described. A short
history of the studies and designs including industrial devices for the technologies of the anode hardening is

presented.
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INTRODUCTION

This review is devoted to the scientific and engi-
neering results of the anode chemical thermal treat-
ment obtained based on the ideas of Boris Romanov-
ich Lazarenko. The electric discharges were of pri-
mary importance among the plurality of his interests.
The more so, as the thesis work of this scientist (a com-
parative analysis of the erosion stability of current con-
ducting materials for enhancing the service time of
electric contact devices) was the initial step towards
his famous discovery. Making and breaking the electric
contacts in a liquid was believed to decrease erosion,
which failed to be confirmed. Instead, the discharges
in both dielectric and conducting liquid media became
of special of interest. In the 1960s, a research group
that studied the discharges in aqueous electrolytes
worked at the Institute of Applied Physics of the
Moldova Academy of Sciences under the supervision
of Academician B.P. Lazarenko. The role of the elec-
tric discharges arising in the electrolytic circuit break-
ers was determined, the specific nature of the gaseous
discharge based on the electrolyte electrodes was
revealed, and the contribution of the heat and electro-
chemical processes in the phenomena under study was
defined. Those works were performed by A.A. Faktor-
ovich and V.N. Duradzhi [1].

Further evolution of the subject was progressed by
the wide contacts with scientific schools, which devel-
oped the application aspect of the discharge phenom-
ena in electrolytes. Among the latter were the electro-
Iyte heating for hardening or pressure treatment,
chemical thermal modifying of metals and alloys, and
purifying the surfaces from various impurities [2—4].

Real electrochemical thermal technologies started
to be used in the Soviet Union at a Khar’kov tractor
plant in the 1930s. The cathode version of the heating
of the workpieces or blank parts was studied mainly as
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an electrochemical process. Scientists of Great Brit-
ain, France, Germany, India, and Japan started pub-
lishing materials dealing with the electrolytic heating
of metals and alloys in the 1950s. About in that period,
separate developments were patented, mostly by Japa-
nese authors. The native results of the research of
cathode heating phenomenon along with the proposed
technical solutions and creation of the equipment for
their realization were comprehended and described in
the monographs of 1.Z. Yasnogorodskii.

In the 1960s, V.S. Vanin showed the possibility of
the effective use of the anode version of heating for the
chemical thermal treatment. Gradually, this became a
leading direction in the activity of the aforementioned
group of the Moldavian research workers and other
groups. In the modern Chemical Encyclopedia, the
anode diffusion saturation is called an electrochemical
thermal treatment. Below, the main aspects of the
mechanism of this phenomenon and the variants of its
practical use are considered.

THERMOPHYSICAL ASPECTS
OF THE ANODE HEATING

Anode heating is realized in a three-phase system
containing a vapor—gas shell (VGS) to separate the
metal anode from the aqueous solution of the electro-
lyte. It is the VGS that the heat is released from owning
to the current passage. Figure 1 shows the heat flows
from the shell, where g, is the density of the heat flow
from the shell into the electrolyte solution; g, denotes
the density of the heat flow spent for the electrolyte
evaporation; and g, implies the density of the heat flow
from the shell to the anode. Without a complete and
stable shell, the anode heating up to temperatures of
200—250°C appears impossible. It is shown that the
shell formation occurs due to the local boiling of the
electrolyte in the anode region, where the major por-
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Shell Anode

Electrolyte

Fig. 1. Scheme of heat flows in an anode vapor—gas shell.

tion of the power source energy is released. The effect
of the electrolysis gas liberation is relatively small. The
requirements for the electrolyte content in which the
heating of steel, titanium, and some other alloys is pos-
sible are established. A sufficiently high specific con-
ductivity of a solution (no less than 0.5 Ohm~! cm™!),
the temperature of the chemical decomposition of its
components up to 400—500°C, and the undesirable
high moisturizing of the treated metal with the elec-
trolyte are necessary. The recommended value of the
contact angle is no less than 50° [5].

A model of the anode heating in which the current
passage is described by the electrical discharges in a
vapor—gas medium is known [6]. Along with it, a con-
ception of the emission of anions from the boiling
electrolyte and their transfer onto a specimen—anode
in the electric field used in this study was developed
[7, 8]. The volume power of the heat source in the VGS
can be expressed in various ways with or without
account for the effect of the spatial charges, i.e., in
accordance with Ohm’s law [9]. The distribution of
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the temperature in the shell, as well as the volt—
ampere (VAC) or voltage—temperature characteristics
(VTC) of the anode heating may be calculated based
on the solution of the equation of the heat conduction
in the shell under various boundary conditions [10].
Typical VTC and VAC characteristics of the anode
heating experimentally obtained are shown in Fig. 2.

The specific character of the anode heating consists
in the fact that an increase in the voltage induces a
growth of the power that is released despite a decrease
in the current, which results from the VGS thickening,
owning to the enhancement of the vapor generation.
Such a dependence is observed on the VIC rising
curve. The VTC decreasing curve is, obviously, corre-
lated with a change of the VGS type of conductance.
On the one hand, this site may be accounted for by the
appearance of the electrical discharges, which induce
sputtering of the electrolyte when its drops cool the
anode—workpiece. On the other hand, the bombard-
ing of the electrolyte surface by the iron ions upon the
dissolution of the steel anode—workpiece may be
responsible for the appearance of the cooling droplets.

The density of the heat flow from the shell into the
electrolyte is proportional to the voltage of the heating.
The description of the heat exchange between the shell
and the workpiece is complicated by the absence of the
material heat-release surface: its analog is a surface
with a maximal temperature in the VGS [11], which
makes it difficult to use the heat-transfer coefficient.
The calculation of the density of the heat flow using
the data of the experimental measurements of the
temperature showed that the heat flow from the VGS
into the anode—workpiece changes its sign at a certain
value of the vertical coordinate (Fig. 3). The surface

LA
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Fig. 2. Volt—temperature (a) and volt—ampere (b) characteristics of heating the 10-mm diameter and 25-mm-long steel speci-
mens in a 10% solution of ammonium chloride. The natural convection and depth of immersion of the upper edge of the speci-

men, mm: (/) 0; (2) 45; (3) 90.
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Fig. 3. Surface of maximal temperature (/) and profile of the vapor—gas shell (2) at a voltage of 240 V.

with the maximal temperature may coincide with the
surface of the anode in its upper part, which suggests
the change of direction of the heat flows (Fig. 4) [12].
The formally determined heat-transfer coefficient gives
average values, which vary from 1900 to 3100 Wt/(m? K)
in the range of voltages of 180—300 V.

The change of the sign of the density of a heat flow
from the VGS to the workpiece is correlated with the
presence of the vertical gradient of the temperature,
which can be reduced by means of the controlled flow-
ing of the workpiece that is being immersed (Fig. 5).
This is done using extra vertical or radial flows of the
electrolyte, its rotation, etc.

High rates of heating up to 100 grad/s result from
the small inertia of the thin VGS (tens of microme-

ters). The temperature range from 400 to 1000°C
g, mW/m?
20
10
O | 1 1 1
1 2 3 4
—10+ % cm
_20 -

Fig. 4. Density of the heat flow through the side surface of
the cylindrical 4-cm-long anode depending on the vertical
coordinate.
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allows thermal treatment of various alloys; rapid heat-
ing makes it possible to avoid the growth of the grain
and preserve their high diffusion susceptibility. The
presence of volatile compounds in the solution creates
conditions for the diffusion saturation of the anode—
workpiece, and the high-rate heating ensures fast
achievement of an equilibrium concentration of the
components that were adsorbed. The motion of the
vapor—gas blend guarantees the absence of stagnant
areas and provides for the inlet of the active medium
and products of the reactions. The local treatment of a
working section is easily performed by its immersion

T,°C
1020

980 -

940
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860

820 1 1 1 1 1 1 1 1 1
—5 0 5 10 15 20 25 30 35 40

X, mm

Fig. 5. Temperature dependence on the vertical coordi-
nate at the anode axis. (/) flowing with a single jet;
(2, 3, 4, 5) flowing with four jets. Distance from the cell
axis to the axes of the holes, mm: (2) 10; (3) 13; (4) 16;
(5) 19. The voltage is 200 V.
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Fig. 6. Scheme of the anode processes of oxidation, dilu-
tion, and saturation with carbon upon heating in the aque-
ous solution of the electrolyte.

Initial structure

into the electrolyte or by the electrolyte jet fed onto it.
The voltage switching off leads to hardening in the
same electrolyte.

ELECTROCHEMICAL PECULIARITIES
OF THE ANODE HEATING

On the interface of the anode—VGS, the processes
of oxidation and dissolution of the anode material,
along with its absorption (for instance, by carbon upon
cementing), occur (Fig. 6). An oxide layer forms due
to the electrochemical and chemical processes,
including high-temperature oxidation.

The decrease in the mass of the steel anode, which
was accounted for by the anode dilution, was found to
depend on the electrolyte’s composition and the con-
centration of its components, which was confirmed by
the anion mechanism of conduction of the VGS [13].
For example, steel specimens dissolve easily in the
solution of ammonium chloride, not so easily in the
ammonium nitrate, and still less easily in ammonium
sulphate or acetate. The leading role of the electrolyte
anions is also supported by the studies of chromium
and copper dissolution under conditions of the anode
heating [14, 15].

The voltage enhancement and, hence, the heating
temperature increase at the VI'C rising curve involves
a decrease in the anode mass and an increase in the
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Fig. 7. Dependence of the specific yield of the specimens
from steel 20 (12-mm diameter, 10-mm length) on the
voltage in a 15% solution of ammonium chloride for 5 min.

content of the products of the anode dissolution in the
electrolyte. The maximal specific yield of the anode
material is observed at a voltage of 200 V (Fig. 7),
which is relevant to the maximal temperature of heat-
ing of 890°C in a 15% solution of ammonium chlo-
ride. This resulted from heating the specimens made of
20, 50, and U8 steels in ammonium chloride solutions
of various concentrations (5, 10, and 15%).

The significance of the high-temperature corrosion
is confirmed by the factor that the temperature (and
not the voltage of heating) affects the decrease in the
anode mass. In addition, an increase in the concentra-
tion of the ammonium chloride from 5 to 10% leads to
the increase of the specific yield of the anode material
at identical temperature of 950°C. This fact attests to
the marked contribution of the electrochemical disso-
lution itself, which is proportional to the concentra-
tion of anions in the shell, in comparison to the high-
temperature oxidation. A further increase of the con-
centration of the ammonium up to 15% inhibits
reaching the heating temperature of 950°C. As a
result, the specific yield of the anode material
decreases despite the higher concentration of anions
(Table 1) [16].

Table 1. Characteristics of heating of the specimens from steel 20 (the diameter is 12 mm, the length is 10 mm) in NH,Cl

solutions for 5 min

Solution concentration, % 5 10 15
Max. temperature T},,,, °C 950 £ 10 950 £ 10 890 £ 10
Voltage, corresponding to 7y,,, V 300 240 200
Current, corresponding to 7,,,,, A 7.7+0.3 7.8+0.2 8.5%0.2
Specific yield of metal, mg/C 0.134 0.158 0.137

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY
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Fig. 8. Concentration profile of oxygen in the steel 10 specimen after the anode heating in the electrolyte, which contains 10%
ammonium chloride, 5% nitrogen acid and 10% glycerin. The duration of the heating is 7 min, and the temperature (°C) is indi-
cated on the lines; the cooling occurs in the electrolyte, except for the curve 750 a, which is for cooling in air.

The iron mass in the electrolyte exceeds the
decrease in mass of the steel electrode; their difference
corresponds to the mass of the oxygen that entered
into the surface oxide layer [17]. Owning to this, the
decrease of the specimen’s mass after its anode heating
reflects the integrity of the transfer processes of iron
into the electrolyte, oxygen into the heated specimen,
and the possible saturation by carbon or nitrogen.

The role of high-temperature oxidation is sup-
ported by the data of the nuclear backscattering (NBS)
of protons: the oxygen content in the surface layer
increases substantially in proportion to the growth of
the saturation temperature, particularly, followed by
its cooling in air (Fig. 8). An electrolyte that contains
nitric acid and glycerin, along with ammonium chlo-
ride, involves the formation of thicker oxide layers ver-
sus the chloride—carbamide solution. A smaller depth
of the oxygen penetration is typical of heating
12X18H10T austenitic stainless steel. Note that the
oxygen concentration in most cases is insufficient to

form a complete oxide layer of any composition;
therefore, it is more correct to talk of a surface layer
that is enriched by the iron oxides to a certain extent
(Table 2).

Iron oxide is known to be a solid omission solution
formed on the basis of a chemical compound but hav-
ing a defect lattice. First, the free nodes of the lattice,
which must be occupied by iron atoms, and, secondly,
the nodes that belong to oxygen atoms but are occu-
pied by iron atoms are considered to be the defects.
Such a structure facilitates the diffusion mobility of
the iron atoms, which can drift to the surface, create
new oxides, and accelerate the oxidation process [8].
In addition, the upper oxide layer upon the anode
heating contains pores of up to 100 nm and cracks,
which enables the transport of iron ions from the spec-
imen to the solution, the oxygen from the shell to the
surface layer of the metal, and also allows easy pene-
tration of the nitrogen or carbon atoms into the main
metal [16].

Table 2. Maximal oxygen content in the surface layers of the specimens according to the data of the NBS of protons (at %)

Composition of the aqueous electrolytes

10% ammonium chloride, 10% ammqnipm thon'de, 10% ammonium chloride, 10% ammonium thon'de,
20% carbamide 5% nitric acid, 20% carbamide 8% ammonia,
Temperature, °C 10% glycerin 10% acetone
Steel 10 12X18H10T
650 1.8 (43) 11.9 (38) 1.2 (27) 1.1(27)
750 6.1 (30) 51.7 (47) 1.2(29) 1.2(29)
850 8.2(34) 93.9 (56) 4.1 (31) 1.9(11)
950 14.5 (53) 102.4 (59) 9.4 (33)
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY Vol. 46 No. 6 2010
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Fig. 9. Surface morphology of steel 20. Heating at 900°C for 10 min, cooling in air. Chloride (/), nitrate (2), sulphate (3) and

ammonium acetate (4) REM JSM—5610.

The phase composition of the oxide layer was stud-
ied using multiple X-ray structural analysis. The iron
oxidation depends, firstly, on the electrolyte composi-
tion and, secondly, on the composition of the heating
material. Upon heating steel 3, FeO oxide was found
in the solutions of chlorhydric acid [18]; after the
cementation of Armco iron, FeO and y-Fe,O; [19]
were discovered in the solution of ammonium chloride
with glycerin; the cementation of steel 08 cf or iron
graphites ZhGr1D2 and ZhGr0.5D2 leads to the for-
mation of an oxide layer that contains the superposi-
tion of Fe;0, and FeO phases [20]. The same oxides
were observed after nitrocementation of steel 10 in a
solution of ammonium chloride with carbamide [21].
Steel 45 heating in an ammonium acetate solution also
leads to the formation of Fe,0; and Fe;0,. The intense
oxidation of steel 45 in this solution allows obtaining
the thickest oxide layers, which may reach 180 pum,
according to the data of metallographic analysis. Such
layers have high protective properties in a solution of
chlorhydric acid of 0.5 M. Their formation is accom-
panied by enriching the potential by more than 0.6 V,
increasing the resistance, and decreasing the electrode
capacity [22]. Similar results were obtained from the
study of the corrosion resistance of medium-carbon
steels after their nitrohardening in aqueous electro-
Iytes [23, 24].

The combined role of the electrochemical dissolu-
tion and formation of the oxide layer determines the
different roughness of a steel 20 surface observed after
heating in various solutions with the other conditions
being equal [9].

The anode dissolution of titanium that is heated in
an ammonium chloride solution as well increases with
the growth of the voltage and the heating temperature

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

(Fig. 10). Titanium differs from the steels under study
in that its quantity in the electrolyte coincides with a
decrease of the specimen’s mass (the diameter is
8 mm, the length is 10 mm) in the first 10 min of the
treatment (Fig. 11). This is indicative of the small mass
of the oxide layer. The further divergence of the curves
may be accounted for by the analytical errors: the pos-
sible delaminating of part of the oxide layer or neglect-
ing other titanium oxides. The estimation of the tita-
nium concentration in the solution suggested that the

Concentration Ti, mol/I

0.004 -
0.003 -
0.002
1 2
0.001
L1
180 200 220 240 260 280 300
Voltage, V

Fig. 10. Effect of the heating voltage on the dissolution of
VT1-0 alloy for 30 min. The electrolyte is a 10% solution
of ammonium chloride. The temperature of the heating is
from 700 to 950°C. () content of titanium calculated over
the absolute change of mass of a specimen; (2) content of
titanium calculated over the total content of titanium in
the solution.
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6 —
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Time, min

Fig. 11. Dissolution of VT1-0 alloy in a 10% solution of
ammonium chloride. The temperature and voltage of
heating are 1000°C and 260 V, relatively. (/) content
of titanium according to the mass change of the specimen;
(2) content of titanium in the solution.

main product of the dissolution is TiO, oxide, which
was detected on the surface of the specimens from the
X-ray structural analysis [25]. TiO formation is also
registered in the first two minutes of treatment, but this
phase is not discovered upon more lengthy saturation
[26]. Therefore, ignoring the compounds with a high
content of titanium might lead to underestimated
results.

C, mmol/l
2.0

1.6

1.2

0.8

0.4

The concentration of ammonium ions is found to
decrease in the process of exploiting the aforemen-
tioned electrolytes, owning to their being evaporated
into the shell or adsorbed by the finely divided indis-
soluble compounds (Fig. 12). A saccharose-based
electrolyte exhibits a less intensive decrease of ammo-
nium ions versus that of a glycerin electrolyte. The fact
that finely divided oxo- and hydrooxocompounds of
iron fail to be formed in the saccharose electrolyte may
be responsible for the above distinction. Hence, a
small share of ammonium ions is adsorbed on the sur-
face of the indissoluble compounds. On the whole, the
decrease of the concentration of ammonium ions
results mainly from their evaporation from the electro-
lyte surface. Similarly, the decrease of the concentra-
tions of ammonia and ammonium ions occurs at heat-
ing in a 10% solution of ammonium chloride without
carbon-bearing additives or in the composition for
nitriding [17].

The concentration of chloride ions decreases much
slower than that of ammonium ions and, actually,
independently of the nature of the carbon-bearing
component of the working electrolyte. There are not
signs of the release of molecular chloride on the
anode. Chloride is assumed to perform a closed cycle
of electrochemical conversions [17]. Hydrated chlo-
ride ion Cl~ - nH,0 evaporates from the vapor—liquid
interface. The hydrate complex disintegrates upon
reaching the anode surface. Part of the chloride ions is
removed from the vapor—gas shell into the atmo-
sphere, where it is recombined with ammonium ions
that are also present in the shell. Ammonium chloride
precipitates on the walls of the facility, forming a white
coating.

0 50 100 150 200
t, min

Fig. 12. Change of the concentrations of ammonium ions and ammonia (combined) in exploiting the electrolytes based on
ammonim chloride (10 wt %) with an addition (/) of 10% of saccharose and (2) of 10% of glycerin. The temperature is 880°C,
U =240V, steel 30, the diameter is 10 mm, and the length is 15 mm.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY VWol. 46 No. 6 2010



ANODE ELECTROCHEMICAL THERMAL MODIFICATION OF METALS AND ALLOYS

565

Table 3. Certain characteristics of electrolytes with various additives

Component | _ofthe yer after |ondecrease fom 10, | COXOT 1K | copumitoy, | Carbon potential,
7-min treatment, pm %/h rubles kW/cm? %
Acetone 139 0.75 125 0.28 0.9
Glycerin 132 0.51 140 0.32 0.8
Saccharose 114 0.41 25 0.36 0.7
Ethyleneglycol 42 0.57 125 0.35 0.6

TECHNOLOGICAL PROCESSES
OF THE ELECTRO-THERMAL TREATMENT

The saturation of wares with light elements occurs
only in such solutions where the pressure of the vapors
of the saturating substance is higher than that of the
solvent. The content of the substance in the shell is
determined by its temperature of boiling and the con-
ditions of the vapor motion, i.e., by the peculiarities of
the supply of the saturating component onto the
treated surface.

The kinetic dependences of the thickness of the
nitrided or cemented layers on the time have a para-
bolic character, which is indicative of the steady con-
centration of diffusants on the surface. The observed
phase composition is relevant to the diagrams of the
state with account for the additional oxidation in the
vapor—gas shell and possible hardening. Below, certain
technological procedures of the anode modifying the
metals and alloys in aqueous solutions are to be con-
sidered.

Nitroquenching. There are electrolytes known to
have a nitrogen potential of up to 5%, which make it
possible to perform a short-time nitriding followed by
quenching in the same electrolyte [27—29]. Ammonia
being adsorbed on the surface of the anode—workpiece
is assumed to be the source of the atomic nitrogen. The
structure (a surface oxide layer, nitride zone, marten-
site underlayer, and pearlite) obtained on the medium-
carbon steels ensures the improvement of the anticor-
rosion and mechanical characteristics [30]. Saturation
with nitrogen at a temperature of 750°C for 5 min fol-
lowed by quenching allows increasing the strength
limit of 45 and 40X steels by 25—30% and the solidity
up to 9 Gpa upon a decrease of the layer’s plasticity up
to 65—70% and increasing the endurance limit more
than 2 times.

Cementation. A plurality of compounds for carbon
saturation in a cathode or anode processes is offered
and patented. Electrolytes containing ammonium
chloride (10%) and glycerin (10%) or other com-
pounds have became commonly used for anode
cementation (Table 3) [31].

A change of the concentrations of the carbon-bear-
ing components in the cementing affects the heating
temperature. The rate of the decrease of the carbon-
bearing components owning to evaporation is corre-
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lated with the values of their boiling temperatures:
56°C—for acetone, 197°C—for ethyleneglycol, and
290°C—for glycerin. The metallographic analysis of
the specimens showed that, in exploiting the electro-
Iyte, the thickness of the pearlite layer changes little,
but it is found to be different for each of the composi-
tions of the electrolyte. In the process of the exploita-
tion of acetone and glycerin electrolytes, the thickness
of the layer decreases; with a saccharose electrolyte it
actually remains the same; and, in the case of an eth-
yleneglycol electrolyte, it increases. This may occur
due to the changes of the anode temperature and the
current of the system. Filtering the glycerin electrolyte
ensures an increase of its longevity.

The concentration increase of ammonium chloride
that contains no carbon was found to increase the
thickness of the cemented layer, which is accounted
for by the intensifying of the anode dissolution and the
decrease of the thickness of the oxide layer, which
inhibits the carbon diffusion (Fig. 13). This is indi-
rectly confirmed by the fact that an increase in the
concentration of ammonium chloride is accompanied
by the current intensity growth due to the enhance-
ment of the conductivity of the solution and the shell.

The effect of the concentrations of the carbon-
bearing components is of a more intricate character,
and it may be explained by the rivalry of two processes
(Fig. 14). Upon an increase of these concentrations
from small values to 2%, the growth of the saturating
capacity of the medium dominates, which involves an
increase of the flow of carbon compounds from the
electrolyte to the vapor—gas shell. A further decrease
of the thickness of the martensite layer occurs, obvi-
ously, because of the less intensive dissolution, i.e.,
because of the thickness growth of the layer of the
inhibiting oxides of iron. This is indirectly confirmed
by the current density decrease parallel to the growth
of the concentration of the carbon-bearing compo-
nents found experimentally. The critical value of the
content of the organic dopant in the electrolyte (2%)
may be regarded as the threshold of the saturating
capacity of the latter.

The degree of oxidation in cemented steels may be
estimated using the ratio of the intensity of the diffrac-
tion maximum of the superposition of Fe;O4 (311)—
FeO (311) to the ferrite intensity, i. e., to the a—Fe
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Fig. 13. Change of the thickness of the martensite layer upon an increase of the concentration of ammonium chloride after 10 min
of cementation at 900°C in the electrolyte, which contains 10 wt % glycerin.
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Fig. 14. Change of the thickness of the martensite layer depending on the concentration of the carbon-bearing component (/—acetone,
2—glycerine, 3—saccharose, 4—ethyleneglycol) after a 10-minute cementation at a temperature of 900°C in the electrolyte

with a concentration of ammonium chloride of 10 wt %.

(110). The minimum oxidation was observed after the
treatment in the electrolyte with acetone, the mean
with glycerin, and the maximum with saccharose
(Table 4). Cementation was carried out for 20 min at
930°C in different solutions. This ratio in the
cemented iron—graphites is 1.5—1.75 times more than
in the cemented steel 0.8 cf with the degree of oxida-
tion being dependent on the nature of the carbon-
bearing components of the solution. It is evident that
the processes of oxidation and anode dissolution occur

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

more intensively in the treatment of porous fritted
wares due to the more developed surface.

After exploiting the electrolyte for 10 h with
account for its total evaporation, it is recommended
(as a corrective action) to add any carbon-bearing
component into the electrolyte to reestablish its initial
concentration and to add water to restore the initial
volume of it in the facility. The solution must be fil-
tered while being saturated with indissoluble iron (I11I)
hydroxide.

2010
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Nitrocementation. There are electrolytes that allow
saturation with nitrogen and carbon simultaneously. A
layer with carbonitrides and a martensite underlayer
are formed as a result provided that, after the satura-
tion, hardening is performed. The predominant diffu-
sion of nitrogen at low temperatures and the diffusion
of carbon dominating at higher temperatures are also
characteristic of nitrocementation in electrolytes [32].
Moreover, at enhanced temperatures, the comple-
mentary acceleration of the carbon diffusion is
observed due to nitrogen: such a conclusion was
reached from the analysis of the cross sectional coeffi-
cients of the diffusion [33]. A decrease of the corrosion
losses of steel 45 by 7—8 times was observed using
nitrocementation in an electrolyte containing 10%
ammonium chloride and 20% carbamide. The possi-
bility of increasing the surface microhardness of steel
12X18H10T by its nitrocementation in the same elec-
trolyte safe from intercrystalline corrosion was shown.

Other kinds of electrochemical thermal treatment.
Positive results were obtained in the boron saturation
of steels [34]; a possibility of decarbonization of steels
upon the anode heating was shown [35]. The anode
saturation of titanium alloys with nitrogen and oxygen
for the enhancement of their anticorrosion properties
was studied [25, 36—38].

The anode heating may be used combined with
other technologies, for example, in modifying com-
posite electrochemical [39] or electrospark coatings
[40—42]. A possibility for the improvement of the cor-
rosion resistance of construction steel using comple-
mentary oxidation in a sodium nitride solution was
shown [43, 44]. Anode nitriding of titanium alloys may
be supplemented by vacuum aging and other processes
[36, 37].

EQUIPMENT

The first devices for the anode electrolyte heating
(UKHTO-type) were developed and produced at the
Experimental Plant of the Institute of Applied Physics
of the Soviet Socialist Republic of Moldova. The
UKHTO-2 device was designed for hardening the
spacer bushings of ETSV-type submersible pumps. Six
bushings at a time were heated for 1 min, which
ensured the productivity of 120 details/h of the hard-
ened bushings upon manual loading and unloading. A
rectangular bath with uncontrolled hydrodynamics
was used as the working cell. The consumed power of
the device amounted to 24 kW.

The UKHTO-3 device (25 kW) ensures hardening,
nitro-quenching, and cementation with hardening for
various small-scale workpieces having the area of their
heating surface up to 100 cm?. Using a cylindrical
heating device with the longitudinal flowing of the
workpiece makes it possible to equalize the distribu-
tion of the temperature over its surface and to enhance
the quality of the hardening along with enlarging the
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Table 4. Relative intensity of the diffraction maxima of the
oxide phases after cementation of the iron-based materials

Specimen Acetone Glycerin Saccharose
material
Steel 08 0.24 0.31 0.36
ZhGr0.5D2 0.35 0.48 0.63

class of the treated workpieces. The device’s output is
determined by the number of simultaneously treated
workpieces and amounts to no less than 30 details/h.

The UKHTO-4, UKHTO-5, and UKHTO-6 are
equipped with a thyristor power source [45]. A rectifier
is used according to Larionov’s three-phase bridge
scheme with controlled vents. The thyristors are
switched on by the phase-pulse converters, which
ensure the stability of the start and the possibility of the
automatic mode of operation. The UKHTO-5M and
UKHTO-5B (50 kW, 30 details/h) became the most
popular ones for the speedy hardening of small-scale
equipment in light industry using, as a rule, cementa-
tion with hardening. For the automatic performance,
the voltages and durations of the stages of the treat-
ment are set according to a three-step cycle: heating
for saturation with carbon or nitrogen, temperature
stabilization prior to hardening with the possibility of
cooling down, and the short-time heating of a work-
piece before its cooling in the electrolyte for realiza-
tion of surface hardening.

The UKHTO-6 specialized device was designed for
hardening the guide planks of the TCH 3.0 B scraper
conveyors by anode nitrohardening. This device pro-
vides for the mechanical feed of the workpieces from a
supply bin to the heating positions. Local heating of
the working surface of each of the holes is performed
by the electrolyte jets. The device’s output in the auto-
matic mode amounts to 240 details/h at a consumed
energy of 50 kW.

The ATO device (30 details/h, 7 kW) was designed
for hardening small workpieces of equipment in light
industry with an area of the treated surface of 25 cm?
at the All-Russia Scientific Research Institute of the
Flax-Fiber Industry (Kostroma). The unit for the
treatment consists of a cylindrical heating device
ensuring a longitudinal flow over a workpiece with the
solution cooling being performed in a film heat
exchanger. The submersion of a workpiece into the
solution is done manually by means of a dielectric rod.
The supply unit consists of a mains controlled
autotransformer with a rectifier, an autotransformer
for feeding the pump’s electromotor, and switching
and measuring equipment.

CONCLUSIONS
The analysis of the available scientific literature of
the past twenty years shows that the aspects of anode
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electrochemical thermal modifying are studied in
Russia, Moldova, Ukraine, Belarus, China, and Great
Britain. Among the Russian organizations are the
Moscow Aviation Technological Institute—Tsiolk-
ovskii Russian State Technical University (MATI—
RGTU), the Scientific Research Institute of Nuclear
Physics of Moscow State University (NII of nuclear
physics of MGU), the Institute of Chemistry of Non-
aqueous Solutions of the Russian Academy of Sci-
ences (Ivanovo), Kostroma Nekrasov State University,
Kostroma State Technological University, and the
“Fakel” Experimental Design Bureau (Kaliningrad).
The objects of the study are the main aspects of the
phenomenon: the thermophysical mechanism of
heating, the electrochemical processes on the inter-
face of the vapor—gas shell and metal anode, and the
aspect of the diffusion saturation of the products in
terms of metal materials science. The results of some
of the studies and developments were presented in the
monographs of V.N. Duradzhi, A.S. Parsadanyan [6],
and P.N. Belkin [5].
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Abstract—The effect of the hydrodynamic conditions on the electrode process’s rate and the composition
and structure of cobalt—tungsten coatings electrodeposited from citrate solutions is studied. The rate of the
electrode process depends on the hydrodynamic conditions. However, the electrochemical impedance data
do not reveal the presence of slow diffusion processes. The analysis of the electrochemical impedance spectra
shows the occurrence of slow adsorption processes, such as an intermediate adsorption stage. It is assumed
that the hydrodynamic conditions have a strong effect on the surface state rather than on the mass transfer

from the solution’s bulk to the electrode.
DOI: 10.3103/S1068375510060050

INTRODUCTION

In the mean time the induced codeposition of iron-
group metals with refractory metals is studied widely
for some reasons. First, this process is an example of
the so-called “anomalous” deposition of alloys [1];
its mechanism is not fully understood. Second, in a
number of cases, the coatings resulting from the pro-
cess exhibit unique physicomechanical and anticor-
rosion properties [1—8]. Third, since the technology
for obtaining these coatings is based on the use of
environmentally safe electrolytes, it really can
replace electrolytic chromium plating, which is asso-
ciated with ecological risks [8].

It was repeatedly observed that the composition
and structure of the coatings in the induced deposition
of these metals evidently depend on the hydrodynamic
conditions of the electrodeposition [1, 9—11]. This
was clearly shown with respect to the electrodeposi-
tion of CoW coatings from citrate solutions, in partic-
ular, in [12—14]. In this work, we generalized and
revise early published results (as well as in [15]) con-
cerning the studied effect of the ionic mass transfer on
the composition and structure of CoW coatings. The
studies described in [13—15] were carried out using
controlled hydrodynamic conditions of electrodeposi-
tion, i.e., a rotating cylindrical electrode (RCE) and a
so-called Hull cell with an RCE [10, 14, 16, 17].

EXPERIMENTAL

The technique of the polarization measurements
using an RCE was described earlier [13—15]. Below,
the results obtained at various Reynolds (Re) numbers
were providing and are analyzed taking into account
the measured values of ohmic drop. The features of the
technique regarding the resistive component using an
RCE are also given in detail below.

Figure 1 depicts the pattern of the calculation of the
ohmic voltage drop between the surface of an RCE and
the end of a Luggin capillary. For the geometry shown in
Fig. 1 and the values of y for the electrolyte used (the
electrolyte conductivity of 8.76 x 1072 Q~! ¢cm ~!, our

r

r

Fig. 1. Diagram and notation of (/) an RCE and (2) a Lug-
gin capillary.
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individual measurements), as well as for /= 1.5cm, r=
0.5 cm, and r, = 2.3 cm, the value of the resistance at a
distance of r,—r, from the cylinder’s surface (r, =
0.5 cm) was calculated by (1) [18]:

23, 7

—1

= 1
x2m Tr M)

For these conditions, the resistive component of
the measured potential (R,,,S) was 8.64 Q cm? (S is
the working area of the cylinder’s surface). The ohmic
potential drop was calculated using Ohm’s law
(AE,,,, = iRS). The resulting value is subtracted from
the total value of the measured polarization at the
respective current density (see Fig. 4 in [13]).

In addition to the measurements using an RCE, to
estimate the role of the diffusion processes in the elec-
trodeposition of the coatings under study, the method
of electrochemical impedance was used.

The electrochemical impedance spectra at differ-
ent cathode potentials was recorded using a pAUTO-
LAB III system, a three-electrode cell, and FRA 4.9
software. The electrochemical impedance was mea-
sured at 60°C in the frequency range of 8000—0.1 Hz.
In some cases, for example, at relatively high cathode
potentials, intense hydrogen evolution occurs and it
was difficult to record the interference-free imped-
ance spectrum at low frequencies; therefore, data
obtained at 1 Hz were taken for the analysis.

The working electrode was prepared of a cobalt
wire (Alfa Aesar, purity of >299.9%) with a diameter of
1.5 mm. The working area was the end face of this
wire, and the rest of it was insulated with a ther-
mocambric. An Ag/AgCl electrode in a saturated KC1
solution served the reference electrode; a Pt wire was
used as the anode. Before each experiment, the work-
ing surface was polished and washed. Prior to the
impedance measurements, the electrode was kept in
an electrolyte for 2 min in order to cover it with a layer
of Co or CoW.

RESULTS AND DISCUSSION
lonic Mass Transfer on an RCE

The basic equation for the rate of the ionic mass
transfer on an RCE, which was used in this and earlier
studies (see [13, 14]), is as follows [16]:

k, = 0.079030'71'0'40_0'34400'644, )
where k, is the mass transfer coefficient (the diffusion rate
constant, cm/s); o is the RCE rotation frequency, s';
iisthe RCE radius, cm; v is the kinematic viscosity
coefficient, cm?/s; and D is the diffusion coefficient,
cm?/s.

As was shown in [13, 16, 17] the equation (2) is
valid for Re = wr2/v > 200. In this case, a turbulent
flow takes place on the RCE; in the conditions of its
occurrence, relation (2) is fulfilled.
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Fig. 2. Dependence of the diffusion rate constant on the
diffusion coefficient for the RCE geometry and the physi-
cal properties of the solution used in this work at a rate of
rotation of 165 rpm (Re = 685 and 600 for the deposition
of the Co and CoW, respectively).

For steady-state diffusion, the expression is valid
kd =D / 67 (3)

where 0 is the thickness of the Nernst diffusion layer. It
follows from (2) and (3) & is determining by the follow-
ing expression:

S = 12.7(0_0'77‘_0'400'344D0'356. (4)

The mass transfer coefficient (diffusion rate con-
stant) can be determined experimentally from the
value of the diffusion current i,

iy = nFk,Cy, )
where C, is the volume concentration of the electroac-

tive component of the solution and # is the number of
electrons transferred in the electrochemical reaction.

For the particular conditions of the electrochemical
deposition described in [13, 15] (v = 0.63 x 1072 cm?/s
for a citrate solution of Co at 60°C, v = 0.72 x 1072 cm?/s
for a citrate solution of Co and W at the same temper-
ature and their concentrations used in the above
works, and » = 0.5 cm) and at an RCE rotation fre-
quency of 165 rpm (Re = 600 and 685 for the mixed
solution and the Co citrate solution, respectively), the
dependence of the mass transfer coefficient on the dif-
fusion coefficient will have the form shown in Fig. 2.

Effect of Rotation on the Electroreduction of Co(1l)
from Citrate Solution at Various pH

It is shown in [15] that the current density of the
electrodeposition of Co from a solution containing
(mol/1) cobalt sulfate (0.2), citric acid (0.04), sodium
citrate (0.25), and boric acid (0.65) at a bulk tempera-
ture of 60°C in the potential range more negative than
—0.9 V (Ag/AgCl electrode) depends on the rotation
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Fig. 3. Dependence of the reciprocal of the partial current
density of the Co reduction at pH = 4.4 on the reciprocal
of ®07.

rate. The rate of rotation of the RCE did not have an
effect on the measured current density if it was less
than (orequal to) 11 rpm (i.e., at Re numbers less than
50). Obvionsly, at low rotation rates, the key role was
played by the natural convection (e.g., according to
(4), the diffusion layer’s thickness was 0.44 mm at D =
1073 ¢cm?/s and a rotation rate of 11 rpm). Starting with
rotation rates of 45 rpm (Re = 190), this effect was
observed.

Under these conditions, hydrogen evolution con-
currently occurred. Both the measured current density
and the current efficiency of the electrodeposition
depended on the pH of the solution. In an acidic
medium (pH = 4.4), both the measured current den-
sity and the current efficiency were higher than in a
neutral medium with pH = 6.7.

Using the measured values of the current density
and current efficiency (see Figs. 8,91in [15]), we deter-
mined the partial currents of the electrodeposition of
Co at various rotation rates for Re >200. It follows
from [13] under assumption that the current efficiency
in the potentiostatic mode does not depend on the
rotation rate. At a potential of —1.0V, the current effi-
ciency was 67% at a solution pH of 4.4 (acidic solu-
tions) and 48% at E = —0.95 V for a neutral solution

BELEVSKII et al.
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Fig. 4. Dependence of the reciprocal of the partial current
densit_y of the Co reduction at pH = 6.7 on the reciprocal
of ®07.

(pH = 6.7). The resulting values of the partial currents
Co electrodeposition were analyzed in the form of
1/i — 1/®"” dependences in order to separate the diffu-
sion and “kinetic” components of the measured partial
current of the Co reduction. The derived dependences
are shown in Figs. 3 (forpH = 4.4) and 4 (for pH = 6.7).
In addition, we used the results of [15]; they are repre-
sented in Figs. 8 and 10, respectively.

The values of kinetic and diffusion currents
obtained at Re = 685 are listed in Table 1. Using the
diffusion current values thus obtained, we calculated
the mass transfer coefficients according to (4); the dif-
fusion coefficients were determined on the basis of
Fig. 2 (at n = 2); and the thicknesses of the Nernst dif-
fusion layer were found by (4) (the superscript of 165
for the diffusion current density and the diffusion layer
thickness shows that these parameters correspond to
an RCE rotation rate of 165 rpm).

It is evident that, for the deposition at pH = 4.4, the
resulting values of the diffusion coefficients can be as
distinct from, whereas, at pH values close to neutral,
the effective values of the diffusion coefficients are
anomalously low.

Table 1. Kinetic and diffusion characteristics of the processes of electrodeposition of Co and a CoW alloy from a citrate

solution
Coating pH i, A/dm? n i, AJdm? |kgx 10% cm/s| D, cm?/s 8165, um
Co 4.4 1.0 2 5.0 13.0 1073 66
» 6.7 0.3 2 1.1 3.0 7 %1077 26
CoW 6.7 0.4 2 3.7 9.0 4x10°° 44
» 6.7 0.4 6 3.7 3.0 7 %1077 23
SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46 No. 6 2010
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Fig. 5. Polarization curves of the electrodeposition of a
CoW alloy [13, Fig. 4] with ohmic drop subtracted: Re =
(1) 40 and (2) 600. Curve I corresponds to the curve
obtained with natural convection.

lonic Mass Transfer in the Electrodeposition
of CoW Coatings

The experimental results that are analyzed below
were described in detail in [13]. However, the ohmic
drop in obtained polarization was taken into account
in the further analysis. The polarization curves with
regard for the resistive component are shown in Fig. 5.

It should be emphasized that the dependences
shown in the figure were obtained for stationary
(steady-state) values of the potentials (upon switching
on the current, the potential achieved stationary val-
ues after a certain number of passed charges). The
curves corrected for the ohmic potential drop in Fig. 5
are characteristic of the processes whose rate is deter-
mined by the rate of the ionic mass transfer.

The results of the analysis of the partial currents of
the deposition (with regard only for the current effi-
ciency; that is, it was assumed that the electrodeposi-
tion occurs from a single cobalt—tungsten complex) in
the form of the 1/i —1/®%’ dependence are repre-
sented in Fig. 6; the respective values of the kinetic and
diffusion current densities, as well as the effective val-
ues of the mass transfer coefficients and the diffusion
coefficients, are listed in Table 1.

Since the total number of electrons (in the reduc-
tion from a mixed cobalt—tungsten complex) is
unknown, the calculation of k; from the resulting
value of the partial diffusion current was carried out for
two limiting cases: » =2 and n = 6.

In the deposition of the alloy, the following might
be concluded:

(a) The kinetic current is close to that observed in
the electrodeposition of Co for the same pH values.
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Fig. 6. Dependence of the reciprocal of the partial current
density of the deposition of CoW on the reciprocal of ®"'.

(b) The diffusion coefficients are close (if we
assume 7 = 6); they will also be fairly close if we take
the value of # just greater than 2.

(c) The resulting values of the diffusion rate constants
and the diffusion coefficients are anomalously low.

These results (as well as for the deposition of Co
and CoW at pH close to neutral) suggest that the pro-
cess under study is more complex than the classical
process of mixed kinetics (slow charge transfer plus
slow convective diffusion).

The first complexity lies in the fact that, due to the
complex formation at pH > 4, the concentration of the
electroactive particles significantly differs from the
analytical (given) value; hence, the respective diffu-
sion currents and the diffusion coefficients that are
determined on their basis decrease.

The second complexity is due to the possibility of
the formation of intermediates (in the bulk solution or
on the electrode surface) and their reduction in a mul-
tistage process that includes intermediate adsorption
and interaction in the adsorption stage.

As applied to the electrodeposition of iron group
metals and their codeposition with tungsten and
molybdenum, one of these possibilities can be attrib-
uted to the following sequence of reactions [11, 19],
which include the formation of an adsorbed interme-
diate and the reduction from the adsorbed complex.
These reactions can be described as follows:

MADL + e — ML, (6)
ML,y + e — M(s) + L. (7)
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Fig. 7. Comparison of the experimental electrochemical impedance spectra of CoW at pH 6.7 and the results of fitting in Nyquist
and Bode coordinates to the equivalent circuit (see Fig. 10). The points stand for the experimental data; the solid line is the fitting.
Experimental Nyquist diagrams for the potentials: (a) —0.60, (b) — 0.78, and (d) — 0.86 V; (c) Bode diagram for case (b).

The reduction of tungsten is catalyzed by M(II)
particles, and the respective reactions can be repre-
sented as

WO, + M(II)L + 2H,0 + 2¢” )

— - [M(II)LWO,],,. + 40H,

ads

[M(I1)LWO,],,, + 2H,0 + 4¢~ )

— W(s)+ M(I1)L+40H .

It is shown in [1] that the formation of intermedi-
ates is possible in the bulk solution due to the chemical
interaction between the electrolyte components (cit-
rate complexes of iron group metals with tungsten and
molybdenum). One of the methods for determining
the role of the ionic mass transfer (the diffusion in the
solution) in this process can be electrochemical
impedance spectroscopy.

ELECTROCHEMICAL IMPEDANCE
SPECTROSCOPY

Using electrochemical impedance spectroscopy,
the electrodeposition of Co at pH 8 and CoW at
pH 6.7 and 8.0 were studied in order to compare the
features of the deposition and codeposition of Co with

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

W and the effect of the pH on this process. In this case,
the compositions of the solutions employed for the
deposition did not differ from those described earlier
[13—15].

If the inflection of the polarization curve is related
to the slowness of the stage of diffusion from the solu-
tion to the electrode, then it must affect the imped-
ance spectra. It follows from the theory of impedance
with a slow diffusion stage [20] that the phase shift
angle represented in Bode coordinates must approach
—45° at low frequencies; in the case with a slow dis-
charge or adsorption of an intermediate complex, it
approaches 0°; and, if the impedance spectrum is rep-
resented in Nyquist coordinates, then a rectilinear
dependence of Z' on Z with a slope of 45° must be
observed at low frequencies.

The data in Figs. 7—9 show that the shape of the
impedance spectra does not imply a slow diffusion
stage. The presence of two peaks in the Bode diagram
excludes a single slow stage of charge transfer. Also
note that, if in the case of the deposition of CoW at
pH = 6.7 at low cathode potentials the electrochemi-
cal impedance spectrum is described without separate
adsorption component (Fig. 7a), then an increase in
the potential leads to an increase in the hydrogen evo-
lution and hence in the alkalization of the near-elec-
trode layer, which results in the appearance of an
Vol. 46
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Fig. 8. Comparison of the experimental spectra of the electrochemical impedance of CoW at pH 8 and the results of fitting to the
equivalent circuit (Fig. 10) in Nyquist and Bode coordinates. The points stand for the experimental data; the solid line is the fit-
ting. (a) Nyquist diagram for —0.55 V; (b) experimental Nyquist diagrams for the studied potentials; (c) and (d) Bode diagrams
for —0.55 and —0.8 V. The values of the equivalent circuit elements are listed in Table 2: (/) —0.55; (2) —0.60; (3) —0.65; (4) —0.70;
(5) —0.75; (6) —0.80 V.

adsorption component at potentials above —0.7 V  described by the equivalent circuit with separate
(Figs. 7b, 7d). Meanwhile, at a higher value of the pH adsorption at low and high cathode potentials. The
(equal to 8), electrochemical impedance spectrum is presence of an adsorption complex at high pH values

Table 2. Numerical values of the parameters of the equivalent circuits shown in Figs. 7—9

Experimental conditions Equivalent circuit element
R, Q cm? R, Q cm’? R;, Q cm? CPE,, uF/cm? | CPE,, uF/cm?
System Potential, V| (uncompensated | (charge transfer | (resistance to (double layer (adsorption
for resistance) resistance) adsorption) capacity) capacity)
CoW —0.70 33.06 6544 - 0.61 -
—0.78 36.64 1722 402.9 0.61 1154-L
—0.86 45.07 226.2 136.2 0.68 0.00226-C
CoW —0.55 33.23 750.4 5309 0.74 0.78
pH 8 —0.80 29.12 432.4 1699 0.74 0.71
Co —0.60 28.14 110.3 8152 0.67 0.64
pH3 —0.80 25.33 747.6 2729 0.63 0.61
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Fig. 9. Comparison of the experimental spectra of the electrochemical impedance of Co at pH 8 and the results of fitting in
Nyquist and Bode coordinates with the equivalent circuit (Fig. 10). The points stand for the experimental data; the solid line is
the fitting. (a) Nyquist diagram for —0.6 V, (b) experimental Nyquist diagrams for the studied potentials; (¢) and (d) Bode dia-

grams for —0.6 and —0.8 V.

also plays a fundamental role in the deposition of a
simpler system, such as the electrodeposition of cobalt
(Fig. 9).

Thus, these experimental data are adequately
described by an equivalent electric circuit characteris-
tic of the processes that include the adsorption of an
intermediate compound. In this work, the double layer
capacity and the adsorption capacity are replaced by
the respective constant phase elements. The imped-
ance of which (Fig. 10) is described by the equation

1
Cuw)"
where j is an imaginary unit, w is the frequency, and

n is the factor describing the nonideality of the double
layer; in this particular case, n < 1.

(10)

Zepp =

This equivalent circuit is not the only one describ-
ing the impedance spectrum of a process with the
adsorption of an intermediate compound. Depending
on the ratio of the rates of the reactions of the total
process (see, €.g., (6)—(9)), which also depend on the
potential, a situation can occur when the resulting
phase shift will correspond to the inductance; that is,
so-called pseudoinductance will take place. Induc-
tance simulates the situation when the adsorption

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

layer is not constant under cyclic changes in the low-
frequency potential [21]. The respective equivalent
circuits are shown in Figs. 10c and 10d [19]. In this
case, the charge transfer resistance is as follows

_ RctRO

R = .
R, +r

p

(11)

Thus, (i) the data of the impedance measurements
show the presence of adsorption processes in the sys-
tems under study and (ii) the impedance does not
specify the chemical composition of the adsorbed
layer or the number of adsorption stages; it only shows
the presence of a slow adsorption stage that follows
from the data. Regardless of the complexes used for
the codeposition of Co and W (individual or mixed
cobalt—tungsten), the reduction of Co(II) and W(VI)
requires a certain number of electrons (two for cobalt
and six for tungsten). The simultaneous transfer of this
number of electrons is hardly probable; therefore, a
partially reduced complex is apparently held on the
surface, in particular, by adsorption forces.

The data for the impedance also suggest that the
stirring of the electrolyte has an effect on the state of its
surface rather than on the mass transfer from the solu-
tion to the electrode. It follows from the results of [22]
Vol. 46
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Fig. 10. (a)—(d) Equivalent circuits describing the electrochemical impedance spectrum for the deposition of CoW coatings on a
cobalt substrate at pH = 6.7: (a) for potentials more positive than —0.74 V, (b) for potentials more negative than —0.74 V, and (c)
and (d) for a potential of —0.78 V. (e) and (f) Equivalent circuits describing the electrochemical impedance spectrum for systems
of deposition of Co and CoW coatings on a cobalt substrate at pH = 8. The values of the equivalent circuit elements are listed in

Table 2.

that, at pH < 4, the electrochemically active particles
are an aquatic complex of Co?*; therefore, the calcu-
lated value of the diffusion coefficient is “usual” in this
case. At higher pH values, the electrochemically active
particles will be both cobalt hydroxocomplexes [19,
23] and citrate complexes of cobalt as well as (possibly)
mixed cobalt—tungsten citrate complexes. As the pH
increases, their concentration changes and the
adsorbed citrate complexes undergo a structuring. It is
also known (see, e.g., [15]) that the concentration of
the cobalt aquatic complexes in the solution and the
current density of the electrodeposition decrease at
pH > 5. The hydrogen evolution on the electrode
favors a local increase in the pH. With the rotation of
the electrode, the local increase in the pH sharply
slows down, which leads to a decrease in the concen-
tration of the adsorbed complexes and an increase in
the electrodeposition current’s density. In a galvano-
static mode, at a constant current density, this results
in an increase in the current efficiency; a lowering of
the electrodeposition potential; and a decrease in the
concentration of tungsten in the coating [13], which,
in turn, is one of the causes of changes in its structure
[24] and hence properties [14].

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

CONCLUSIONS

The features of the role of ionic mass transfer in the
process of the induced codeposition for obtaining
cobalt—tungsten coatings from citrate solutions are
analyzed. It is shown that, in a certain range of poten-
tials, the electrode process’s rate and the composition of
the resulting alloy (and hence its structure) are deter-
mined by the hydrodynamic conditions. However, the
case under discussion heavily differs from the the case of
mixed kinetics (a slow charge transfer complicated by
the slow convective diffusion of transfer of the electro-
active component (components) to the surface). It is
shown that the process’s rate and the transfer resistance
are also determined by the stage of adsorption of an
intermediate complex (intermediate) on the electrode’s
surface. The composition of the intermediate complex,
in turn, is determined by the conditions of the ionic
mass transfer, including the pH of the near-electrode
layer, which depends on the rotation rate (the hydrody-
namic conditions). The elements of the mechanism of
the electrode process that follow from the analysis do
not confirm the hypothesis proposed in [13] that elec-
trochemical equilibrium takes place at the film—solu-
tion interface; however, they are consistent with it in the
sense that the conditions of the ionic mass transfer
determine the composition of the film (intermediate).
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Abstract—The results of investigation of the surface structure-base transformation of iron specimens sub-
jected to carbonization by the electrospark method and heating in the temperature range of 20—800°C are
given. It is known that, after electrospark alloying with graphite, a surface layer consisting of mainly austenite
and cementite forms with a carbon content in y-Fe. The quantity of the austenite reduces with heating, and,
at 300°C, it fully turns into a ferrite-cementite mixture (perlite). The heating of the specimens reduces the
value of the microstresses, and the diffraction lines narrow down coming nearer to the annealed armco-iron

values.
DOI: 10.3103/S1068375510060062

The electrospark alloying of metal surfaces (ESA)
opens wide prospects for improving the wear resistance
of various friction pairs, which is possible due, in partic-
ular, to the formation of highly dispersed structures of
antifriction materials on the surfaces in friction [1].
However, the processes in the friction area have not
always been considered in the case of choosing the sur-
face alloying materials. For example, outside friction
resulting from plastic deformation improves the ther-
modynamic potential of the friction surfaces (free sur-
face energy v, the inside energy F, etc.), which makes
these surfaces highly active chemically and catalytically.
According to the research, the ultimate criterion of sei-
zure of the friction surfaces making them wear and fail
is the level of the surface energy y [2]. It is known that
one of the ways to reduce the free surface energy and
prevent its increase is surface alloying with nonmetal
elements (boron, carbon, silicon, etc.) [2].

A possible solution is to apply electrospark surface
alloying with graphite when carbon is injected in the
surface layer both as free graphite and as carbide [3].
During iron-based alloying, quite a substantial
amount of residual astenite is formed in the surface
layer. The carbon dissolved in y-Fe stabilizes the auste-
nite and impedes the y — o transformation of the
iron lattice [4]. Austenite has a higher friction coeffi-
cient than a-Fe-based phases and relatively low tri-
botechnical properties [5]. How will the friction sur-
face behave if relatively high pressure and friction rates
makes the friction surfaces heat? How steady will the
structure and phase composition of the surfaces be and
in what way can they tend to transform? These ques-
tions are the basis of this study, where the results of the
investigation of the structural-phase transformations
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in iron-based electrospark surfaces at 20—800°C are
presented.

METHOD OF INVESTIGATION

Armco-iron specimens and MPG-6 graphite elec-
trodes were the source materials used. The electro-
spark processing was realized according to the meth-
ods given in the table and with the use of an Elitron-22
installation made by the IPF pilot plant of the RM AS.

All the samples were X-rayed with a DRON-2.0
diffractometer (CoK, radiation, an Fe filter, and the
0/26 method). High-temperature X-raying was con-
ducted with a high-temperature diffractometer
attachment (UVD-2000) where the samples were
heated in vacuum. The spectra were taken every
100°C.

ESA methods of specimen processing

Sample | ESA operating | Discharge ESA relative
no. current, A energy, J time, min/cm?
1 0.77 0.185 1
2 1.1 0.24 1
3 1.6 0.33 1
4 2.0 0.43 1
5 2.5 0.585 1
6 2.0 0.43 2
7 2.0 0.43 4
Note: The sample is made of armco-iron and the anode of MPG-6
graphite.
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Fig. 1. Diffractograms of sample no. 5 at 7 20°C (a),
200°C (b), and 300°C (c).

Sample no. 1 appeared to have a very weak diffrac-
togram, whereas the spectra of samples nos. 4, 6, and
7 were identical. Therefore, for the detailed tempera-
ture researching, it was decided to use sample nos. 2,
3,4,and 5.

RESULTS AND ANALYSIS

The diffractograms of all four specimens are similar
and contain a-Fe phase spectra, Fe;C cementite, and
a y-Fe metastable phase (the relations among which
depend on the ESA discharge energy). The y-Fe phase
behaved steadily at a moderate cooling rate only down
to 723°C [4], although conditions for freezing the
phase and preventing its transformation into a ferrite-
cementite mixture appeared if the microalloy cooled
down rapidly at 10°—103 degrees/s [6]. After the ESA
with graphite, for all the processing methods, the
period of the y-Fe lattice substantially increased and
was about 3.63 A as, according to [7], the lattice con-
tained about 2% diluted carbon; that is, high-carbon
austenite was generated. As the temperature of the
specimens rises, the quantity of austenite in them falls
rapidly, and, at 300°C, the lines of that phase go
entirely, whereas the o.-Fe and cementite lines become
more intensive (Fig. 1). The diffractograms of sample
nos. 2 and 3 reveal a very blurred unidentified line in
the area of angles of about 69—70 degrees (d ~1.6 A),
which is preserved during the entire temperature survey,
remains when the second sample cools down, and fades
away in the case of the cooling of the third sample.

At room temperature, the o-Fe lattice has a period
of 2.86 A, which is typical for nearly pure iron. In the
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Fig. 2. Temperature dependence of the half-width of lines
110 and 211 a-Fe for sample nos. 2, 3, 4, and 5.

case of heating the samples, the figure grows to reach
2.90 A at 800°C, which is due both to the tempera-
ture’s influence and, possibly, to a high concentration
of carbon remaining after the transformation of the
high-carbon austenite into ferrite. Therefore, after
heating the samples up to more than 300°C, the
ESA-processed layer has mainly a ferrite—cementite
mixture consisting of cementite and perlite.

In this case, the martensite transformation of aus-
tenite is not expectable as it is known to quench
entirely [8] if the metal is deformed by more than 30%,
whereas, in our case, the study of the diffractograms of
the different surfaces shows significant broadening of
all the lines. The analysis of the a-Fe spectrum lines
(for instance, for sample no. 5, the relation B,,,/B,0 =
2.25 approximates the relation tan0,;,/tan0,,, = 2.42)
shows that the blurring is caused mainly by micros-
tresses and the alloyed surface of the samples has
mainly chaotically distributed dislocations [9] with a
density of about 10'4—10" m~2, which is equal to more
than 30% deformation [10].

Heating of the specimens reduces the value of the
microstresses, the diffraction lines narrow down, and
the integral width of the a-Fe line approximates the
rates for the reference annealed armco-iron speci-
mens; that is, (0.16 — 0.17)°(26) and the dislocations
become less dense. The tendencies discovered are typ-
Vol. 46
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ical of all the samples no matter how they have been
processed.

CONCLUSIONS

The results of the study show that, during the heating
of a graphitized layer on iron, its phase structure under-
goes substantial transformation. The quantity of
cementite and ferrite increases, whereas the concentra-
tion of austenite falls and goes entirely at 300°C. Along-
side with the improved plasticity of the layer due to the
weakened density of the dislocations, such a transfor-
mation promotes its better antifriction properties.
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Abstract—The problems connected with the conversion of electrical energy into mechanical energy and vice
versa involving heat energy (i.e., using thermoelectrohydrodynamic (TEHD) methods) are considered. It is
shown that these conversions depend on the type of the dielectric liquid, which can exhibit ideal dielectric
properties or low conductivity. The respective criteria for these cases are given. In an ideal case, mechanical
energy can be obtained using only electrical and thermal energy (a TEHD pump). In alow conducting dielec-
tric, there exists the possibility in principle to generate convective currents, i.e., to generate electric energy,
using the heat energy and partially the electric energy. The formulas for the calculation of the liquid consump-
tion in TEHD pumps and electroconvective currents for TEHD generators are obtained.

DOI: 10.3103/S1068375510060074

INTRODUCTION

It is well known that electrohydrodynamic (EHD)
interactions of external electric fields with ideal or
nonideal (low conducting) liquids [1] manifest them-
selves as electroconvective motions of liquids called
electric convection (EC) [1, 2]. In this case, we are
dealing with interactions with an initially motionless
liquid as well as a moving one too. Electroconvection
itself is caused by the medium’s nonuniformities with
respect to its two electrophysical parameters: its abso-
lute permittivity € = € g,and/or its electric relaxation
time t = ¢/c, where ¢, is the universal electric constant
(the vacuum permittivity); €, is the relative permittiv-
ity; and o is the specific electric conductivity coeffi-
cient. Nonuniformities, in turn, are due to different
reasons [3], the most typical being thermal ones when
a uniform liquid in its mechanical composition is non-
uniform in the distribution of the temperature in it,
and mechanical ones in the case of a heterogenecous
medium (emulsions, suspensions, aerosols, etc.).
Accordingly, there are recognized electrothermal
(ETC) and electromechanical (EMC) convections.
But, as the experiments show, the volumetric electri-
zation of a medium and its motion in an external elec-
tric field is also possible at the total absence of thermal
and mechanical nonuniformities. In these cases, the
electroconvection is commonly called electroisother-
mal (EITC) [4, 5].

When electric fields interact with liquids, there
takes place the interconversion of energies: electric
and/or heat energy into the mechanical one and,
inversely, mechanical and/or heat energy into the
electric one. On the basis of these conversions, it is
possible to create various EHD devices to be used in

practice, particularly electrohydrodynamic (EHD) or
thermoelectrohydrodynamic (TEHD) pumps (of a
new type—without moving hard parts) in the first case
and EHD or TEHD generators in the second case.
These conversions have some peculiar features for
every type of electroconvection; thus, it is expedient to
consider them separately.

In work [6], the problems of EHD conversions
under the conditions of EITC have been discussed.
Here we are going to examine and clear up the practi-
cal aspects of EHD conversions as applied to the elec-
trothermal case (ETC) when a liquid being uniform in
its mechanical composition is nonuniform in temper-
ature, i.e., T# const, and, consequently, along the lig-
uid € = &(7) # const; T = t(7T) # const.

In order to understand the physical essence of the
regularities and to find out the TEHD flows that can
be used in practice for different aims, we proceed from
formulas for the density of an electric force acting on a
liquid dielectric in an electric field [7, 8]:

f=pE—-(1/2)E’Ve+(1/2)V[y(0e/0y)E’], (1)

and the electric current density, which in the most
general case when magnetic effects are absent has the
form [8]:

j = cE+puo—DVp+0(eE)/0t+ Vx(Pxv), (2)

where p is the density of the space free charges; v is the
vector of the convective velocity; D is the coefficient of
theion diffusion assumed the same for both positive
and negative ions; and P is the vector of the electric
polarization of the liquid. Hereafter, in formula (1), we
neglect the last electrostriction summand, which is the
“exact” gradient of some scalar function (in square
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brackets) and does not produce any work in the closed
bulk of the liquid limited by solid walls [3]. The esti-
mations also show that, for the cases of interest, in also
the equation for the current density (2), the diffusion
current (the third summand) may be omitted. As for
the last summand, which can be called the convective
current of polarization [8], it is solenoidal, and it is usu-
ally automatically dropped out of the consideration
(its divergence is identically zero). Nevertheless, this
summand is kept as it is the only component of the
current remaining in an ideal dielectric in the station-
ary case.

Formula (1) explains the reasons for the appear-
ance of electroconvective flows and the pumping
effect, i.e., the ordered convective flow. The action of
an EHD generator is explained in outline by the sec-
ond summand of formula (2); that is, by a common
electroconvective current. In the electric field, the lig-
uid is charged; then, it is set in motion; if it is per-
formed by the field forces, we have here electric con-
vection and we are simply dealing with the growth of
the charge transfer at the expense of the additional,
convective component of the total current. These
effects are widely used and can be employed in different
automatic EHD devices [9]. If the motion is due to an
external hydrodynamic head (forced motion) or ther-
mal (natural) convection, we are dealing with a genera-
tor effect with the same convective current j, = pv being
generated, and electric energy is produced at the
expense of the mechanical one in the first case or the
hermal one in the second case.

In accordance with the general approach to the
study of electroconvective phenomena, let us sepa-
rately consider the cases of ideal and nonideal (low
conducting) dielectrics. In practice, these cases are
stated according to the following criteria: T/t > 1 is an
ideal dielectric, and t/t« < 1 is a nonideal one, where
t-is the characteristic time of the external field
change; it is an oscillation period in the typical case of
a sinusoidal alternating field [3, 4].

Ideal Liquid Dielectrics (t/t-> 1)

By assumption, charges are not brought into an
ideal dielectric (o = 0) from the outside, and there are
no free ones by definition. Thus, the first purely cou-
lomb component of the force (f; = pE) disappears due
to p = 0; thus, only the second summand remains,
which with regard for the thermal nonuniformity of
the medium may be written as

f=f=—(E'/2)Ve = (E'/2)B, VT, 3)

where B, = —(1/¢)(de/dT) is the temperature coeffi-
cient of the dielectric permittivity at some average liq-
uid temperature. The second equation in the case
under examination has the form

j=0(cE)/0t + Vx(P x v). 4)
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Fig. 1. Pull of the interface into the electric field.

Under the action of force (3), there is possible the
electroconvective motion of a medium in a steady
mode (0/0t = 0) being the result of the conversion of
heat energy into mechanical energy, and there is con-
ceivable the creation of a TEHD pump on this basis.
As for the TEHD generation of electric energy with
such a statement of the problem (under the conditions
of the complete absence of the liquid electrization), it
is impossible because p = 0 = j, = 0. Thus, we restrict
ourselves to the search for a possible one-dimensional
TEHD flow between the plates of a plane-parallel hor-
izontal capacitor as applied to the creation ofa TEHD
pump for ETC in an ideal dielectric liquid.

To understand better the physical essence of this
flow, we begin with the solution of a simple problem on
the pulling in of the interface of two immiscible liquids
into a plane-parallel horizontal capacitor.

Pulling in of the Interface into a Plane Capacitor

In Fig. 1, the interface between two liquids / and 2
is presented in the form of a thin dielectric piston. By
the assumption that g, > €,, the pulling in apparently
happens from the left to right, resulting in the rising of
the liquid level by some magnitude AH= H, — H,. The
further problem consists in searching for this magni-
tude as the corresponding pressure drops AP = ygAH,
where v is the liquid’s density (y, =y, =v), which is the
most important static characteristic of any pump. To
solve this problem, we proceed from a general expres-

sion for the free energy F=F |+ }72 of the whole lig-

uid mass at the prescribed intensity (potentials) of the
electric field E [7].

Omitting the a fortiori constant summands con-
taining in particular the inner energy for the free ener-

No. 6 2010
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gies of each liquid, including the potential and electric
(with the sign “—"") ones, we find

Fi = (mgH)/2+ Mgh—(g,/2)(g, — ) EV,;

N (5)
B = (mygH,)/2 + Mygh - (,/2)(g,,— 1) E'V),

where m,, m, are the masses ofthe liquid columns H, and
H,; M, M, are the masses of parts of liquids 7/ and 2;
V, and V, are the corresponding volumes; €, = € &,;;
and g, = €,€,,. Substituting the quantities m, = y,S5,H;
M, =v,\V\; my = 1,8H,; M, = v,V into formulas (5),
we obtain for the total free energy

F=(g/2)So(y,H: +1,Hy) + (1, V, +7,V2)gh
— (e, E/D[(e, = 1)V, + (80— D)V3].

It is known that, at the state of thermodynamic
equilibrium, presuming mechanical equilibrium too,

the thermodynamic potential F should have a mini-

mum which we ascertain assuming the variation 6;" .
Taking into account H, + H, = const = dH, and V| +
V,= const = 0V, = -0V, we find

OF = gSy(viHy—v,H))8H, + (v, —v,)ghdV,
+(E’/2)(e,—£,)8V, = 0.

Considering also that 6V, = S0H, = —S,0H,, we
obtain the final result:

ViH =y, H, = (v, —v2)h— [E2/(2g)](81 —-&).

The second equation for H, and H, is of purely geo-
metric character (see Fig. 1) and has the form H, + H, +
I~ L = const—the total length of the EHD channel,
where /is the length of the cell (capacitor). This is the
general solution of the problem. Usually y, = y, = v,
and then from (5) for the hydrostatic head there is
obtained the formula

AP=yg(H,- H))=ygAH = (E’/2)(g;—&,). (6)

This result is achieved at once considering that
P = (¢E?/2) is none other than the electric pressure.

From the point of view of energy, the pulling in of a
liquid with great dielectric permittivity into a field is
explained by the simultaneous increase of the surface
density of the free charges on the electrodes coming
from the field source because it is necessary to main-
tain the potentials of the electrodes as constant. Thus,
the work to produce a liquid head (6) is performed
thanks to the power supply, i.e., to the capacitor’s
charging power.

One-Dimensional TEHD Flows

It is obvious that, if the difference of the dielectric
constants in formula (6) is produced due to the differ-
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ence of the temperatures at the ends of the channel
with the liquid, according to the formula

g1 -8 = eB(To— Tp) =B AT,
AT=Ty- Ty,

where T,,, T, are the temperatures at the inlet and
outlet of the TEHD channel, the hydrodynamic head
AP can be supported by this temperature difference:

AP=vgAH = (1/2)E’eB AT
= AH = (1/2)E’eB,(AT/vg),

where AH is the difference of the levels at the inlet and
outlet of the TEHD channel (the pressure gauge indi-
cations, Fig. 1).

Formula (8) may be the basis for the design of
TEHD pumps operating according to the considered
electrothermal principle. Really, for this purpose, in
the first approximation, it is sufficient to substitute AP
from (8) into the design equations of Poiseuille type or
other hydraulics formulas expressing the fluid flow
through the hydrostatic characteristics (head).

However, below, we try to establish the peculiar fea-
tures of TEHD flows analytically. Proceeding from the
general form of the expression for the electrothermal
force (3), we assume that the flows that can be
expected follow the direction of the temperature gra-
dient, so we will seek for the flows under such bound-
ary conditions when along the capacitor plates there
are maintained constant gradients of the tempera-
tures: A, and A4, according to Fig. 2.

The calculation of the intensity is carried out
approximately, assuming that the medium is in the
state of equilibrium at some average constant temper-
ature:

(7

®)

P21 _ @

2h 2h

It is easy to notice that the equilibrium at any dis-
tribution of the temperature 7, # const is impossible

= const. )

>
(rotfy #0); thus, no-threshold electrothermal convec-
tion should be observed at any VT # 0. We proceed

from the TEHD general equations [3]. Assuming O =
>iux = >iU(z), we obtain

—(p/0x) + (E*/2)B(8T/0x) +n(d’v/dZ’) = 0;
—(8p/02) + (E’/2)eB(0T/0z) —vg = 0;

2 2
X ox" Oy

Y = v(1-BT).

In the approximation under consideration, the
parameters £, 1, a, €, B, B are assumed constant and

(10)
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Fig. 2. Diagram of a one-dimensional TEHD flow in a plane-parallel channel.

equal to the average across the volume values. The
boundary conditions for system (10) have the form
v(th) = 0; T(xh) = T, = A, ,x. (11)
It follows from the equations of motion and the
boundary conditions that the flows sought can be real-
ized if the temperature along the liquid changes in
conformity with the relation

T = xA(z) + 6(2), (12)

where A(z), 6(z) are unknown functions of z. The sub-
stitution of (12) into the third equation of (10) gives
the relations

A(R) = cz+b; ¢ = (A4,-A)/(2h); (13)
b= (A,+4))/2,
in terms of which system (10) takes the form
—(8p/0x) + (E*/2)eB,(cz+ b) + nv"(2) = 0;
= (0p/0x) + (E'/2)eB,(cx +6') ~ 1o (14)

+v,gB(cxz+ bx+0) = 0;
v(z)(cz+b)—-ab"(z) = 0.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

Integrating the second equation of (14) and substi-
tuting the obtained expression for the pressure p into
the first equation, we find

Nv"(2) = yoBg(cz’/2+bz) - (1/2)eBE’b + B, (15)

where B is the arbitrary integration constant having
the meaning of the pressure gradient in the absence of
the field (B = —dp,/dx). Without any forced pumping
of the liquid and the channel being open at its ends,
the greatest flow rate determined by the field can be
estimated assuming B = 0.

The solution of equation (15) satisfying boundary
conditions (11) has the form

v(E) = “’°Bgc’l TPECh (| ety ) [(SBEb/Z) B)

(16)

x(1-€° i(l—é)

where & = z/h is the dimensionless coordinate. Notice
that, in a particular case of the absence of an electric
field (£ = 0), these formulas go into the known solu-
tion of the problem on natural convection in a plane
horizontal layer of liquid [10].

It is seen from formula (16) that the flow rate pro-
file presents a superposition of even profiles of the type
in Fig. 2b or odd ones of the type in Fig. 2c.
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As applied to the design of a TEHD pump, it is of
interest that the ensured liquid volume flow rate is (per
unit of channel width)

' voBgeh’  2n(1_, 2

= |v(g)dz = ——+—(—g 8Eb—B). 17

0= [v(2)dz o 3% (17)
—h

The first summand of the right side of this formula
is a part of the flow rate caused by the natural convec-
tion of the liquid, and the second one, by the electric
field with consideration for the hydraulic losses
(parameter B).

Formula (17) in the general form can be suitable
with the aim to study the effect of isolated factors on the
liquid flow rate, in particular, of boundary gradients of
the temperatures 4; and 4,, but we are esspecially inter-
ested in the case of the presence of only electroconvec-
tion (g = 0), which is tantamount to ¢ = 0; that is, A, =
A, =A= b= A. Then, it follows from (17) that

0 = 2]

- 58 (18)

B.EA- B) .

Considering the meaning of the constant B under
static mode (Q = 0), we find one of the pump charac-
teristics—the hydrostatic head that the TEHD pump
can produce and that can be measured by a manome-
ter (a graduated vertical tube, Fig. 1):

_1 2 47— 2 2
AP = 3B EAl= (sPolAT/(SH)

=YgAH,

where [/ is the horizontal EHD channel’s (capacitor)
length, AH is the reading of the manometer, AT is the
difference of the temperatures at the TEHD channel
ends, which, taking £ = ¢,/(2h) into account, coin-
cides with result (8).

It is seen that, with the given field (¢,), with increase
in the heat flow rate (the increasing heat flux A), the liq-
uid flow rate grows; that is, the direct conversion of
heat energy into mechanical energy occurs through
the mechanism of the liquid depolarization. As the
colder liquid enters into the interelectrode space and
moves into the hotter region, its electric energy
decreases due to the reduction of the dielectric per-
mittivity with the growth of the temperature. This
diminution of the electric energy of the system is
attended by the increase of its mechanical part.

As follows from (18), the greatest liquid flow rate
caused by the electric field action is obtained at B= 0,
and, thus, the flow rate (per unit of the channel width)
is limited at the top according to the inequality

B, AT
120/

where the channel length / > h—the spacing between
the capacitor plates (Fig. 2).

Q < Qmax =

b
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This formula shows that the only ways to increase
the efficiency of the liquid pumping are the increases
of electric voltage in the TEHD channel and the lon-
gitudinal temperature gradient A = AT/I. It is notewor-
thy that the flow rate does not depend on the interelec-
trode spacing /; thus, it is possible to increase the volt-
age with the simultaneous growth of this spacing to
obtain the designed results.

Low Conducting Liquids (t/t- < I)

This case differs greatly from the previous one, as
taking account of the nonzero (though little) electric
conductivity (o # 0) causes the loss by the liquid of its
electric neutrality, that is, p # 0, in contrast to the case
of an ideal dielectric. In the simplest case, it is easily
demonstrated [3] with the help of the classic Maxwell
equations

j=cE; Vj=0;, p=V(k),

leading to the formula

p =jVr. (20)

According to this formula, the threading of a non-
uniform medium by a through conductivity current
not normal to V1 uniquely results in the generation of
free spatial charges. Therefore, the role of the nonuni-
formities of the medium is important in its electriza-
tion. In the case of thermal nonuniformities, we are
interested in, considering the dependence t(7), a
purely coulomb force; that is, the first summand of
formula (1) takes the form

fEﬁ EpE = _SBT(EVDE’

where f3; = —(1/9(dv/dT = B, + Bs; s = (1/0)(do/dT)
are the temperature coefficients of T and o, respec-
tively. The second summand in (1), being the only one
in the case of an ideal dielectric, now becomes negligi-
ble in comparison with the first one as |f|/|f3| ~ B./B. =
1+ (Bs/B.) = 1, because usually B,/B, > 1. In this case,
p # 0; therefore, it is rightful to search not only for the
production of mechanical energy (a TEHD pump) as
in the case of an ideal dielectrics but also for TEHD
methods of generation of electric energy, that is, for
convective electric currents (j, = pv).

(21)

One-Dimensional TEHD Flow
of Low Conducting Liquid

We seek a solution of the same problem as in the
previous case (see Fig. 2) with the fundamental dis-
tinction that the moving force of the electroconvec-
tion is not force (3) but that given by formula (21),
Vol. 46
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implying some complications. Instead of equations
(10), we have

~(0p/dx) + n(dv/dZ") = 0;
—(0p/9z) +pE-vg = 0,
V(0T/0x)—a(0°T/ox" +°T/oy") = 0;
Tu(0p/0x)+p +eP . E(0T/0z) = 0;
Y = v(1-BT7)
under the same boundary conditions (11). The fourth
equation of this system, absent in (10), is the equation
of continuity of the total current density (2) (Vj = 0),

in which only the two first summands are taken into
account as the most significant [3].

(22)

The stated problem has been previously solved
[3, 11]. We present the final formulas for the velocity
distribution depending on the dimensionless coordi-
nate § = z/h and the problem’s parameters:

V(&) = ME(1-E)-N(1-eYY+K(1-8%), (23)
where
M=—(y,Pgb—eP.E’c)(h’/6m);
N=cy,Bgh'/24m; o

K=(eB.E’b - B)(h’/21);
B=dp,/dx; &=z/h.

It is seen that, as in the previous case, the joint
action of the electric and gravitation fields results in
the superposition of the even and odd profiles of the
velocity. It is possible to follow the contribution to
TEHD flow of the summands of (23) and (24).

Production of Mechanical Energy: Pumping Effect

The density of the electric energy is determined by
the general formula w = jE, from which, with consid-
eration for the first two summands of (2), for the whole
mass of the liquid we obtain

chde+ I(pE)UdV

W= J'jEdV =
9 9 .

The first summand of the sum in the right side of
this expression makes the contribution of the common
joule heating into the total power, which is not of any
interest for us as it is negligibly small. The mechanical
part of the power is given by the last integral, present-
ing the total power of the coulomb forces, which are
taken into account in this problem. From the point of
view of producing a TEHD pumping effect, we are
interested in the liquid flow rate through the channel
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cross section, which, with regard for (23)—(24), simi-
larto (17), is

0= }U(Z)dz =

-h

As before, the first summand of the right side of
(25) gives the flow rate caused by the natural convec-
tion. However, we are interested in the electrothermal
effect; therefore, following the same pattern, as in the
case in p. 1.2, we assume ¢ = 0 = b = A. Then, for the
liquid flow rate, instead of (18), we obtain the formula

voBgeh’ .\ 2eB.E'b-B

n. 25
151 3 M (25)

20’ >
Q = _(SBTEA_B)a (26)
3n
which almost coincides with (18), the only difference
being that it contains the electric relaxation time coef-
ficient Bt instead of the dielectric permittivity thermal
coefficient Be. Similarly, for the hydrostatic head, we
obtain

AP = eB E'Al = (eB.@,AT)/(4h") =ygAH, (27)
and the limitation for the flow rate has the form

eB.IAT
onl

Having analyzed the obtained results from the
point of view of the final formulas (18) and (19) for
ideal dielectrics and the similar (27) and (28) for low
conducting ones, we make the following conclusions.

Firstly, using the principle of the electrothermal
convection (ETC), it is possible to change the electric
and thermal energy into mechanical energy, creating a
TEHD pump for pumping of both ideal liquid dielec-
trics and low conducting liquids.

Secondly, it should be expected that the effects will
be qualitatively the same, but quantitatively, in the sec-
ond case, they should exceed those in the first case by
the approximate relation 2f3./p, > 1 because /B, > 1.

Thirdly, it is well to bear in mind that the notions of
ideal and nonideal dielectrics should be interpreted
according to the definitions presented in the Introduc-
tion. It is good practice to carry out the experiments
with the necessary pumping of a medium using alter-
nating fields and selecting the frequencies in accor-
dance with the parameter t/#-.

0<0nux = (28)

On Production of Electric Energy by the TEHD Method

As is known, to produce electric energy, it is neces-
sary to have a source of extraneous forces moving the
electric charges opposite to the generated field such as
the hydrodynamic forces arising at the forced motion
of the medium or wind forces [12]. In the considered
case of the ETC of a low conducting liquid, there are
generated electric convective currentsj, = pv, where v
is the convective velocity of the liquid, determined by
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the flow rate of two types of energy: the electric one
from the TEHD channel power supply and the ther-
mal one from the heater. Just the latter thermal part of
the total energy will transfer into the useful electric
one in the TEHD generator.

It is shown in works [3, 11] that, at antiparallel
boundary gradients of the temperatures, that is, at 4, =
—A, = b=0and c = A,/h, the flows have a cubic pro-
file of their velocities (Fig. 2¢), and, in this case, there
arises the longitudinal component of the convective
electric current with the average cross section value

jx=3 (e
- 29)

303 2 5
= 1.102 x 10‘5‘M(1 - @)
2 2
na h
where a is the temperature conductivity coefficient.
For the examined liquids (t < 10~!'s, @ < 107° m?/s),

the second summand within the brackets can be
neglected in comparison with unity.

It is characteristic that the average density of the
convection current depends not on the field’s intensity
and the spacing between the capacitor plates but on
the potential difference between them; therefore, by
increasing 4, it is possible to enlarge ¢, up to ~10% kV.
The estimations show that, in transformer oil at 4, ~
10 C/cm, j ~ 2 A/cm?, to maintain such currents and
the liquid’s motion, it is necessary, as follows from the
above mentioned formulas, to ensure the given ther-
mal conditions (4,). This is connected with the expen-
ditures of heat energy; i.e., we are dealing with the
TEHD generation of convection currents as in con-
ventional EHD generators.

To isolate the convection convective current,
besides the main power circuit of the whole channel,
there is necessary a second electric circuit with addi-
tional electrodes at the ends of the TEHD channel.
There have been made some efforts aimed at the
experimental isolation of these currents, which could
not be considered successive, as besides weak currents
in the circuit of the external power supply, no other
stronger ones, as expected in the experiments, have
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been registered. Nevertheless, this does not mean the
invalidity of the theoretical assumptions. The truth is
that the collecting of the convection current is a sepa-
rate problem, as on solid current-collecting electrodes
the normal component (as well as the tangential one
due to the adhesion conditions) is zero. Therefore, the
question of a TEHD generator calls for further exper-
imental and theoretical investigations.
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Abstract—The process of electroreduction of copper from aqueous ethanol solutions of copper sulfate on a
copper electrode is studied using the polarization and impedance techniques. It is shown that, at the working
electrode potentials in a range of —0.6 to —0.8 V, the rate-limiting step of the process is the diffusion of copper
ions to the electrode’s surface. The diffusion coefficient of copper ions at an ethanol concentration of about
0.08 m. f. takes the minimum value due to the restructuring of the near-electrode layer at the given concen-

tration of alcohol.
DOI: 10.3103/S1068375510060086

INTRODUCTION

It is of fundamental importance to study the state of
the interface in the conditions of an electrochemical
process for both solving the basic problems of electro-
chemistry and their further implementation. This work
is a continuation of the series of studies of the electro-
chemical production of copper-bearing nanopowders
from aqueous organic electrolyte solutions [1—5]. It is
shown that the use of a nonaqueous component cru-
cially changes the physicochemical characteristics of
the synthesized copper-containing powders [3, 4].

The process of the electrodeposition of copper in
aqueous media has been studied rather thoroughly [6—9].
It is found that the electrochemical reaction occurs by a
two-step mechanism:

Cu”"+e =Cu", (a)

Cu' +e=—Cu’. (b)

The rate-limiting step of the electrodeposition in
both acidic and neutral media is the reaction of the
addition of the first electron (a). In some cases, the
formation of a passivating layer in the interaction
between the deposited copper and water molecules
was observed [10, 11]:

4Cu +2H,0 == 2Cu,0 +4H" + 4e, (©)

Cu,0 + H,0 == 2CuO + 2H" + 2e, d)

Cu,0 + (3 -2x)H,0 ©
€
=2CuO,(OH), , +2H" +2e.

The effect of the electrolyte’s composition on the
behavior of the electrode process can significantly

change the ratio of the copper oxides that appearin the
formation of loose cathode deposits [3].

The aim of this work is to study the process of the
electroreduction of copper in aqueous ethanol solu-
tions of copper sulfate using voltammetry and electro-
chemical impedance spectroscopy.

EXPERIMENTAL

To study the kinetics of the electrochemical reduc-
tion, polarization measurements were carried out. The
working electrode was polarized using a Pi-50-1
potentiostat (equipped with a PR-8 programming
unit). The polarization curves were recorded using a
PDA-1 recording two-coordinate potentiometer.

The studies were carried out in a three-electrode
cell. The working electrode was the end face of a cop-
per cylinder embedded into a fluoroplastic sleeve. A
platinum electrode was selected to be the auxiliary
electrode; a saturated silver chloride electrode served
the reference electrode.

To decrease the ohmic error in the measurements,
we used a Luggin capillary, which was brought to the
electrode at a distance equal to its outer diameter
(50 um). The distance between the capillary and the
surface under study was controlled using an MPB-2
measuring microscope with an accuracy of 0.01 mm.

The diffusion coefficients were determined by
polarization measurements on a rotating disk elec-
trode (RDE) at rates of rotation of 0, 200, 400, 900,
and 1600 rpm.

The electrochemical impedance was measured
using a Solartron 1260A analyzer. In the experiment,
the amplitude of the applied alternating voltage was
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Fig. 1. Diagram of an electrochemical cell: (/) electrolyte
solution, (2) working electrode, (3) auxiliary electrode,
and (4) vinyl plastic cap.

10 mV. The frequency range was 0.1 to 2 x 107 Hz. The
electrochemical cell was connected to an impedance
meter by a two-electrode four-wire circuit, which
made it possible to exclude the impedance of the con-
ducting wires from the total impedance of the system.
The resulting impedance spectra of the systems under
study were processed using ZView 2 software, which
gives the possibility to simulate the impedance of an
electrochemical cell using equivalent circuits that
contain up to 20 different elements. The model
parameters were determined through finding the com-
posite function coefficients by a simplex method. The
values of the equivalent circuit elements obtained in
several experiments were averaged.

The electrochemical cell that was used for the
impedance measurements (Fig. 1) is a temperature-
controlled glass vessel with the solution under study
(1), in which the working electrode (2) and the auxil-
iary electrode (of platinized platinum) (3) are placed
opposite to one another at a distance of 5 mm.

I, mA
5_

4+
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The working electrode was a copper rod with a
diameter of 3 mm embedded into a fluoroplastic sleeve
with an outer diameter of 10 mm. The working elec-
trode was rigidly fixed in the cell using a fluoroplastic
cap (4). The use of the auxiliary electrode of platinized
platinum in the form of a disk with a diameter of
25 mm makes it possible to neglect its capacity owning
to the large surface (the current density on the auxil-
iary electrode is negligible).

The stationary potential of the working electrode in
the solutions under study was determined with respect
to the silver chloride electrode using a digital pH meter
(Precision Digital pH OP-208/1, Hungary). The
potential values stabilized within ~10 min after the
immersion of the working electrode.

To prepare the solutions, we took analytically pure
CuSO, - 5H,0 salt and chemically pure ethanol,
which were subjected to additional purification
according to [12]. The solutions were prepared in dis-
tilled water using the gravimetric method. A portion of
the salt was weighted using a VLR-200 g-M Ilaboratory
balance with a maximum error of weighing of
10.5 mg. The solvents were weighted using a VL-E144
laboratory electronic balance with a maximum error
of weighing of +30 mg.

RESULTS AND DISCUSSION

Figure 2 shows the polarization curves of the cop-
per deposition from aqueous ethanol solutions of
0.1 M copper sulfate. The polarization curves have a
classical shape characteristic of multistage processes
with diffusion control. This is shown through the pres-
ence of plateaus that correspond to the limiting values
of the currents.

As the concentration of the organic component
increases, a decrease in the limiting cathodic currents
is observed. The rise of the current that follows these

Ethanol, molar fraction

—100 50 200

350

500 650 800

—E, mV (SCLE)

Fig. 2. Cathodic polarization curves of copper deposition. The content of C,H;OH: 0.00, 0.02, 0.04, 0.06, 0.08, 0.10, 0.12, and

0.14 m.f.
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Fig. 4. Polarization curves of the cathodic deposition of copper. The RDE rate: (1) 0, (2) 200, (3) 400, and (4) 900 rpm.

regions is caused by hydrogen evolution. For solutions
that contain up to 0.1 m. f. ethyl alcohol, the polariza-
tion curves exhibit peaks that are due to the occur-
rence of cathodic passivation. The decrease in the
maximum and the shift of its position to the negative
range upon the addition of ethyl alcohol to the electro-
lyte solution (Fig. 3) indicate that the organic compo-
nent has a significant effect on the formation of the
passivated layer on the electrode’s surface.

The polarization curves measured at the different
rates of rotation of the RDE (Fig. 4) show that the stir-
ring of the electrolyte appreciably increases the
cathodic currents. This suggests that the diffusion
transfer of electroactive ions to the electrode surface is
the rate-limiting step of the electrode process.

The stirring of the solution leads to a decrease in
the diffusion layer’s thickness and, as a consequence,
to an increase in the intensity of the mass transfer of
the reagents in the diffusion layer. At the limiting cur-

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

rent density, the dependence of j on ,/m,, obeys the
Levich equation [13]:

23 12

j = +0.62zFD. 0)2vc!

¢ = ko (1)
where z is the number of electrons in the electrode
reaction, F = 96487 C/mol is the Faraday number,
D, is the effective diffusion coefficient of an electroac-
tive ion, w, is the angular velocity of rotation of the
electrode, v is the kinematic viscosity of the solution,

and cg is the concentration of electroactive ions in the
bulk electrolyte.

In our case, the j — Jm_m dependences are linear
and extrapolated to the origin of the coordinates for
the potential £ = —0.4to —0.6 V. The slope ratio of the
straight line (the slope factor k) decreases with the
increasing concentration of the alcohol and achieves
an almost constant value at 0.08 m. f. of ethyl alcohol
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Fig. 5. Effect of the ethyl alcohol concentration on the slope factor of the linear j—  /®

(Fig. 5). In our opinion, the observed change in the
slope of the dependence of the current density j on

J®,,, must be attributed to the change in the effective

diffusion coefficient in the near-electrode space upon
the transition from an aqueous electrolyte solution to
aqueous organic media, because, according to (1), the
dependence of the current density on the viscosity of
the medium is fairly weak.

The nearly constant value of k at a concentration of
ethyl alcohol of ~0.08 m. f. can be explained if we
assume that, beginning with this concentration, the
diffusion layer in the near-electrode space almost
entirely consists of alcohol molecules. This assump-
tion is consistent, in particular, with the data of
Jakuszewski [14].

Another approach to studying the properties of the
interface and the features of the electrode process in
aqueous organic media is possible on the basis of using
the method of electrode impedance. The impedance
hodographs for a copper electrode—aqueous ethanol
solution of copper sulfate system at different potentials
are shown in Fig. 6. We can see that, at high frequen-
cies (1 x 107 to 6 x 10* Hz), which correspond to the
relaxation processes in the bulk solution and the
occurrence of the electrochemical stage of charge
transfer on the electrode surface, the hodograph has the
form of an off-centered semicircle, the radius of which
increases with the increasing potential. At lower fre-
quencies, we observe a hodograph region that corre-
sponds to the diffusion and adsorption processes at the
interface. In addition, at potentials of —0.6 to —0.8 'V,
the shape of the diffusion potential branch is closest to
the Warburg dependence, which is consistent with the
yield of limiting currents in the polarization curves in
the same range of potentials.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

Ethanol, molar fraction

ot dependence.

In the case of the electrode polarization by a poten-
tial of about —0.6 V, the low-frequency region of the
impedance is adequately approximated by a circuit
that contains series-connected resistance (Zz) and a
generalized Warburg element (W) (Fig. 7).

The value of Zy is equivalent to the length of the
segment that is intercepted by the high-frequency
edge of the hodograph along the axis of the abscissas
(Fig. 6). The dependence of Z; on the molar fraction
of ethanol, which was obtained under conditions of
electroreduction of copper (Fig. 8), monotonically
increases with the increasing concentration of alcohol.
In this case, the dependence is in good agreement with
the classical concepts of the variation of the electric
conductivity with the changing viscosity of the
medium [15], according to which the following rela-
tion holds true:

An® = const, ()

where A is the electric conductivity, 1 is the viscosity,
and a is a constant value less than or equal to 1. The
value of the viscosity of the aqueous ethanol mixtures
linearly increases with the increasing molar fraction of
alcohol [16] in the concentration range under study;
therefore, the dependence of the logarithm of the
solution’s resistance Zz on the molar fraction of alco-
hol must be close to linear, which in our case is fulfilled
with a high degree of validity (Fig. 8).

The generalized Warburg element [17] is described
by the relation

_ Rytanh((iBw)")
(iBo)"

/4

N

3)
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. L. ..
sion mass transfer, B = — is the characteristic time of
k

the diffusion transfer, and Pis the dimensionless expo-
nent that can take values of 0 to 1. Here, R is the uni-
versal gas constant, S is the effective electrode area,
T’is the temperature, and L is the effective thickness of
the diffusion layer. The rest of the notations corre-
spond to those adopted in formula (1).

where R; = is the resistance of the diffu-

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

In the case of the transfer of electroactive particles
between two parallel homogeneous boundaries, the
value of P will be close to 0.5; in the case p # 0.5, a
more complex process of diffusion transfer should be

Zr Ws

Fig. 7. Equivalent circuit for analyzing the characteristics
of the diffusion impedance branch.
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Fig. 9. Dependences of the diffusion impedance parame-
ters on the m. f. of ethanol.

assumed, for example, the diffusion to an irregular
surface [18].

Figure 9a shows that the resistance of the diffusion
mass transfer R, increases in the range of 0—0.08 m. f.
of alcohol and then decreases. The characteristic time
of the diffusion transfer (Fig. 9b) also exhibits a sharp
peak at a concentration of alcohol of 0.08 m. f.. The
exponent Pwas closest to a value of 0.5 in the solutions
with ethanol concentrations close to 0.08 m. f. For the
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same concentration, the slope of the dependence of
this parameter on the molar fraction of alcohol was
maximal (Fig. 9¢).

In this particular case, we should assume that the
dependence of R; on the molar fraction of alcohol is
characterized, first of all, by a change in the diffusion
coefficient of copper ions in the near-electrode space.
In addition, the value of the diffusion coefficient of
copper ions is minimal at a concentration of ethyl
alcohol of about 0.08 m. f. It is most probable that the
change in the diffusion coefficient in the near-elec-
trode space is due to the restructuring of the near-elec-
trode layer at the given concentration of alcohol. The
sharp increase in the diffusion time can also be attrib-
uted to the increase in the effective thickness of the
diffusion layer in this range of ethanol concentrations,
which can also be a consequence of the restructuring
of the near-electrode space.

Note that the data of the polarization measure-
ments in Fig. 5 confirm the sharp change in the near-
electrode space at the same concentrations of alcohol.
This is shown through the sharp decrease in the slope

ratio of the linear j—«/oia dependence at ethanol con-
centrations of 0.06—0.08 m. f., which is explained by
the decrease in the effective diffusion coefficient.

CONCLUSIONS

Based on the polarization and impedance mea-
surements, it is shown that, at a concentration of alco-
hol of about 0.08 m. f., the near-clectrode space
undergoes a restructuring that hinders the transfer of
copper ions to the electrode surface in the process of
the electroreduction of copper from aqueous ethanol
solutions.
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INTRODUCTION

Works [1, 2] provide some results of the theoretical
research of the hydrodynamic processes caused by an
explosion in an unlimitedly long tube of a conductor
placed in a cylindrical polyethylene cartridge filled
with water. Such research is necessary to develop tube
beading technology for grids of heat exchangers [3]. A
cartridge of the same type is used in the high-speed
impact (HSI) welding of two plates [4]. In this case, a
polyethylene cartridge filled with water is placed into a
thick cylindric bush with holes in the butts. Note that
the length of the cartridge and the height of the bush
are identical. One base of the cartridge is closed with
polyethylene, whereas the other one bears one of the
plates welded, that is, the driver plate. The cartridge
has a spiral conductor, after the electrical explosion of
which, a plasma-filled cavity (discharge channel)
appears. The expansion of the cavity leads to a sharp
increase in the fluid pressure inside the cartridge. Pres-
sured by the hydrodynamic load, the driver plate starts
to move until hitting the second, fixed, plate.

The quality of the welding joint depends on a lot of
factors including the amount of the hydrodynamic
load, the motion rate of the driver plate at the moment
of hitting the fixed one, and the angle between the
plates [5]. Therefore, it will be essential to define how
such factors influence the welding process in the case
of developing an appropriate discharge-pulse technol-
ogy [3]. Experimental studies of the process are very
difficult, whereas some parameters of the process are
even impossible to be measured. Thus, a theoretical
study is needed about modeling the HSI welding
mathematically.

This work aims to present a theoretical study of the
hydrodynamic processes during the HSI welding of
two plates.

PROBLEM DEFINITION AND SOLUTION

The following assumptions were made during the
development of the mathematical model:

—the wall of the bush holding the socket is abso-
lutely firm;

—the conductor is placed on the symmetry axis of
the socket and is shaped as a straight round cylinder of
a finite length;

—the conductor explodes instantaneously;

—the driver plate is shaped as a disk, does not
deform, and moves according to the law of the motion
of rigid bodies;

—the socket fills with a perfect compressible fluid
whilst the discharge channel fills with a perfect low-
temperature plasma.

According to the assumptions accepted, the math-
ematical model in question consists of the following:

—a system of two-dimensional nonlinear equa-
tions of gas dynamics recorded in a cylindrical coordi-
nate system [1];

—a two-term equation of state [1];

—an equation of the energy balance in the dis-
charge channel [1] in the water—plasma contact dis-
continuity (the inner limit of the computational
domain);

—a condition of nonpercolation on a fixed hard
surface [1];

—equal rates of motion of the border between the
liquid and the plate and the plate proper, respectively;

—a condition on the free surface [1] on the socket
base where the fluid is initially limited by the polyeth-
ylene, as well as on the water—gas border of the out-
coming fluid at the opposite butt.

The problem was solved using the finite-difference
Godunov method [1] and in view of the area filled with
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Fig. 1. The scheme of the rated operating conditions.
(1) inside surface of the bush; (2) polyethylene bottom,;
(3) driver plate; (4) fixed plate; (5) exploding conductor;
A, B, C—points on the surface of the plate and in the fluid.
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Fig. 3. Pressure in the discharge channel and on the driver
plate. (/) pressure in the channel; (2) at point » = 0.5R on
the plate; (3) at point » = 0.75R; (4) at point = 0.95R;

the outcoming water near the plate. A movable grid
was used.

SOLUTION RESULTS

The computational domain is shown in Fig. 1. The
inside radius of the bush and the cartridge and the
radius of the driver plate are equal to R, the weight m
of the driver plate is 8 g, and the initial distance to the
fixed plate is x = 10 mm. The law of the power input
into the discharge channel [1] is shown in Fig. 2.

The pressure inside the plasmatic cavity resulting
from the explosion is way higher than the pressure in the
surrounding fluid. Therefore, the discharge channel
undergoes rapid expansion and generates a shock wave.
The fluid pressure in the cartridge sharply increases.
Thus, the cartridge explodes and the water leaves the
initially occupied space. The wave reflected from the
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Fig. 4. Radial (v,) and axial (v,) components of the fluid
velocity vector. (/, I') v,, v, at point A (Fig. 1), respec-
tively; (2, 2') v,, v, at point B; (3, 3') v,, v, at point C.

cylindrical surface reaches the wall of the discharge
channel, which decreases the size of the channel and
increases the pressure inside it (Fig. 3, curve /). The
second peak pressure in the channel is lower than the
first one, which is explained by the end of the power
input into the channel and the increased space filled
with the fluid [1]. After reaching the maximum, the
fluid pressure sharply decreases in the entire area
including the driver plate (Fig. 3, curves 2—4). It should
also be borne in mind that the wave front reaches differ-
ent parts of the plate almost simultaneously, whereas the
hydrodynamic load distributes nearly homogeneously
(Fig. 3).

After the socket has exploded and the plate has
started to move, the fluid flows out of the bush at a rate
of up to 380 m/s. The direction and level of the com-
ponents of the velocity vector (Fig. 4) show that, after
a certain period, the water flow goes around the plate
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Fig. 6. Motion rate of the driver plate: (/) dependence on the motion x; (2) dependence on the plate’s weight at x = 10 mm.

(Fig. 4, curves 2 and 2'). This fact also makes it diffi-
cult to study HSI welding.

After reaching its peak, the fluid density quickly
becomes lower than the density of the fluid at rest: p =
1000 kg/m? (Fig. 5). It occurs due to the larger space
filled with the fluid; that is, the destruction of the fluid
leads to breakaways [6]. As assumed in [6], the
destroyed fluid is a continuum with zero pressure and
less dense than the fluid at rest.

Figure 6 shows the dependency between the veloc-
ity and the motion of the driver plate, x (x) (curve [),
and the dependency of the velocity at the moment of
hitting the fixed plate, x (m) (curve 2). After a rapid
decrease of the hydrodynamic pressure on the plate
(Fig. 3), its acceleration falls, whereas the velocity

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

grows, which may result from the fact that the fluid
medium and the material of the plate are in perfect
motion. If we analyze curve 2in Fig. 6 we will see that,
according to the hyperbolic law, the motion rate of the
plate falls as the weight of the plate increases.

CONCLUSIONS

Therefore, the case of HSI welding of the two plates
in question shows that the hydrodynamic pressure dis-
tributes along the entire surface of the driver plate
almost homogeneously.

According to the hyperbolic law, the motion rate of
the plate falls as the weight of the plate increases.
Vol. 46
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Abstract—The localized properties of electron in the nanocluster with two redox centers were studied using
of the semi-classical approach. In this consideration nanocluster interacts with an external electromagnetic
field. It is shown, that the external electromagnetic field can operate by the localized properties of the system.
In resonance case the regimes of the electron localization and delocalization and also conditions of the
switching between them are revealed. The used approach allows to describe the localized properties of the
electron in the dimer nanocluster for the different parameters of the system, and also specifies ways of para-

metrical management by these properties.
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INTRODUCTION

Phenomenon of electron localization-delocaliza-
tion in the molecular cluster systems for the device
applications in the molecular electronics and opto-
electronics has the key aspects such as the control ways
of the localization degree and its duration [1]. Many
perspective multifunctional nanomaterials contain the
metal-organic nanoclusters, which elementary repre-
sentative is the nanocluster with two redox centers or
dimer nanocluster [2—4]. The degree of the localiza-
tion of the electron strongly depends basically on the
ratio of constant of the electron-vibrational interac-
tion to the tunneling constant between the electron
states on the centers and in a less degree other param-
eters of the system. In the absence of an external field
owing to the electron-vibration interaction the elec-
tron in such molecular system is either fully localized
on one of centers or partially delocalized. The confor-
mation reorganization yielded by the additional elec-
tron on given centre through the electron-vibrational
interaction creates the potential well for this electron
and so eventually leads to less its transition probability
on other centre. The metal-organic complexes with
redox centers in which metal ions are build in the
polymeric matrix, characterized by the m-electron
conjugation and the high degree of the delocalization
of the electron gained from the ion of the metal have
the good transport properties and find the various
application in the molecular electronics and optoelec-
tronics [2, 3]. The external field essentially influences
on the properties of the cluster systems, changing in
particular their transport properties and changing the

! The article is published in the original.

degree of the localization of the electron [5, 6]. The
dynamics of the nonstationary electron state in the
nanocluster with two redox centers is studied in [7].

The aim of the given investigation is the theoretical
study of the influence of the electromagnetic field on
the electron transport in the nanocluster with two
redox centers. The analysis is based on the calculation
of the difference of the probabilities of electron detec-
tion on the first and second centers of the nanodimer,
respectively.

THEORETICAL MODEL

Let’s view the nanocluster consisting of two redox
centers with one additional electron. The system is
prepared so that the electron in the initial moment of
time is localized on the first centre of the nanodimer.
We propouse that electron, being on each of nan-
odimer centers, interacts only with full-symmetrical
vibrations of the nearest environment Q; (i = 1, 2) and
can be tunneling from one centre to another centre
(for detail, see also [6]).

Let’s enter normal coordinates:

0= (0,+0,)/2, q=(0,-0)/42. (1)

The first of two normal coordinates is excluded
from viewing because this full-symmetrical coordinate
is multiplied by unit electron matrix. From the made
assumptions, the kinetic properties of the dimer nan-
ocluster can be described by means of the model
Hamiltonian of the two-level electron system, which
includes the external electromagnetic field [6].

The presented approach is semi-classical as the
vibrational mode is quantized, and the electromag-
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Fig. 1. The phase portrait for cluster mode (a). The time dependence of the difference of the average values of the electron pop-

ulations on the nanodimer centers (b). System parameters are v = 0.2; g = 0.1; (dyE)

netic field is considered classically. Thus, the Hamilto-
nian of the considered system is:

H(r) = %@2 + oozqz) +vo,

(2)
+gqc,+ (dyEy)cos(Qf)o..

Here p, g—the momentum and coordinate of the
vibrational mode ¢ with frequency o; o,, 6, c,—
Pauli’s matrixes; v, g—the tunneling constant and
constant of the electron-vibrational interaction;
E,, Q—the amplitude and frequency of the mono-
chromatic electric field, d;—the electron dipole
moment of the dimer. All parameters are taken in
A units.

For the description of model in the quasi-classical
approximation Hamilton’s canonical equations were
applied. The time evolution of studied system
describes with using Davydov’s time-dependent wave
function:

2
y(n) = eXP[—i(B(f)P—TC(f)Q)]Z%(f)'af|0>- (3)

j=1

The expression (3) contains the variation functions
oi#) and B(?), n(?), which are the time-dependent
amplitude of the probability of the electron detection
on the j-centre of the nanodimer and the average val-
ues of the coordinate and momentum of the vibra-
tional mode, correspondently. The time dependent
electron-vibrational wave function (3) is presented in
the factorized form, and the electronic part of the wave
function is chosen in the form of superposition of elec-
tron states of system. The vibrational subsystem is pre-
sented in the form of the vibrational wave package.

Solving the variation problem, it is obtain the sys-
tem of the differential equations concerning the func-
tions ay(?) and B(7), n(?). Thus, the system of the link-
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=49:Q=0=1;1(0)=1.

age nonlinear differential equations for the values o.(7)
and B(?), n(?) is:

= oty + gBoty - (do ot cos(Q),
da,
17 = —gBa, + (dyEy)a,cos(Q),
! ) (4)
TC
— = op+g[lo,] —|a,l],
a1 B g[| 1| | 2|]
ap _
dt

The system (4), which describes nonlinear dynam-
ics both the electron and vibrational subsystems, is
solved numerically. For the vibrational subsystem the
numerical solution is presented by the phase portrait
to planes “coordinate-momentum”. On the phase
portrait of the vibrational mode it is possible to observe
dynamics of the vibrational wave package in depend-
ing from the examined parameters—v, g, Q, ® and
(dyE,). The evolution in the electron subsystem is pre-
sented by the time dependence of the difference of the
average values of the electron populations on the
dimer centers. In the given research it is shown what
specific features of the behavior are realized in the
electron and vibrational subsystems for the chosen val-
ues of the electron-vibrational interaction constant
and the tunneling constant in depending from the
intensity of the electromagnetic field.

RESULTS AND DISCUSSIONS

The main results of given consideration, which fol-
lows from the numerical solution of (4) are presented
on the Figs. 1—5. On the each of Figs. 1-5 are dis-
played the time evolution for the electron and vibra-
tional subsystems, respectively.

The further increase of the value (dyE;) up to the
value 6.75 leads to the return of dynamics in the time
behavior of the difference of the average values of the
electron populations on the centers of the dimer nano-
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Fig. 2. The phase portrait for cluster mode (a); The time dependence of the difference of the average values of the electron pop-
ulations on the nanodimer centers (b). System parameters are v =0.2; g = 0.1; (dy£p) = 5.815; Q= =1; n(0) = 1.
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Fig. 3. The phase portrait for cluster mode (a); The time dependence of the difference of the average values of the electron pop-
ulations on the nanodimer centers (b). System parameters are v =0.2; g = 0.1; (dy£)) =5.83; Q=0 = 1; n(0) = 1.
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Fig. 4. The phase portrait for cluster mode (a); The time dependence of the difference of the average values of the electron pop-
ulations on the nanodimer centers (b). System parameters are v =0.2; g = 0.1; (dy£)) =5.85; Q=0 = 1; n(0) = 1.
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Fig. 5. The phase portrait for cluster mode (a); The time dependence of the difference of the average values of the electron pop-
ulations on the nanodimer centers (b). System parameters are v =0.2; g = 0.1; (dy£)) =5.87; Q=0 = 1; n(0) = 1.

cluster. For the value (dyE,) =6.75 the dynamics of
electron subsystem almost completely coincides with
the case given on the Fig. 1. Further change of the
value of (d,E,) outside of the studied interval from 4.9
to 6.75 leads to the complete resumption of evolution
in the considered system.

As known, in the quasi-classical approximation the
dynamics of vibrational wave package is characterized
by the motion of its gravity center on the classical tra-
jectory. Note that in the studied case the vibrational
subsystem and the electromagnetic field are intercon-
nected through electronic subsystem, which interacts
with each of them separately. Thus, the electromag-
netic field and vibrational subsystem linked indirectly
and between them the energy exchange occurs. Note
also that the time dependence of the difference of the
average values of the electron populations of centers in
the nanodimer has beats. These beats take place in all
the subsequent cases below (Figs. 1-5). Such features
of the nonlinear electron dynamics may be connected
with the changing of the package form.

The case of the time evolution of the considered
system for the value of the interaction energy with
electromagnetic field (dy,E,) = 4.9 and for time interval
corresponding to the value 100m (in dimensionless
unities of) is presented on the Fig. 1. In this case the
electron, which initially localized on the first center of
the nanodimer, 10 times passes from centre to center,
i.e. there are 10 switchings. Herewith, at the each
switching in the electron subsystem the phase trajec-
tory center of the wave package has uniform shift along
the axe of coordinates. Such behavior of the electron
subsystem can be interpreted, as a regime of the peri-
odically renewable full localization of the electron for
time corresponding to the value of order 10w, and
switching on other center with the subsequent local-
ization on it.

The case (dyE;) = 5.815, when for time corre-
sponding to the value 100m only one switching of the

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

electron from the center to the center was made, is
presented on Fig. 2. In this case switching of the elec-
tron localization on other center is carried out during
of order 1007w in unities wz. While the wave package
moves so that its phase trajectory lies between two
non-concentric circles in the phase plane “coordi-
nate-momentum”, i.e. the phase trajectory center of
the wave package still continues to shift.

On the Fig. 3 was presented the case (d,£E,) = 5.83,
when for the observed time interval can assume that
the electron completely delocalized between the cen-
ters of the dimer. The studied system relatively slowly
goes to the delocalization state, whose duration is very
sensitive to the field intensity.

The results presented on the Fig. 4 and Fig. 5 for
(dyEy;) = 5.85 and 5.87 correspond to cases of the par-
tial localization and almost full localization of the
electron on the first center, accordingly. In these cases
the phase trajectory of the wave packet lies between
two already concentric circles on the phase plane
“coordinate-momentum”.

CONCLUSIONS

Thus, the gradual change of the interaction energy
of the electron subsystem with the electromagnetic
field leads to the realization of the several regimes in
the time evolution of the electron in the dimer nano-
cluster.

Firstly, it is the regime with switching of full local-
ization of the electron from one center to another. The
time of the electron switching is strong depending
from the interaction energy of the electron subsystem
with the electromagnetic field (d,E,) (compare Fig. 1
and Fig. 2).

Secondly, it is the regime of the full delocalization
of the electron in the dimer nanocluster (see Fig. 3).
The main feature of this regime is that the duration of
the time period of the existence of delocalization is
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very sensitive to the value (d,£). The performed cal-
culations show, that the gradual increase of the field at
first increases the duration of the derealization, and
then to its decrease. And finally, in dependence of the
value (d,E,), the electron either switches to another
center or remain or remains at the same center.

Thirdly, it is the regime of the partial or practically
full localization of the electron on the first dimer cen-
ter—the case of the locked electron (see Fig. 4 and
Fig. 5).

Thus, the electromagnetic field plays the role of the
external driving parameter. Herewith, the electron-
vibrational dynamics in the studied system is so that at
the fixed value (dyE,) one of the specified regimes of
the localization of the electron is realized.
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Abstract—The properties of milk whey protein fractions are analyzed. The need for obtaining them is out-
lined; the possible mechanisms of complexing and coagulation during the electrophysical processing of sec-
ondary raw milk products are explained. The possible methods for optimizing the conversion of the protein
fractions into a protein—mineral concentrate, as well as the fractional analysis of the minerals, are described,
and their role in the complexing of the concentrate is estimated. The electrophysical parameters under the
conditions of the optimization, the different compositions of the anode liquid, and the types of separating of
the elements are analyzed. The fields of future investigations aimed at obtaining high quality products during
developing nonwaste electrotechnologies of milk whey processing are identified.
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Complete and zero-waste milk processing are
among the major problems facing the milk industry and
have particularly sharpened during the last 10—15 years
due to the increase in the output of milk products. The
following valuable milk components pass into the milk
whey (MW) remaining after the primary milk process-
ing: carbohydrates, proteins, vitamins, and mineral
substances. The weight of the MW dry matter (DM) is
about 7—8%, which accounts for 50% of the milk DM.
Lactose, the milk whey component that is the weightiest
quantitatively (70—80% of the MW DM) and occurs in
nature only in milk, passes into the milk whey almost
completely after the primarily milk processing and gets
into the sewage with a probability of 50%. The transfor-
mation of lactose into lactulose, which is a very impor-
tant prebiotic, remains one of the urgent problems of
using MW characterized by a high content of the salts
that do not differ in composition from those that are
present in whole milk. The biological value of MW is
primarily due to the fact that the whey proteins contain-
ing all the essential amino acids have immune func-
tions, are highly digestible, and pass into it almost com-
pletely. These proteins do not precipitate during the
milk setting under the action of the fermentation
and/or acid and, therefore, get into the whey.

The protein composition of milk whey is repre-
sented by the main protein fractions: -lactoglobulins,
a-lactalbumins, immunoglobulins, and bovine serum
albumin (BSA) [2]. B-lactoglobulins are the quantita-
tively major protein fraction of milk whey (50—55%);
they occur only in the milk of ruminants. These pro-
teins are a good source of essential amino acids with
branched chains; 3-lactoglobulins do not show aller-
genicity in the hydrolyzed state and are used in differ-

ent formulas for infant feeding. a-lactalbumins
account for about 20—25% of the MW proteins and are
the main protein of breast milk. Thanks to the bal-
anced amino acid composition, they supply essential
amino acids into a child’s body (particularly, tryp-
tophan and cystine), are able to bind calcium as well as
zinc [3], and accelerate their absorption in the alimen-
tary process. a-lactalbumin is known to enter into the
composition of lactose synthetase. 5—10% of the MW
proteins represent bovine serum albumin (BSA),
which is notable for the sufficiently large size of its
molecules (see Table 1), its balanced amino acid com-
position, and can be bound by fats. The experiments
with radioactive carbon have shown that BSA gets into
milk from blood. The immunoglobulins of milk whey
(10—15%) also get into milk from blood. They have
the activity of antibodies against the corresponding
antigens and, being the major protein fraction of
colostrum, promote strengthened immunity in new-
borns.

The composition of the whey proteins also includes
lactoferrin ranked among the so-called “minor” pro-
teins contained in an insignificant quantity, which do
not have a particular nutritional value but perform
other very important functions. In particular, lactofer-
rin is a good antioxidant, has bactericidal properties,
and is supposed to take part in protecting the mam-
mary gland from the penetration of infections. This
protein occur in breast milk in a significant quantity
(17%); however, its content is much higher in any
colostrum (by a factor of four). It is thanks to lactofer-
rin that the immunity and resistance of an organism
increase in the first days of life. Thanks to its property
to bind iron, lactoferrin suppresses the growth of
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Content of the main protein fractions in milk whey

SPRINCEAN

Protein Content in MW, g/1 Molecular weight, kDa Isoelectric point
a-lactalbumin 0.7 14.1 4.8
B-lactoglobulin 3.0 18.2 4.9-5.4
Bovine serum albumin 0.3 66 4.8
Lactoferrin 0.1 78—80 8.0-8.8
Lactoperoxidase 0.04 78—80 8.6—9.6
Immonoglobulins 0.5 150-900 5.8-7.3

pathogenic bacteria and fungi but promotes the
growth of bifidobacteria, thus ensuring the normal
functioning of gut organisms in newborns. The
“minor” whey proteins also include lactoperoxidase
inhibiting the growth of iron-consuming bacteria.
Proteose-peptones account for nearly 25% of the
whey proteins. This fraction is inhomogeneous in con-
tent and consists of four components, one of which
represents a whey protein with a molecular weight of
about 41000 and a high content (up to 17%) of car-
bons (a glicomacroproteid). The remaining compo-
nents are phosphopeptides formed (together with
[gammal]-caseins) during the hydrolysis of -casein
under the action of milk proteinases.

The milk whey proteins have the greatest rate of
proteolysis in the alimentary process among whole
proteins. The concentration of amino acids and pep-
tides in blood abruptly increases as early as the first
hour after taking foodstuffs based on whey proteins.
The amino-acid composition of the MW proteins is
most similar to that of human muscular tissue; as for
the contents of essential amino acids (lysine, tryp-
tophan, methionine, and threonine), they are superior
to many proteins of animal and plant origin. The
assimilability of milk whey proteins is exclusively high
[4]. At present, demineralized whey is used widely
enough for nutrition and fodder purposes [5—7].
There are different known methods for processing
MW with the view to obtaining protein concentrates
used as different additions, including biologically
active ones [8—11].

Particular attention is devoted to the extraction of
separate whey protein fractions in order to prepare dif-
ferent formulas for infant feeding [12, 13]. Analyzing
the fields of milk whey processing permits one to con-
clude that the technologies based on combining differ-
ent methods for extracting the milk whey components
are the most efficient. Considerable promise is shown
by the development of the electrophysical method
yielding a protein—mineral concentrate and lactulose
isomerized from lactose [14, 15].

The goal of this research was to optimize the pro-
tein extraction process by combining electrophysical
MW processing and the chemical reagents admissible
in the food industry.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

The milk whey processing was performed in a two-
chamber electrolyzer. Membranes of different types
served as the separating element: canvas, ultrafiltra-
tion, and ion-selective membranes. A protein concen-
trate was extracted in the foamy form as a result of the
processes taking place in the cathode chamber. Mean-
while, anode liquids of different compositions were
used. The current density and the rate of income of the
liquids into the chambers, where the voltage and the
temperature of the solutions were registered, were sup-
ported constant during the MW processing. The active
acidity and the content of proteins and mineral salts
were determined in the partially deproteinized and
demineralized whey (DW) that remained after sepa-
rating the protein-mineral concentrate (PMC) into
the mass-force field [16].

The electrochemical activation yielding a mixture
of different valence-unsaturated particles (radicals) is
one of the moving factors in extracting proteins by this
method. According to the well-known theory of
V.M. Bakhir [17], the electrochemical activation
(ECA) is the assembly of the electrochemical and
electrophysical impacts on water and the dissolved
particles contained in it under the conditions of mini-
mum heat evolution. The process takes place in the
area of the spatial charge near the electrode surface
(anode or cathode) of the electrochemical system dur-
ing the nonequilibrium charge transfer through the
electrode—electrolyte boundary by electrons. The par-
ticles (radicals) formed in this way have an increased
reaction capability. In addition, the electric current
behaves as a strong oxidizer or reducer [18].

The proteins contained in whey mainly have a
globular structure. A protein globular is formed so that
most of the polar hydrophilic amino-acid residues
turn out to be outside and contact with a solvent, and
most of the nonpolar (hydrophobic) residues are
inside and isolated from the interaction with water.
The ionogenic R-groups (radicals) of the amino-acid
residues that are on the surface manifest acid—base
properties determining the amphotericity and the
charge of the protein molecules. The proteins con-
tained in the solution bear a negative or positive charge
depending on the medium’s reaction and the ratio
between the acid and base amino acids. A protein mol-
ecule in the solution is surrounded by a hydrate (sol-
Vol. 46
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Fig. 1. Change in pH of the DW (the canvas membrane).

vate) shell, i.e., water dipoles oriented around the
polar groups. The proteins in the solution are kept in
the native state owing to the factors of the stability
including the charge of a molecule and the hydrate
shell around it, which prevents the protein molecules
from adhesion. The removal of these factors results in
the coagulation of the proteins and their precipitation.

The destruction of the hydrate shell of the MW
proteins resulting from the EHA of the water mole-
cules’ decomposition in the near-cathode area leads to
their coagulation and ensures the protein extraction
into the concentrate from the first minutes of the pro-
cessing. In addition, the rupture of noncovalent bonds
supporting the globular proteins’ structure under the
action of the electric current and the activation of the
ionogenic R-groups of the amino-acid residues can
result in the formation of new bonds and, conse-
quently, the aggregation of the protein molecules.

A significant role in extracting the whey proteins is
likely to be played by the R-groups of cysteine residues
representing the reaction-capable sulfhydryl (thiol)
groups. The oxidation of the sulfhydryl groups of two
cysteine residues and the formation of a (covalent) dis-
ulfide bond (—S—S—) in the proteins yields cystine,
which is a dimer of cysteine, thus supporting the spa-
tial structure of the protein molecules along with the
hydrogen, ion, and hydrophilic bonds. The intermo-
lecular bridges between cysteine radicals dissociated
either as a consequence of the ECA or during the
increase in pH up to 8.3 analogously. The participation
of cysteine residues in the complexing of the whey
proteins in this treatment process is confirmed by the
results of blocking of the sulfhydryl groups by sodium
iodine acetate. The introduction of the latter in the
initial whey decreases the protein yield owing to the
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Fig. 2. Degree of the protein extraction into the PMC (the
canvas membrane), Q—protein passing into the PMC
(in % of its content in the initial MW).

aggregation of the proteins being excluded according
to this mechanism [18].

The degree to which the R-groups of the amino-
acid residues are ionized depends on the pH of the
medium. In an acid medium, the increase in the pro-
ton concentration results in suppressing the dissocia-
tion of carboxyl radicals and decreases the negative
charge of the proteins. In an alkaline medium, it leads
to binding of the hydroxyl excess with the proteins

formed during the dissociation of NH;r -groups with

the formation of water, thus resulting in a decrease of
the positive charge of the proteins. The pH value at
which the number of positively and negatively charged
groups is analogous, that is, the protein acquires a
summary zero charge, is called the “isoelectric point”
pl. If there is a zero charge of the protein, the hydrate
shell is destroyed, since there naturally can be no
interaction between the water dipoles and an electri-
cally neutral protein molecule. Separate molecules
join, thus forming large aggregates that are not able to
stay in the solution and precipitate.

The active acidity of the DW increases during con-
ducting the process from pH 4.55 to 11.60. The pl of
the MW proteins are in this pH range (see the table)
[19, 20]. However, it is very difficult to monitor the
dependence of their isoelectric precipitation on the
pH of the DW (Fig. 1, 2). The DW accumulates for
some time interval, which already averages its param-
eters. The change in the active acidity in the volume of
the electrolyzer chamber does not take place analo-
gously and is determined by its width as well as the
income of the initial solutions under the stream pro-
cessing mode, which extends in time the process of
reaching the pl by the proteins of one fraction. In
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Fig. 3. Change in the content of calcium (/) and phosphor
(2) in the DW (the colorimetric determination with a
Beckman analyzer).

addition, the protein extraction by this method of pro-
cessing is due to several mechanisms of their complex-
ing and coagulation acting simultaneously.

The predominant significance of calcium for the
protein extraction by the suggested method is evi-
denced, on the one hand, by the decrease in its quan-
tity in the DW during the process (Fig. 3) and, on the
other hand, by the predominance in the mineral com-
position of the PMC. Phosphor is the second ash con-
stituent by the content in the concentrate, since the
almost complete phosphate-ion depletion of the DW
(Fig. 3) is due to the phosphate ions only partially
passing into the concentrate. A significant part of these
ions migrates to the anode chamber. According to the
data of the X-ray analysis, the Ca : P ratio in the PMC
is 2.23 (Fig. 4); meanwhile, according to the literary
sources [1], this ratio in the MW is about 1.09.

To precipitate proteins, the salting-out reaction is
widely used, which is based on the phenomenon of the
proteins’ solubility with an increase in the concentra-
tion of neutral salts. The physicochemical basis of salt-
ing out has not been completely revealed; the destruc-
tion of a bond between a polymer and the solvent is
known to be primary in this mechanism. When a salt is
introduced, a part of the solvent molecules that were in
the solvate bond with the polymer and solvate the mol-
ecules of the introduced salt. When a protein is salted
out, the molecules are dehydrated and the charge is
removed. The process is affected by the relative molec-
ular weight, charge, and hydrophilicity of the protein.
There is a direct dependence between the size of the
water shell of the protein molecules and the salt con-
centration: the smaller the hydrate shell, the smaller
the amount of salts is required. Thus, large and heavy
molecules that have a small water shell precipitate if
the salt saturation of a solution is incomplete, and
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Fig. 4. Spectrogram of the summary PMC obtained by the
electron probe X-ray analysis

smaller molecules surrounded by a large water shell
precipitate if the saturation is complete. The neutral
salts of alkaline and alkaline-earth metals are used to
salt out proteins. When whey is processed, the electrol-
ysis of the salts contained in it and the electrodialysis
result in the fact that the ion concentration in the near-
electrode zones can multiply (by orders of magnitude)
exceed the latter in the initial solution, creating condi-
tions ensuring the effect of the protein salting out.

In milk (pH 6.47—6.67), calcium salts are mainly rep-
resented by phosphates that have a small solubility and an
insignificant degree of dissociation. Only a small part of
them is contained in the form of a true solution, and a
greater part is contained in the form of a colloid solution.
Colloid calcium phosphate joined with calcium caseate is
contained in milk in the form of the so-called “calcium
caseate—phosphate” complex (CCPC). The composi-
tion of the colloid calcium phosphate that is present in
the CCPC and the character of its bond with casein are
still unknown. Calcium caseate is formed when calcium
ions interact with the carboxyl and serine phosphate
groups of casein. This being the case, calcium can react
with two closely located —COOH and —OH-groups,
forming intermolecular calcium bridges: —R—Ca—R. It
is believed that hydrophosphate ions —R—Ca—HPO,—
Ca—R or —R—Ca—HPO,—Ca—HPO,—Ca—R can also
take part in forming cross-linking bridges (between two
phosphoserine radicals).

Lactic acid formed due to the activity of the lactic-
acid microflora transfers the calcium milk salts from
the colloid state to the ion-molecule state. Under the
action of the acid, the structure of the CCPC is
destroyed—inorganic and organic calcium phosphate
(of phosphoserine) are both detached from it. Lactic
acid inhibits the dissociation of the free carboxyl
groups and acidic groups of casein phosphate: the
Vol. 46
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Fig. 5. Dependence of the degree of the protein extraction
into the PMC on the composition of the AL and the type
of membrane. The variants of the composition of the AL:
(1) MW (the canvas membrane); (2) 5% solution CaCl, in
MW (the canvas membrane); (3) MW (the ultrafiltration
membrane); (4) 2% solution CaCl, in water (the MK-40
ion-selective membrane); Q—the protein passage into the
PMC (in % of its content in the initial MW).

COO groups transform into COOH, and PO;z, into
PO;H,. In whey (at pH 4.6—4.7), calcium hydrophos-
phates (mono- and predominately dihydrophos-
phates) are soluble; that is, they are electrolytically
dissociated. They attain an equilibrium, whose shift
depends on the pH of the medium (the whey’s pH): as
the pH increases, dihydrophosphates transform into
monohydrophosphates, reacting with hydroxylion.

It is supposed that, under the conditions of electro-
physical milk whey processing at a pH of more than 6,
bonds analogous to the bridges between the casein
molecules entering into the composition of the CCPC
are formed between the ionized acetate groups and the
phosphoserine residues of both the phosphopeptides
(proteose-peptones) and whey proteins, particularly
those which are conformationally unchanged [18]. As
the active acidity grows, the calcium orthophosphates
weakly associated in the initial whey pass into the
molecular-dispersed state completely and can get into
the PMC together with protein.

To make the protein extraction process more inten-
sive, experiments differing mainly in the heightened
concentration of calcium ions in the processed whey
were conducted according to these mechanisms. Cal-
cium chloride, which is a well-soluble salt, was used as
an additionally introduced electrolyte. To avoid the
formation of chlorine-bearing organic compounds in
the CC and to increase the conductivity of the system,
calcium chloride was introduced into the anode liquid
(AL). The salt (an electrolyte) was dissolved either in
MW or in (distillated) water. Three types of mem-
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Fig. 6. Change in the voltage depending on the composi-
tion of the AL and the type of membrane. The variants of
the composition of the AL: (/) MW (the canvas mem-
brane); (2) 5% solution CaCl, in MW (the canvas mem-
brane); (3) MW (the ultrafiltration membrane); (4) 2% solu-
tion CaCl, in water (the MK-40 ion-selective membrane).

branes were used: a canvas membrane, an MK-40 ion-
selective membrane, and an ultrafiltration membrane.
The current density (20 mA/cm?) and the rate of the
liquids incoming to the electrolyzer chambers
(5 ml/min) are analogous in the presented variants of
the experiments.

Using 5% calcium chloride in the MW as the AL
and canvas as a separating element increases the pro-
tein extraction into the PMC by almost 10% in com-
parison with using only MW (Fig. 5, variants 1, 2). The
lower protein yield in variant 2 compared to variant 1
is explained by the lower initial acidity of the processed
whey. Meanwhile, the voltage (Fig. 6, variants 1, 2)
and power inputs (Fig. 7, curves I, 2) decrease, and,
correspondingly, the profitability of the process rises.
However, after 25 working cycles, the canvas dia-
phragm is observed to be gradually choked up [22].
The efficiency of the device concerning the protein
yield into the PMC falls by a factor of two, which is
accompanied by an abrupt increase in the voltage and
results in a heightened temperature of the processed
whey. It is evident that the area of the separating ele-
ment involves some of the supposed processes of the
precipitation of the proteins migrating through the can-
vas diaphragm in both directions due to the difference
in the charges of the molecules. The concentrate
formed in the near-membrane area is held up on its sur-
face on the side of both cathode and anode chambers.

A low protein yield is observed when using the
ultrafiltration membrane with the properties caused by
its destination. The increase in the voltage consump-
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Fig. 7. Change in the power inputs depending on the com-
position of the AL and the type of membrane: (/) MW (the
canvas membrane); (2) 5% solution CaCl, in MW (the
canvas membrane); (3) MW (the ultrafiltration mem-
brane); (4) 2% solution CaCl, in water (the MK-40 ion-
selective membrane).

tion (Fig. 6, variant 3) in comparison with the previous
variant of the experiment and, correspondingly, the
growth in the power inputs (Fig. 7, variant 3) speak for
the increase in the resistance owing to the membrane’s
pores being choked up by the protein substances aspir-
ing to migration. This hampers the displacement of
the ions and charged molecules from one chamber
into another, including the calcium cations, which are
important for the aggregation of the whey proteins.
The choice of the ion-selective membrane (MK-40) as
a separating element meets all the requirements of the
method presented. The membrane is not choked up,
which promotes a decrease in the voltage and power
inputs (Figs. 6, 7; curve 4). Intensive foaming in
almost the entire volume of the working chamber is
observed. Using 2% calcium chloride in distillated
water as the AL raises the protein yield in comparison
with variant 3 (Fig. 5, variants 3, 4) by almost 13%,
which enabled the 70% extraction of the whey pro-
teins. Although the content of calcium chloride is
much lower (by a factor of almost three) than in the
AL representing the 5% solution of this salt in the MW,
the protein extraction into the concentrate is observed
to be almost equal (Fig. 5, variants 2, 4).

Consequently, using the ion-selective membrane
permits the degree of the protein passing into the PMC
to be increased with lowering the power inputs,
enables the protein salting out to be regulated, and
permits the whey to be saved (economized) only for
processing in the cathode chamber.

The conducted research is the next stage in the
chain for optimizing the suggested method, thanks to
which there is success in reaching the maximum pro-
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SPRINCEAN

tein extraction with decreasing power inputs and in
obtaining concentrates with the assigned composition
and properties by combining the different parameters
and conditions of the milk whey processing. The elec-
trophysical methods are a promising field in the non-
waste processing of secondary raw milk products; they
enable the valuable fractions to be extracted without
directly applying chemical reagents.
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The Influence of Millimetric Radiation on Plant Viability:
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Abstract—At the influence of millimetric radiation (MMR) with wavelength of 5.6 mm; density of stream of
capacity of 6—10 mwt/sm? and several minutes' expositions on dry and presoaked seeds of tomato, castor-oil
plant and dope we observed stimulation of sprouting energy and seeds germinating power, change of protein
synthesis and enzymatic activity of sprouts and also decrease of the number of chromosomal infringements
in cells of rootlets. It has been drawn the conclusion that water is a primary receptor of millimetric radiation

in seeds of plants.
DOI: 10.3103/S1068375510060128

The given work represents the logical continuation
of the previous one [1]. The aim was to find out how
soaked seeds respond to MMR. The primary receptor
of MMR in such objects is water. It can provoke initial
changes of the metabolism of seeds treated by MMR.
A comparative experiment using both dry and swelled
(soaked) seeds as the objects was conducted. The fol-
lowing parameters served as indicators of the effi-
ciency of the MMR’s influence on the seeds: the ger-
minating and viability energy, the o—IAA and easily
soluble proteins (ESPC) content in the seedlings, and
the number of chromosome aberrations (NCA) in the
cells of the primary roots (the methods of estimation
of these parameters are described in [1]).

When irradiating dry seeds of tomatoes (cv.,
Muromskii), the stimulation of the seeds’ germinating
capacity was observed for all the expositions; the most
expressed effect was reached after 10 min of exposition
for all the terms of screening of the seeds’ germination
(five to seven days). The increase of the germinating
capacity reaches 24% (figure). The irradiation of sim-
ilar seeds soaked in distilled water for three hours leads
to the alteration of the “dose—effect”curve: two stim-
ulation peaks are observed at expositions of six and ten
minutes. The exposition for eight minutes indicates an
effect on the control level. The absolute meanings of
the stimulation of the objects in the different physio-
logical states are almost similar (figure).

The following results were obtained for another
object (dry and soaked for 24 h in distilled water)—
onion seeds. The irradiation of the dry seeds provoked
two stimulation expositions, two and eight minutes,
while three peaks were observed in the case of the

treatment of the soaked seeds (2, 6, and 10 min).
Hence, the first curve is bimodal and the second is tri-
modal. The stimulation in the case of the MMR’s
influence on the soaked seeds is 10—16% higher than
in the case of the dry seeds (Fig.).

The analysis of the two experiments reveals the bet-
ter manifestation of the nonlinearity of the “dose—
effect” curve for the soaked seeds. The stimulation
curves do not coincide for the dry and soaked seeds,
which may evidence the different nature of the MMR
receptors in these objects.

The most probable basic MMR receptor in case of
the soaked seeds is the water present both inside the
object and on its surface, which is in accordance with
the known concept concerning the dominant role of
water in MMR reception [2].

In the case of dry seeds, except for the water present
in the bound state, other MMR receptors seem to sig-
nificantly contribute to the total effect viz. the cell
membranes, their fragments, and single organic mole-
cules [2, 3]. This phenomenon leads to differences in
the character of the dose curves obtained from the
treatment of the dry and soaked seeds.

The next experiment was connected with the
MMR’s influence on the dry and soaked seeds of other
plant species. Both the dry and soaked (24 h) seeds of
the castor-oil plant of reproductions of 2002 and 2003
together with dry seeds of thorn apple (reproduction of
2006) were used for the work. These seeds represent
different periods of conservation and possess a low
germinating capacity. They were treated with MMR
with a wave length of 5.6 mm; a power flux density of
7—10 mWt/cm?; and expositions of 2, 8, and 30 min.
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The dynamics of the germinating capacity of the tomato and onion seeds after the MMR treatment of the dry and soaked seeds, %.
4, 6, 8, and 10 min exposition to the radiation; the V, VI, VII, and VIII days of the seeds’ germination.

When irradiating the dry castor-oil plant, the stim-
ulation of the germinating energy was observed for all
the expositions, but 2 and 30 min appeared to be the
most effective (table). The level of the stimulation
reached 30%. The maximum effect on the germinat-
ing efficiency was 11.6% in the case of the exposition
for 30 min. The maximum root length was observed
after two and eight minutes of exposition. In the case
of the irradiation of soaked samples, the stimulation of
the seeds’ germinating energy and capacity was also
observed for these expositions. The excess of the ger-
minating energy compared with the control comprised
ca. 12% and 9% for the germinating capacity. In gen-
eral, similar results were obtained for the germinating
of both the dry and soaked seeds. In accordance with
our data [4], one may propose a common mechanism
of the MMR'’s action on the plant seeds with water
(intra- and extracellular) serving as the primary MMR
receptor, as in [2, 3]. The highest #level of the stimula-
tion is observed in the case of the irradiation of soaked
seeds as compared with dry ones.

The o—IAA enzyme content in the seedlings
obtained from the treated dry seeds (exposition of

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

30 min) practically coincides with the control; a simi-
lar situation is observed for the ESPC in the roots of
the seedlings. In this case, the maintaining of high
growing activity in the castror-oil plants is accompa-
nied by high ESPC. The optimal exposition of the dry
seeds for reaching the most effective germinating
energy and capacity comprises 8 min; after 2 min of
treatment, the activity of the o—IAA is two times
lower. A stimulating exposition of 8 min was also con-
firmed for the soaked seeds. A decrease of the o—IAA
activity is associated with an increase of the growing
activity as indicated by the root length. The ESPC is
higher in the soaked seeds than in the dry ones due to
the higher hydrophilicity of the former.

The MMR treatment of the dried thorn apple seeds
led to a decrease of a number of the chromosome
abnormalities (NCA) in the cells of the primary roots
of the seedlings; i.e., the treatment factor promoted
the more rapid elimination of the cells with chromo-
some aberrations, thus increasing the percentage of
the normally dividing cells.
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Changes in the physiological, biochemical, and genetic parameters of the seeds and the seedlings of the castor-oil plants

and the thorn apples after the MMR treatment of their seeds

Object | State | FXPOsition. G:;‘;g‘%‘g %g;‘;;ﬁ;“%g OIAR | ESPC, pe/e NCA, %
0 21.9%8.13 84.8 + 4.81 0.0306 526 6.6+ 1.64
2 59.9 +1.23% 83.8 +4.81 0.1163 390 5.2+ 1.40
.4 8 27.2+141 91.4+2.11 0.0566 390 3.2+081%
Q3 30 31.4+2.05% 96.2 + 1.20 0.0305 567 2.4 +0.54*
_ 0 85.6 + 1.28 89.5+ 1.20 0.1017 975 —
- 2 93.5+4.18 95.2 +3.30 0.1328 1050 —
SE | L3 8 97.1 % 1.20% 98.1 % 1.00 0.0898 885 -
S2|&8 | 30 87.6 % 4.67 87.7 4 4.67 0.3080 795 -
0 21.9+1.72 29.9 +3.42 0.1756 100 7.4 %135
- 2 32,0+ 1.31% 44.2 £ 1.60* 0.0730 109 6.2 % 1.56
EE | S5 8 30.4 %+ 1.00 40.0 £ 1.18* 0.0196 150 3.8 +0.63*
S |&8 30 25.6 +1.01 34.3+2.96 0.4151 75 5.0 % 1.26

Note: * The differences are significant comparing with control values.

The MMR treatment of the thorn apple seeds led
to the stimulation of the germination energy and
capacity at expositions of 2 and 8 min, but no effect
was observed for the exposition of 20 min. These data
coincide with the earlier original results obtained for
seeds of other plant species.

The content of the 0o—IAA decreased at short expo-
sitions and increased at longer ones, which, as in the
case with the castor-oil plants, evidences an increase
of the intensity of the seeds’ germination. The ESPC
in the roots increases after short expositions (2 and
8 min) and decreases after 20 min of exposition. The
NCA significantly decreases at the exposition of 8§ min
and insignificantly at the expositions of 2 and 30 min.
Conclusively, the healthy influence of MMR on the
chromosome apparatus of the seedlings was con-
firmed.

Hence, the MMR treatment of the castor-oil
plants and the thorn apple seeds revealed the stimula-
tion of the germination energy and capacity, the pro-
tein synthesis stimulation in the roots of the seedlings,
and a decrease of the o—IAA activity and the fre-
quency of the chromosome aberrations in the seed-
lings’ roots.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

The method of millimeter irradiation of old seeds
of medicinal plants (with examples of thorn apples and
castor-oil plants) in order to increase their viability is
proposed.
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Abstract—In the thesis reports concerning the results of the study of the thermally stimulated depolarization
and electret properties of the compositions of HDPE + x%, where x =1, 3, 5, 7, 10, it is found that the com-
posites with x = 5 and 7 are valuable electret materials with a lifetime of 360 days, 50 times higher than the

lifetime of pure high density polyethylene.
DOI: 10.3103/S106837551006013X

INTRODUCTION

The production of new polymer compositions with
interesting electrophysical, tensosensitive, electret,
sensor, and other properties mainly depends on the
nature of the filler, on the shape, on the size, on the
distribution character and particle connectivity type,
and on the degree of interaction between the compo-
nents. Usually, new fillers lead to the extension of the
possibilities of the practical application of the com-
posite materials. Electroactive (electret, piezo-, pyro-
and ferroelectric, photoelectric, acoustophotovoltaic,
etc.) polymer composite materials of polymer—semi-
conductor filler type are of special interest [1—3].

Depending on the polymer matrix’s nature and the
filler type, various methods of production of an elec-
troactive state are applied, and, to study the peculiari-
ties of the charge stabilization, various thermoactiva-
tion methods are used.

Experimental investigations show that the electro-
active properties of the polymer—filler type are mainly
determined by the charge state of the phases and the
structure’s peculiarities, the connectivity type, the
intraphase interaction, and the distribution and polar-
ization in the composite [4—6]. For the control of the
accumulation during the charge relaxation in polymer
composites under the action of a corona discharge in
air, it is of great research and practical interest to find
out the interconnection of the parameters of the polar-
ization with the peculiarities of the structure and inter-
phase interaction.

The selection of high density polyethylene
(HDPE) as a binder is conditioned by the good study
of the electrophysical properties of this material and
by the fact that the oriented PE state exhibits the sta-
bility of the electret effect with the effective surface of
the charge density equal to 1075—10~* C/m? [7]. The

selection as a filler of TIGaSe, is connected, on the
one hand, with the search for the possibilities of the
creation of flexible electroactive elements with arbi-
trary configurations and, on the other hand, with the
study of its interaction with polymers as a nucleating
agent. It should be noted that TIGaSe, has high pho-
tosensitivity to the infrared and visible region of the
spectra [8, 9]. Besides, the contact phenomena, the
changes of the electrophysical and electroactive prop-
erties of the heterogeneous polymer—semiconductor
systems, the peculiarities of the interphase phenom-
ena, the presence of the effects of percolation, and the
formation of the volume charges during the polariza-
tion processes in these systems are poorly explored.

EXPERIMENTAL

From PE powders and a TlGaSe, semiconductor
(with particle sizes of <63 um), via mechanical mixing
of the components in a laboratory mixer, a homoge-
neous mixture for which the method of hot pressing of
films with thicknesses of 100—150 pum was used. The
polarization of the samples in the needle-space system
was performed via the effect of a corona discharge at a
voltage of 6 kV for 5 minutes. The distance between the
polarizing electrodes (the needle—plane) was 10 mm.
The electret difference of the U, potentials was mea-
sured using the compensation method without con-
tact, and its values ¢ were calculated [4].

The spectra of the currents of the thermostimu-
lated depolarization (TSD) were taken by the standard
method [5, 10]. Samples of the compositions (using a
US5-11 electrometric amplifier) were placed between
two short-circuited electrodes into a heated measuring
cell [5]. The recording of the TSD in the temperature
range of 293—-543 K was performed at the linear
increasing of the sample’s temperature at a rate of
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Fig. 1. Spectra of the thermostimulated depolarization of
HDPE + x vol % TlGaSe, compositions, where x equals
the following: (/) 1; (2) 3; (3) 7; (4) 10; (5) 20; 6) 30.

2.5 K/min. All the samples of the composite electrets
had the connectivity type of 0—3 [3—6].

RESULTS AND DISCUSSION

In Fig. 1 are given the TSD spectra for the samples
of the HDPE + x vol % T1GaSe, compositions at var-
ious contents of the filler. As is seen (curve /) for the
HDPE + 1 vol % TlGaSe, composite, on the TSD
curve, a maximum at 295 K, a current inversion at
310 K, a minimum at 337 K, a current inversion at 357
K, a pronounced maximum at 366 K, current inver-
sions at 370 K and 396 K, and a minimum at 375 K are
observed. For the HDPE + 3 vol % T1GaSe, compos-
ite, on the TSD curve (curve 2), the first maximum at
293 K, the current inversion at 303 K, the minimum at
340 K, the second current inversion at 350 K, the pro-
nounced maximum at 359 K, and the current inver-
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sion at 373 K are observed. As a whole, the TSD
curve’s character for compositions with x = 1 and 3
does not significantly differ. On the TSD curve for the
HDPE + 7 vol % TlGaSe, composite (curve 3), the
first maximum at 318 K, the current inversion at
325 K, the minimum at 340 K, the current inversion at
368 K, and the pronounced maximum at 384 K are
observed. Forthe HDPE + 10 vol % T1GaSe, compos-
ite, on the TSD curve (curve 4), a weak maximum at
316 K, a current inversion at 329 K, a minimum at
355 K, a current inversion at 373 K, and a pronounced
maximum at 387 K are detected. Similar investiga-
tions were performed for the HDPE + 20 vol %
T1GaSe, and HDPE + 30 vol % TlGaSe, composi-
tions. For the HDPE + 20 vol % T1GaSe, composite
(curve 5), on the TSD curve, a minimum at 303 K, a
maximum at 316 K, a current inversion 336 K, a min-
imum at 365 K, a current inversion at 379 K, a rela-
tively pronounced maximum at 385 K, a minimum at
395 K, and further growth of the current of the ther-
mostimulated depolarization are revealed. On the
TSD curve of the HDPE + 30 vol % T1GaSe, compos-
ite (curve 6), a weak minimum at 317 K, a pronounced
maximum at 386 K, a minimum at 393 K, and further
growth of the TSD are revealed.

When analyzing the TSD spectra, it can be noted
that the introduction of a 1—-10% filler into the high
density polyethylene leads to the formation of deeper
carrier traps. At that, the amount of the injected
charge traps during the corona effect increases (the
rise of the intensity and the square of the correspond-
ing maximum) as well as the depth of their accumula-
tion (the temperature position shifts to the high-tem-
perature region).

The nature of the appearance of the inversion peak in
the 310—370 K region for the composites withx =1 —10
can be explained in the following way: during the elec-
treting under the action of the corona discharge, the
volume charge is formed, and, in the field of the vol-
ume charges (VC) on the boundaries of the TIGaSe,
particles and the polymer, the interphase polarization
(IP) prevails [11]. The direction of that polarization is
opposite to the field of the volume charges. In this
case, during the depolarization, in the TSD spectra,
the inversion currents caused by the IP are observed.
The explanation proposed by us of the inversion peak’s
formation in principle agrees with the Maxwell—Wag-
ner effect, according to which the charge accumula-
tion on heterogeneous materials (in our case, compos-
ites) is caused by the conductivity difference in the
amorphous and crystalline phases. During the electri-
zation of such materials, the carriers will either accu-
mulate nearby this interphase boundary or, on the
contrary, go from it depending on which of the two
conduction currents is higher. A difference in the local
conduction currents also leads to the dissipation of the
charges during the collecting of the TSD currents,
since, in this case, the currents already flow in the
opposite direction. It should be noted that this maxi-
Vol. 46
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mum is connected with the charge relaxation on the
T1GaSe, particles’ surfaces, since, as the filler content
increases in the compositions, the peak value
increases.

Effects of the TSD sign inversion are also observed
for other electroactive dielectrics, electrets, and poly-
mer composites [12]. However, the interpretation of
these phenomena up to the present time remains con-
troversial. Depending on the temperature position of
the inversion peak, the surface state, the nature of the
polymer matrix and the filler, the nature of the polar-
ization, and other factors, the observed currents with
opposite signs on the TSD curves are also connected
with the reorientation of the dipoles existing in the
polymer.

In our opinion, via the comparison of various o—,
B~—, p*—, etc., for the structural transitions in poly-
morphines [4—6, 10], the maximums observed at cer-
tain temperatures have the same nature; i.e., they are
connected with a-relaxation in the PE. The observed
inversion at certain temperatures occurs as a result of a
decrease of the T1GaSe, conductivity during the repo-
larization of the volume charges in the IP in the VC
field. It can be assumed that the volume content of the
T1GaSe, in the composite can influence the tempera-
ture position of the a.-relaxation process.

The high-temperature maximums on the TSD
curves can be connected with the increase of the con-
ductivity of the filler, since the value of the peak
changes as the filler content in the composition
increases.

For the quantitative evaluation of the thickness of
the interphase layer in heterogeneous polymer com-
positions, in some cases, the concept about the forma-
tion of a double layer is used (such a point of view is
held for impurity semiconductors, where the differ-
ence of the conductivity leads to the formation of a
double layer).

In polymer blends and composites, the thickness of
the interphase layer can be estimated using the formula

L= 2€,6,60kT

m >

ne
where €, and g, are the dielectric conductivities of each
phase, g, is the electric constant, and # is the concen-
tration of the charge carriers (for polymer dielectrics,
n=10x 21 m3, eis the electron charge, k is the Bolt-
zmann constant, and 7 is the absolute temperature).
The calculations of the values of d,, using this equation
show that it is about 0.4 x 1.2 pm.
Thus, the investigation results of the TSD currents
of the electret films based on the samples of HDPE- +
T1GaSe, compositions crystallized under the condi-
tions of hardening at 273 K show that, on the TSD
curves, a series of depolarization peaks in the temper-
ature regions relating to the release of charges from
traps connected both with the individual components
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Fig. 2. Dependence of the surface density of the charge on
the storage time for coronoelectrets from HDPE + x vol %
TlGaSe, polymer compositions, where x equals the fol-

lowing: (1) 1; (2) 3; (3) 5; (4) 7; (5) 10.

(HDPE + TlGaSe,) and the formed interphase polar-
ization in the field of the volume charges are observed.

In this work, the surface density of the charges of
the HDPE + x vol % T1GaSe, compositions depend-
ing on the additive amounts was investigated. Mea-
surements of the surface density of the charge were
performed by the technique described in [5].

The surface density of the electret charge was mea-
sured using the induction method with compensation
and determined by the equation

eg U

Cur = Lc’
d
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Fig. 3. Dependence of the surface density of the corono-
electret charge from the HDPE + x vol % T1GaSe, poly-
mer composition (where x equals the following: (/) 1;
(2)3;(3)5; (4 7; (5 10) on the volume content of the
filler.

where o is the surface density of the charge (C/m?),
€, is the electric constant, ¢ is the dielectric conductiv-
ity of the sample, d is the electret sample’s thickness
(m), and U, is the compensational voltage (V).

The lifetime was determined by the treatment of
the experimental results o4 = f{#,,) by the equation
— txpl B txp2
Inc,—Inc,’

where o, and G, are the surface densities of the charge
corresponding to the storage time #,,; and #,,,, respec-
tively.

The obtained results of the investigation of the sur-
face charge density are given in Fig. 2. The figure
shows the curves of the charge drop (the dependences
of the surface charge’s value on the time) for the
HDPE + TlGaSe, samples with the volume ratios of
99 : 1 (curve 1), 97 : 3 (curve 2), 95: 5 (curve 3),93:7
(curve 4), and 90 : 10 (curve J9).

The obtained results of the investigation of the sur-
face charge density of the HDPE + x vol % TlGaSe,
compositions withx =1, 3, 5, 7, 10 are given in Fig. 3.
The analysis of these results shows that the optimal
value of the surface density of the electret charge is
observed at the filler content from 5—7%. At that, the
value of the surface charge density G, 0f these compo-
sitions is 1.5—2 times higher than for pure oriented
50% hardened HDPE films.

Thus, the lifetime of the investigated coronoelec-
trets from the HDPE + x vol % T1GaSe, compositions
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Fig. 4. Dependence of the lifetime of the coronoelectrets
from the HDPE + x vol % T1GaSe, polymer composition
(where x equals the following: (1) 1; (2) 3; (3) 5; (4) 7,
(5) 10) on the volume content of the filler.

depending on the TIGaSe, additive’s content is pre-
sented in Fig. 4. It follows that the lifetime 7t for the
charges of the HDPE + x vol % T1GaSe, compositions
is much higher than for pure PE; particularly, for com-
positions with x =1, 3, 5, 7, and 10, the lifetime is 7,
93, 152, 362, 360, and 92 days, respectively. These
results show that the value of the electret charges G
and the lifetime 1.4 of the electret charges of the
HDPE + 5—7 vol % T1GaSe, compositions are con-
siderably superior with the introduction of the struc-
ture forming HDPE T1GaSe, filler at 5—7 vol % [13]
compared to the lifetime of the electret from pure
HDPE.

CONCLUSIONS

In this work, the phenomenon of thermostimulated
depolarization in HDPE + x vol % TlGaSe, for com-
positions withx =1, 3, 5, 7, 10, 20, and 30 in the tem-
perature range of 300—500 K and their electret prop-
erties were investigated. It was revealed that the com-
posite materials based on HDPE with a T1GaSe, filler
are promising electret materials with a lifetime consid-
erably superior to the lifetime of HDPE.
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Abstract—The particularities of size and structure of nanoobjects leads to set of specific properties. So, the
developed surface determines the increased chemical reactivity; the high level of discontinuity results in lack
of lattice constant and disturbance translation symmetry; the size of intrinsic variations of potential on dis-
tance, which may be commensurable with inter-atomic distances, prejudices the appropriateness of effective
mass method; etc. The presence of huge mechanical stresses and difference of thermal expansion coefficients
can stimulates the structure degradation processes under change of temperature conditions. The preventive
measures to decrease the rate of degradation processes in the nanostructures will be discussed.
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INTRODUCTION

Thermal and radiation stability may be considered
among the most important performance characteristics
of any semiconductor device, especially when nano-
structures or nanoobjects (NObj) being miniature in
volume, such as quantum dots (QD) or superlattices
(SL), are discussed. The reason is that their use is often
related to significant energetic overloads, which may, in
turn, lead to local overheating, being a topical problem
for the operation of microvolumes of small-scale semi-
conductor devices or their critical functional parts, such
as interphase boundaries and p—n- or p—i—n-transi-
tions.

Nanoobjects and, particularly, their areas charac-
terized by enhanced resistivity p or the presence of
heterogeneities, either residual or caused by construc-

tion peculiarities, in the spatial distribution p(?’) are
especially sensitive to the effect of radiation fields [1].
It has to be taken into account when the correspond-
ing NObj is used in the radiation field, which is signif-
icantly higher than the background radiation.

As silicon and germanium are among the most
thoroughly studied semiconductors, the distinct and
unambiguous interpretation of the NObj peculiarities
may be acquired when these crystals are the ones
under consideration.

The main peculiarities of NObj responsible for
their thermal and radiation instability may include the
following.

(1) The presence of boundaries between materials
with different chemical structures (when talking about
SL and heterostructures) and the utmost heterogene-
ity of the QD by its chemical structure.

(2) Enormous internal (and related to the presence
of boundaries) mechanical stresses (~GPa) occur in
SL due to certain mismatches of the constant crystal
lattices of the materials on the basis of which SL are
created or due to the different thermal expansion coef-
ficients of these materials. The presence of mechanical
stress gradients in QD is, first of all, related to the het-
erogeneity of the substance distribution in their vol-
ume and the effects of the substrate and medium in
which they’re grown.

(3) The presence of residual (uncontrolled) impu-
rities of technological origin and Frenkel pairs (vacan-
cies and interstitial atoms), which don’t lose their
mobility completely even at cryogenic temperatures.

(4) The interaction of electrically low active impu-
rities (such as N, H, and O in Si and Ge) with each
other and Frenkel pair elements (in the case of NObj
usage, as well as in case of their long-term storage).
Such interaction results in the appearance of electri-
cally active complexes, which provide changes not

only in the average p but also in the spatial distribu-

tion p(?‘) of semiconductor materials as well [1].

THE FACTORS THAT PREDETERMINE
THE DEVELOPMENT OF THE RADIATION
AND THERMAL INSTABILITY
OF NANOOBJECTS

Thermal and radiation instability of NObj is prede-
termined by a series of critical factors including the
following:

—the mobility of Frenkel pair components and
atoms of background (electrically low active) impuri-
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ties under normal conditions and even at lower tem-
peratures (close to cryogenic ones);

—the tendency of Frenkel pair components and
electrically low active background impurities to inter-
act with each other (and with dislocation-type defects
of the structure) leading to the formation of electri-
cally and recombinationally active centers capable of
changing the concentration of both the major and
minor charge carriers and their spatial distribution in
the microvolumes of NObj;

—the relatively low activation energy levels of the
aforementioned interdefect interaction processes;
and, moreover,

—the NObj storage regime and usage related to the
current passage of significant density through the cur-
rent conduction channels of the NObj (at atomic and
molecular scales), which don’t satisfy the condition
T— 0K.

The problem of the possible effect of such gases as
nitrogen and a mixture of argon and hydrogen (which
formed the medium for the crystal growth) on the
electrophysical, mechanical, and other properties of
Ge and Si crystals raised strong protest and sometimes
almost resentment among engineers in the early
1950s, i.e., at the initial development stages of indus-
trial production of the mentioned crystals.

Materials science gathered enormous factual mate-
rial all over the world in the second half of the XX and
the early XXI centuries, which persuasively shows that
even hydrogen and nitrogen in volumes of Ge and Si
form electrically (or optically) active complexes with
their annealing temperatures often higher than 300—
600°C with doping impurity atoms and crystals’
defects (Frenkel pair components) under certain con-
ditions (especially under high energetic electron, pro-
ton, or y-quantum radiation of crystals). Only the
most illustrative examples of such complexes will be
selected and presented below with paying attention to
their formation conditions as well.

The static and dynamic properties of monoatomic
hydrogen dissolved in crystalline silicon in various
charge states were quantitatively described for the first
time in [2]. These states included H*, H°, and H-, as
well as PH complexes (where P represents phosphor
atoms), which create an energy level lower than the
bottom conduction band by 0.16 eV in the band gap as
a response to donor E3' centers arising in the case of
proton implantation into interstitials of initial single
crystals and the acceptor level being lower than the
medium band gap by 0.07 eV. The authors state that
these theoretical predictions agree with the experi-
mental data.

The authors of [3] investigated theoretically pre-
dicted {/, H,} complexes, where [ represents an inter-
stitial silicon atom and H, represents several (1 <n <4)
hydrogen atoms, using infrared spectroscopy. The
experimentally studied {/, H,} complex appeared to be
the most stable.
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When the author of [4] obtained hydrogenised Si by
thermal annealing (TA) at 1300°C within an H,
and/or D, medium with further hardening; carried out
irradiation of n-S(P), p-Si(B), and highly purified Si
by electrons with energy of ~3 MeV (at 300 K); and
investigated the optical absorption, it was shown that
the absorption peaks at 1870 and 2072 cm~! were
related to the development of complexes of interstitial
atoms (/) with H and vacancies (V) with H, respec-
tively. In addition, the proportionality of the intensi-
ties of both absorption peaks to the square electron
irradiation dose (in the low dose area) indicated the
structure of these complexes as I,H, and V,H,. The
peaks at 1870 and 2072 cm™~' disappear as a result of
the isochronous TA below 200 and 300°C, respec-
tively.

It is also shown [5] that interstitial hydrogen (H,)
forms O—H, complexes with interstitial oxygen (O).
Two closely adjacent lines of O—H, complexes
observed at 7> 10 K in the infrared absorption spec-
trum are related to the development of orto- and
parahydrogen molecules in these complexes.

The effectiveness of introducing thermal donors
(TD-1) by TA of oxygen-containing Si at 450°C after
the preceding hydrogenization in hydrogen plasma
and y-irradiation (°°Co) is investigated in [6]. These
procedures result in atomic hydrogen release from the
bound state, which stimulates the introduction of
TD-1 in the process of the mentioned TA.

Annealing of divacancies (V,) in nonhydrogenized
Si and hydrogenised Si:H was investigated as well. V,0
complexes are formed in the process of annealing of V,
in nonhydrogenized Si, while mostly V,H, are formed
in the hydrogenised one [7]. Moreover, it is shown in
[8] that complex V,H, is a deep trap for electrons; i.e.,
it acts as an acceptor.

According to [9], the interaction of atomic hydro-
gen (H) with interstitial palladium atoms (Pd) results
in the formation of seven electrically active and at least
one electrically passive PdAH, complex, while the elec-
trically active complexes include different numbers of
hydrogen atoms.

The investigation of the effect of additionally
implanted electrically inactive impurities C, N, and F
on the formation of donor centers (DC) in Si in which
erbium (Er) was implanted before showed [10] that the
coimplantation of the mentioned impurities (as well as
the coimplantation of oxygen impuritys) leads to an
increase in the DC concentration and the shift of the
DC distribution maximum towards the implanted sur-
face as opposed to the case when only Er is implanted.
When the annealing temperature increases, the overall
DC concentration falls, and the position of their dis-
tribution maximum is shifted deeper into the sample.
The results obtained in [11] show that not only Er
atoms (and point defects I and V) participate in DC
formation but also the implanted electrically low
active impurities listed above as well.
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The study of the dislocation generation and motion
peculiarities in Si{N) grown using Czochralski method
(Cz) showed [12] that nitrogen doping of Cz—Si leads
to a significant increase in the critical voltages of the
start of the dislocation motion (1) from the surface
sources (indentations) and a decrease in the dislocation
motion velocity as opposed to the crystal without nitro-
gen doping. Moreover, nitrogen doping affects the
decay rate of the oxygen solid solution in Cz—Si(N) in
process of its postcrystallization cooling. The disloca-
tion generation and motion may be reliably observed
only at 7~ 500—600°C within the shear stress interval
of ~30—130 MPa. Nitrogen doping results in strength-
ening of Cz—Si(N) wafers. The most considerable
changes in Cz—Si{N) are observed when the nitrogen
concentration is ~1.6 x 10" ¢cm=3. The value of 1,
becomes twice as high with such a nitrogen doping
level (at ~600°C), and the activation energy of the dis-
location motion becomes 1.15 times as high as
opposed to the crystal without nitrogen doping. The
dynamic properties of the dislocations in Cz—Si{N)
change considerably for a nitrogen concentration of
~10'% cm™3, while the required concentration of the
traditional donor and acceptor impurities for compa-
rable changes in the dislocation dynamics should be
three to four orders as high.

The nitrogen concentration distribution Cy(z) after
the diffusion from the sample’s volume to its surface
was obtained by the authors of [13] by further TA at
medium temperatures (~650°C). Small nitrogen—
oxygen TD generated during the process were distrib-
uted by depth according to the Cy(z) profile under any
diffusion TA. Given the enhanced oxygen concentra-
tion in Cz—Si(N), the nitrogen transport is simplified
due to the accelerated dissociation of the nitrogen
dimmers. On the other hand, the transport is slightly
complicated due to the partial oxidation of nitrogen
monomers (however, this effect doesn’t prevail).
Therefore, the diffusion profile is controlled by the
combination D,K'/2, where D; is the diffusion coeffi-
cient for nitrogen monomers, and K is the dissociation
constant. Nitrogen dimmers N, are practically immo-
bile and dissociate into mobile monomers N, which
implement nitrogen transport.

As a result of studying the effect of nitrogen doping
on the vacancy aggregation in Si, it was shown [14]
that two nitrogen atoms form a stable complex with
two vacancies in Si, which leads to the inhibition of the
oversaturation of isolated vacancies. This circumstance
also complicates the formation of voids in Cz—Si doped
by nitrogen impurities. Nitrogen pairs are more stable
than single atoms (the degradation energy of a pair N,
in the interstitial position is 4.3 eV), and, therefore,
N, pairs are present in Si even at a temperature near its
melting point [15].

The study of the growth defects, including oxygen
inclusions (OI) in Cz—Si doped by a nitrogen impurity
showed [16] that a considerable Ol increase in size due
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to the N,—V_—O, complexes generated at ~1150°C,
while small OI appear (and grow) due to N,,0, com-
plexes generated at 750°C and lower temperatures. It
is found that the OI behavior in nitrogen doped crys-
tals of Si was strongly different from the OI behavior in
crystals of Si without nitrogen doping, which under-
went one-step (at 1050°C for 32 hours) and two-step
(at 800°C for four hours and at 1050°C for 16 hours)
thermal annealing.

Nitrogen-vacancy complexes in Si are of interest
due to their ability to inhibit the formation of large
vacancy defects (pores) in the process of single crystal
growing [16].

In highly purified crystals of n- and p-Si, which
were freshly grown by floating zone melting (FZ), the
nitrogen impurity doesn’t show electric activity. How-
ever, when these crystals are annealed at rather high
temperature (~900 or 1000°C), deeply embedded
centers (with concentrations of ~10'> ¢cm™3) arise in
them. A possible reason for the appearance of deep
centers is the interaction of well diffusing interstitial
nitrogen centers with other impurity atoms [17].

The effect of annealing at 720—920 K under the
enhanced pressure (up to 1.4 GPa) in an argon
medium on the electric properties of the urface layer in
Cz—Si and FZ-Si crystals doped by a nitrogen impu-
rity (up to concentrations of ~10'4-10'3 cm~3) and ger-
manium doped Cz—Si (up to 7 x 107 cm~3) was inves-
tigated in [18]. In addition, decreases in the electron
concentration in Cz—Si(N) annealed at 720 K under
normal pressure were discovered. The pressure induced
growth of n, in Cz—Si{N) didn’t depend on the nitrogen
doping level within the interval of 10'4—5 x 10 ¢cm3.
Even given a high nitrogen doping level (~5 x 10 cm™3),
no changes of n, occurred under the hydrostatic pres-
sure in the crystals of FZ-Si{N). A sharp acceleration
of the thermal donor generation was observed in ger-
manium doped Cz-Si under the pressure of ~1.1 GPa.
The authors explain the investigated effects by the devel-
opment of oxygen-nitrogen complexes in Cz—Si{(N) and
the generation of TD in nitrogen and germanium
doped silicon stimulated by the hydrostatic pressure.

Shallow embedded donor centers (such as NO;)
are investigated in [19].

NO, complexes in crystals of Si remain poorly
investigated in contrast to N,O,, complexes. The
authors of [20] consider that NO, complexes are actu-
ally responsible for the experimentally observed
absorption lines at 1002, 973, and 855 cm™".

The energetically deepest donor center among the
nitrogen-oxygen inclusions in Si crystals has the struc-
ture NO. Other (energetically shallower) centers may
include up to three oxygen atoms [21].

Nitrogen, hydrogen, and oxygen impurities in sili-
con are considered in detail due to their technological
importance.
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POSSIBILITIES FOR RAISING
THE RADIATION AND THERMAL STABILITY
OF NANOOBJECTS THROUGH THE OPTIMAL
SELECTION OF THE USAGE CONDITIONS

By no means all the aforementioned factors, which
predetermine the development of the radiation and
thermal instability of NObj, may be eliminated or even
minimized. However, with these factors recognized, it
is necessary to do everything possible to reduce their
negative effect on NObj properties to a minimum.

We leave aside the trivial requirements on the sub-
strate temperature reduction (when talking about
molecular beam epitaxy) to avoid possible chaos in the
spatial distribution of the doping (and residual) impu-
rities and ensure their spatial changes under the known
physical laws, etc. Instead, we focus on those hidden
possibilities for improvement in the situation when
positive results in the thermal and radiation stability
enhancement of NObj may only be reached due to the
optimal selection of the usage conditions under which
the corresponding NObj will be exploited considering
the physically justified selection of its certain con-
struction peculiarities. It will be demonstrated by sev-
eral specific examples.

Frenkel pair components (V and I) are rather
mobile in Si even at temperatures close to cryogenic
ones, and their effective interaction with electrically
active impurities under usage conditions (generally,
strongly different from 7"— 0 K) results in the ther-
mal instability of nanoobjects. On the other hand, it is
known [22] that the energy of the vacancy generation
in the presence of hydrogen atoms in Si may be
changed by a value of 1.8 to 3.5 eV, while the same
parameter for divacancies varies from 2 to 5.4 eV.
However, the presence of hydrogen atoms in Si makes
it less sensitive to pressure and may completely sup-
press the tendency for the generation of additional
vacancies in the case of significant concentrations,
which will make the material (or a device on its basis)
more thermally stable.

It is shown in [23] that lead, as opposed to other
isovalent impurities in Si, doesn’t participate directly in
the generation of electrically active radiation defects.
However, lead doping of silicon results in the inhibited
accumulation of the main radiation defect in silicon,
namely, a VO complex (4-centers), and the inhibited
accumulation of radiation defects (7—13 times as low
for C,C, and 20—25% as low for VO) under electron
irradiation. Furthermore, lead doping of silicon
increases the lifetime of the minor charge carriers
while having no considerable effect on the current car-
rier scattering. All these results may be used to increase
the radiation stability of silicon-based NObj as is shown
in [23].

Finally, the mechanical stresses are perhaps the
most critical reserve, which isn’t used in nanotechnol-
ogy to its full potential. First, the mechanical stresses
(~GPa) can’t be technically eliminated when working
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with heterostructures. Second, the change of the zone
structure (at least in multivalley semiconductors)
under oriented stresses is rather thoroughly studied
both theoretically and experimentally [24, 25], which
favors the problem statement of their practical appli-
cation in nanotechnology. It will be demonstrated by
the example for superlattices, which include layers
with various band gap widths. Considering that the lat-
eral tension of layers based on multivalley semicon-
ductors results in compression along the normal direc-
tion towards them (and vice versa), pairs for layers
should necessarily be selected solely to make condi-
tions for the electric current passage along the SL axis
(along the normal line towards the layers) better.

The authors of [26] showed that the increase in the
electron irradiation temperature (£ = 2 MeV with the
intensity of 5—10'> cm~?s~!) within the interval of 20—
400°C raises the effectiveness of introducing multiva-
cation phosphor- or oxygen-containing radiation
defects. It may, in turn, lead to an increase in the radi-
ation stability of n—Si, as soon as two to three times as
many unbalanced vacancies are spent for the genera-
tion of PV,, V,0, V,0,, and V;0 complexes, as in the
case of the generation of E- or A-centers.

The radiation stability of Si is increased through
doping by an Sn impurity due to the formation of SNC
[27] complexes and through doping of silicon grown by
the Czochralski method by a germanium impurity [28].

It follows from the results presented in [29] that
there is a possibility of increasing the radiation stability
of Cz—Si by several times due to short TA (~1 hour) at
450°C.

The authors of [30] investigated the radiation sta-
bility of crystals of p—Si (n,~ 3 x 10'2 cm~) and n-Si
(n,~2 x 10'2¢cm~3) grown by floating zone melting and
showed that p-Si was more radiation stable than n-Si
under the same conditions.

It was found possible to increase the hermal stabil-
ity of Cz—Si through dissolved oxygen (or vacancy)
binding in crystal by a nitrogen impurity introduced
into the crystal [31, 32] or by a phosphor doping impu-
rity in the case of vacancies [33].

The main defects and conditions for their develop-
ment in silicon grown by different methods (the Czo-
chralsi method (CZ) and the loating zone method
(FZ2)) are presented in the table composed on the basis
of data from literature sources [8, 10, 34—45]. Not
only the roles of the most important elements (nitro-
gen, hydrogen, and oxygen) in silicon may be judged
based on the data from the table but also the contribu-
tions of other electrically low active impurities.

Thermal annealing may be analyzed most reliably
using equations that are similar to the ones applied in
chemical kinetics. The annealing of each defect (or
structural change accompanied by a change of the
concentration) independently from the others is a
decisive characteristic of first order TA. Vacancy-type
defects are annealed in the process of the annihilation
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Defects in the irradiated crystals of Cz—Si and FZ—Si
Energetic position Energy of particles Type Annealing Refe-
No. > | Irradiated material of defect(-s), and their
eV of g-quants, MeV . temperature rence
concentration
1 |E.—0.30 p-Si(B) —> con- Electrons Ngp (for radiation [34]
verted into #-Siunder |with £~1 MeV, defect)=1.5x 10" cm™3
irradiation dose ~10'7 cm™2 Ny (for vacancy)
~9.5x 108 cm™3
2 |E.—0.29+0.01 Cz n-Si{Sn) Protons with These traps for e~ dis-| [35]
E. —061+002 E=61MeV sociate at 7< 120°C
.—0.61x0.
3 |E.—0.214 FZ n-Si(Sn) Electrons SnV [36]
E,—0.501 Ngp ~10'8 cm™2 with £~2MeV
4 |E.—0.17 n-Si y-quants of ©°C VO [37]
E.—(0.30£0.16) CO,
E.—(0.19£0.20)
5 |Deep traps Si V,H,—acceptor [8]
for carriers V,H—amphoteric
6 Highly purified n-Si | lon implantation ErO, [10]
of Ert and O* n>4
with further TA
7 | E.—0.06 acceptor |Czn-Si VO,—bistable [38]
VO3 —metastable
8 |E.—0.11 Cz p-Si(P) [39]
E.—0.13 } in n-Si C;, C,C,and/or VO
E.—0.18 B-particles of low inn-Si
intensity:
) with £=0.20 Mev
EV +0.43 Cz p-SI<B> and £=0.93 MeV V, B, C,.C,-, VQOC
Ey+024 inp-Si
Ey+036 |[ P!
E,+0.53
9 |Ey+0.22 Cz p-Si(B) Electron irradiation | Annealing of V, Within the interval [40]
with £= 8 MeV leads to the formation  |of (360—440°C)
at 300 K of BgV,
10 |Ey+0.16 Cz n-Si High-speed electrons | VO, [41]
Ey+021 T, =340-770 K
Ey+0.27
E,+0.31
11 |E,—(0.21£0.27) |n-SiEr)p-Si Electron irradiation [42]
12 |E,—0.25 Cz p-Si(B) B,O; ~175°C [43]
6x 1083 < Ng<2x 10"
13 Irradiation of (100) Si |Tons of Si*: BSj; The first TAat 815°C | [44]
by ions of Sit with £=20keV, for five minutes.
dose ~10'* cm 2 Complexes develop
after the repeated TA
at 815 and 1000°C
for the time from
10 seconds to 16
hours
14 |E.—0.45 Hydrogenized Electron irradiation VO, V,, CO;; [45]
_ QG e~ with £= 6 MeV, .
E.—0.37 n—Si(P) dose 5 x 1012 em-2 VO + H,— VOH,;
E,+0.23 V,+H,— V,H,
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with mobile interstitial defects having a migration
energy depending on their charge state [46].

The disappearance of the P; property determined
by the concentration of the radiation defects (RD) as
a result of the first order TA may be defined using the
velocity constant K; from the relationship

dP, ;
— = -KP. 1
7 j (1

The appearance of the property P/ determined by the
concentration of defects (up to the maximum value
P;,) may be defined using the velocity constant K;,
respectively:

Tt K(P-P,) = 0. )

Generally, the velocity constant (in the case of several
TA channels) is K, ;= A“Jexp(—E.’ /kT), where A’

represents the frequency factors; E“a’ represents the

process’s activation energies; k is the Boltzmann con-
stant; 7T is the absolute temperature; and i, j represent
the number of annealing and defect accumulation
channels, respectively.

¥

VO and V, RD are stable and low mobile at room
temperature, when I and I, are already mobile. VO and
V, become mobile at higher temperatures and move to
sinks (O;, C)).

When we integrate (1) and (2) (considering the dif-
ferent channels of isothermal annealing or accumula-
tion of the property defined by the concentration of
defects), we obtain a change in this property depend-
ing on the annealing time in the form of the following
relationship:

k
P(1) = " Pyexp[-A'texp(=E,/kT)]
. i=1 ) (3)
+ 3 Prexp[1 - exp(-Arexp(-E/kT)] = P,

j=1 =1
Item Pf)o is caused by the fact that the annealing pro-

cess occurs not completely. Here, Pf) is the share of
annealing of the property defined by the concentration

of defects in the ith way; P’,;l is the share of the accu-

mulation of the property defined by the concentration
of defects in the jth way; and 7 represents the annealing
time. For example, such defect accumulation is possi-
ble due to the dissociation of other defects with lower
the annealing temperature. Different ways of anneal-
ing are implemented through the defect’s annihilation
with interstitial atoms or diinterstitial in the process of
the capture at sinks or defect dissociation, or when the
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energy and frequency factor of the defect’s annealing
change under condition of its reorientation.

A coherent theory of diffusion-controlled reactions
in solids was developed in [47]. The case of atoms with
different diffusion coefficients in solids participating
in quasi-chemical interactions was considered in this
paper. Only one component in the interacting pairs is
mobile in our case.

If the frequency of the mobile defect jumps v is
known, then the frequency factor D, may be evaluated
using the relationship D= (2a*v)/3n, where a = 5.43 A
is the silicon lattice constant. If it is impossible to
define the frequency of the mobile defect jumps v but
sink concentration N, is known, then the frequency
factor D, may be obtained using the expression

)2/3’ (4)

m

(3
AN,

where ¢ is the annealing time, as soon as D =
Dyexp(—E,/kT) at the temperature of 50% of the
defects under isochronous annealing and at the
moment of 50% under isothermal annealing. The
annealing activation energy should be set equal to the
diffusion activation energy for mobile defects. It is
assumed in this case that the mobile defects move an
average distance to the sink, which is equal to the
sink’s atomic radius (L = Ra) at the maximum anneal-
ing speed. The radiuses of the radiation defects capture
(including vacancies, divacancies, A-centers, etc.) by
the interstitial oxygen and nodal carbon fit in the
interval of 3—4 silicon lattice constants according to
estimations from [48] (see the table in the cited paper).
It should be considered that the deformation fields of
the defect clusters reduce the annealing energy of the
A-centers in the conduction matrix #-Si irradiated by
high-speed (reactor) neutrons.

CONCLUSIONS

(1) As a matter of fact, the distribution of the sub-
stance in nanoobjects (such as heterostructures, thin
films, and quantum dots) can’t be uniform, which
states the upper limit of the operating temperatures
and their reliable lifetime (due to the diffusion pro-
cesses). It should necessarily be taken into account in
the case of using nanoscale heterosystems in critical
components of state-of-the-art electronic devices.

(2) The main peculiarities of nanoobjects that
cause their thermal and radiation instability are con-
sidered. These peculiarities should necessarily be
taken into account to provide reliable operation under
the usage conditions (which are often complicated).

(3) When heterostructures and quantum dots (for
example, germanium on a silicon substrate or vice
versa) are used, the operating temperature range is to
be selected considering the significant differences in
the thermal expansion coefficients of the different
materials, which leads to the inevitable growth of the
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internal mechanical stresses and all the consequences
that come with it.
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Abstract—Significant anisotropy of the optical transmission associated with the exponential increasing of the
absorption coefficient and the anisotropy of the photoluminescence were found in ZnlIn,S, and ZnIn,S,:Cu
single crystals. It was shown that the peculiarities of the investigated photoluminescence spectra are associ-
ated with optical transitions involving donor and acceptor levels. The possibility was found to control the
spectra’s shape and intensity using doping and variation of the technological parameters to allow preparing
ZnlIn,S, single crystals with alternation of three and one packet polytypes.
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INTRODUCTION

The wide-gap ternary semiconductor compound
ZnlIn,S, forms layered crystals that refer to a hexago-
nal-rhombohedral structure with the space group
R3m [1, 2]. This material is promising for application
in optoelectronics. UV sensors, electrochemical solar
cells, and other devices have been proposed on the
basis of this material [3, 4]. Recently, recombination
properties of ZnIn,S, single crystals activated by dop-
ing with high Cu concentrations were reported [5]. It
was shown that copper impurities, similar to ZnSe:Cu,
substantially enhance the efficiency of red radiation
[6]. The main optical properties of undoped platelet
crystals were studied and described earlier and are
summarized in [2]. The layered structure and polarity
of the multilayer packages should lead to a depen-
dence of the physical characteristics of the material on
the crystallographic directions. Taking this into
account, one can expect that the compound should
exhibit a pronounced anisotropy of its physical prop-
erties.

Judging by the publications, the study of optical
anisotropy attracts the special attention of researchers.
An overview of the recent studies of optical anisotropy
in heterostructures with quantum wells, quantum
wires, and quantum dots based on ZnSe/BeTe semi-
conductors with a cubic structure is provided in [7]. It
is also known that, in layered semiconductors such as
GaSe, the luminescent properties strongly depend on
the structural disorder of the lattice layers [8]. In par-
ticular, it was suggested that the three bands in the
GaSe photoluminescence spectrum could be ascribed
to the three crystal modifications of this material [9].

The above gives evidence that the study of the
anisotropy of the optical transmission and photolumi-

nescence (PL) in ZnIn,S, single crystals with a poly-
morph structure is an interesting research problem. In
the given paper, the results are presented of investiga-
tions of the photoluminescence spectra in single crys-
tals undoped and activated by doping with copper
ZnlIn,S,.

EXPERIMENTAL

The undoped and doped with copper ZnIn,S, sin-
gle crystals were grown using a method of chemical
transport reactions with iodine as the transport agent.
In the initial load, especially pure chemical elements
were used; hyperstoichiometric copper was intro-
duced in a quantity of 1.6 at %. The growth regimes
were studied earlier and are summarized in [2]. The
doped samples were mirror-like platelets of darker
color if compared with the undoped crystals.

The PL spectra were registered under the excitation
of the samples by a monochromatic LGI-21 N, laser
(A = 337.1 nm). The radiation from the single crystals
was registered using an OVA-284 analyzer at a temper-
ature of 20°C. The spectral resolution of the installa-
tion was 21 nm. The method is described in detail in
[10]. As differs from [5], in this work, the excitation
was performed from the face (0001) or from the end
face as is schematically shown in Fig. 1. The C axis of
the monocrystal is perpendicular to the face (0001).
The measurements were carried out at room termpera-
ture on platelets with different thicknesses of 40, 100,
and 150 pm. The spectra of the optical transmission 7'
were registered using the same installation with a film
polarizer inserted before or after the sample.
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Excitation L. ¢

End face

Face (0001)

Fig. 1. Scheme of the geometry of the experiment for the
registration of the ZnIn,S, PL spectra.
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Fig. 3. PL spectra of single ZnIn,S,4:Cu crystals at room
temperature. (/) Excitation from the end face; (2) excita-
tion from the (0001) face. The sample’s thickness is d =
150 pm.

RESULTS AND DISCUSSION

The PL spectra of the undoped ZnlIn,S, samples mea-
sured at room temperature are shown in Fig. 2. The spec-
tra obtained under the laser excitation (A = 337.1 nm)
from the end face and from the (0001) face contain one
wide band centered at 668 (curve /) and 682 nm
(curve 2), respectively. The halfwidth of the band mea-
sured from the end face Ahv = 0.4 eV. The anisotropic
shift (AS) amounted to AL = 14 nm. The spectra of the
X-ray induced luminescence in this material registered
from the face showed a maximum at 775 nm with
Ahv =0.46 eV and a plateau at 710 nm [11].

Figure 3 shows the typical PL spectral characteris-
tics for ZnIn,S, single crystals doped with copper. At
room temperature, they exhibit a wide band centered
at 673.9 nm under the excitation from the end face and
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Fig. 2. PL spectra of ZnIn,S, single crystals at room temper-
ature. (/) Excitation from the end face; (2) excitation from
the face (0001). The sample’s thickness is d = 100 um.
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Fig. 4. PL spectra of ZnIn,S,:Cu single crystals at room
temperature. (/) Excitation from the end face; (2) excita-
tion from the (0001) face. The sample’s thickness is d =
40 pm.

centered at 682.6 nm under the excitation from the
face (0001). The anisotropic shift AL amounted to
8.7 nm; Ahv = 0.4 eV for both these cases.

The PL spectra of a thin sample are shown in
Fig. 4. They contain a wide band centered at 677.6 and
691.4 nm under the excitation from the end face and
from the (0001) face, respectively. The AS AA
amounted to 13.8 nm; Ahv was in the range from 0.36
to 0.40 eV for both these cases (Fig. 5). As was shown
earlier [5], the radiation is associated with the donor—
acceptor recombination. The traps exponentially dis-
tributed near the conduction band act as donors.

This is confirmed by the wide-band PL spectra for
all the cases ([5], the model in Fig. 5, transition 5). We
showed earlier that, in the similar ZnGa,0O, com-
pound activated with Mn and Yb [12], the radiation
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Fig. 5. Optical transmission spectra of ZnIn,S4:Cu single
crystals in natural (/) and polarized light. (2) Polarization
before the sample; (3) polarization after the sample. The
sample’s thickness is d = 150 pm.

enhances owing to the doping and exhibits narrow
peaks. The PL is induced by the intracenter transi-
tions. Evidently, the results differ from ZnIn,S,, since
a ceramic method of the preparation of the material
and different impurities were used; the spinel structure
also influences the effect.

Obviously, the Znln,S, single crystals exhibit a sub-
stantial effect of PL anisotropy. As was shown in [13],
one can shift the PL spectra or increase their intensity
using doping (with Ni, for example). Our technolgical
growth method allows one to grow crystals with the
alternation of three and one packet polytypes [2]. The
variation of the doping and technological parameters
also allows one to control the AS, and this is promising
for the potential practical application of this effect.
There are other possibilities to shift the PL spectra,
since a family of related compounds is known, such as
Zn,In,Ss, ZnsIn,Se, and ZnsIn,Sg [2, 14]. The strong
optical anisotropy owing to the corrugated hetero-
junction interface is a decisive factor for the develop-
ment of vertical lasers with polarization stabilized
radiation and other devices [15].

The spectra of the optical transmission 7" of a
ZnlIn,S,:Cu platelet crystal with the thickness d =
150 pm are shown in Fig. 5. Curve [ is a usual trans-
mission curve, which exhibits a sharp edge. The signal
starts to increase at 450 nm and reaches ~60% in the
wavelength range greater than 600 nm. For curve 2, the
transmission starts to increase at 700 nm and contin-
ues until 800 nm. Curve 3 starts to increase at 500 nm,
peaks near 625 nm, and slowly decreases until 800 nm.
According to the data obtained for the optical trans-
mission in natural light [2] for undoped samples, in the
wavelength range of 445—570 nm at room tempera-
ture, the absorption coefficient o exponentially
depends on the energy Av. The increase of the optical
transmission corresponds to this spectral range. It can
be seen from Fig. 5 that, owing to the anisotropy, the
polarization substantially influences the effect. One
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should take into account that doping with copper
slightly shifts the absorption spectrum into the long
wavelength region.

The results of the measurements of the conductiv-
ity along (oj¢) and perpendicular to the C axis and its
temperature dependence in a Znln,S, three-packet
polytype were published in [16]. A significant anisot-
ropy G/ ¢ = 107> at 300 K was found. At T'= 50 K,
this ratio amounted to 10~*. One of the probable inter-
pretations of the anisotropy was associated with the
defect composition; this was also confirmed by the
electron microscope studies. We can also agree with
this point of view.

In the case of ZnIn,S,, a pronounced anisotropy
appears owing to the strong covalent bonds of atoms
within the layers and the weak Van der Waals bonds
between the layers. The anisotropy of the electrical
properties in InSe with a similar layered crystalline
structure containing intercalated magnesium also
confirms this point of view [17].

Results of research related to the anisotropy of the
photoconductivity and PL in ZnlIn,S, single crystals
both undoped and activated with Cu have been pub-
lished recently [18]. It was shown that the polarization
changes the recombination mechanism of the carriers.

Note that ZnlIn,S, exhibits intensive photo-,
cathodo- and X-ray induced luminescence, which
were studied in detail for the case when the excitation
from one of the faces was performed [5, 11]. The
anisotropy of the optical transmission and photolumi-
nescence in this material was measured for the fist
time. On the basis of this compound, ZnO/In,0; mul-
tilayer structures were prepared, which consist of alter-
nating ultrathin ZnO (0001) and In,O; (111) layers
[19]. When the time and temperatures of the techno-
logical cycle were reduced, we have also obtained a
Zn0O/In,0;—7ZnlIn,S, composite [20]. Recently, the
PL has been studied in a similar CdGa,S, : Eu com-
pound. The activation energy, the depth of the traps,
and the lifetime of the excited states were determined.

CONCLUSIONS

Substantial anisotropy of the optical transmission
and PL in single ZnIn,S, platelet crystals undoped and
doped with copper was shown for the first time. The
found peculiarities of the spectra appear due to the
exponential increasing of the absorption coefficient
and the optical transitions involving donor and accep-
tor levels. The possibility was shown to shift the PL
spectra in a definite wavelength range and to change
their intensity by virtue of doping or variation of the
growth regimes, which allowed obtaining the alterna-
tion of three and one packet polytypes in the crystal.
These factors are promising for practical application.
Vol. 46
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Abstract—The questions of the intensification of technological process are considered at created plastic
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sibilities of reducing power expenses.
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The existing technology of the preparation of fiber-
glass plastic articles includes the curing of the formed
constructions in thermal chambers with convective
heating. When applying phenol-formaldehyde binders
to remove the volatile substances released during the
polycondensation, vacuum-suction systems are used,
and the required density of the materials is obtained at
the expense of the performance of curing under pres-
sure. The heat flow during the convective heating goes
from the external layers to the internal ones, which
hinders the removal of the volatile substances from the
internal layers and can lead to the deterioration of the
articles’ integrity. To exclude the appearance of the
thermal stresses and the provision of the fiberglass’s
plastic integrity, continuous modes of thermochemical
curing (TCC) are applied, which extend the cycle of
the construction’s production.

An urgent problem during the production of fiber-
glass plastic articles is the intensification of the tech-
nological process at the expense of a reduction of the
curing time with the improvement of the parameters of
the material’s quality provided by the existing technol-
ogy. One of the promising directions of the search for
effective technologies is the application of the energy
of accelerated particles. Radiation curing (RC) differs
from TCC by its high rate, simplicity of operation and
control, and the possibility to decrease the power con-
sumption.

The investigations were performed on samples of
fiberglass laminate based on silica fabric KT-11 and
bakelite varnish LBS-4. The radiation curing of plane
prepreg samples was carried out using an EIT-1.5
serial accelerator of electrons. The samples sequen-
tially placed on a transporter were delivered into the
zone of the accelerator output port and irradiated by a
parallel beam of electrons. The irradiation process’s
parameters were chosen taking into account the posi-
tive experience of the application of accelerated elec-
trons in the production technology of fiberglass plas-

tics based on thermoreactive binders of the polymer-
ization type [1, 2]. During the investigations, the
following modes of the RC were applied:

—the electron energy was, MeV 1.0
—the power of the radiation dose was, Mrad/s  2.33
—the absorbed dose was, Mrad 40; 60; 80
—the beam current was, mA 7

The preliminary formation of the fiberglass lami-
nate samples with the shape of rectangular plates with
a size of 200 x 200 x 3.5 mm was performed in a mold
under a pressure of 0.5—1.5 MPa. The formed blanks
were thermostated at a temperature of 353 + 2 K for
0.5 h. After the rising of the temperature, the pressure
was increases up to 0.8—1.0 MPa. Part of the samples
was subjected to the following thermal treatment
(FTT) for 1—1.5 H at temperatures of 373 and 393 K
with the aim to combine the methods of TCC in ovens
with additional radiation polymerization [3]. Blanks
were cooled to room temperature with free cooling of
the oven. To estimate the adhesion strength between
the layers of the fiberglass laminate, samples were pre-
pared to determine the shear interlayer deformation.
They were superposed “overlapping” strips of prepreg
with sizes of 120 x 20 mm with 25 mm overlaping (the
thickness of the covering was 0.5 mm). The irradiation
time of the samples with 3.5 mm thickness was 108 s,
and the samples with 0.5 mm thickness were held in
the radiation zone for 60 s. For comparative tests, con-
trol samples were prepared whose TCC was performed
using a mode including the temperature being
increased up to 335 K during 5 h, the smooth transi-
tion of the temperatures from 353 to 433 K during 4 h,
exposure at 433 K for 1 h, and the following free cool-
ing in the oven.

During the investigations, the tensile strength, the
polycondesation degree, and the characteristics of the
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fiberglass plastic’s thermostability during the heating
were determined. The breaking strengths characteriz-
ing the binder’s curing completeness were defined by
the method of extraction of the soluble fraction, and
the thermal processes occurring during the fiberglass
plastic’s heating were studied using the derivato-
graphic method.

The results of the strength tests showed that the
decrease of the radiation dose RC to 40 Mrad leads to
a decrease of the breaking strength, and the FTT pro-
motes the increase of the breaking loads in comparison
with the RC at the dose of 80 Mrad. The preliminary
thermal treatment of the prepreg at a temperature of
393 K for 1.5 h increases the strength of the radiation
cured fiberglass plastic providing breaking load values
close to the values of the breaking strength of the sam-
ples prepared by the method of TCC. FTT leads to the
partial curing of the binder, whose polycondesation
degree is determined by the thermal-time mode, and
the following radiation by the flow of accelerated elec-
trons promotes almost complete curing. In the sam-
ples prepared with the application of the combined
curing (FTT + RC), the polycondensation degree in
the fiberglass plastic was 97.2—98.5%. The data of the
derivatographic analysis showed that the value of the
thermal stability of the fiberglass laminate samples
prepared both with the application of the FTT + RC
and thermally cured are approximately the same.

As a result of the experimental investigations, it was
established that the combined thermoradiation curing
by the scheme of FTT + RC decreases the duration of
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the process by approximately 4 times while providing
the retention of the strength characteristics, the ther-
mal stability, and the degree of curing of the fiberglass
plastic.

The performed investigations allow one to suggest
a preparation technology of thin-walled fiberglass
plastic constructions formed by the method of winding
including FTT wound to the required thickness of the
article with the following additional radiation curing
of the rotating construction by a flow of accelerated
electrons. To increase the efficiency of the curing pro-
cess in the scheme of the thermoradiation curing, the
replacement of the FTT operation in the ovens is wor-
thy of layer-by-layer sequential curing by infrared
heating. The realization of the suggested technology
will promote a significant decrease of the preparation
cycle of articles made from fiberglass plastics based on
phenol-formaldehyde binders.
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B.R. Lazarenko in the laboratory: a scene from the movie of 1950. Device for removing broken instruments from the shells of
Katyusha projectiles (the early 1940s). Author’s certificate of invention of the method of machining metals and other conducting
materials no. 700010 dated April 3, 1943, issued to N.I. Lazarenko and B.R. Lazarenko.

Fate brought me to Boris Romanovich Lazarenko on
March 5, 1949, at Moscow State Aviation Technology
Institute (MATI) at the scientific and technical con-
ference of students dedicated to the XI Congress of the
All-Union Leninist Young Communist League at the
section of electrospark machining, which was headed
by State Prize laureate, associate professor, Candidate
of Engineering B.R. Lazarenko. Reports at the section
were made by diploma students S.P. Milyutin,
EG. Zaremba, A.A. Tabachnikova, and G.Ya. Bern-
shtein.

I had to study at the institute one more year, i.e., to
prepare and defend my graduation paper, the theme of
which had not been chosen yet. Therefore, this con-
ference occurred at a good hour for me.

The Laboratory of Electrospark Machining of
Materials at the MATI was organized in the late 1940s
on the initiative of Boris Romanovich. It was equipped

I'This is a continuation; see the beginning in Surf. Eng. Appl.
Electrochem., 2010, nos. 1-5.

with electrospark installations for various purposes
(for cutting metals, broaching, circular grinding, etc.),
which were designed mostly on the basis of metal-cut-
ting machines (Fig. 1). In those years, the director of
the MATI was Mikhail Andreevich Popov, who
actively supported new methods of material machin-

ing and created all the conditions for their develop-
2

ment.

The training of the first specialists in the domain of
electrospark machining of materials began at that
time.

Figure 2 depicts B.R. Lazarenko among the gradu-
ates of the MATI in the Laboratory of electrospark
machining of materials.

In April 1963, Dmitrii Zakharovich Mityashkin,
who is standing next to Boris Romanovich in the

2 After his transfer to Bauman State Technical University, the
director was A.N. Zhuravlev; the chairman of the Scientific and
Technical Society of the students was Doctor of Engineering
and Professor Aleksandr Ivanovich Kashirin.
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photo, was awarded the Lenin Prize for the develop-

ment of new methods of electrochemical production
3

of components of aviation engines.

Tat’yana Ivanovna Makeeva became an active
researcher of the Central Research Laboratory for
Electrical Machining of Materials (TSNIL-Elektrom);
Aleksandr Mikhailovich Belov became the head of the
electrospark laboratory of the MATI, which in those
years was situated at the corner of Petrovka and the

Boulevard Ring (nos. 14—16).4 Next to him, we can
see MATI’s graduate Boris Nikolaevich Lyamin, who
later, after the transfer of the TsSNIL-Elektrom to the
Ministry of the Machine Building and Toolmaking
Industry of the Soviet Union (Minstankoprom), was
appointed its director.

On March 5, 1949 (when I was a five-year student
of the MATI (group TM-5-25), 1 took an interest in
the section of electrospark machining at the confer-
ence of students and reports of graduate students. I lis-
tened to the report of B.R. Lazarenko, who summa-
rized the work of the section, with great attention. The
eloquent speech of Boris Romanovich left a lasting
impression, and I felt an irresistible desire to partake in
the mysteries of this advanced process of material
machining, which, according to Boris Romanovich,
will govern the near future. This revolutionary process
was breaking all the notions of the machinability of
materials, and its prospects seemed to be truly infinite.
I inexorably decided to devote my forthcoming gradu-
ate work and life to this wonderful process.

After awhile, I met Boris Romanovich, and my
problem of choosing the theme was solved. He pro-
posed to study the electrospark grinding of hard-to-
machine cast magnetic alloys, such as Alnico and
Magnico, and agreed to be my supervisor. As a matter
of fact, this meeting with Boris Romanovich Lazarenko
determined the rest of my life.

The theme of my graduation project was to study
the electrospark grinding of cast magnets of YuNDK-
type alloys. We intended to carry out experimental

31 met him at that time in the Kremlin at the ceremony of the
presentation of Lenin Prize diplomas.

41In the mid-1940s, senior students were actively involved in the
repair of this building. Our group mounted scaffolds for the
repair of the front face.
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Fig. 1. In the laboratory of electrospark machining of materials of the MATI, 1948.

works in the MATTI’s electrospark laboratory using a
redesigned circular grinding machine (see Fig. 1,
photo at the right). However, an unexpected event
took place. Boris Romanovich, having no support
from the new leadership of the institute (A.N. Zhurav-
lev) with respect to the organization of training of
highly skilled experts with a specialization in the elec-
trospark machining of materials in the aircraft indus-
try (which should be specified in the diploma), was
forced to cease the cooperation with the MATI, and
the electrospark laboratory was, properly speaking,
closed down. The theme of my graduation project
became open to question because Boris Romanovich
could not officially be my supervisor any longer. The
Dean’s board suggested that I should choose another
theme; I flatly refused. A way out was found by the
head of the Department of Electrical Engineering
Professor Sergei Aleksandrovich Sinitsyn, who
became a formal supervisor of my graduation project;
Boris Romanovich kindly invited me to carry out the
necessary experimental works in one of the laborato-
ries of the TsNIL-Elektrom and became the real
supervisor of my diploma.

The TsNIL-Elektrom was organized on June 16,
1948, according to the USSR Government decree
signed by LV. Stalin, and B.R. Lazarenko was

Fig. 2. In the laboratory of electrospark machining of
materials of the MATI. From left to right: T.I. Makeeva,
D.Z. Mityashkin, B.R. Lazarenko, A.M. Belov, and
B.N. Lyamin, 1948.
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Fig. 3. Electrospark circular grinding of magnetic alloys.

appointed its head. At first, it was a part of Research
Institute 627 (NI1I-627) of the Ministry of the Electro-

technical Industry of the Soviet Union.

Therefore, 1 studied the new method of electro-
spark machining of metals and electrospark grinding
of cast magnetic alloys in one of the laboratories of the
TsNIL-Elektrom (Fig. 3).

Here it is pertinent to slightly excurse and to explain
the reasons for my entrance into the MATI. I believe in
my destiny. I was destined to commit myself to the elec-
trospark machining of materials.

In 1942, when we lived in the Trans-Baikal region
(6500 km from Moscow, between Shilka and Nerchinsk)
and I was an eight-form pupil of the Kholbon secondary
school, it was announced that the pupils who successfully
completed first-level education would be admitted to the
Krasnodar Military Aviation School. At that time I, like
many boys, cherished the dream of becoming a pilot!

However, when I was preparing the documents, an
unexpected obstacle occurred: a medical certificate
stated that I am physically healthy but suffer from myo-
pia. This broke all my dreams.

Only in 1943, when I was finishing the ninth form of
the Saltykovka secondary school in Moscow oblast, some
institutes in Moscow announced the admission of ninth-
Jorm pupils to preparatory courses. The MATI was
among these institutes. Together with Pavel Snegirev, we
decided to take this opportunity and entered into these
courses. After we finished them, we enrolled in the
MATT’s Faculty of Technology of Metal Machining in
Aircraft Engineering in the fall of 1944. So, I became
related to aviation.

Meanwhile, on April 3, 1943, N.I. and B.R. Laza-
renko filed application for invention no. 8959/321923
to the People’s Commissariat of the Aviation Industry
ofthe Soviet Union. On May 31, 1947, the State Com-

>In 1953, the TsNIL-Elektrom was separated into an indepen-
dent organization; in 1955, it was transferred to the system of the
USSR Academy of Sciences.
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mittee of the Soviet Union for the implementation of
advanced technology in the national economy regis-
tered inventor’s certificate no. 70010 for the method
of machining metals, alloys, and other conducting
materials using spark electric discharges into the State
Register of Inventions of the Soviet Union with the
priority dated April 3, 1943. The front page of the cer-
tificate is shown in the photograph at the head of this
work.

APPEARANCE OF NEW METHODS
OF THE ELECTROSPARK PRODUCTION
OF HIGH-PRECISION PIECES

It is symbolic that, according to the Resolution of
the State Defense Committee of the Soviet Union
dated July 4, 1943, with the view to providing new
developments and large-scale production of radars
with modern high-quality vacuum-tube devices, the
Electrovacuum Institute (NI1I-160) with a pilot-pro-
duction plant was organized on the territory of plant
no. 747 of the People’s Commissariat of the Electrical
Industry (the former factory Radiolampa in the village
of Fryazino).

Within 60 years, it developed microwave electron-
ics as the advanced domain of domestic electronics
intended to meet the challenges of national security
with respect to the design of radioelectronic weapons
for various applications.

Among other things, specialists of the NII-160
developed the theoretical foundations of precision
electrospark machining; new methods of electrospark
producing of high-precision pieces, which were
awarded the Lenin Prize in 1963; and the world’s first
electrospark installations for producing pieces using
an electrode wire with a diameter of 10 pm to 0.2 mm,
including electrospark machining systems with a
microcomputer-based NC control. More than
100 models were designed; more than 3000 units of
equipment were produced.

The development of new methods of the electro-
spark production of high-precision pieces is associated
with the names of Mstislav Mikhailovich Fedorov,
who was the director of the NII-160 from 1953 to
1961, and B.R. Lazarenko, who was the head of the
group of postgraduates of the institute (B.I. Stavitskii,
V.L. Kravchenko, E.V. Kholodnov, K.K. Gularyan,
and I.I. Sazhin).

Through the efforts of M.M. Fedorov and
B.R. Lazarenko (Fig. 4), the middle of 1960—1965 is
the stage of formation and effective development of
the latest electrospark technologies, which was unfor-
tunately accompanied by constant opposition from
malevolent forces.

After I entered the postgraduate courses of the
Fryazino NII-160, I had my second meeting with
M .M. Fedorov, who was the director of the NII-160 at
Vol. 46
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Fig. 4. B.R. Lazarenko and M.M. Fedorov.

that time (together with the supervisor B.R. Laza-

6
renko).

He became interested in the theme of the thesis and
the first results of studying the possibility of using the
electrospark method in the manufacture of microwave
vacuum-tube devices (klystrons, backward-wave tubes
(BWTs), and millimeter-wave magnetrons, as well as
special receiving amplifier tubes).

Believing in the inexhaustible possibilities of this
method, Mstislav Mikhailovich made every endeavor:
he organized a laboratory of electrospark machining of
materials, allotted more than 500 m? for it in the new
main building of the institute, equipped it with the
facilities necessary for research scientific works, and
assigned technicians and engineers to the laboratory.

This decision was timely and coincided with the
appearance of the problem of manufacturing high-
precision components of microwave devices in the
early 1950s.

In early October 1959, director of the institute
M.M. Fedorov represented the achievements of the
laboratory in the development of electrospark tech-
nologies for the high-precision production of compo-
nents of vacuum-tube devices to Deputy Minister of
the Radioelectronics Industry of the Soviet Union
Aleksandr Ivanovich Shokin. Shokin, who had been
listening to our reports very thoughtfully, took an
active interest in the new possibilities of the process,
praised the results, recommended extending them to
enterprises of the industry, and wished every success in
this domain.

Since the inception of the laboratory, which was
transformed into the Department of electrospark
machining of materials, Mstislav Mikhailovich paid

® The first meeting with M.M. Fedorov (at that time, he was the
head of the Fifth General Board of the Ministry of the Commu-
nication Industry of the Soviet Union) took place in 1950. 1
turned to him with a request for his consent to my transfering to
the electrospark laboratory that was under formation at the
Sergo Ordzhonikidze plant in order to continue working in the
domain of electrospark grinding of magnetic alloys.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

much attention to the development of this new direc-
tion, believing in its inexhaustible possibilities in the
improvement of the technological process for the
manufacture of vacuum-tube devices. It was impor-
tant that the pilot-production division produced
major components of devices under development
(klystron grids, slow-wave structures of centimeter
and millimeter BWTs, various cathodes of refractory
and rare-earth materials, magnets, etc.) for the scien-
tific departments of the institute. This made it possible
not only to promptly improve their production tech-
nology but also to design new electrospark equipment;
it was without equal in the country and even in the
world.

The close relationship with the designers of major
microwave tubes, on the one hand, stimulated the
development of electrospark technologies and, on the
other hand, it opened boundless possibilities for
designing crucially new devices and improving the
ones designed earlier. In the decades prior to the early
1990s, the department actively worked, being at the
forefront in the domain of high-precision electrospark
machining of materials.

As early as 1953, there were attempts to use the
electrospark method to produce components of vac-
uum-tube devices and process tools in some depart-
ments of the institute and in the tool shop of the pilot-
production plant.

ORIGINATION OF THE ELECTROSPARK
PROCESS OF CUTTING USING A WIRE
WITH A DIAMETER OF 20—40 pm

In early 1954, in the N1I-160, for the first time in the
world, the electrospark method (using a slowly rewind-
ing tungsten wire with a diameter of 0.02—0.04 mm) was
applied to cut narrow grooves with a width of 50—60 um
in the end faces of tool electrodes for simultaneous
electrospark “broaching” of 95 to 200 square meshes
(0.25 x 0.25 mm) with connecting strips between them
(30 um) directly in copper diaphragms of klystrons of
radio-relay communication lines (Fig. 5).
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Fig. 5. Electrode with a diameter of 7 mm with 26 grooves
with a width of 50 um cut in its end face to a depth of
2.5 mm.

Fig. 7. Grid with a diameter of 7 mm having 152 square
meshes with a size of 0.45 x 0.45 mm and connecting strips
between them of <30 um prepared in the diaphragm of a
klystron.

Using a VA-3 tungsten wire with a diameter of
30 um, we can cut grooves with a width of 45—60 pum;
a wire with a diameter of 40 um cuts grooves with a
width of 55—70 mm. Wider grooves were cut in two
passes with the displacement of the wire by a respective
distance.

For this purpose, an experimental electrospark
installation for producing pieces using an electrode
wire with a diameter of 20—40 pm was designed for the
first time in the world (Fig. 6).

Using this electrode, a grid with 152 square meshes
with a size of 0.45 x 0.45 mm with connecting strips
between them of up to 30 um was “broached” in a
copper klystron diaphragm by the electrospark
method (Fig. 7).

Wicker grids of a tungsten wire were replaced with
one-piece copper ones; the width of the connecting
strips in them is equal to the wire diameter (to preserve
the transparency of the grids for electrons) and the
height is five- to tenfold. Owning to the increase in the
cross section of the connecting strips due to the
increase in their height, the higher heat conduction of
copper than that of tungsten (approximately twofold),

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46
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Fig. 6. The world’s first electrospark installation with an
electrode wire with a diameter of 20—40 pm.

Fig. 8. Klystron diaphragm with a grid made directly in the
diaphragm by the electrospark method and a schematic
representation of a grid with high connecting strips (at the
bottom): (/) a fragment of the diaphragm and (2) connect-
ing strips of the grid.

and the production of grids directly in copper dia-
phragms, the heat removal from the grids is tens times
as much (Fig. 8). In turn, this inevitably leads to a sig-
nificant increase in the lifetime of the devices.

One female worker produced up to 6000 grids per
month and at least a hundred copper electrodes for
producing grids. Brass LS-59, which usually was
widely used as electrodes for electrospark machining,
was not suitable for manufacturing components of
vacuum-tube devices.

The requirements for grids of reflex klystrons are
extremely severe: the allowable spread of the width of
the connecting strips must not be higher than its one-
tenth (i.e., it must not exceed 0.002 mm)! The spacing
of the connecting strips must not have a deviation of
more than 0.005 mm, and the roughness of the
machined surface of the connecting-strip walls must
be <0.4 pm.

The electrospark production of one-piece grids
became possible owning to the use of special tool elec-
trodes that provided simultaneous broaching of all the
grid meshes. They were copper rods with a respective
profile; grooves were cut in their end faces to a depth
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of 2—2.5 mm (for grids with a thickness of a few tenths
of a millimeter); the groove width depended on the
size of the connecting strips of the grid, and the spac-
ing was equal to that of the connecting strips (usually
02—0.5 mm). The preparation of these tool electrodes
with narrow grooves in the end faces with a width of
0.04—0.05 mm, an error not exceeding 0.002 mm, and
a depth of no less than 2—3 mm was a certain technical
problem.

Earlier, there was no method for producing these
grids with a hundred square meshes (with a size of no
more than a few tenths of a millimeter with connecting
strips between them of 0.02—0.03 mm) in materials
with a thickness of no less than 0.1—0.15 mm. The
author joined the work on this problem, because he
thought that a possible way to solve it was the applica-
tion of the simultaneous electrospark broaching of all
100 to 150 meshes with a size of 0.22 x 0.22 mm using
a tool electrode that had grooves with a width of 0.04—
0.05 mm cut in its end face to a depth of no less than
1.5—2 mm in two mutually perpendicular directions.
For this purpose, we prepared the necessary equip-
ment (based on MBI biological microscopes) and a
tool electrode composed of plates of an FeNi42 alloy
(Fe—Ni) with a thickness of 20—30 um and copper gas-
kets between them whose thickness was less than the grid
mesh by a double value of the interelectrode gap.

Using this electrode, we intended to solve the prob-
lem of cutting grooves with a width of 0.04—0.05 mm
in the electrode end face. However, the FeNi42 alloy
exhibits an extremely high electric resistance (almost
40-fold that of copper). Employing one hybrid elec-
trode, using two of its sides, it was possible to prepare
only one tool electrode for producing grids due to the
severe wear of the plates; grooves were cut to a depth of
no more than 0.5 mm. Attempts to use plates made of
other materials did not give significantly better results.

In November 1953, the first experimental electro-
spark installation EPS-2 based on a BMI-1 biological
microscope was constructed; it was designed for the
production of klystron grids directly in copper dia-
phragms with the simultaneous electrospark broach-
ing of tens to over hundreds of square meshes with
connecting strips of 20—30 um (Fig. 9).

Figure 10 shows a microscope image of a grid with
a diameter of 3 mm in a 0.1-mm-thick copper plate
from the first samples. Figure 11 depicts samples of
grids produced in a copper plate with a thickness of
0.15 mm. A copper tool electrode (prepared by the
electrospark method using a hybrid foil electrode) was
moved to a depth of 0.14 mm. The production time of

7
a grid was 2.5 min.

7 These photographs are published for the first time.

Fig. 9. First EPS-2 electrospark installation with a power
supply for producing klystron grids.

Fig. 10. Grid with a diameter of 3 mm with square meshes
“broached” in a 0.1-mm-thick copper plate (from the first
samples in a medium of kerosene and without purification
from products of erosion).

Fig. 11. Samples of grids with a diameter of 5 mm made in
a copper plate with a thickness of 0.15 mm.
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Fig. 12. First experimental installation for producing M-type millimeter-wave device anode blocks (to the left) and an EKU-1

electrospark installation with RC oscillators (to the right).

THE USE OF NEW ELECTROSPARK
METHODS FOR PRODUCING
MAGNETRONS AND AMPLITRONS

The development of precision -electrospark
machining of metals was also stimulated by the inten-
sive growth in the production of magnetrons. For the
first time, the method was used for producing millime-
ter-wave magnetron anode blocks (of the vane or “ris-
ing sun” types) in the mid-1950s.

The method of copying the profile of a tool elec-
trode and cutting a resonator using a wire with a diam-
eter of 0.03—0.04 mm was applied. In this case, the
largest resonator diameter was 5—20 mm, the height
was 2—5 mm, and the lamella width was 0.1—0.5 mm.
The number of resonators was 10 to 80. The time of the
production of these anode blocks using a tool elec-
trode and employing an experimental installation with
no software control was 2—6 h with the roughness of
the machined surface R, < 0.5—1.2 um. At first, the
interelectrode medium was lamp kerosene.

In order to solve the emerged problem of producing
anode blocks of microwave tubes of the M-type, an
EKU-1 electrospark coordinate installation was con-
structed on the basis of a large BMI toolmaker’s
microscope in 1954.

Figure 12 shows the first experimental installation
for the production of M-type millimeter-wave device

Fig. 13. Fragment of a 4-mm-thick block with ten resona-
tors (D = 6.7 mm and d = 5.4 mm; lamellae: a width of
0.4 mm and a length of 0.82 mm).

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

anode blocks and an EKU-1 electrospark installation
with RC oscillators, which was designed somewhat
later.

These installations were prepared in the mid-1950s
on the basis of a BMI-1 microscope (using a micro-
scope base with a measuring revolving table and a sup-
port, as well as a stack of second-class gage blocks). A
workpiece of a block was placed in a frame that is
installed on an arm fixed on the revolving table of the
microscope and providing the turning of the table with
an accuracy of £3”. The micron-accurate displace-
ment of the coordinate table was performed using
micrometer screws.

Figure 13 shows a fragment of a 4-mm-thick milli-
meter-wave magnetron anode block with ten resona-
tors prepared using one of these installations.

The first 20-resonator anode block was prepared on
February 9, 1956, using a VA-3 tungsten wire with a
diameter of 30 um (Fig. 14a).

Soon after, in 1960, the Ministry of the Electronics
Industry of the Soviet Union was constituted, and
A.I. Shokin was appointed the Minister.

On December 1, 1960, the Laboratory of Electro-
spark Machining of Materials of the NII-160 was
transformed into a department consisting of laborato-
ries of the technology (E.V. Kholodnov), power supply
equipment (V.L. Kravchenko), and automation
(K.K. Gularyan); a design bureau (D.K. Dmitrov);
and electrospark and mechanical pilot-production
divisions (Yu.A. Shevelev).

Therefore, the department of electrospark machin-
ing of materials moved to a new production area of the
main building; in accordance with the order of the
Minister of the Electronics Industry of the Soviet
Union, it became the parent enterprise in the domain
of electrospark machining of materials.

Anode blocks are the most time-consuming and
critical components of modern magnetrons and
amplitrons. They are made mainly of oxygen-free
copper. Sometimes, their lamellae are reinforced with
Vol. 46
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Fig. 14. Examples of small-sized magnetron anode blocks: with (a) 20 and (b) 12 resonators.

refractory metals (tungsten or molybdenum). The
sizes of the anode blocks are listed in the table.

The sizes of the anode blocks of magnetrons and amplitrons

Outer diameter D, mm 20—-120
Height H, mm 20—135
Inner diameter d, mm 3-35
Number of resonators, pieces 10—80
Resonator diameter D;, mm 20—-80
Resonator lamella height, mm 2—115

For the production of large-sized anodes, special
installations were designed: A207.19 with an RC oscil-
lator (Fig. 15), A207.27 (Fig. 16), and A207.33
(Fig. 17) with embedded thyratron pulse generators,
which provided for machining materials in water.

The technological process of manufacturing pieces
(see Fig. 14) can be carried out using two copper wires
with a diameter of 0.1—0.2 mm, which are guided by
hard-alloy inserts fixed on a bracket 6 (Fig. 15).

A wire is rewound from coils / to coil 2. Each wire
is stretched independently using respective gears. The
value of the stretching is usually chosen to be 0.6—0.8
of the maximum breaking tension of the wire.

A workpiece of an anode block is placed on revolv-
ing table 3 and can be revolved using servomotor 4.

The wire winding speed is varied from 0.12 to
1.5 m/min. It is significantly lower, at least by an order
of magnitude, than that of foreign electrospark cutting
machines that appeared in the mid-1960s.

An important feature of the method was that the
implementation of this amazing technology did not
require the preparation oyed a thinnest wire whose
diameter was smaller than the thickness of the hair of
a blonde person. In addition, all these process opera-
tions were performed by women.

Unfortunately, these processes were carried out in a
medium of lamp kerosene and required the adherence
to certain conditions of fire safety and gas removal
from the working zone as well as storage and transpor-
tation of the manufactured products to the cleaning
department in closed vessels with pure kerosene.

Fig. 15. A207.19 electrospark machine for producing
M-type device anode blocks using two wires with an
embedded thyratron pulse generator.

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

Fig. 16. A207.27 electrospark machine for producing
M-type device anode blocks using two wires with an
embedded thyratron pulse generator.
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Fig.17. A207.33 installation with an embedded thyratron
pulse generator.

To reveal the possibility of replacing kerosene,
which was used for the electrospark machining of
components of vacuum-tube devices, with other inter-
electrode media containing a less amount of hydrocar-
bons, rods of molded tungsten VT-15 were cut using a
VA-3 electrode wire with a diameter of 0.03 mm.

The rate of cutting rods of molded tungsten VT-15
with a diameter of 4.67 mm (S = 17 mm?) using a VA-3
electrode wire with a diameter of 0.03 mm at a wire
winding speed of 14 mm/s and a distance between the
current-carrying rollers of 17 mm (at Uy =110V, U, =
90V, and Iy = 0.45 A) versus the content of ethanol in
water is shown in Fig. 18.

The graphs show that an increase in the content of
ethanol in the water up to 10% leads to a 2.36-fold
increase in the cutting rate; from 10 to 35%, by a factor
of 1.26 more; and, at a content of ethanol in the water
of 40%, the cutting rate is maximal; it is 3 times as
much as that in water. However, as the content of eth-
anol in the water increases from 40 to 100%, the cut-
ting rate decreases by a factor of 2.5; it exceeds the rate
of cutting in water only by 21%.

Although the first anode blocks prepared by the
electrospark method were small-sized, the possibility of
their production marked a new era in the manufacture
of components of electronic devices.

It was clear that it was necessary to concentrate the
available resources in one place without dissipating
them over several departments of the institute. More
than 20 engineers and technicians were transferred to
the laboratory along with workers for the newly cre-
ated pilot production division. We can mention among
them K.K. Gularyan, V.L. Kravchenko, I.I. Sazhin,
and Yu.A. Shevelev.

M.M. Fedorov organized the exposing of the
advances of the NII-160 in the development of new
methods for high-precision electrospark producing of
components of magnetrons and amplitrons for
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Fig. 18. Cutting rods of molded tungsten VT-15 with a
diameter of 4.67 mm (17 mmz) using a VA-3 wire with a
diameter of 0.03 mm in water with ethanol.

ground-based radar stations and airborne and ship-
borne air defense missile systems to chairman of the
Military Industrial Complex D.E Ustinov. He was
shown original samples of components and process
tools as well as souvenirs demonstrating the possibili-
ties of the new methods and their advantages over tra-
ditional techniques of machining of materials.

In the early 1960s, the members of the Laboratory
of Power Supply Equipment of Department 62 of the
NII-160, which was headed by V.L. Kravchenko,
designed experimental thyratron generators with pulse
transformers on the basis of thyratrons developed in
the NII-160. They made it possible to perform elec-
trospark machining in ordinary water from a public
water supply without its purification and deionization.
In addition, the electrospark process was carried out
not only with water delivery to the working zone but
also with the full immersion of the workpieces into the
bath without electrochemical processes in the working
zone. Moreover, it was possible not only to produce
pieces using an electrode wire but also to successfully
carry out broaching operations.

Figure 19 depicts the circuit schematic of a thyra-
tron pulse generator with a pulse transformer.

A condenser C is charged by a high-voltage power
supply PS through a throttle Thr. After that, a trigger
pulse is fed to a thyratron grid Thyr from a trigger pulse
generator PG. The thyratron is triggered, and the con-
denser C is discharged to the primary winding of a
pulse transformer Pfr. A voltage pulse induced in the
secondary winding excites a spark discharge between a
tool electrode TFE and a workpiece WP. A signal from
the spark gap is fed to the input of a servo amplifier S4;
the voltage is fed from its output to the electric motor
EM of the tool electrode actuator.

Figure 20 shows an experimental installation for
producing pieces via copying the profile of the tool
electrode with a pulse transformer embedded into a
2010
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Fig. 19. Circuit schematic of a thyratron pulse generator with a pulse transformer.

Fig. 20. (a) Thyratron generator and (b) experimental instal-
lation for producing pieces via copying the profile of the tool
electrode with a pulse transformer embedded into a bath.

Fig. 21. A207.05 two-position installation (c) with one of
the heads connected to the ends of the pulse transformer
embedded into the generator (a).

Bracket
Wire
Electrode wire .
}Vorkplece %5 Workpiece
o D i

Roller

Roller Wire

Fig. 22. Group of A207.33 installations with an embedded thyratron pulse generator and replaceable facilities for producing
anode blocks, cathodes, and other components of electronic devices.

bath (b). Another pulse transformer is built into the
generator frame (a). The ends of its secondary winding
are at the top of the generator frame to the right.

Figure 21 depicts an A207.05 two-position installa-
tion (c) for producing klystron grids; one of the heads
is connected to the ends of a pulse transformer embed-
ded into the generator (a).

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

A group of A207.33 installations with an embedded
thyratron pulse generator is shown in Fig. 22.

A207.33 installations are equipped with a device for
producing anode blocks and solids of revolution (e.g.,
cathodes) by turning using an electrode wire
(Figs. 22—23).
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Fig. 23. Replaceable facilities for A207.33: for positioning workpieces during turning (to the left) and for guiding the electrode

wire (to the right).

Fig. 24. Salyut amplitron anode block. Lamellae: a width
of 4 mm and a height of 12 mm. D = 62 mm and d =
14 mm. The accuracy of manufacturing the components is
0.01 mm. The wastes are shown on the right-hand side.

Large-sized anode blocks of magnetrons and
amplitrons that were produced using two wires are
shown in Figs. 24—26.

The photo of a Salyut anode block with wastes of
removed material lying next to it is convincing evi-
dence of the fact that, in the generation of the geome-
try using an electrode wire, an insignificant part of the
metal is removed in the form of “cuttings,” which,
immediately melting, are discharged from the inter-
electrode space in the form of micron-sized beads.

Only seven resonators are cut in the nine-resonator
amplitron block (an analog to the Salyut block) that is
depicted in Fig. 25. The photo shows parallel grooves
with a width of 0.12 mm, which were cut using two
wires. After the sequential cutting of nine pairs of par-
allel grooves using two wires (the formation of nine
lamellae), one of the wires breaks. After that, nine res-
onators are sequentially cut using one wire due to
turning the table with the removal of wastes.

The use of two wires for cutting lamellac provides
their absolute identity, the highest precision of the width,
and the best quality of the machined surface in addition
to the extremely simple process of machining. The accu-

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

Fig. 25. Amplitron anode block: a height of 50 mm, D =
62 mm, and d = 14 mm. The lamellae are 4 mm. Seven res-
onators are cut.

racy of manufacturing the components is 0.01 mm, and
the angle’s accuracy is +6'; R, = 0.8—1.0 um.

Figure 26 shows the largest ten-resonator anode
block of the vane type. The lamella width is 4 mm, its
height is 82 mm, d = 24 mm, and D = 68 mm. The
angle’s accuracy is £6'; the machined surface’s rough-
ness R, = 0.8—1.0 um.

Figure 27 represents an Anakonda magnetron
anode block with ten resonators; its body is made of
MB copper with an insert of molybdenum. The inner
diameter of the resonators d = 6 mm, and the outer
diameter D = 10 mm; the lamella’s height is 10 mm,
and its width is 1.5 mm.

Figure 28 shows a Romashka original anode block
with 12 resonators in the form of chamomile petals.
The inner diameter is 0.5 mm, the maximum diameter
is 2.5 mm, and the outer diameter of the body is
20 mm.

Intricate-shaped open-work pieces of small-sized
components of M-type electronic devices for prefabri-
cated blocks with a diameter of 20 mm are depicted in
Fig. 29. These pieces were used to assemble anode
blocks of devices.

2010
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Fig. 26. Anode block. Lamellae: a width of 4 mm, a height
of 82 mm, d = 24 mm, and D = 68 mm.

Fig. 28. Romashka anode block with 12 resonators: d =
0.5mm, D=2.5mm, and 4 = 6 mm.

M’ Paill

Fig. 27. Anakonda anode block with an insert of molyb-
denum.

Fig. 29. Components of prefabricated blocks with D =
20 mm.

Fig. 30. Cathodes of lanthanum boride LaBg: (a) a diameter of 16 mm, the end face has a spherical recess to 4.5 mm, and
R =20 mm; (b) adiameter of 5 mm, 4= 2.5 mm, and R = 10 mm; and (c) a diameter of 3 mm, # = 1.5 mm, and R = 6 mm.

Figure 30, by way of illustration, shows photo-
graphs of cathodes of lanthanum boride.

Great difficulties arose in the manufacture of prod-
ucts with cathodes of such materials as lanthanum
boride (LaBg) and other rare-earth materials that are
hard-to-machine by traditional methods. The electro-
spark machining using a moving electrode wire and

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY  Vol. 46

special equipment proved to be the most efficient for
their production. The electrospark processes of the
generation of geometry using an electrode wire were
applied: the turning of cylindrical surfaces, the forma-
tion of concave spherical end faces using a wire guided
by a roller with an appropriate diameter, and the cut-
ting off of the prepared cathode from the work piece.
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