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The interference pictures discovered and described
in [1] resulting from electrical discharges hitting a
paper target (a future document of special significance)
required the development of new approaches to data
base formation.

In the creation process of the identification mark,
there should have been developed a new technology
sooner or later that would enable the protection of a
numerical code on a material carrier by means of a
practically unique matrix (a picture composed of elec-
trical discharge patches). The stochasticity of a gas dis-
charge [2] provides the possibility to create each time a
unique matrix, and it is this property of stochasticity
that permits the development of novel ways in the area
of material resources identification.

The unity of state documents circulation may be
attained with the help of universal principles providing
the protection of both a material paper carrier and the
electronic form of a document while transferring a sim-
ilar kind of information and with their being protected
by an electronic numerical signature.

A significant moment in the investigations was the
fact that the initially described experiment [1] was car-
ried out using a specific high frequency (200–300 Hz)
high voltage source with sharp edges. The experiment
was performed within the limited range of interelec-
trode gaps (5–10 mm).

There appeared the necessity to see whether or not
the intenferential pictures remain on the target with the
use of an ordinary high voltage transformer feeding
from an industrial power circuit of 50 Hz in the range
of interelectrode gaps of 15–20 mm. The pattern of the
experiment, the methodology of the experiment, and
the mathematical processing of the results were similar
to [1]. There was defined the center of the apertures dis-
tribution, the target was divided into a preset number of
rings around the determined center, and the apertures’
relative areas on a ring of preset radius were calculated.

As the targets, paper carriers were used, and some of
the charges rapidly found their individual way in the
interelectrode gap (Figs. 1 and 2).

Taking a picture of the process with an exposure of
several seconds confirms the uniqueness of the spark
discharge path.

The obtained set of electrodischarge patches needs
to be fixed and introduce into a data base. This should
be done in order to provide for the material resources
identification in the future [3]. The identification may
be performed in two stages: the first stage includes the
retrieval of a definite material resource in the data base
by means of a numerical code. This stage may be easily
automatized with the help of the stroke code. The sec-
ond stage, i.e., the identification itself, is a comparison
of the irreproducible (individual) matrix of an article
with an individual matrix kept in the data base. How is
such a data base formed? Firstly, it is necessary to cre-
ate a center of the individual identification marks,
which will provide such marks for all the enterprises
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Fig. 1.

 

 Discharge photos at an exposure of 5–10 seconds.
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marking the objects they produce. Such a center will
slightly differ from the certification center of private
keys by its methodology, and the very process of the
identification is somewhat identical to the checking of
the documents authenticity by means of their elec-
tronic-numerical signature. The process of identifica-
tion is considered accomplished at the coincidence of
the individual matrix on the article with the one kept in
the data base under this number. Later on, after carrying
out the system operation analysis on the basis of this
principle, the delivery of the identification equipment to
each enterprise will be possible. The report of an enter-
prise to the state will be different from today’s not only
by marking the article with a numerical code but with
the individual matrix to match each numerical code. A
system based on the individual matrices only without
the numerical codes is inexpedient because of the com-
plexity of the images identification. In the presence of
a numerical code on the mark, the search is carried out
by the numerical codes. Once it is discovered that, on
an article offered for sale, under the numerical code is
the wrong individual matrix, the tax inspectorate
should raise the alarm. Let us touch upon the creation
of such data bases. There are several of them. First, the
most simple is the well-known Cartesian approach
(Fig. 3), when each of the electrical discharge patches
(which vary both in their area and configuration) is
reduced to a dot by means of software. It is not much of
a difficulty to manage such an approach. However, it is
appropriate only for technology based on introduction
of a random (individual) set of dots into a material
object, and, hence, it may be applied only for hard
(electroconductive and dielectric) material resources.

It is of interest that the spectral approach and the
method of random electrodischarge patches have com-
mon informational roots. However, the depth and degree
of generalization of the spectral approach makes it more
significant in comparison with the Cartesian one.

It becomes clear that something that was conceived
as a dot by us after the Cartesian processing is compre-
hended as the top of a spectral peak from the viewpoint

of the spectral approach. Such an approach will easily
unite the information processing of not only electrodis-
charge [4] identification but will also allow one to cre-
ate a common data base using universal principles.

There is one more approach in the data base forma-
tion—it is a phase portrait. The term “phase portrait”
was introduced by Academicians L.I. Mandelshtam and
A.A. Andronov into science in the middle of the past
century. It was mainly used in electrodynamics in the
study of oscillation and wave processes. However, the
efficiency of the “phase approach” application in mate-
rial resources identification is obvious.

By connecting separate dots on a phase plane, we
obtain the phase trajectory. A system of closed phase
trajectories forms a phase portrait of a resource. In the
informational sense, the spectral and phase approaches
are equivalent. The phase approach in a certain way
resembles classical dactyloscopy, which is based on the
comparison of papillary (phases, as a matter of fact) tra-
jectories. If the Cartesian approach is based on a
numerical principle (a set of coordinates of random
dots), the spectral and, particularly, the phase ones are
based on the image comparison. The Cartesian
approach is very easy to automatize, while the spectral
and phase approaches rest on the complexity of a math-
ematical theory of images identification. The theory, as
a matter of fact, has been swiftly developing and the
hope remains that these approaches will be automatized
in the nearest future. Today, the two latter approaches
assume only an expert level of identification, which

 

Fig. 2.

 

 Discharge photos at an exposure of 5–10 seconds.
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Fig. 3.

 

 Cartesian, spectral, and phase approaches in the
data-base formation.
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requires a highly qualified expert to participate in mak-
ing the decision.

The subject of the elaboration of the data-base for-
mation principle is sufficiently profound and demands
writing a series of papers in the course of time.

Let us proceed to a discussion of the recently
obtained experimental data with gaps of 15 and 20 mm
(Figs. 4 and 5) and a high voltage transformer power
source fed by an industrial power circuit.

As was expected, the interference pictures appeared
under those conditions as well. The interference waves
are formed not by the power source but by a physical
phenomenon—the arc discharge (more precisely, by
the inseparable unity of a wave streamer and the dis-
charge itself). The interference pictures result from the
electric discharge stochasticity effect [4]. Returning to
the present experiment, we should note that the expla-
nation of the interference picture by gas discharge sto-

chasticity requires a more profound further examina-
tion of the physical process. It is necessary to create
new software that reveals all the details of stochasticity
manifestation.

The present paper is devoted to the technological
aspects and the possibility of the examined technology
application for material resources identification and to
the principles of the individual matrix data-base cre-
ation obtained by the electric discharge process. It will
be worthwhile to come back to the physical aspect of
the question in the future as new experimental data
becomes available.

A factor of no less importance is the target process-
ing durability, on which the economical and technolog-
ical aspects of the proposed technology depend. The
target processing time in all the experimental series [1]
was identical and equaled 60 seconds.
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Fig. 4.

 

 Interferential pictures at a 15 mm gap.
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 Interferential pictures at a 20 mm gap.



 

84

 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 45

 

      

 

No. 2

 

      

 

2009

 

SHKILEV, ADAMCHUK

 

In a new series of experiments, the duration of the
processing varied from 5 to 6 seconds and up to 2 min-
utes with a step of 15 seconds.

The comparative analysis confirms that the highest
degree of information protection can be attained even
for 5–6 seconds. Further processing of the target insig-
nificantly increases the number of patches on the target,
which results from the discharge hitting the previously
formed patches.

Electrodischarge patches change their exterior out-
lines and sizes after repeated hitting. No doubt, the indi-
viduality (Fig. 6) of each of the obtained electrodis-
charge patches may considerably enhance the informa-
tional uniqueness and reliability of the expert
identification.

The singled out light square in Fig. 6 at a large mag-
nification (Fig. 7) displays the individuality of the
patches and allows one to distinguish inside each of
them a more light site, which is a transparent channel,
where the electric discharge gets through. The rest of
the patch is formed due to the black dye evaporation.

It is evident that the repetition probability of the indi-
vidual matrix built on the basis of a set of electrodischarge
patches (admitting the similarity of the patch forms and
sizes) on the matrix is several orders lower than the one
based on the patches individuality registration.

Nevertheless, the probability, even in the first case,
is so insignificant that it will produce no effect on the
economic relations and, hence, allows for a reduction

of each electrodischarge patch to a dot, in accordance
with the known programs of figure center detection and
the Cartesian approach, thus providing complete
automatization of the identification free from experts
participation.

A more profound level of identification based on a
comparison of the electrodischarge patch forms
involves the application of a complex mathematical
theory of image distinguishing; therefore, its automati-
zation seems problematic at the first stage.

At present, this identification level is called the
expert one, and it is performed by hand, by way of com-
parison of the electrodischarge patch forms of the iden-
tification mark with the identical information in the
data base.
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Fig. 6.

 

 A typical collection of electrodischarge patches.

 

Fig. 7.

 

 The patches’ identity on a matrix. 



 

ISSN 1068-3755, Surface Engineering and Applied Electrochemistry, 2009, Vol. 45, No. 2, pp. 85–92. © Allerton Press, Inc., 2009.
Original Russian Text © S.I. Galanin, A.S. Galanina, I.V. Kalinnikov, 2009, published in Elektronnaya Obrabotka Materialov, 2009, No. 2, pp. 9–18.

 

85

 

INTRODUCTION

Under the conditions of much competition, heavy
demands are imposed on the quality of jewelry from
various gold alloys. The high reflectivity of their sur-
face is one of the performance criteria. The transition to
small-batch production and making unique articles
with their design becoming more and more compli-
cated is a tendency of modern manufacturing. Fashion-
able articles are often marked by complex-shaped and
textured surfaces, undercutting, fine design, articulated
moving elements, and thin projecting details.

The finishing of such complicated “design preten-
tious novelties” presents some difficulties. The techno-
logical finishing processes most extensively employed
at present are not possible for such articles (turbotum-
bling); don’t always ensure the required quality of the
surface, namely, its luster and a low microroughness
over the entire surface (vibrotumbling); or are too
costly and demand highly qualified workers (hand pol-
ishing). Old technological methods and processes that
haven’t found wide application for some reasons have
become needed. Electrochemical polishing (ECP),
which was used for the first time early in the 20th cen-
tury, is one of them [1].

ECP by direct currents is not widely used in jewelry
production for the reason that a high quality of the sur-
face is attained only in expensive and ecologically
harmful cyan electrolytes. ECP in noncyan electrolytes
is more promising in the context of the more rigid
demands for ecological safety. It turns out to be neces-
sary to use both unipolar [2] and bipolar [3] pulse cur-
rents instead of a direct current with the aim to improve
this process. Industrial application of such a complex
technological process inevitably has some peculiarities,
which are examined in this very article.

 

Some Features of the Process of ECP by Pulse Currents

 

The theory supposes that high quality ECP is
attained when the rates of the surface anode dissolution
and passivation are commensurable and high enough
[4] to provide the quick dissolution of the activated
microprojections of the treated surface as compared
with the passivated microhollows, resulting in the
microrelief smoothing. The investigation shows that the
polarization peak magnitudes connected with the anode
dissolution are not achieved immediately. The dynam-
ics of their evolution are different in the micro- and mil-
lisecond time ranges [5]. Thus, by varying the ampli-
tude and current pulse duration in this time range, it is
possible to form an anode potential ensuring a compro-
mise between the rates of dissolution and the passiva-
tion processes. 

The required state of the anode surface and the
“anode–electrolyte” interface is supported by the selec-
tion of the duration of the pause between the impulses
while taking into account the polarization drop dynam-
ics and the peculiarities of the phenomena at the bound-
ary surface attendant on the drop. For every “anode
material–electrolyte of a certain composition” pair, the
process development rates are different, the potential
optimum magnitudes for ECP differ too, and the pulse
current amplitude and time parameters of the current
pulses (ATPCP) (the amplitude density, the pulse dura-
tion, and the pauses between the pulses) ensuring the
highest rate of the surface microrelief smoothing [6]
differ respectively.
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Two regions (

 

CD

 

 and 

 

EF

 

) where there are possible
ECP stand out on the generalized anode polarization
curve (Fig. 1) characterizing (to a certain extend) the
processes occurring at the “anode–electrolyte” inter-
face. They correspond to the surface transition from the
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active state into the passive one and from the passive
state into the transpassive one, respectively. The rates of
the surface passivation and dissolution in these portions
are much the same. It is possible to maintain the anode
potential value in the required region of CD or EF
through selection of the electrolyte composition and
temperature, the hydrodynamic conditions in the near-
electrode area, and the ATPCP. The use of a pulse cur-
rent as compared with a direct one allows the follow-
ing:

—to widen the CD and EF regions and ensure more
modern technology due to sustaining the surface pol-
ishing at broader variation of the process conditions;

—to accomplish polishing in electrolytes with sim-
pler compositions without admixtures, making the pro-
cess less expensive and more straightforward;

—to carry out ECP with greater efficiency when the
rate of smoothing of the microirregularities of the sur-
face under treatment grows substantially; and

—to conduct ECP in relatively cold electrolytes
(20–40

 

°

 

C), thus decreasing the ecological burden on
the environment and the necessary power expenditures
and improving the conditions of the work.

 

Experimental Procedure

 

An aqueous solution of thiocarbamide 9% and sul-
furic acid 7% was the employed electrolyte. Plates from
titanium VT-3 were the cathodes. The treated surface
was examined with the help of MII-4 and METAM-
32LV microscopes, and the height of its microirregular-
ities 

 

R

 

Z

 

 and its reflectivity were measured [6–8]. The
specimens were weighed with the help of a chemical
balance with an accuracy of 

 

±

 

0.0001 g before and after
the treatment. The treatment efficiency 

 

λ

 

EF

 

 (

 

µ

 

m/g) was

determined as the dissolved microprojection height to
the dissolved metal layer mass 

 

∆

 

m

 

 ratio:

The value of 

 

λ

 

EF

 

 allows to one compare various
treatment processes: the quicker the decrease of the sur-
face microirregularity height with the smaller the
removal of metal, the more effective the process is. The
polishing efficiency was also determined taking into
account the change of reflectivity 

 

∆

 

OC:

The efficiency of the finishing of the ECP process by
current unipolar pulses under different conditions of
treatment was investigated in the first stage. The current
pulse duration was varied in the range of (0.1–5) 

 

×

 

 10

 

–3

 

 s
at a pulse ratio from 1 to 8. The current density changed
from 0.25 to 5 A/cm

 

2

 

. The specimens were jewelry and
molded plates of

 

 

 

ZeelEserEm 58.5-8 alloy with sizes of
5 

 

×

 

 10 

 

×

 

 0.2 mm that had undergone machining. The
investigation was carried out at room temperature (20

 

°

 

C)
and in heated electrolytes (60

 

°

 

C) with agitation and
without it.

The ECP efficiency depending on the initial surface
roughness was determined in the second stage. Parallel-
epipeds with flat sides and with three complex shaped
casts on one of the sides were the specimens (Fig. 2).
The specimen surface was subjected to different pre-
process operations:

(1) a through mechanical method with a hand tool; the
initial surface microroughness was 

 

R

 

Z

 

in

 

 = 0.84 

 

×

 

 10

 

–6

 

 m;

(2) a through mechanical method by means of a
cohesive abrasive material (emery paper no. 320);
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 m;
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Fig. 1.

 

 Generalized anode polarization curve: 

 

i

 

 is the current density, 

 

ϕ

 

 is the anode potential.
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(3) the surface wasn’t preprocessed after casting;

 

R

 

Z

 

in

 

 = 0.3 

 

× 

 

10

 

–6

 

 m.
The specimen surface was polished using the fol-

lowing ATPCP:
—unipolar ones with duration of 3 

 

× 

 

10

 

–3

 

 s; pulse
ratio 1.25; current amplitude density 3–5 A/dm

 

2

 

;
—bipolar ones with the direct pulse duration of 3 

 

×

 

10

 

–3

 

 s; pulse ratio 1.25; the back pulse duration 0.5 

 

×

 

10

 

–3

 

 s; the current amplitude density in the pulses 3–
5 A/dm

 

2

 

.
The ECP was carried out until the termination of the

surface microroughness decrease. The surface micror-
oughness and reflectance (luster), as well as the speci-
men mass, were measured every 20 seconds.

At the third stage, the specimens were manufactured
using casting according to the melted patterns and their
eye rings were made using stamping (the alloy
ZeelEserEm

 

 

 

58.5-8, the noncorrosive master alloy Legor
14K OR129C). The specimen surface shape permitted
one to record the differences of the polishing quality of
the regions with unequal accessibility for the abrasive
material (Fig. 3). The specimen surface was treated
according to various operational procedures simulating a
production run. The following operations were used as
preparatory ones:

—mechanical working with a hand tool (needle
files, tidal waves, etc.)—PH;

—mechanical working with a cohesive abradant
(polishing paper no. 320—

 

è

 

320 and no. 600—

 

è

 

600);
—the castings being of high quality and not requir-

ing mechanical working—PWT.
There were used the following transitory and termi-

nal operations:
—working on a grinding-and-polishing machine—

TGPM;
—tumbling using a spinning disc machine

(SDM)—TT;

—ECP employing unipolar pulse currents—TUC;
—ECP employing bipolar pulse currents—TBC.
There were used the following finishing operations:
—working on a grinding-and-polishing machine—

FGPM;
—tumbling using a GPM—FT;
—ECT employing unipolar pulse currents—FUC;
—ECT employing bipolar pulse currents—FBC.
Spinning disc finishing machine tools (OTEC) of

the CF-18 series were used for tumbling with the fol-
lowing operation sequence:

at TT:
(1) wet tumbling with KX10 and PX10 white plastic

chips (of 50% of each) for 6 hours,
(2) dry tumbling with H1/50 nutshell grains for

6 hours,
(3) dry tumbling with H1/500 nutshell grains for

4 hours;
at FT:
(1) dry tumbling with H1/50 nutshell grains for

4 hours,
(2) dry tumbling with H1/500 nutshell grains for

4 hours.
Three specimens were worked in parallel in each

case. The average values for the group were determined
after every stage of the experiment. Measurements were
taken of six areas: on the stamped surface (Fig. 3, A), on
the stamp cut place (Fig. 3, B), on the flow gate cut-off

 

Fig. 2.

 

 External view of the specimen at the second experimen-
tal stage.
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Fig. 3.

 

 External view of the specimen at the third experi-
mental stage and the areas of the surface: A—the stamped
surface, B—the stamp cut place, C—the flow gate cut-off
place, D—the previously textured surface, E—the main
easily accessible surface (the leaflet plate surface), and
F—the surface of a pearl setting cup.
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place (Fig. 3, C), on the previously textured surface
(Fig. 3, D), on the easily accessible surface (the leaflet
plate surface) (Fig. 3, E), and on the surface of a pearl
setting cup (Fig. 3, F). The luster was visually noted on
the inner side of the cast. The same amount of electricity
was passed through the anode at the ECP by unipolar and
bipolar currents.

At the fourth stage, there was studied the surface
electrochemical grindability of the alloys based on
golds of various colors—red, white, and European (yel-
low) ones. The grades of the master alloys and alloy
compositions are presented in Table 1. The specimens
were made by molding according to melted patterns
(Fig. 2). The electrolyte temperature was 20–35

 

°

 

C.

 

Experimental Results and Their Discussion

 

The first stage.

 

 The decrease of the 

 

R

 

Z

 

 value stops
after treatment for 40–50 s: it settles at a relatively con-
stant level with the proceeding metal removal (Fig. 4);
i.e., there exists an optimum duration of the ECP finish-
ing process. Longer treatment is pointless, as it is nec-
essary to avoid the excessive removal of the precious
metal without improvement of the surface quality.

The surface of both the specimens and the finished
jewelry was effectively polished under the optimum con-
ditions of the treatment and did not affect the quality of
the jewellery mountings of phianite and the first group of
stones. The setting quality doesn’t worsen as the metal
removal is negligible during the ECP finishing.

The agitation of the electrolyte doesn’t substantially
influence the ECP. Yet, with such suspension clips as
clamps and hangers being used, thermal damage and
erosion pits could occur on the surface of the specimens
and articles in the region of their contact with the
hanger. In addition, the articles can be expulsed to the
electrolyte surface as a result of the active gas release.
The contact of the hanger with an article can cause its
spoilage, as there is generated a pale film on its surface.
Suspension clips in the form of baskets are employed to
avoid these undesirable phenomena. Thermal damage
is only absent in the case of the baskets’ continuous
swinging, so the uninterrupted alternating displace-
ment of the hanger during the ECP process is necessary
[9,10].

 

The second stage.

 

 The change of the relative
smoothing of the surface and its microirregularity
height is presented as diagrams in Figs. 5 and 6.

The changes of the surfaces of the casts and the sur-
face of the specimen between them were checked visu-
ally. The prong surface smoothed and took on a luster

 

Table 1.

 

  Composition of the studied alloys

Alloy trade mark Alloy color
Alloy composition

Au Ag Cu Ni Zn In

[ ZeelEserEm]585 Red 59.50 5.77 33.80 – 0.93 –

[ ZeelEserEm]585 Yellow 58.31 31.14 10.56 – – –

[ ZeelEserEnTseEm]585 White 60.20 1.16 26.66 5.70 5.81 0.47
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Fig. 4.

 

 Relationship between the polished surface microirregu-
larity height smoothing efficiency and the duration of the finish-
ing ECP by unipolar current pulses: 

 

1

 

—with respect to the ini-
tial value, 

 

2

 

—with respect to the previous value.
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Fig. 5.

 

 The variation of the relative smoothing of the specimen
surface microirregularities due to ECP with the treatment dura-
tion: 

 

1

 

—ECP by bipolar pulses without the preprocess treat-
ment; 

 

2

 

—ECP by unipolar pulses without the preprocess treat-
ment; 

 

3

 

—ECP by unipolar pulses with the preprocess treatment
with emery paper; 

 

4

 

—ECP by unipolar pulses with the prepro-
cess treatment with a needle file.
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within only 60 s under the unipolar conditions and
within 40 s under the bipolar conditions. The surface
between the casts gained the final microroughness
(

 

R

 

Z

 

 = 0.01 

 

× 10–6 m) only after 7 min under the unipolar
conditions, and, after 3 min under the bipolar condi-
tions, the sharp edges of the specimens and casts
rounded up. The rough defects that appeared during the
casting (pores, scars, etc) decreased in size but
remained. This manifests the smoothing of the micro-
but not macroirregularities, which is typical of ECP.

Furthermore, there appear microclinks around the
pores in the course of ECP under the unipolar condi-
tions, which are gradually polished away and disappear.
Their development is evidently caused by the genera-
tion of gas bubbles on the pore edges as a result of
anode processes. Such microclinks don’t form under
the bipolar conditions of treatment, which could be
explained by the removal of gas bubbles at the back cur-
rent pulse. Residual surface microclinks represent a
negative factor, as larger clinks could appear on this
basis in the course of further treatment.

The treatment under a bipolar regime is the most effi-
cient. It is half as long, and the metal removal is substan-
tially smaller. The treatment under the unipolar regime
with PH with a needle file is second in efficiency. The
height of the microirregularities significantly reduces,
though its final value is large RZ = 0.14 × 10–6 m. Such a
surface requires additional smoothing using SDM.

The third stage. The experiment showed that the
results of polishing by different ways were commensu-
rable on the areas accessible for the abradant. Basically,
another result was obtained on the cast’s internal side
not accessible for the abrasive material; here, the reduc-
tion of roughness is possible only due to ECP.

The comparison of the λEF values for various treat-
ments shows that the treatment efficiency diminishes in
the following order: tumbling—ECP by bipolar cur-
rents—ECP by unipolar currents—hand polishing. The
result is predictable and related to the fact that, at tum-
bling, the metal is “smeared” over the surface but not
removed from it and λEF is higher than at other treat-
ments.

The lowest treatment efficiency is observed for the
sequences PWT–TT–FBC and PWT–TT–FUC. It is
related to the fact that, after tumbling, the surface is
smoothed and microirregularities are “smeared” by
metal. Sustained ECP (for more than 40–80 s) has a
restricted effect in this case, as the height of the micro-
irregularities diminishes relatively rapidly and settles at
a high enough level due to the disclosure of the
“smeared” microirregularities, and there appears the
lemon peel effect with the surface luster significantly
growing with its obvious unevenness.

Let’s compare the efficiency of the following
sequences of treatments: PH–TBC–FT, P600–TBC–FT,
and P320–TBC–FT. The use of the first sequence is more
efficient, as the initial microroughness is higher after
having been worked with a needle file, there are no

smeared metal micropits, and the rate of smoothing of
large microprojections at ECP is higher than of small
ones. The efficiency of the third sequence is slightly
higher than of the second one. This can be explained by
the fact that, after working with polishing paper no. 320,
the initial surface microroughness height is higher before
ECP as compared with working with paper no. 600 and
it is smoothed more rapidly.

The sequences PWT–TBC and PWT–TUC are
more efficient than the other job sequences, and PWT–
TBC is more efficient than PWT–TUC due to the sub-
stantially less metal removal with the same final surface
microroughness.

The efficiency of the microrelief smoothing is not
the same on the specimen surface areas subjected to the
different PT. The less the after-casting surface is
mechanically worked with a needle file or polishing
paper, the more efficient the ECP is. If high-quality
casting is used, the preprocess mechanical working
should be minimal and ECP and tumbling efficiently
smooth the microirregularities. The same is true about
the treatment of the not easily accessible areas of the
surface, for example, inside the casts. They shouldn’t
be subjected to mechanical working—only to ECP.

In some cases, the finishing tumbling after ECP
reduces the height of the surface microirregularities as
at ECP; it is impossible to endlessly decrease the height
from a substantial initial value. Within some time, this
height becomes steady, and, hereafter, the microrough-
ness remains more or less constant with the metal con-
tinuing to be removed or even worsens because of the
surface intergranular pickling due to the continuing

Treatment duration t, s

Height of the surface
microirregularities, Rz × 10–6, m

0.8

0.6

0.4

0.2

0 80 160 240 320 400

1 2

34

Fig. 6. The variation of the height of the specimen surface
microirregularities due to ECP with the treatment duration:
1—ECP by bipolar pulses without the preprocess treatment;
2—ECP by unipolar pulses without the preprocess treatment;
3—ECP by unipolar pulses with the preprocess treatment by
emery paper; 4—ECP by unipolar pulses with the preprocess
treatment by a needle file.
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anode dissolution [6]. To determine the most efficient
process duration, the ECP length was specially chosen
in the experiment to be more than the optimum one.
When the optimum ECP length is exceeded, the surface
quality worsens.

It is important to note that, when choosing the job
sequence, it is necessary to consider whether the sur-
faces being worked are figurine-shaped ones. There
exist several classes of products whose surfaces can’t
be subjected to tumbling or such treatment is rather dif-
ficult [11], for instance, products with complex casts
and undercuts. The visual control of the internal sur-
faces of casts and the cups for pearl settings after using
different job sequences shows that these surfaces take
on a luster only at ECP. In addition, the thinning and the
change of the protruding details (the cast prongs and the
dowel bars used to set a pearl) after ECP are minimum.

The differences in the metal rejects’ regeneration at
various treatment regimes are also interesting from the
point of view of economy. The nonrecoverable metal
rejects after working using GPM (using a grinding–pol-
ishing machine) may amount up to 40%; after working
using SDM, up to 20%; and, after ECP, up to 1.5%.
Thus, from this point of view, it is more profitable to
carry out the main surface smoothing and metal
removal with ECP.

The average reflectance (and luster) of the worked
surface reduces in the following order: ECP by bipolar
currents (4.88 r.u.) (r.u. = relative units)—ECP by uni-
polar currents (4.64 r.u.)—Tumbling (4.27 r.u.)—Hand
polishing using GPM (4.06 r.u.). By using GPM, it
could be quicker to polish those areas that first “catch
the eye” at the examination of the article, for example,
the main surface (Fig. 3, E) and the surface of the cup
for the pearl setting (Fig. 3, F).

The obtained results basically support the proposi-
tion that the decrease of the height of the surface micro-
irregularities causes an increase of the reflectance. Yet,
the suggested procedure of the reflectance evaluation
[7] takes into account the dispersion of microirregular-
ities throughout the height (the more the dispersion, the
less the reflectance).

Thus, the reflectance growth dynamics and the spec-
imen surface microroughness decrease, as well as the
treatment process efficiency, when various job
sequences are used. This allows one to contend that the
use of high-quality castings permits dropping the previ-

ous jobs of the surface smoothing with abrasive materi-
als, the further surface smoothing by ECP bipolar pulse
currents, refinement using SDM, and finishing EHP by
bipolar currents. If work stocks are obtained through
stamping, ECP is more efficient than hand polishing
using GPM and needle files.

The fourth stage. The values of ∆RZ, λEF, and λEFR
(the efficiency of the reflectivity) under optimal ECP
regimes are presented in Table 2.

The greater the temperature is in the range from 20
to 35°C, the quicker the alloy polishing is, yet the min-
imum roughness isn’t achieved. A temperature from
20–25°C is the optimum one.

The surface reflectance proceeds growing at the sec-
ond (sometimes at the fifth) minute of treatment,
though the surface roughness worsens due to the partial
picking. Consequently, the treatment efficiency
decreases after three minutes.

White gold is polished slower than red and yellow
gold with all the other factors being the same. The min-
imum roughness forms on it within 4 minutes. For the
studied parameter ranges, the grindability drops in the
following order: red—yellow—white gold; i.e., there
exists a distinctly pronounced relation between the
grindability and the alloy composition.

The microstructures of the alloys were analyzed to
support this proposition.

Red gold alloy. The alloy structure consists of two
phases (Fig. 7, a). The first one represented by light
grains is a solid solution of copper and silver in gold.
The second phase (the darker one) is most probably a
mechanical mixture of a solid solution of copper and
silver in gold with an intermetallide. The intermetallide
Cu3Au is the most possible.

Yellow gold alloy. The alloy structure is also two-
phase (Fig. 7, b). The first one represented by light
grains is (as for the red alloy) a solid solution of copper
and silver in gold. The second phase (the darker one) is
a mechanical mixture of a solid mixture of copper and
silver in gold with the intermetallide CuAu or Cu3Au.
However, the sizes of the second phase are larger than
for the red gold—the grains are branched and long.

White gold alloy. The alloy structure is also two-
phase (Fig. 7, c), and the first, light phase is a solid solu-
tion of copper and silver in gold. The second phase is a
mechanical mixture of intermetallides with the solid
solution. The formation of the intermetallides Cu3Au,

Table 2.  Efficiency of ECP of the studied alloys

Number 
of order Alloy trade-mark Alloy 

color ECP regim ∆RZ λEF λEFR

1 [ ZeelEserEm]585 Red Optimum for the given alloy 0.201 6.484 14.33

2 [ ZeelEserEm]585 Yellow 0.201 4.351 9.22

3
[ ZeelEserEnTseEm]585 White

0.192 3.582 6.05

4 Optimum for alloys 1 and 2 0.190 3.558 5.76
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CuZn, and other representatives of the Cu-Zn family is
possible here. The second phase grain shape is more
elongated and needlelike and exceeds the grains of the
yellow and red alloys by several times.

The examination of the microstructures shows that
the grain size influences the grindability. The more
developed and long the grains are, the less electrochem-
ically uniform the surface at ECP is and the slower and
worse the alloy is polished. During the process of jew-
elry production, there often arises the necessity of the
simultaneous ECP of several gold alloys in the case
when the article elements are connected into a single
whole. Besides, at small volumes of work stocks from
various alloys, it is desirable to conduct their simulta-
neous ECP. In these cases, it is possible to perform the
treatment under the conditions optimum for red and
yellow gold. The deviations from the treatment effi-
ciency for white gold are negligible in this case (Fig. 8,
Table 2).

CONCLUTIONS

(1) The efficiency of ECP by pulse currents for treat-
ment of figurine-shaped surfaces of jewelry work stocks
in both the final and intermediate stages is shown.

(2) There exists an optimum duration of the finishing
ECP process by unipolar current pulses. After 40–50 s of
treatment, the decrease of the RZ value stops: it becomes
steady at a relatively constant level with the continuing
metal removal. Consequently, it is pointless to perform

longer treatment in order to avoid the excessive removal
of the precious metal without refining the surface quality.

(3) It is impossible to carry out the electrochemical
grinding and polishing of the surface at the same time
during ECP, i.e., to endlessly reduce its roughness in
the treatment process. ECP causes the improvement of
the reflectance (luster) of the surface even if it is not

(a) (b)

(c)

Fig. 7. Microsections of the studied alloys of gold: (a)—ZeelEserEm 585 (red), (b)—ZeelEserEm 585 (yellow), (c)—ZeelEserEm
585 (white).
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Fig. 8. Variation of the surface roughness of specimens from
gold of various colors at treatment under the general regime:
white 1—the regime optimal for treatment of red and yel-
low gold and not optimal for white gold; yellow, red,
white—regimes optimal for the treatment of the corre-
sponding alloys. 1—white 1; 2—yellow; 3—red; 4—white.
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completely “smoothed”; i.e. microirregularities are
removed on the macroirregular surface.

(4) ECP can be used as the finishing treatment under
the following conditions:

—After the casting and the previous mechanical
working, before ECP, the surface microroughness
should exceed the value RZ = 0.3 × 10–6 m (e.g., after
working with emery paper no. 600–1200) to ensure the
final microroughness RZ = 0.01 × 10–6 m after ECP.

—The casting quality should provide the absence of
a large number of pores on the surface.

—The finishing ECP duration should not exceed
20–40 s in order not to worsen the surface quality due
to the disclosure of the surface regions “smeared” with
metal during the earlier jobs.

(5) ECP can be used as an intermediate operation
after casting according to melted patterns and stamping
(ensuring high quality of the casts and the surface) with
the following giving of luster in rotational-disc
machines. Thanks to ECP, a sufficient luster is imparted
to not easily accessible areas on the product surface.

(6) The ECP bipolar regime is much more efficient
than the unipolar one: the smoothing of microirregular-
ities occurs twice quicker, and the relative metal
removal is twice less.

(7) The surface reflectance after ECP (under the
condition that the height of the microirregularities is
RZ = 0.01 × 10–6 m) is higher than that of the surface
polished using mechanical methods thanks to the larger
uniformity of the remaining microirregularities with
respect to their height.

(8) Alloys based on gold with various master alloys
and colors can be efficiently electrochemically polished
using bipolar current pulses. The optimum ECP regimes
for various alloys based on gold in electrolytes of the
same composition were determined experimentally.
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INTRODUCTION

One of the major problems in physical chemistry and
physicochemical materials science is the study of the
processes of the chemical metallization of the dielectric
(D) surfaces of metals (Me). The chemical tinning of
dielectrics has been insufficiently studied [1, 2 and 3];
therefore, in the process of the examination of the kinet-
ics of this phenomenon under the conditions of convec-
tional diffusion, new factors are likely to be found that
can be used for the metallization process intensification
and obtaining of coatings with the required functional
properties. The purpose of the present paper is to exam-
ine the influence of the solutions composition (the
reagent concentration and pH) and the conditions (the
temperature and catalysis) of D metallization upon the
kinetic peculiarities of D chemical tinning and the phase
composition and electrophysical properties of Sn layers
formed under conditions of convection diffusion.

The chemical reduction of Sn(II) ions on an acti-
vated dielectric according to the reaction of dispropor-
tion can be actually performed in the mode of “internal”
electrolysis, when the process is realized under a closed
(on the catalyst surface) oxidation-reduction reaction,
which determines the electrochemical nature of the
process on the whole.

METHODS OF INVESTIGATION

The study of tin chemical deposition was carried out
in constant volumes of the solution (

 

v

 

 = 150 ml) on glass
specimen tubes with 

 

l

 

 = 0.08 m and 

 

d

 

 = 0.01 m. The sur-
face of the D specimens was degreased and activated
according to the standard techniques [4]. Prior to and
after the experiment, the rate of the chemical tinning was
estimated by means of the specimens’ weighing. The
time of the chemical deposition 

 

τ

 

 in all the experiments
was 50 minutes. The electrical resistance of the Me
deposits was measured by the double-contact method
with the help of an R-5010 alternating current bridge.
Roentgen diffractograms of the Sn coatings were taken
using a DRON-1.5 diffractometer with Cu

 

K

 

α

 

 radiation
(with an Ni filter) [5]. At the preset parameters, the tests
were performed no less than 5 times with the 

 

V

 

Sn

 

 values’
convergence being satisfactory (with a relative error of
up to 0.5%). The solutions were prepared from reagents
of “pure for analysis” or “chemically pure” quality using
twice-distilled water.

RESULTS AND DISCUSSION

According to our notion of the catalytically active
centers (CAC) of the palladium atoms (under the con-
dition of the absence of a more strong reducing agent),
in the solution there occurs Sn(II) particles distributed
along 

 

E

 

α

 

 activation energy levels onto groups with
more pronounced oxidation and reduction properties.
Therefore, the interaction between the particles with
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—For the first time, there were determined the specific effects of the solutions’ chemical metallization
composition on the rate of chemical tinning, the phase composition, and the electroconductivity of tin deposits
based on the NaOH concentration and indifferent electrolytes (NaCl and Na

 

2
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different 

 

E

 

α

 

 levels on CAC entails the acts of oxidation
and reduction of Sn(II) particles up to the metal
(according to the pattern of a disproportion reaction).

Since the process of the catalytic tin deposition
according to the reaction

(1)

is rather complicated and depends on the composition
of the solution and the conditions of the process realiza-
tion, there was examined the influence of the concentra-
tions of  and C

 

(NaOH)

 

, where  and C

 

(NaOH)

 

are the concentrations of tin chloride and NaOH, corre-
spondingly. Also, the influence of the temperature
under conditions of convectional diffusion upon the
rate of the chemical reduction of tin (V

 

Sn

 

), the phase
composition, and the electrical resistance (

 

R

 

) of the
deposited Sn layers was examined.

The influence of complex-formation processes of
Sn(II)-containing particles in alkaline solutions on V

 

Sn

 

was studied at  = 0–0.5 mol/l against the back-
ground of constant C

 

(NaOH)

 

 = 5 mol/l. The rate of the
chemical reaction of tin reduction at 

 

T

 

 = const is
directly proportional to the concentration of Sn(II)- and
OH

 

–

 

 particles and depends on the potential of
[Sn(OH)

 

x

 

]

 

2 – 

 

x

 

 complexes reduction. The higher the con-
centrations of OH

 

–

 

 ions in the solution, the stronger the
Sn(II) complex and the higher the discharge polariza-
tion of [Sn(OH))

 

x

 

]

 

2 – 

 

x

 

 but the lower the chemical depo-
sition rate [6].

In order to determine the nature of the complex parti-
cles in the preset composition solution in the solution–
CAC interphase layer, there was performed a computa-
tion (using the CLINP program) of the ionic composition
of the chemical tinning solution, the results of which are
presented in the table. One may see from the table that
the tin in the chemical tinning solution is in the form of a

complex Sn  ion. Therefore, the offered reaction
of disproportion 2Sn(II) = Sn(0) + Sn(IV) may occur
according to the equation

(2)

It was found that the complex formation in these solu-
tions is characterized by the correlation 

 

n

 

 =
C

 

(NaOH)

 

/  Hence, a double-level abscissa is

depicted for the dependencies V

 

Sn

 

–  and V

 

Sn

 

–
C

 

(NaOH)

 

 (Fig. 1): along the first level is C(SnCl

 

2

 

), and
along the second is 

 

n

 

. It was determined that the process
of chemical reduction is efficiently realized within the
interval of 

 

n

 

 = 11–14, with the formation of compact Sn
deposits having good adhesion suitable for technological
use. The coatings’ quality rating and their adhesion with
the basis show that the optimum interval for  is
0.36–0.4 mol/l.

Since, within the limits of  

 

≥

 

 0.5 mol/l, there
was observed a chemical decomposition of the metal lay-

2Na2 Sn OH( )4[ ]
=  Sn Na2 Sn OH( )6[ ] 2NaOH+ +

C SnCl2( ) C SnCl2( )

C SnCl2( )

OH( )3
–

2Na Sn OH( )3[ ] Sn Na Sn OH( )5[ ] NaOH.+ +=

C SnCl2( ).

C SnCl2( )

C SnCl2( )

C SnCl2( )

 

Ionic composition of the chemical tinning solution

Sn

 

2+

 

OH

 

–

 

Cl

 

–

 

Chemical formula 
of a particle log

 

K

 

Concentration 
of particles, 

mol/l

1 1 0 Sn(OH)

 

+

 

9.95 5.2 

 

×

 

 10

 

–17

 

1 2 0 Sn(OH)

 

2

 

20.03 2.4 

 

×

 

 10

 

–6

 

1 3 0 Sn 24.68 4 

 

×

 

 10

 

–1

 

2 2 0 Sn

 

2

 

22.62 1.9 

 

×

 

 10

 

–22

 

4 3 0 Sn

 

4
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×
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4 4 0 Sn
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×
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Fig. 1. The influence of SnCl2 on the chemical tinning rate
(VSn) and the specific electroresistance of the tin layers (R).
The solution composition (mol/l): SnCl2 · 2H2O–(0.0–0.5),
NaOH–5.0. The conditions: T(K) = 333–358; τ(s) = 3000.
Designations: 1—VSn, 2—R.
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ers due to which a considerable VSn decrease was regis-
tered, this phenomenon was examined by studying the
dependency VSn–C(NaOH) at  = 0.4 mol/l (Fig. 2).
As becomes clear from Fig. 2, the dependencies VSn–
C(NaOH) and R–C(NaOH) have an opposite character and
become stable (coincide satisfactorily with the table
data) at C(NaOH) > 5 mol/l. The observed complicated
character of the VSn–C(NaOH) dependency is probably
connected with reduction difficulties associated with
Sn(II) complexes containing a small quantity of OH–

particles and a great number of Cl– ions.

For deeper insight into the causes of such a peculiar
trend of the VSn–C(NaOH) curve, one may obtain some
information from the sediment analysis. With this aim,
there was carried out a roentgen phase analysis of the
chemically deposited layers from the solutions with
alkaline concentration of 2 and 5 mol/l.

We failed to make a roentgenograph of the deposits
obtained at C(NaOH) = 3.75 mol/l because of their very
small amount.

The analysis of the diffractograms showed that the
sediment obtained at C(NaOH) = 2 mol/l, besides the main
β-Sn phase, comprised the SnO phase and an impurity
phase of unknown composition (Fig. 3). The sediment
obtained at C(NaOH) = 5 mol/l only contains the β-Sn
phase (Fig. 4).

The impurity phase nature is very hard to identify. Per-
haps, they are hydroxochloride compounds of tin. The
electroconductivity of such a coating is lower than that of
a pure Sn layer deposited from the solution with C(NaOH) =
5 mol/l and over. For practical purposes, it is worthwhile
to use the solutions with C(NaOH) = 5–6.25 mol/l, since, at
C(NaOH) > 6.25 mol/l, there occurs intense chemical dilu-
tion of the Sn sediment.

C SnCl2( )

With regard to the X-Ray diffractometry data on the
tin sediment composition (Fig. 3 and 4) and the results
of the calculations of the ionic composition of the ini-
tial solution (see the table), one may reveal the nature
of the Sn(II) particles that are reduced on CAC within
the region of C(NaOH) = 2.0–3.5 mol/l (Fig. 2) prior to the
heavily complexed Sn(II) particles formation. There-

CSnCl2, mol/l

R, Ohm VSn, mg/(cm2 h)

1 × 108

4 × 107

2 × 102

1 × 102

3

2

1

0 5 10 15 20 n

12

2 4 6

Fig. 2. The influence of the NaOH concentration on the
chemical tinning rate (VSn) and the specific electroresis-
tance of the tin layers (R). The solution composition
(mol/l): SnCl2 · 2H2O–0.4, NaOH–(0–8). The conditions:
T(K) = 333–358; τ(s) = 3000; ω(rot./min.) = 0. Designa-
tions: 1—VSn, 2—R.

I0/I

40 35 30 25 20 15 10 5
Θ

1
2
3

Fig. 3. Roentgen diffractogram of chemically deposited tin on
a dielectric (glass). The solution composition (mol/l): SnCl2 ·
2H2O–0.4, NaOH–2.0. Designations: �—β-Sn; v—SnO;
�—impurity phase.

I0/I

40 35 30 25 20 15 10 5
Θ

1

Fig. 4. Roentgen diffractogram of chemically deposited tin on
a dielectric (glass). The solution composition (mol/l):
SnCl2 · 2H2O-0.4; NaOH-5.0. Designations: �—β-Sn.
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fore, in this region of alkaline concentrations, only col-
loidal Sn(OH)2 particles may appear, which are reduced
and form a sediment of grey-steely color. It may happen
that the sediment also comprises Sn(OH)2 particles in
the process of formation.

Taking into account that the chemical tinning pro-
cess in the SnCl2–NaOH–H2O system can be realized
only at high temperatures, there was examined the
dependency of VSn–T (Fig. 5). As a result of the inves-
tigations, a linear dependency of VSn–T was deter-
mined. It should be noted that, in the temperature range
of 60–85°C, the formation of fine-crystal compact
deposits is observed. At 85–90°C, the deposits are
crumbly, porous, dissolve in alkali in 23–30 min., and
slip down the glass substrate. According to our esti-
mates, the VSn–T dependency obeys the Van’t Hoff law
(the temperature coefficient of the rate is γ = 2). The
temperature range of 70–80°C can be considered opti-
mal for the process, when the phenomena that deterio-
rate the sediment properties develop insignificantly.

As a result of the investigations, the following com-
position for the chemical tinning solution of D (mol/l)
is offered: SnCl2 · 2H2O–0.4; NaOH–5.0. The temper-
ature range of the solution is 343–358 K, and the depo-
sition time is 3000 s. The coating thickness on D under
such conditions may amount to 3.5–4.0 mkm.

In order to accelerate the delivery of reactionally
active particles of metal to the CAC, various methods
can be used: in the regime of the diffusion rate increase,
by means of forced hydrodynamic transport of ions to
the active surface of the D and due to the physical
adsorption effects application. The latter case of accel-

erated delivery of electrochemically active particles is
examined in solutions for chemical reduction with
additives of various inorganic anions (at the level of
background concentrations) that have opposite possi-
bilities of adsorption on CAC. Therefore, for the inves-

tigations, there were chosen Cl– and  anions in the
concentrations intervals from zero to values close to
those of saturated solutions (Fig. 6).

The maximum permissible concentrations of
Na2SO4 and NaCl exceeded the concentration of the Sn
salt by 1.25–2.0 times, respectively. As one can see
from Fig. 6, in the case of introduction of small NaCl
quantities (curve 1), the rate of the chemical reduction
increases approximately by 1.75 times. With a further
increase of Cl– ions, the process rate monotonically
decreases, and, in the region of Cbackgr. = 0.75–1.5 mol/l,

it does not change its character. In the case of 
ions (curve 2) at small concentrations, there is observed
an insignificant increase of VSn (by 1.03 times) fol-
lowed by some decrease and then a further monotone
increase of the VSn chemical deposition (almost up to
C(Na2SO4) = 1 mol/l).

In our opinion, the explanation for the V–Cbackgr.
dependency variations in the chemical tinning solutions

containing Cl– or  anions is connected with the
peculiarity of Sn(II)-containing particles to form
(SnCl2  SnSO4 ) complexes. These com-

plexes considerably differ in their ability to be adsorbed
on CAC due to the electrostatic interaction of the active

SO4
2–

SO4
2–

SO4
2–

OH( )2
2–, OH( )2

2–

VSn, mg/(cm2 h)
6

5

4

3

2

1

273 293 313 333 353 T, K

Fig. 5. The temperature influence on the rate (VSn) of the
chemical reduction of tin. The solution composition (mol/l):
SnCl2 · 2H2O–0.4; NaOH–5.0. Conditions: T(K) = 333–358;
τ(s) = 3000.

VSn, mg/(cm2 h)

Cbackgr, mol/l

4
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1
0 0.5 1.0 1.5
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Fig. 6. The influence of the concentrations of the back-
ground electrolytes on the chemical deposition of tin.
The solution composition (mol/l): SnCl2 · 2H2O–0.4;
NaOH–5.0. Conditions: T(K) = 333–358; τ(s) = 3000.

Anions: 1—Cl–; 2—SO4
2–

.
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anionic constituent of the complex (Cl– or ) with
CAC (thus accelerating the delivery of particles to the
activated surface), which leads to the increase of the

metal chemical reduction rate. Since  anions are a
constituent of a complex anion and exhibit no specific
adsorption on CAC, the effect of the VSn increase in the

presence of  ions in the solution is insignificant (as
compared to the case of Cl– ions). At the concentrations
of the background salts of 0.6–0.7 mol/l, the VSn values

for Cl– and  anions are identical. This may suggest
that, when the chemical reduction reaction is running in
the regime of autocatalytic deposition on a newly formed
surface of Sn, the surface effects of the concentration
influence of the various anions’ natures become leveled.

The previous investigations showed that the effects
of VSn that increase with surface active substances
(SAS) (Cl–) introduction also considerably influence
the properties of Me deposits. The latter have a light
grey hue, a fine-crystalline structure, and good adhe-
sion with D substrates. The coatings obtained from the

solutions with  ions are dark grey and are of a
more crumbly macrocrystalline structure, perhaps due
to the inclusion of the solution components into the
sediment structure.

CONCLUSION

There were determined the specific effects of the
composition of chemical metallization solutions on the
rate of chemical tinning, the phase composition, and the
electroconductivity of tin deposits from the NaOH con-
centration and indifferent electrolytes (NaCl and
Na2SO4). The optimal values of the concentrations of
the tinning solution components (SnCl2, NaOH, and

NaCl) and the temperature were defined. It was shown
that the reaction of disproportion yields to the main
mechanisms of development of heterogeneous oxida-
tion reduction reactions. The possibility of the chemical
tinning processes intensification along with the depos-
ited coating quality improvement on the basis of the
determined effects is assumed.
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INTRODUCTION

When products formed by one of the methods of
rapid prototyping (RP) are used as functional models,
special requirements are imposed on their surface,
being determined by the application purpose.

In particular, at present, applying the method of
selective laser sintering (SLS), forms and tool equip-
ment for the cast molding of polymers are made of
metal powders [1]. Their working face must correspond
to exclusive standards on wear resistance, hardness,
antifriction properties, and corrosion stability.

The current limitations in selection of construction
materials in RP technologies and their structural fea-
tures (resulting from one or another method of layer-
by-layer synthesis) do not always ensure obtaining of
optimum function–operation properties of the end
product.

In view of the above, it appears necessary to carry out
measures focused on improvement of the properties of
the functional layer, including the use of coatings. Prom-
ising for use in RP objects are considered, first of all,
chemical and electrodeposited coatings characterized by
a wide range of mechanical and physicochemical prop-
erties and by relatively simple deposition techniques.
The latter circumstance is of particular concern for prod-
ucts of RP technologies, for which the applicability of
other techniques of coating deposition is often limited
either by the temperature factor or by the complexity of
the geometrical form of the product itself.

The aim of the present paper was to study the corro-
sion-protection effect of electrodeposited and chemical
coatings as applied to metal products formed by one of
the methods of RP technologies, in particular, SLS.

EXPERIMENTAL

The material of the SLS samples was a composite of
stainless steel particles (85.3% Fe, 14.3% Cr, 0.3% Mn,
and 0.1% Ni) and tin bronze (86.6 Cu, 10.7 Sn, 0.6 Pb,
and 0.5 Zn), which is used for impregnation (infiltra-
tion) of a presintered sample at the second stage of
preparation.

Before the deposition of the coatings, the sample sur-
face was polished with an R800 abrasive cloth (~12 

 

µ

 

m).
We studied the coatings of chemical nickel (from acid
electrolyte) in the initial and heat-treated states and of
electrodeposited chromium deposited in the mode of
milky and hard deposits. The coating thickness was
~20 

 

µ

 

m.
The corrosion-protection effect of the coatings was

estimated by the electrochemical method and according
to the results of corrosion tests.

The electrochemical studies were carried out by means
of a PI–50–1.1 pulse potentiostat. The protective power of
the coatings was estimated by the values of the stationary
corrosion potentials 

 

E

 

corr

 

 and by the characteristics of the
polarization dependences 

 

j

 

–

 

E

 

 measured by a three-elec-
trode circuit.

As a corrosion environment, we selected a 3% solu-
tion of NaCl, being one of the most aggressive and
often applied in similar research of steel based samples.

The corrosion tests took into account the temperature
factor: with the use of RP products as equipment for cast-
ing and press molding of polymer materials, the temper-
ature of the latter may be within 100–150

 

°

 

C. Therefore,
after a drop (

 

V

 

 = 100 

 

µ

 

l) of the 3% solution of NaCl was
applied on the surface of the samples, they were placed
into an exsiccator (a salt solution was pored on its bot-
tom) and kept in a dry-air sterilizer at a temperature of
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100

 

°

 

C for 20 h. After the tests, the corrosion damage of
the surface was estimated by visual inspection with sub-
sequent photographic recording and comparison of the
corrosion damage areas.

In addition to the generally accepted criteria of the
corrosion stability, in the present work, for the coating
estimation, we used one more parameter—the surface
wetting angle 

 

Q

 

. According to [2], there is a correlation
between the wetting angle and the energy characteris-
tics of the surface 

 

σ

 

. In turn, it is the surface energy
determined by the number of noncompensated bonds of
surface atoms that is responsible for the complex of
properties (adsorption, adhesion, catalytic, tribological,
etc.) influencing the physicochemical activity, includ-
ing the corrosion one.

The wetting angles were measured by an earlier
developed technique [3]. The wetting solution was dis-
tilled water.

RESULTS AND DISCUSSION

As could be expected, the most negative value of the
corrosion potential 

 

E

 

corr

 

 was found for the initial sample
(see the table), which affords grounds for a preliminary
conclusion regarding its minimal corrosion stability in
a 3% solution of NaCl.

All the studied coatings exhibit a protective effect
shifting 

 

E

 

corr

 

 into the range of positive values. By com-
paring their values, it is possible to suppose that the best
protective properties are found in the coatings of the
initial (without heat treatment) chemical nickel and of
the three-layer electrodeposited coating with a total
thickness of ~20 

 

µ

 

m.
The behavior of the anode polarization dependences

(see Fig. 1) almost completely confirms the stated con-
clusion. In particular, it is obvious that, in conditions of
accelerated electrochemical studies, the corrosion-elec-
trochemical activity of the coatings increases in the
series

Ni

 

chem

 

 

 

≤

 

 Cu + Ni + Cr

 

br

 

 

 

�

 

 Ni

 

[chem, h/t]

 

 

 

�

 

 Cr

 

milk

 

 

 

�

 

 Cr

 

hard

 

.

The polarizability of the anode processes on the
samples with coatings differs from the analogous
parameter of the initial material—the SLS composite
(curve 

 

1

 

, Fig. 1). This testifies to the different electro-
chemical reactions taking place on the surface. Most
probably, in terms of the potentials under consider-
ation, they are attributed to active dissolving of metals
of the substrate (curve 

 

1

 

) or coatings, respectively, in
the active or active–passive state.

Both metals constituting the base of the coatings
under study tend to passivation, which depends on the
structure, roughness, stress, and other characteristics of
the electrodeposits [4]. In particular, it follows from our
studies that, despite the more negative values of the cor-
rosion potentials, the electrodeposited chromium coat-
ings are easily passivated in sodium chloride brine. This
tendency is expressed by the milky chromium (curve 

 

6

 

)
most of all; in hard chromium (curve 

 

2

 

), it is expressed
least of all. A region of passivity was not observed in
the nickel deposits, including the initial and heat-
treated ones.

The results of the corrosion tests (Fig. 2) allow more
complete estimation of the protective properties of the
coatings caused by their porosity or the presence of
defects. In particular, we can mention that the initial
composite SLS material intensively corrodes with the
formation of rust characteristic of iron. The maximum
damage is observed under drops of the corrosive solu-
tion; their perimeters are of irregular shape, reflecting
the chemical inhomogeneity of the surface. The dam-
age on the other areas is of local character.

After primary inspection, individual marks of corro-
sion were also found on three coatings—the heat-
treated chemical nickel, the milky chromium, and the

 

Values of the corrosion potentials 
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 of samples with coatings
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Fig. 1.

 

 Anode polarization curves of the metal SLS compos-
ite with different coatings in a 3% solution of NaCl:
(

 

1

 

) without coating; (

 

2

 

) Cr

 

hard

 

; (

 

3

 

) Ni

 

[chem, h/t]

 

; (
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;
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) Cu+Ni+Cr

 

br
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.
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hard one (2, 3, 4). The products of iron corrosion on the
chromium coatings were easily removed by rubbing.

“Absolute” protection in the test conditions was
exhibited by the three-layer electrodeposited and initial
coatings of chemical nickel. Neither marks of corrosion
of the base nor products of oxidation of the coating
materials were observed on them.

The results of the measurement of the wetting
angles in distilled water (Fig. 3) correlate, first of all,
with the corrosion-electrochemical behavior of the
materials under study. Thus, the initial SLS composite
characterized by the highest activity corresponds to the
minimum value of 

 

θ

 

 and, accordingly, the maximum
surface energy. For the coatings of chemical nickel and
milky chromium, which were relatively “safe” in terms
of corrosion, the maximum wetting angles were found;
for hard chromium, the minimal wetting angles were
found. The observed correlation allows using the value
of 

 

θ

 

 as an additional criterion for the comparative eval-
uation of the corrosion activity of several materials.

 

1 2 3

4 5 6

 

Fig. 2.

 

 Surface of SLS samples with coatings after corrosion tests in a 3% solution of NaCl: (1) initial composite; (2) Ni
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; (3) Cr
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;
(4) Cr
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Fig. 3.

 

 Coating wettability with distilled water: (1) initial
composite without coating; (2) Ni

 

chem

 

; (3) Ni

 

[chem, h/t]

 

;
(4) Cr

 

milk

 

; (5) Cr

 

hard

 

; (6) Cu + Ni + Cr

 

br

 

.
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CONCLUSIONS

The corrosion stability of metal composite products
formed by SLS methods may be efficiently increased
by means of electrodeposited or chemical coatings. At
equal thickness (~20 

 

µ

 

m), the best corrosion-protective
properties are found in the coatings of chemical Ni,
three-layer Cu–Ni–Cr

 

br

 

, and milky Cr. The correlation
established between the corrosion-electrochemical
activity of the coating materials in a 3% solution of
NaCl and the value of the wetting angle for surface and
polar liquids allows applying it as an additional crite-
rion for prediction of the severity of the corrosion of the
materials under study.

REFERENCES

 

1. Mueller, T., Der Weg zum funktionstuchtigen Prototyp,

 

Kunststoffe

 

, 2005, no. 11, pp. 130–131.

2. Perevertailo, V.M., Shmekra, S.V., and Ostrovskaya, L.Yu.,
Estimation of the Surface Energy of Carbonaceous
Materials on the Basis of Measurement of Wetting
Angles, 

 

Sverkhtverd. Mater.

 

, 2005, no. 3, pp. 19–30.
3. Sevidova, E.K. and Kononenko, V.I., Estimation of

Ceramic Coatings of Bioengineering Application by the
Wetting Method, 

 

Sverkhtverd. Mater.

 

, 2007, no. 2,
pp. 26–30.

4. Zhuk, N.P., 

 

Kurs teorii korrozii i zashchity metallov

 

(Course of Theory of Corrosion and Protection of Metals),
Moscow: Metallurgiya, 1976.



 

ISSN 1068-3755, Surface Engineering and Applied Electrochemistry, 2009, Vol. 45, No. 2, pp. 102–115. © Allerton Press, Inc., 2009.
Original Russian Text © M.S. Apfel’baum, 2009, published in Elektronnaya Obrabotka Materialov, 2009, No. 2, pp. 29–46.

 

102

 

The described theoretical modes and calculations
of the spatial distributions of the electric field poten-
tials measured in jets of partially charged fluids at
both room and plasma temperatures are an enhance-
ment of the models and calculations of papers [1, 2].
In this work, in contrast to [1], we discuss not only
axisymmetrical but also plane laminar and turbulent
jets, including the ones resulting from a prebreak-
down applied electric field (see Fig. 1). We still con-
sider that the thermal ionization (thermal dissocia-
tion) of the fluids under study occurs by the laws of
the classical statistics and kinetics of Arrhenius–
Boltzmann–Gibbs and that the rate of this ionization
(dissociation) in unit time in the unit volume 

 

W

 

D, I

 

satisfies the known equation of statistical physics
(mechanics)

(1)

In (1), 

 

k

 

B

 

 is the Boltzmann constant, 

 

T

 

 is the abso-

lute temperature,  is the potential of ionization of
the atom 

 

A

 

 in a molecule of a fluid with covalent
chemical bonds, and 

 

u

 

a

 

 is the activation energy for
molecules of fluids with ionic bonds. In the case of
dissociation, an analog to equation (1) is written in
[3] (heptane is considered there as an example of a
cleared fluid). In the presence of impurities, which,
as a rule, increase the natural conductivity of a
cleared fluid 

 

σ

 

0

 

, for the calculation of 

 

u

 

a

 

, 

 

i

 

, it is neces-
sary to take into account their characteristics influenc-
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ing thermal ionization (thermal dissociation).

 

1

 

 For
application of this statistical kinetics with the covalent
atom 

 

B

 

 affinity to the electron 

 

u

 

e

 

, along with the use of a
formulae close to equations (1), which is widely applied
in statistical physics (mechanics), a sufficiently known
hypothesis for linear dependence of the volume rate of
ion formation 

 

W

 

D, I

 

 = 

 

W

 

D

 

, 

 

I

 

(

 

n

 

a

 

, 

 

n

 

p

 

) on the neutral molecule
concentration 

 

n

 

a

 

 is postulated. In addition, its monoto-
nously increasing dependence on module 

 

E

 

 (which is
restricted by the breakdown voltage module being suffi-
ciently high for the fluids under study), as well as on the
relatively low volume concentration of the possibly avail-
able impurities 

 

n

 

p

 

, is taken into account. By analogy with
[3], let us introduce the proportionality coefficient 

 

K

 

:

(2)

 

1

 

In particular, according to the data of [4], the value of the low-voltage
conductivity of cleared transformer oil, being determined by the
empiric current–voltage characteristics, is lower by an order than the
conductivity of the same untreated oil. For its enhancement, easily
ionized additives (impurities) are often introduced into a fluid [5]. In
the present work, we consider ionization of the molecules 

 

AB

 

 with
covalent bonds of type 2

 

AB

 

  

 

A

 

+

 

B + 

 

AB

 

–

 

 and dissociation of
molecules with ionic bonds of the type 

 

AB

 

  

 

A

 

+

 

 + B

 

–

 

. In the case
of ionization, we consider fluids with molecules consisting of atoms

 

A

 

 (of the air nitrogen type) with a considerably low ionization poten-
tial and of atoms 

 

B

 

 (of the air oxygen type) with sufficiently high
electron affinity energy.
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Herein, we consider that, for the fluids under study,
along with the fulfillment of the inequality

 

n

 

±

 

 

 

�

 

 

 

n

 

a

 

, (3)

which mathematically closes the differential equations of
the theoretical models of previous works (for example,
[2]), the analogous algebraic inequality is also correct:

 

n

 

p

 

 

 

�

 

 

 

n

 

a

 

. (4)

Thereupon, 

 

n

 

a

 

 =  

 

≈

 

  that is, the density 

 

ρ

 

 of

the mixture of charges and neutrals, including impuri-
ties, may be approximately considered to be equal to
the density of the neutral component of the molecular
carrier fluid 

 

ρ

 

a

 

. Here, 

 

m

 

a

 

 is the mass of a neutral parti-
cle. It follows from integration (1) over 

 

T

 

 that

Equations (5) are known as Arrhenius-type equa-
tions. For the first time, kinetic equations of this type
were obtained by Arrhenius empirically for the depen-
dences of the constants of ionization (dissociation) on 

 

T

 

(in the literature, the proportionality coefficients written
in linear dependence (2) are called such). In works,
dependences (2) are used for the theoretical simulation
of the formation of a volume charge and the fields of this
charge in the fluids under study in the cases of weak and
strong electric fields applied near their boundaries.
Herein, both heating up to plasma temperatures and par-
tial combustion of resting and moving fluids are possible.
In addition, in prebreakdown modes, we use these equa-
tions for calculation of their flow velocities caused by
self-consistent electric fields. With the view to increase
the module of the velocities of prebreakdown flows of
weakly conducting liquid fluids (of transformer oil type)
(Fig.1), impurities with a composition differing from
those mentioned in [5] are often introduced. These impu-
rities enhance the electrophysical or electrochemical ion-
ization effects in electrodes, for example, in [6] (in both
homogeneous and inhomogeneous strong applied elec-
tric fields); thereby, the flows of the fluids under discus-
sion in these fields become more intense. In this work,
we do not consider fluids with purposely introduced
impurities. Instead, along with cleared fluids, the ones
with a priori available impurities are studied. In the gen-
eral (not necessarily Arrhenius) case, for the liquids and
dense gases under investigation, the constant of ioniza-
tion (dissociation) is considered to increase with the
growth in temperature and the module of the intensity of

the macroscopic electric field  which is taken into
account in the mathematical formulation of equation (2).
Strictly speaking, this field should be considered electro-
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magnetic; yet, as has been shown, for example, in [7], in
the weakly conducting (weakly ionized) fluids under
study, the influence of the induced magnetic fields on the
electrohydrodynamic phenomena is small, and applied
magnetic fields from an external source are not discussed
in this work. Herein, for the theoretical simulation and
calculations of the macroscopic characteristics in the jets
under consideration, it is sufficient to use electrohydro-
dynamics approximation [8], in which a system of Max-
well equations for a macroscopic magnetic field splits off
from the principal system of equations, and it is possible
not to consider it at all. The same is true of the equation
for a change in the impurity concentration being low in
comparison with the carrier fluid molecule concentra-
tion. In contrast to the magnetic field weakly influencing
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Fig. 1.

 

 Diagrams of the axisymmetrical (a) and plane (b) pre-
breakdown thin jets from high-voltage pin and bladelike elec-
trodes.
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the processes under study in polarizable nonmagnetiz-
able fluids, impurities have an effect on the desired elec-
trohydrodynamic characteristics. Hence, let us note that
the possible types of equations for their volume concen-
tration are close to the here-written equations for the
same concentrations of charged components (the differ-
ence consists only with regard to charged components of
the terms describing their drift in an electric field). The
latter equations will be given below, as well as the possi-
ble types of equations for impurities. For the intensity of
the desired electric field, the macroscopic Maxwell equa-
tions at constant relative dielectric permeability of the
fluids under study 

 

ε

 

r

 

 are written in the standard form:

(6)

System of equations (6) is easily reduced to one
Poisson’s second-order scalar equation for the macro-
scopic electric field potential 

 

ϕ

 

. The methods for the
solution of boundary-value problems for such an equa-
tion with the right-hand side being implicitly dependent
on the space coordinates are amply described in the lit-
erature. However, in the case of prebreakdown pro-
cesses, the right-hand side of this equation depends on
the electric field distribution; hence, along with the
Poisson equation, the other equations written below
must be solved as well. In equations (6), 

 

q

 

 = (

 

n

 

+

 

 – 

 

n

 

–

 

)

 

Ze

 

0

 

is the volume charge density, and 

 

ε

 

0

 

 is the dielectric per-
meability of a vacuum in the SI system. In the absence
of a strong applied electric field or before heating, the
fluids under study (beyond the range of the diffusion
layers near their boundaries) are electrically neutral.
Their low-voltage conductivity 

 

σ

 

0

 

 at the constant tem-
perature 

 

T

 

0

 

 is due to the availability in the fluid volume
of the concentrations 

 

n

 

0+

 

 = 

 

n

 

0–

 

 = 

 

n

 

0

 

 of charges of differ-
ent signs being equal in value. A quasi-neutral back-
ground of positively and negatively charged particles
may be formed in a fluid that mostly does not change its
composition, according to (1), due to the volume ther-
mal ionization (thermal dissociation) effects increasing
in prebreakdown electric fields, as well as at heating or
partial combustion of the fluids under discussion.
According to, for example, [2, 7], this leads to the for-
mation of a volume charge at an inhomogeneous distri-
bution of the electric fields and temperatures in viscous,
heat-conducting, and sufficiently dense fluids, in which
the mobilities hardly depend on the electric field inten-
sity module, in contrast to the case of low-density
gases. In addition, according to, for example, [6], such
a charge may also be formed near boundaries of fluids
with high-voltage electrodes. The formation of this
charge is also probable on other boundaries with solid,
liquid, or gaseous media. In the case of the moving
(including in a strong electric field) fluids under consid-
eration, the hydrodynamic (gas-dynamic) transfer of
the formed volume charge influences its spatial distri-
bution. This influence in the volume of a moving fluid

div E( ) q
εrε0
---------;=

E ∇ϕ.        –=  

was studied earlier, for example, in [2], and it will be
described below in this paper. The gas-dynamic transfer
of this charge near the boundaries of the fluids under
study in conditions of their possible electric break-
downs was described, for example, in [5]. The value of

 

σ

 

0

 

 is determined theoretically from the conditions of
the ionization (dissociation) equilibrium due to ioniza-
tion (dissociation) of molecules of a liquid (gas) with
close-in-value recombination of charged particles. The
rate of the volume ionization (dissociation) in this case
is determined by (2); the recombination rate may be
considered proportional to the ion concentrations 

 

n

 

±

 

with the proportionality coefficient 

 

K

 

r

 

. This conductiv-
ity may be determined experimentally by the linear part
of the current–voltage characteristics being observed
for the fluids under discussion in weak fields only. It
may also be found according to reference literature or
calculated (in some cases) by methods of statistical
physics and physical kinetics according to the charge
composition of the fluid molecules.

The dependence of the coefficient or constant of
recombination 

 

K

 

r

 

 on the ion mobilities 

 

b

 

±

 

 of the charges
may be determined by the simple Langevin–Onsager
relation [9]:

(7A)

For the sake of simplicity, positive and negative free
(in the case of dissociation according to Bjerrum [9])
ions are assumed to be charges of equal value or equal
multiplicity (valence) 

 

Z

 

. Therefore, hereinafter, 

 

e

 

0

 

 is
equal in value to the charge of a proton. As the multi-
plicity (valence) of the ion charge increases, for its cal-
culation, 

 

e

 

0

 

 must be multiplied by a respective value. In
addition, formula (7A) is obtained under the condition
of the proportionality of the rate of motion of the

charges due to the electric field  and its intensity

(macroscopic)  at which the ion mobility is the coef-
ficient of this proportionality. In addition to these rates
of charges, we must take into account their rate due to
the molecular-ionic diffusion, which, according to

Fick’s law [9], is equal to  =  and the rate

of the hydrodynamic transfer  Under conditions (3)
and (4), this rate may be considered close to the rate of
the fluid. At plasma ideality, the coefficients of the ionic
diffusion 

 

D

 

±

 

 are related with their mobilities 

 

b

 

±

 

 by the
well-known Nernst–Townsend–Einstein correlation:

(7B)
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Thereupon, the rates of motion of the volume ele-
ments of the charged components are as follows:

(8)

Alongside with Fick approximation (8), other mod-
els may be used for determination of the macroscopic
rates of the fluid components. Thus, for determination

of  (the neutral component rate), with regard for the
viscosity, under conditions (3) and (4), the Navier–
Stokes equations are most often applied [10]:

(9)

Here, 

 

p

 

 and 

 

ν

 

 are the pressure and the kinematic vis-
cosity of the neutral component of the fluid, respec-
tively, being close to the corresponding characteristics
of the fluid itself under conditions (3) and (4); 

 

t 

 

is the

time; and 

 

 

 

is the free-fall acceleration.

The expression for the volume density of the electric
field forces in (9) in the case of constant 

 

ε

 

r

 

 is written
according to [11]. For incompressible fluids, the second
equation in (9) resulting from the mass conservation
law is simplified, because, for these fluids, the constant
density condition 

 

ρ

 

 = 

 

ρ

 

0

 

 is fulfilled in the case of iso-
thermal modes. In addition, due to the low (in terms of
[4]) concentration of the possibly available untreated
impurities 

 

n

 

p

 

, the known diffusion equations applied,
for example, in [12], for determination of the time–
space distributions are not studied in this work. These
differential equations with their respective initial and
boundary conditions may be qualitatively studied or
numerically solved after solution of the split-off-them
electrohydrodynamic equations for the density, rate,
pressure, and temperature of the carrier fluid; the
charged component concentrations; and the electric
field potential. It should be noted that, for a wide class
of dispersion fluids, the distribution of the impurity
concentration satisfies the well-known equation of con-
vective diffusion. In some works, for example, in [12],
for the determination of 

 

n

 

p

 

, the equation of this diffu-
sion is written in the Fick approximation. Since the par-
ticular solution of this equation is constant in the
absence of a strong applied electric field or heating,
here we will use this solution. Its physical sense is the
alignment influencing the conductivity of impurities by
diffusion. Herein, in the case of dissociation, there can
be fluids with dissociation of both fluid molecules [3]
and impurities (of the weak electrolyte type) [9]. The
isothermal processes at room temperatures (at which in
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the fluids under study only impurity molecule dissocia-
tion occurs), being enhanced by the prebreakdown
field, are theoretically described in the same manner as
the dissociation of neutral molecules of cleared fluids.
That is, in postulated dependences (2), the arguments of
the volume concentrations of the fluid neutrals—the
carrier and impurities—change places as in the formu-
lae written below. The nonisothermal case of ion for-
mation with 

 

T

 

 increasing from room to partially ionized
plasma temperature is considered in this work only at
the linear dependence of the rate of ionization (dissoci-
ation) of the neutral molecules of the carrier fluid on
their concentration.

The continuity equations for the charged compo-
nents with regard for (8) and Fick’s diffusion law are
written as follows [13]:

(10)

For the derivation of these equations, for example,
in [13], the differentiation rules for the field of a vector
being time-variant in the moving volume of a contin-
uum are used (the substantiation for the correct applica-
tion of the approximation of a continuum with a not
very weak degree of ionization (dissociation) for its
charged components is described, for example, in [8]).
In isothermal conditions, as well as under the condition
of a low impurity concentration (4) and constant den-
sity 

 

ρ

 

 = 

 

ρ

 

0

 

, system of equations (10), together with
equations (6) and (9), becomes mathematically closed.

At the conditions  = 0 and 
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, the value of 
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may be determined by 
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, where 
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0

 

 is the conductivity
at these conditions. That is, from the equation 
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 = 
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in the absence of heating and a strong applied electric
field (beyond the range of the boundary layers near the
frontier of the area under study, where diffusion may be
significant), we get

(11)

For obtaining of (11), Arrhenius equations (5) and
Langevin–Onsager relation (7A) are used. In addition,
in [9], Onsager substantiated the effect of a strong elec-
tric field’s influence on the dissociation constant 

 

K

 

D

 

 for
“loose” ion pairs and showed that this field does not
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influence the coefficient of their recombination. The
electric field’s influence on the value of KD may be writ-

ten under the condition of the influence of  on ui only
(the Frenkel’–Plumley model [3, 14] for the case of
ionic conductivity).2 Herein, both in Onsager’s model
[9] and in the here-used model of Frenkel’ for ioniza-
tion [14] or of Plumley for dissociation [3], the classical
statistics and kinetics of Arrhenius–Boltzmann–Gibbs
are applied [15]. In the Onsager theory [9], the transi-
tion to macroscopic magnitudes is implemented after
obtaining of a solution of a Boltzmann-type equation
[8, 15] for the function of the distribution of an assem-
bly of free charges formed under dissociation in the
applied electric field rather than after the solution of rel-
atively simple equation (1). For obtaining of a solution
of differential equation (1), the electric field influence
on the integration constant C is considered (as well as
in [3, 4]) insignificant. Only its above-described influ-
ence on the ionization potential (activation energy) is
taken into account. Then, the below-used exponential
influence close to the Onsager one [9] is obtained in
prebreakdown fields.

For closing of differential equations (9)–(11) in the
case of the heating or partial combustion of the fluids
under discussion, we should write the differential equa-
tion of heat penetration and the algebraic constitutive
equation

(12)

For an ideal and perfect gas, function (12) is written
in the form [13]

(13A)

and, for a liquid being incompressible in isothermal con-
ditions (for example, transformer oil), in the form [12]

(13B)

The heat penetration equation with regard for the
Joule heating for the temperature T is written while

2 The decrease in the ionization potential ∆Ui by the electric field,
according to [14], is determined by the simple formula ∆Ui =

 Here, rM is the potential barrier maximum at the

Coulomb attraction of the nuclei and electrons in the field.

Herein,  = e0  (analogously, the work function

according to [18] and the energy of breaking of the ionic bond of
a molecule ua with the particle charge |e| = Ze0 decrease accord-
ing to [3]). In addition, according to [3, 14, 18], these decreases
double due to the electric field work. It is additionally assumed that
a strong electric field does not influence the electron affinity of the
molecule and, according to [9], the recombination coefficient.
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ignoring the energy contribution due to the polariza-
tion, viscosity, and chemical reactions as follows:

(14)

In equation (13B), the constant specific heat-expan-
sion coefficient is considered to be sufficiently low
(at prebreakdown electric fields, this equation may be
used, for example, for the theoretical simulation of cool-
ing of transformers, in the windings of which the temper-
ature of the heat-transfer oil may achieve 373 K). The
heat conductivity, for example, in the case of an ideal gas
with constitutive equation (13A), linearly depends on the
temperature in (14). In incompressible liquids and dense
gases, for which it is appropriate to use constitutive equa-
tion (13B), the heat conductivity may be regarded as con-
stant. There can also be fluids for which the heat conduc-
tivity dependence on the temperature is simulated by a
nonlinear monomial and fluids for which this depen-
dence is decreasing in a certain range of increasing T.
The equations of thermogasdynamics, without regard for
the thermal ionization (thermal dissociation) of the fluids
under study and the volume charge formation, are usu-
ally written traditionally by all the authors, as well as the
Maxwell equations for the macroscopic electric field.
The equations of thermoelectrodynamics of type (10) are
written differently in educational–scientific literature.
Thus, instead of the equations with diffusion (10), for ion
concentrations n, it is possible to write momentum conser-
vation equations of type (9) in the form of Newton’s law

(15)

Here, ρ± is the densities,  is the kinematic acceler-
ations of the physically infinitely small volumes of

charged components of the mixture, and p and  are the
pressures and the volume densities of the external forces
influencing these volumes. Herein, in the analysis of the
mathematical relations of the densities of the resultant
external forces, according to the properties of the ions,
the forces due to their viscosity may be regarded or dis-
regarded. In Fick’s approximation [15–18], the viscosity
for the charged components, in contrast to the neutral
components, at condition (3) is not regarded; however,
their formation, for example, according to [2, 19], should
be taken into account. Written macroscopic equations
(15) may be obtained not only by the continuum
mechanics methods described, for example, in [10, 13],
but also by microscopic methods in determination of the
respective moments from the Boltzmann kinetic equa-
tion for the microparticle distribution functions [8, 15].
In the derivation of the expressions for the force densities

 it is possible to take into account the influence on
these forces exerted by collisions between charged and
neutral components, which is often used in the physics of
nonideal partially ionized plasma [20]. Thus, in [21], the
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macroscopic momentum equations for the charged com-
ponents are written as equations of the type

(16)

Here, α± are the constants obtained by the character-
istics of the collisions of the charged ions with the neu-
tral molecules. In addition, the constitutive equations
for the ion components in (16) are written in approxi-
mation (13A) of an ideal ion gas. In the transition to a
nonideal ion–ion gas (one of the types of nonideal
plasma), these equations with regard for collisions of
charged particles not only with neutrals but also with
each other may become, according to, for example,
[20], more complex. More often, instead of (16), the
equations for the momenta or their fluxes are used
either in Fick’s approximation or by Euler (ignoring the
viscosity) together with the respective mass continuity
equations described above. Equations (16) for the ion
components are partially close to both models. Thus,
(16) contains all the terms that are in the momentum
equation with external forces (except for the viscous
friction forces). Exactly this approximation is referred
to as the Euler equations for a nonviscous gas. In con-
trast to the equations of Euler or (with regard for viscos-
ity) Navier–Stokes, equations (16) contain a term in
which the collisions of neutral and charged components
are taken into account with a quantitative effect propor-
tional to the relative rates. For the solution of the prob-
lems of the characteristics of gas-dynamic jets heated to
plasma temperature, in [21], the authors assume local
thermodynamic equilibrium in them, at which the tem-
peratures of all the mixture components may be consid-
ered equal. The same is true of the temperature of a

ρ±a± ∇ p±– n±Ze0E α±n± u u±–( );+ +=

p± n±kBT .   =  

mixture of neutral and charged components with partial
dissociation of the molecules or their partial ionization
with subsequent adhesion to other molecules of free
electrons.

At local thermodynamic equilibrium of the acceler-

ation  = 0 and from (16), Fick’s diffusion equations
are obtained (8). In [21], these equations, being mathe-
matically closed in the general case, were solved with-
out regard for diffusion and in the case

 

 

�

 

 (17)

In problems of the distribution of the potential of the
electric field formed in heated strong laminar and tur-
bulent gas–dynamic jets (Fig. 2), condition (17) is jus-
tified. Herein, the closures of equations (16) are Max-
well equations (5) only. On the assumption of quasi-
neutrality, being more characteristic of plasma fluids
with 

 

T 

 

> 1000 K [20, 21], equations (16) may probably
be solved without application of Maxwell equations (5).
This method was used for the solution of these equa-
tions in [21]. In the general case, equations (5) and (16)
are insufficient for obtaining mathematically closed
equations of thermal ionization (thermal dissociation)
even at known distributions of 

 

u

 

 and 

 

T

 

; therefore, they
should be added to equations of the type of continuity
equations (10).

In obtaining of solutions in [21], the contribution of
charge drift in the electric field was taken into account.
In [22], only the contribution due to the hydrodynamic
transfer of the formed volume charge in a heated (thin,
of the type of [10, 12, 23]) jet was taken into account,
yet with no condition of plasma quasi-neutrality. The
generalization and specification of the results of report
[22] concerning only the generation of the electric field
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Fig. 2.

 

 Diagram of the experiments of [21] on determination of the spatial distribution of the electric potential along the plasma
axisymmetrical thin jet: 

 

1

 

 is the thermal diffuser, 

 

2

 

 is the fixing arm, 

 

3

 

 is the jet, and 

 

4

 

 is the plane collector electrode.
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distribution in plasma jets will be described below. The
theoretical model of [21] can hardly be applied for the
calculation of the characteristics of rates of thermal ion-
ization (thermal dissociation) and conductivity in
strong electric fields. At the same time, the theoretical
model described here can be applied for calculation of
these electrokinetic and electrodynamic characteristics.
For this purpose, as in previous works, we will use an
abridged (simplified) system of equations (5)–(10)
without regard for diffusion and hydrodynamic charge
transfer. The self-consistent potential 

 

ϕ

 

 is determined
by both the applied and uncompensated charges in the vol-
ume. With regard for the difference in the electric mobili-
ties 

 

b

 

±

 

, the applied system differs from the analogous one

written, for example, in [16], by an additional summand

 

3

 

(18)

For obtaining of (18), in addition to Langevin corre-
lation (7A), equation (11) was used. For the generaliza-
tion of the electrodynamic system of equations (18) in
the case of nonisothermal heating, it is sufficient to use,
along with (7A), two more Langevin relations [18]
independent of the temperature of the products of the
neutral fluid density according to the mobility of both
the positive and negative ions. Without regard for the
collisional ionization by free electrons in a strong elec-
tric field, which is more typical of low-density gases, an
explicit form of the function of additional ionization

(dissociation) 

 

Ψ

 

(

 

T

 

) may be written by Frenkel’
[14] or, analogously, only in the case of dissociation by
[3], as well as by Onsager [9].

The conditions of the neglect of the diffusion and
convective components of the current densities are
derived in [2]; they are a part of the conditions of the
closeness of the rates of the ionization (dissociation)
and recombination. Herein, system of electrodynamic
macroscopic equations (18), together with Maxwell
equations (5), splits off from the Navier–Stokes hydro-
dynamic equations [10, 13] and may be solved indepen-
dently. With the view to obtain the condition of chemi-
cal or ionization (dissociation) equilibrium (out of the
borders of the diffusion boundary layer and in the
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 In the statement of problems [22] of the potential of jets heated to
plasma 

 

T

 

, the mobilities may be unequal. We will show below that
their difference does not influence the values of the desired charac-
teristics in conditions of quasi-neutrality. In the case of electron–ion
plasma [20], this difference is responsible for the electron charac-
ter of its conductivity.
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hydrostatic approximation), we transit to the dimen-
sionless components in (18):

At this nondimensionalization, 

 

L

 

 is the characteris-
tic dimension of the change in variables, 

 

U

 

 is the
applied electric voltage,  is the self-neutralizing
background conductivity of the type of conductivity of
quasi-neutral plasma [20] or an electrolyte [17] due to
the dissociation (ionization) of the liquid (dense gas),
and  is the representative temperature. Then, system
of equations (5) and (18) has the following form:
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In (19), differentiation with respect to the dimen-
sionless coordinate takes place (with the characteristic
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In the zero-order approximation over 
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 1), the
conductivity is a known function of the electric field
intensity, which is not Laplacian in this approximation.
The volume charge being formed in the first approxi-

mation over 

 

δ

 

 influences the cumulative value  Its
density 

 

q

 

 in this approximation is determined from
equations obtained from (19). In dimensional variables,

(20)

Similar to as in [16], it is possible to obtain addi-
tional conditions of dissociation (ionization) equilib-
rium in the case of moving fluids. For a pin high-volt-
age electrode, as an analog of the dot one, due to its
small dimensions, it is sufficient to search for a solution
of (20) depending on one space coordinate 

 

r

 

 only while
ignoring the changes in latitude and longitude. The dif-
ference of the 

 

b

 

±

 

 values in this problem (in contrast to
the problems of [21]) contributes to the terms of the
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quadratic order of infinitesimals with respect to the
small parameter 

 

δ

 

. In cases when 

 

T

 

 = const and the con-
ductivity in weak fields 

 

σ

 

0

 

 is due to impurities only, the
nondimensional similarity criterion for the phenomena
under study 

 

δ

 

 increases with increasing  value; in
strong fields it becomes sufficiently great. At the condi-
tion 

 

δ

 

 

 

�

 

 1, when the volume charge formation beyond
the range of the boundary layers is due to both 

 

∇σ

 

 and
the cathode emission (injection), solutions of (19) may
be found in the form

 

σ

 

 = –

 

b

 

–

 

q

 

. (21)

The inequality 

 

δ

 

 

 

�

 

 1 can be fulfilled at an increase
in the fluid mobility. In particular, the mobility
increases at the phase transition from a liquid to a low-
density gas, at which both the general model (regard for
electron formation becomes appropriate here) and the
form of 

 

Ψ

 

 become more complicated due to, for exam-
ple, the appearing collisional ionization of molecules
by the free electrons accelerated by strong electric
fields. This is also true in the absence of an increase in

 

σ

 

 with an increasing field intensity module. The solu-
tions of type (21) may be applied for reasons of the
neglect of diffusion only beyond the range of the neigh-
borhood of the high-voltage electrode of the boundary
layer type. In the theory of corona discharge of low-
density gases, this unipolar charged zone is referred to
as the external zone of discharge [7]. At positively
charged electrodes (being optically corona sometimes),
the class of solutions should be used for this zone
instead of (21):

 

σ

 

 = 

 

b

 

+

 

q

 

. (22)

For this class, the inequality 

 

δ

 

 

 

�

 

 1 is also fulfilled;
herein, the deviations from the equilibrium ionization
(dissociation) are great. Then, the current on the bound-
ary in the case of both (21) and (22) is due to carriers of
one sign only.

In the case of empiric boundary conditions, the solu-
tions of a system of unipolar one-dimensional equa-
tions for 

 

E

 

 are written, for example, in [24]. For the
thermionic boundary conditions with respect to the cur-
rent density

(23)

on the pin high-voltage electrode and j+ = j(d) = 0 on the
anode, the one-dimensional solution of such a system
with regard for the respective solution [24] has the fol-
lowing form:

(24)

Here, I is the intensity of the current flowing through
the “electrodes–weakly conducting fluid” system,
which, in this work, as well as the high voltage applied
to the electrodes, is considered only as time constants
(flows caused by the electric field from an alternating-
voltage supply are described, for example, in [6]). The

E*

j– j r0'( ) b–qE= =

E2 r( ) C

r4
----

I
6πεrε0b–r
------------------------.+=

integration constant C for equations of the unipolar
conductivity in (24) is determined by the work function
e0χ in the case of a heated cathode and electron affinity
with regard for the electric field influence on this work
function [18]:

(25)

For the determination of C, it is appropriate to use
this boundary condition of the thermionic emission
domination (with respect to other ionization or injec-
tion surface processes) with subsequent electron attach-
ment to molecules for the cathode being heated at least
to plasma temperatures. The jets described in [18] are
also observed from such a pin cathode close to the dot
one (Fig. 1a). Herein, the solutions of (24)–(25) may be
applied for studying the processes in the neighborhood
of a flame placed into a strong electric field [18], yet
with preservation of the fluid composition in this neigh-
borhood (only for the partial combustion of the fluids
under discussion caused by this flame). The solution of
(24) with the integration constant C, which was deter-
mined from the empiric boundary conditions at room
temperatures, was written, along with [24], in a great
number of publications where only fluids with unipolar
conductivity were considered as well as electrody-
namic problems without the prebreakdown hydrody-
namics of neutrals.

In the instant case of C determination by (25), AT is
the Richardson constant of the thermionic emission
obtained by Dashman by quantum-mechanical meth-
ods, TW is the cathode temperature before the field
application, and r is the characteristic radius of the elec-
trode with a near-electrode diffusion boundary layer. In
this work, we assume that the electric current flowing
through the circuits whose arrangements are shown in
Fig. 1 weakly changes the temperature of the heated
high-voltage cathode or anode. If the interelectrode dis-
tance is great, we can obtain an expression for the
applied voltage according to (24):

(26)

The argumentation in favor of the appropriateness
of the application of this formula for a cold cathode is
described in some previous works and in the literature
on corona discharge of low-density gases. In the case of
the cathode heated to plasma temperatures, the suffi-
cient condition for the use of formula (26) is deduced in
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[1] in the form of the simple inequality C/  � 1, where
C is determined by (25). This inequality is obtained
from (24), (25), and the second mean value theorem for
a certain Riemann integral. The quadratic dependence
of the current on the voltage according to (26) is numer-
ically confirmed by the results of many experiments
where a corona was observed near the high-voltage apex,
which not always occurs in the liquids and dense gases
under consideration. The quadratic current–voltage char-
acteristic is also obtained under the treatment of prebreak-
down experiments with weakly conducting dielectric liq-
uids [6]. It may be confirmed theoretically in conditions of
equilibrium volume isothermal dissociation (ionization) in

the case Ψ /Ψ(0, T0) = Ψ0  determined by
Frenkel’ [14] or by [3] with the multiple (Z) elementary
charge

(27)

In this case, for the field near a high-voltage spheri-
cal or semispherical electrode of small (in comparison
with the interelectrode distance) radius (Fig. 1), in pre-
vious works, for example, in [16], the analytical solu-
tion of equations (20) was obtained:

(28)

One can see from (28) that the difference of the self-
consistent electric field intensity module from the
applied field value is small only under the condition

 � 1, (29)

that is, for undeveloped-by-[6] flows from high-voltage
electrodes. As I or U increases, the current–voltage
characteristic (28) becomes nonlinear. At the value

 � 1 (30)
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from (28), by respective passage to the limit, we obtain

(31)

Herein, the influence of r0 on the current–voltage
characteristics is small, as well as in the modes of uni-
polar strongly nonequilibrium ionization (dissocia-
tion), for which this follows from (28).

The preservation of the quadratic current–voltage
characteristic in conditions of the influence of the
hydrodynamic charge transfer at the electric wind of
weakly conducting liquid fluids on its spatial distribu-
tion is experimentally shown in [6] not only for unipo-
lar-charged liquids. According to [6], the same empiric
dependence on U is more typical of velocities of devel-
oped flows. For undeveloped flows, according to [6],
the empiric exponent in dependences of the axial jet
velocity (Fig. 1a) on the voltage is higher. Below, this
will be shown theoretically.

For such flows u(x, 0) ~ un, n = 3 according to [6].
Theoretically, a decrease in this exponent at an increase
in U and at transition from undeveloped flows of elec-
tric wind to developed ones may be obtained in condi-
tions of equilibrium ionization (dissociation), for which
the current voltage characteristic is determined by for-
mulae of types (28) and (31). In [16] and in other pre-
vious papers, in these conditions, there was used the
analogy of an electric wind and a hydrodynamic
immersed jet, that is, a jet outflowing from a nozzle into
a space filled with the same fluid that does not flow
around walls or other solid bodies, such as cylinders,
ellipsoids, and cones, after outflowing. The use of this
analogy was proposed for the first time by Ostroumov
[7]; however, in the cases when the jet is an additional
source of mass, the analogy with [6] is invalid. It may
be applied for the flow structure (e.g., for Landau thin
jets [10]) with the weak influence of the additional mass
introduced by the jet being small in comparison with
the fluid mass; however, on the other hand, an electric
wind jet that is not a mass source may be compared to
thin jets caused by a point momentum source [10] only
when the Coulomb force density sharply decreases
with the distance from the active high-voltage electrode
being close to the dot one. Thereupon, the calculation
of the vector constant of the jet momentum P according
to [10], in the calculation of whose velocities the mass
source characteristics are assumed to be close to zero,
is reduced to calculation of the integral

(32A)

where V is the half-space volume in the direction from
a pin or semispherical high-voltage electrode (Fig. 1a).
The mathematical proof of equation (32A) for a class of
generalized functions was given in previous works of
the author of this paper, although the statement itself
was expressed in publications of other authors as well,
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for example, in [12]. In the spherical coordinates dV =
r2sin(θ)drdθdζ, this integral converges in the case when

(32B)

where n > 0; F is the constant majorant; and r is the dis-
tance to the center of the active electrode, which, due to
its small dimensions, is close in topology to the point
(spherical, small in size) or radial coordinate. Equilib-
rium solutions of (28) satisfy condition (32), and
strongly nonequilibrium solutions of (23) do not.
Therefore, in [25], where unipolar-charged jets in a
strong inhomogeneous electric field were considered
(Fig. 1), the structure of the obtained axisymmetric
solutions appeared to be more complex than in [1, 2],
where the Landau–Schlichting solutions were applied
[11, 12] and the momentum P was calculated according
to solutions of (28) with the use of (5).

Let us note that one can set problems of the
microlevel calculation of the charge formation kinetics,
being more rigorous than the Arrhenius one, with sub-
sequent application of the results in electrohydrody-
namics. At the same time, many works are concerned
with the argumentation of Arrhenius equations (5) (see,
e.g., [26]). Hence, formulae for the velocities of plane
jets, such as those presented in Fig. 1b, were also
deduced in this work with the use of (5). They will be
given in the final part of our paper. Concerning the anal-
ogy with hydrodynamic jets, we should note that it is
widely used in magnetic hydrodynamics, for example,
in [12]; however, a (32)-type criterion of the pointness
of the Ampere force causing magnetohydrodynamic
jets has not been obtained. In the limiting case (32A)
for velocities of undeveloped jets, according to [2], we
find u ~ U5/2, which is in agreement with the results of
Gibbins’ experiments [19]. In the other limiting case

(32B) and d � r =  � r0 for prebreakdown
flows of viscous liquids for a Schlichting jet (Fig. 1a),
[12] the following formulae are obtained:

(33A)

(33B)

Herein, the frequently observed [4, 6] quadratic
dependence on U or the linear one on I theoretically
results from (32A) for the axial velocity of developed
jets. In addition, formulae (33A) confirm the observed-
in-[6] weak influence of the value of the radius of the
curvature of a thin high-voltage electrode (Fig. 1a) on
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the velocities of the prebreakdown flows of the fluids
under study from this electrode. The observed insignif-
icant influence of Z on the value of these velocities,
confirmed by formulae (33), counts in favor of the pos-
sibility to apply these formulae for calculation of veloc-
ities without additional determination of this initial
constant by a computational or experimental method
according to the composition of the molecules of the
fluid (its dielectric permeability is assumed to be an ini-
tial reference constant, as well as the mobility and low-
voltage conductivity). The molecular (atomic) compo-
sition of the fluid is not taken into account in writing of
macroscopic equations for the calculation of the elec-
trodynamic characteristics in external zones of unipolar
and bipolar corona either [24, 27]. However, ignoring
this composition, one can set only empiric boundary
conditions in corona electrodes.

Lets us note that, for Schlichting jets, structure (33B)
survives for the turbulent conditions too with the kine-
matic viscosity being replaced with the apparent turbu-
lent viscosity. Then, the determined-by-(33A) momen-
tum P of the gas-dynamic (plasma) jets, such as the jets
of reaction–propulsion units (Fig. 2), according to (32A),
is equal to their propulsion, which is easily confirmed
by the below-given experimental data of [21] near the
nozzle slot. Herein, for heated fluids, constitutive equa-
tions (13B) may often be used, in particular, for the case
of infinitely thin (weakly spraying) jets of these fluids (in
this case, the specific coefficient of the volume expan-
sion of the jet itself may be assumed to be small). The
estimates made by means of solutions of (33) for these
jets in the experiment conditions of [21] show that, in
momentum equation (9), the gravitational force density
is negligible in comparison with the inertial term in this
equation. For these estimates, we took the reference
value of the heated air viscosity (0.015 St) applied in the
experiments of [21] and contained only in the calculation
formulae below for the distribution of the desired poten-
tial along plane jets. The formulae for the determination
of the steady-state distribution of the absolute tempera-
ture T at constant heat conductivity in these jets with
regard for (33B) are obtained from (14) in [23]. For the
axial distribution of the electric potential from (6) with
the conditions along the axis of these jets being close to
[17] and under fulfillment of the relations

(33C)
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we obtain the Poisson one-dimensional equation, having
applied the charge conservation law in the integral form

(34)

For this equation, the boundary conditions may be
written in the standard form

(35)

In (35), the range of the definition of the axial coor-
dinate is given (here r, R, l, and h are the radii, genera-
trix, and height of the nozzle’s truncated cone). The cir-
cle radius of the nozzle slot (critical section) for thin
jets is considered small as compared to the dimensions
of the fluid into which this jet outflows. In addition, in
(35), d is the maximum empiric distance between the
nozzle diffuser and the net-shaped collector electrode
(Fig. 2) in the experiments of [21]. The problem of
replacement of the empiric boundary condition at the
distance d from the nozzle with a more rigorous one
(from theoretical considerations) has not been solved
yet. At the same time, in this work, in contrast to some
previous publications, the total electric current was
determined not empirically but according to modifica-
tion (34) of the known Richardson–Dashman formula
for the density of the emission current from a metal
nozzle. In addition, in this theoretical simulation, it fol-
lows from the condition of the adhesion of the viscous
fluids under study to the lateral nozzle surface that the
thermionic current near this metal surface is equal to
the convective electric current in the main part of the
jet. Herein, as against formula (25), the influence of the
electric field near nozzles of plasma jets on the elec-
tronic work function of their surfaces can be neglected
due to the formation of low fields in the experiments of
[21]. The applied modification of the Richardson–
Dashman thermionic formula allows obtaining overall
formulae for calculations of the spatial distribution of
the desired potential taking into account that it is
affected by the electron affinity energy of the molecules
of a moving heated fluid. At I nonaltering by the charge
conservation law defined by (33), the solution of (34)
with boundary conditions (35) in the one-dimensional
approximation is as follows:

(36)
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herein, the consumption J in (34) is written according
to the Schlichting formula in the case of a high-pressure
(turbulent) jet; its derivation is presented, for example,
in [28].

Contrary to the earlier solutions of macroscopic
equations (16) obtained in [21], distribution (36) allows
calculating the maximum in the spatial potential distri-
bution, which was observed in the experiments of [21].
Herein, according to (36), the extreme value is obtained
with the distance from the source being approximately
the same as in the experiments of [21]:

(37)

Let us note that, in the experiments of [21], the mass
introduced by the jet weakly influenced the mass of the
jet involved in motion by it due to the small nozzle vol-
ume in comparison with the volume of the fluid under
discussion (Fig. 2). Therefore, the theoretical solutions
of the equations of viscous fluid motion [10, 12]
obtained analytically as is shown, for example, in [28],
in the thin jet approximation are applied in this work for
description of electric convective jets both at room tem-
peratures and heated to plasma temperatures. The dia-
gram of spatial distribution (36) is shown in Fig. 3 in
the form of theoretical curve 1 calculated for the exper-
iment conditions of [21] with a net-shaped electrode.
The temperature of the jet of partial combustion prod-
ucts near the nozzle was 2370 K and the velocity of its
outflowing was 1380 m/s, which testifies to the justifi-
cation of the use of the formulae for a turbulent jet in
calculations of the desired potential. The critical radius
of the nozzle’s truncated cone was 2.2 mm, the genera-
trix of this cone was 75 mm, and the nozzle height was
50 mm. The jet propulsion was 230 N. The potential
distribution over the jet axis was determined from the
critical section of the nozzle to a distance of 2 m from
it. Since the dielectric permeability of air at room tem-
perature is 1.1, that is, close to 1, it was assumed to be
such in the heated air jet as well. The density of the par-
tially combusted air was assumed to be 1.3 in the SI
system. The electronic work function of the metal noz-
zle’s surface according to reference literature was
selected to be 4.36 eV; the electron affinity of air oxy-
gen was 1.8 eV. Let us note that a simple comparative
analysis of the values of the work functions, ionization
potentials, and electron affinity energies is described, in
particular, in [20] (In the case of dissociation, analogs
of the thermal emission current and the work function
of the electrode surface are, for example, given in [17]
for the exchange current and the electrochemical poten-
tial near the electrode surface.). However, for fluids
weakly dissociating at room temperatures, the analysis
of the exchange currents and electrochemical potentials
was performed more completely than in [17] and other
monographs on electrochemistry for the case of strong
electrolytes. For jets at plasma T, in this work, as well
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as in previous publications, only experiments with
grids were theoretically analyzed (Figs. 2, 3). The
application of the described theoretical results is quite
practicable in both installations used in industry, such
as electric filters or electric dehydrators of oil, and in
aircraft engineering (reaction–propulsion units) and in
the design engineering of new electrohydrodynamic
devices, such as electrohydrodynamic pumps [29] and
generators [30]. In devices applied in industry, the cal-
culations of the volume charges, electric fields, and cur-
rent–voltage characteristics by the techniques proposed
here (such as the synthesis of techniques [31] and [24])
can lead to the refinement of the values of the consumed
electric power and energy and to their application for
the diagnostics of electric breakdown avoidance. One
of the examples of such diagnostics by means of solu-
tion of gas-dynamic explosion problems [33] will be
described below. Herein, the data for the initial values
(for example, of the mobility and the dielectric perme-
ability) may be adapted from [32].

In the design engineering of electrohydrodynamic
pumps and generators introduced in industry, one can
calculate the discharge heads, discharge rates, and pow-
ers generated by them with the use of the here-proposed
analytical formulae for the determination of the electric
fields, pressures, and flow velocities due to fields of thin
high-voltage electrodes. A description of one of the
constructions of an electrohydrodynamic pump with
such an application and technique for calculation of its
discharge head and discharge rate is given, for example,
in work [29], where it is shown that it is efficient to
apply high-voltage bladelike electrodes instead of pin
ones, as in [30]. Analogously, the practicability of the
use of plane plasma jets as electrohydrodynamic gener-
ators for comparison of the maxima of the calculated
potentials in such and similar axisymmetrical jets was
announced in [1, 22]. In the present work, we will show
this using the example of a planar nozzle and conditions
of experiments that may be carried out with a plane jet
by analogy with those carried out for an axisymmetrical
nozzle and described in [21].

In the case of a plane jet, we will consider a net-
shaped collector electrode only. On it, the boundary
condition is set the same as in the axisymmetrical case,
at a distance of 2 m from the nozzle. The jet velocity
near the nozzle is also assumed to be 1380 m/s. The jet
propulsion is set the same. The dimensions of the pla-
nar nozzle are as follows: the area of each square plate
is taken to be 100 cm2, and the distance between them
is 2.2 mm, as the small radius of the conical nozzle
(truncated cone) in the experiments of [21]. The planar
nozzle length is selected to be 0.1 m, which is much
greater than the distance between the plates. The other
initial data for the calculations by the below formulae
in the plane case are taken to be the same as in the above
described axisymmetrical case. In addition to these
data, according to [28, 34], in the plane case, it is nec-
essary to specify the momentum and current per unit
length of the narrow nozzle slot (P/L and I/L). Formulae

for the velocities of such a plane laminar jet obtained by
Schlichting [28, 34], analogous to (33), look as follows
(at their application, the planar nozzle length L must
significantly exceed the slot width):

(37A)

Herein, in contrast to the axisymmetrical jet (Fig. 2)
in (37), x and y are Cartesian coordinates instead of
cylindrical ones. The procedure of obtaining a plane-jet
solution of the Poisson one-dimensional equation for the
electric potential along the jet axis, analogous to (34)
with boundary conditions of type (35), also consists in its
double integration. The solution in the dimensionless
form, analogous to (36), looks as follows:

(38)

This is also a nonmonotonic function with one extre-
mum. The distance at which the maximal with-respect-
to-the-nozzle value of ϕ is achieved is the same as in the
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Fig. 3. Distribution of the electric field potential in the jet
along the axis (Ψ = ϕ/ϕmax, δ = x/re): 1 is the theoretical solu-
tion; 2 is the experiment with a net-shaped electrode; 3 is the
experiment with a metal electrode; 4 is the experiment with a
liquid electrode (water).
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case of the axisymmetrical jet. If, for the empiric bound-
ary (by [21]) condition, we assume ϕ0 = 50 V at a dis-
tance of 2 m from the nozzle, then, for the maximum
potential, we have ϕm = 500 V, which is much higher than
in the axisymmetrical case with the same boundary con-
dition. The diagram of the size distribution of ϕ deter-
mined by (38) is shown in Fig. 4. The diagram is plotted
using reference and experimental (from [21]) initial data.
The constancy of the kinematic viscosity of a fluid, pos-
tulated in calculations in the temperature range from
room to plasma ones, follows from the Walden relations
[32] of the constancy of the products of the respective
dynamic viscosity and charge mobilities and from simi-
lar relations of Langevin [18] for the fluid density and
mobilities mentioned above.

Contrary to plane plasma jets, for prebreakdown jets
from a thin bladelike electrode (Fig. 1b), formulae (37)
can be applied only in the case of small deviations from
the quasi-neutrality of the fluid. Let us show this analo-
gously to the above described axisymmetrical case. The
plane jet momentum is

(39)

where S (Fig. 1b) is the sectional plane normal to the
jet. In the case of plane prebreakdown jets, improper
integral (39) converges on the assumption

(40)

P/L f q s,d
S
∫=

qE
F

Lr2 χ+
--------------;<

r x2 y2+ ;=

χ 0.>

As well as in the axisymmetrical case, condition (40) is
satisfied by a quasi-neutral solution for q. Thereupon,
for E in the one-dimensional approximation, we have

(41)

at the positive sign of the thin high-voltage electrode
(Fig. 1b). In the case of (41), from (30) and (38) for the
prebreakdown plane jet momentum, we obtain

(42)

Substitution of (42) into (37) leads, as well as in the axi-
symmetrical case, to the increasing dependences of the
components of the velocities of the jets from thin high-
voltage electrodes on the measured current. Herein, an
additional limitation of the proposed theory of preb-
reakdown jets, for example, in the axisymmetrical case,
is the smallness of the maximal radius (d � rmax) of the
zone of microbreakdowns observed in neighborhoods
of thin high-voltage electrodes in comparison with the
interelectrode distance (Fig. 1a). Thereupon, the esti-
mate for U is obtained:

U � (43)

In formula (43), p0 is the pressure of the fluid under
study at room temperatures. It is this pressure that is
contained in the more general formula of Sedov [33]
resulting in condition (43). This formula is obtained in
[33] from the solution of the problem of point explosion
for fluids with constitutive equation (13B). For the
application of these solutions for the viscous and heat-
conducting fluids under discussion, one more condition
must be satisfied:

(44)

In (44), the thermal diffusivity

Herein, the heat conductivity is assumed to be indepen-
dent of T. Let us note that, in [35], the electric break-
down energy is taken equal to QU, where

(45)

In (45), V is the space volume. In the present paper,
this energy is calculated as an integral of the volume
density of the electrostatic energy, which leads to the
correction factor in (43).
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 Diagram of the theoretical solution (38) for the sta-
tionary distribution of the electric field potential along the
plane plasma jet.
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INTRODUCTION

One of the methods for obtaining cast iron castings
is continuous-cycle freeze casting (CCFC) [1]. It is
based on the principle of directional crystallization of
cast iron, wherein the external surface of a casting is
formed by the working cavity of a crystallizer and the
inner surface is obtained directly from the melt and is
determined by the crystallization front only. By virtue
of this method, it is possible to form gray iron castings
for fabrication of parts of cylinder–piston blocks of
internal-combustion engines, compressors, and hydro-
mechanical transmission boxes of car-and-tractor units.
The high performance reliability and service life of the
given units and machines are due to the considerably
steep requirements concerning the structure and prop-
erties of the formed castings: a perlite matrix (ferrite
content less than 5%), fine flake graphite (25–95 

 

µ

 

m),
hardness of ~100 HRB, tensile strength 

 

≥

 

25 kg/mm

 

2

 

,
and high wear resistance. The CCFC method allows
high physicomechanical and operation properties of the
castings; high efficiency, economic feasibility, and
environmental safety of the process; relatively simple
and rapid transfer from one standard size of castings to
another; and the possibility to control the mode of their
secondary cooling. However, this method is character-
ized by some disadvantages such as the availability of
the chilling effect on the external surface and of the
inverse chill in the near-surface layer inside the casting,

the availability of a high content of ferrite and spotted
interdendritic graphite (graphite of supercooling), and
nonuniformity in the distribution of the dispersion of
the phase components and the metal matrix over the
cross section of a casting. The application of traditional
methods of thermal aftertreatment of castings for elim-
ination of these disadvantages requires additional
energy consumption leading to rise in the production
cost. In addition, the problem of obtaining a uniform
structure by the heat treatment methods is, as a rule,
inadequately solved [2].

Promising methods for changing in structure and
properties of metals and alloys are involve exposure to
pulse nonthermal energies [3]; among them, a special
position is held by magnetic-pulse treatment (MPT)
[4–5]. Magnetic fields are widely used for modification
of structure and properties of various materials such as
water–electrolyte solutions [6], crystallized melts,
biological objects [7–8], polymer materials, and fibers
[9–11]. The simple technology and high efficiency of
the applied devices and installations allows recom-
mending this method of treatment for various domains
of economic activity, yet the most significant results
were obtained in the mechanical engineering industry.
In particular, the use of MPT made it possible to
improve the characteristics of iron–carbon alloys [12]
and nonferrous metal alloys [13], to decrease the resid-
ual and fatigue stresses in pieces and constructions, and
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Abstract

 

—The high-frequency magnetic field influence on changes in the structure and properties of  cast iron
obtained by the method of continuous-cycle freeze casting has been studied. It has been found that the structure effects
of high-frequency magnetic-pulse action on cast iron are the “healing” of surface defects, perlite dispersion, a decrease
in the ferrite content in the structure due to the ferrite–graphite complex transformation into perlite, coarsening and
modification of the internal structure of graphite inclusions, and a change in the cementite morphology. The observed
structural changes determine the decrease in hardness of automobile parts of the cylinder–piston block.
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to improve cutting tool life [14]. It should be noted that,
despite the considerably wide practical introduction of
MPT, it is still of keep interest to researchers and repre-
sentatives of industry. The study of the influence of mag-
netic fields on metals and alloys is in progress and it is
considered to be one of the promising directions in gen-
eral metallurgy and solid state physics. However, almost
in all the works, strong (with an intensity of 

 

H 

 

~ kA/m)
[15] and superstrong (

 

H

 

 ~ MA/m) [16] magnetic fields
are applied; it is not a simple engineering problem to
obtain them [17]. The effect on metals and alloys exerted
by easily established weak magnetic fields with an inten-
sity 

 

H

 

 of the order of several hundreds of A/m is poorly
known, although the results obtained by some authors
show that this treatment is promising. Thus, for example,
in work [18], the influence of treatment in a magnetic
field of low intensity on the properties of steel
4

 

ï

 

5

 

åîä

 

 is studied. Changes in the structure and
properties of beryllium bronze Cu-2%Be under the
action of a magnetic field with an intensity of 

 

H

 

 ~
900 A/m are investigated in [19]. Specific features of
the influence of a low-intensity magnetic field on the
structure of condensed media are considered by the
author of [20].

The obtained results allow us to suppose that low-
intensity MPT can be efficient for structural rearrange-
ment in gray cast iron.

In this work, we study the possibilities to change the
structure of 

 

ëó

 

-25 cast iron by the action of an ampli-
tude-modulated high-frequency magnetic field of low
intensity on samples formed by CCFC.

EXPERIMENTAL

Low-intensity high-frequency magnetic-pulse treat-
ment (WFMPT) of cast iron was carried out by means
of an experimental installation constructed on the basis
of a 

 

Çóà

 

-62-5-

 

àÉ

 

-101 alternating current generator.
The installation allowed establishing an electromag-
netic field with the power-line frequency 

 

f

 

 = 5.28 MHz
localized in a water-cooled three-turn inductor with
length 

 

L

 

 = 90 mm and the inner diameter 

 

D

 

 = 80 mm,
which is connected, as an inductance load, to the output
of the 

 

Çóà

 

-62-5-

 

àÉ

 

-101 generator (Fig. 1).
Samples 

 

1

 

 were placed into dielectric matrix 

 

2

 

 and
were introduced into the axial zone of inductor 

 

3

 

 at a
distance of 40 mm from its upper face.

The root-mean-square values of the intensities of the
magnetic 

 

H

 

 and electric 

 

E 

 

components of the electro-
magnetic field on the inductor axis were determined by
a 

 

è

 

3-15 high-frequency field-intensity meter with a

 

ü

 

6

 

è

 

-110 indicator; they amounted to 590 A/m (

 

V

 

 

 

≈

 

 1 mT,
to a precision of ~6%) and 12700 V/m (to a precision of

~4%), respectively. The amplitude values 

 

H

 

* = 

and 

 

E

 

* =  were 835 A/m (

 

V

 

 

 

≈

 

 1.5 mT) and
17960 V/m. The error of the generator operation mode
reproduction did not exceed 0.5%; therefore, the overall
error of determination of the intensities of the electro-
magnetic field influencing the sample was 10% at most.
The treatment was exercised in the air at atmospheric
pressure according to the cyclogram depicted in Fig. 2.
Each sample was subjected to the action of a high-fre-
quency sinusoidal magnetic field modulated in ampli-
tude within the range from 0 to 835 A/m. The modulation
period was 

 

∆

 

t

 

 ~ 3 s; it formed an ordinary cycle of the

2H

2E

 

H

H

L

D

1

2

33

 

Fig. 1.

 

 Circuit diagram of the treatment of cast iron samples
in a high-frequency magnetic field: 

 

1

 

 is the sample, 

 

2

 

 is the
dielectric matrix for the sample position fixation, and 

 

3

 

 is
the water-cooled inductor.

 

H

 

*

 

, A/m

 

t

 

, s

835

0

–835

 

τ

 

 = 0.2

 

∆

 

t

1 2 n 

 

– 1

 

n

H

 

*

 

, A/m

 

t

 

, s

835

0

–835

 

Fig. 2.

 

 Time cyclogram of a metal sample treatment by the mag-
netic component of a high-frequency electromagnetic field.



 

118

 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 45

 

      

 

No. 2

 

      

 

2009

 

ANISOVICH et al.

 

treatment. The number of ordinary cycles 

 

n 

 

varied from
1 to 8. Herein, the heating of the sample did not exceed
40–60

 

°

 

C; thereby, the possibility of a thermal change in
its structure was eliminated.

The structural changes in the cast iron after WFMPT
were studied by the method of sighting metallography
with the use of an 

 

åàäêé

 

-200 metallographic com-
plex. The controlled part of the metallographic section
was marked with a scratch on its surface. The chemical
etching of the surface for the examination of its micro-
structure was executed by means of a 3% solution of
nitric acid in ethyl alcohol. The X-ray structural analysis
of the samples under study was performed by virtue of a
DRON-3M diffractometer in Cu

 

K

 

α

 

 radiation.

RESULTS AND DISCUSSION

In the initial state, the cast iron structure is character-
ized by perlite eutectics and graphite (Fig. 3a). In some
parts of the metallographic section, separate inclusions
of free ferrite and cementite are found (Figs. 4, 5), as well
as spotted graphite. The WFMPT of cast iron leads to a
change in the morphology of the graphite inclusions (for
the most part, to an increase in their thickness). The per-
lite component also undergoes changes shown in the dis-

persion of the perlite and improvement of its homogene-
ity at an increase in the number of treatment cycles. One
of the specific features of WFMPT is the possibility to
eliminate mechanical damage of the surface (Fig. 3). The
part of the metallographic section containing a mark
(scratch) is marked with an arrow in Fig. 3a (the initial
state). Figures 3b and 3c present the mark images, from
which we can observe gradual transformation of the cast
iron structure in the damaged area depending on the
number of cycles of WFMPT. One can see that, after two
treatment cycles (Fig. 3b), the image definition of the
mark still differs from that of the neighboring parts of the
metallographic section; however, after four cycles, all the
parts of the metallographic section are in one plane and
their image definition is nearly the same; that is, healing
of the mechanical defect of the surface has accured.

The applied treatment contributes to a decrease in the
ferrite content in the structure of the cast iron (Fig. 4). As
the number of treatment cycles increases, the ferrite–
graphite complex (Fig. 4a) transforms into perlite
(Fig. 4b); therein, the dispersion of the perlite matrix
increases. The changes in the eutectics are seen in more
detail in Figs. 6 and 7, which present the structural
changes in a large fragment of an eutectoid and eutectic
grain. As a result of the WFMPT, thinning of the plates

 

(a) (b) (c)10 

 

µ

 

m

 

Fig. 3.

 

 Change in the structure of cast iron at WFMPT: initial state (a); after two (b) and four (c) cycles of treatment.

 

(a) (b) 10 

 

µ

 

m

 

Fig. 4.

 

 Change in the ferrite component at WFMPT after two (a) and four (b) cycles of treatment.
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(a) (b)10 

 

µ

 

m

 

Fig. 5.

 

 Change in the cementite inclusion morphology at WFMPT after two (a) and four (b) cycles of treatment.

 

(a) (b)10 

 

µ

 

m

1

2

 

Fig. 6.

 

 Change in the large fragment of eutectics after WFMPT: (a) initial state; (b) after four cycles of treatment.

 

(a) (b) 10 

 

µ

 

m

 

Fig. 7.

 

 Change in the eutectic grain morphology after WFMPT: (a) initial state; (b) after two cycles of treatment.
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of ferrite and cementite, their cleavage (Fig. 6, arrow 

 

1

 

),
and a change in length (Fig. 6, arrow 

 

2

 

) are observed.
Figure 7 presents the transformation of eutectic grains.

A characteristic feature of the WFMPT process is a
change in the nonferromagnetic phases of the cast iron.
The free-cementite inclusions change their form; a
decrease in their thickness and fragmentation of the
inclusions are observed (see Fig. 5).

The graphite inclusions coarsen with simultaneous
transformation of their internal structure (Fig. 8).

The X-ray pattern analysis has shown that the
WFMPT, with no change in the phase composition of
the cast iron, leads to a change in the ratio between the
intensities of the interference lines of the phases: ferrite,
graphite, and cementite. As one can see from Table 1, the
ratio of the interference line intensities in the initial cast
state is inconsistent with the table data of [21], whereas,
after the MPT, the ratio of the intensities almost coin-
cides with the calculated values of [21]. The effect
appears to be due to stabilization of the ferrite phase
and to a decrease in the internal stress level. The
decrease in the absolute intensity of the ferrite line tak-
ing place therein may be explained by the decrease in
the free-ferrite content in the cast iron structure. The

change in the relative intensities of the ferrite lines can
be attributed to the availability of a texture. Usually, in
the process of casting, a 

 

〈

 

100

 

〉

 

 texture develops in iron
and its alloys [22]. At the same time, it is known that, in
the course of continuous and piped casting, the second
type of oriented crystals of casting can appear. This
may explain the development of a 

 

〈

 

110

 

〉

 

 texture of the
initial state in the course of continuous casting. The
change in the ratio of the interference line intensities
may also be attributed to the elimination of the casting
texture at WFMPT.

As regards carbon and cementite, one can observe
(Table 2) an increase in the intensities of their interfer-
ence lines with a small sum of squared indexes with
respect to the ferrite interference line (110) and a
decrease in the intensities or disappearance of lines with
a large sum of squared indexes. It is possible that this is
attributed to an increase in the microstress level in the
given phases due to the change in their morphology and
structure at WFMPT (Fig. 6).

The found structural changes in the cast iron can
cause a change in its strength. With the view to reveal
such a possibility, the following automobile parts of

 

ëó

 

-25 cast iron were subjected to WFMPT: transmis-

 

(a) (b)
10 

 

µ

 

m

 

Fig. 8.

 

 Change in the graphite structure at WFMPT after six (a) and eight (b) cycles of treatment.

 

Table 1.

 

  Change in the intensities of the ferrite interference lines for the initial cast iron sample and after its exposure to WFMPT

HKL 2

 

θ

 

, deg

 

d

 

, Å

Intensity

For the initial sample, 
mm (%)

For the same sample 
after WFMPT, mm (%) Calculated values, %

(110) 44.833 2.024 1480 (100) 593 (100) 100

(200) 65.083 1.434 103 (7) 90 (17) 19

(211) 82.500 1.170 204 (14) 171 (33) 30

(220) 99.083 1.014 45 (3) 40 (7) 9

(310) 116.500 0.907 39 (2.5) 58 (12) 12
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sion gasket rings 

 

1

 

 and 3 and pneumatic-compressor
piston ring 2 (Fig. 9). The rings were treated according
to a time cyclogram (see Fig. 2). The number of ordi-
nary cycles n for different specimens of each sample
was 2, 4, and 8. The change in the strength of the parts
resulting from WFMPT was estimated by measurement
of their hardness by means of a hardness meter by the
Super-Rockwell method with subsequent conversion of
the obtained HRA values into Brinell hardness numbers
(HB). The measurement results are given in Table 3,
from which one can see that WFMPT improves the
hardness of cast iron. In particular, after WFMPT, the
hardness of the pneumatic-compressor piston ring
increased from 177 to 208 HB.

It should be noted that, at present, most of the works
are concerned with the study of the magnetic field influ-
ence on structural changes in metals and alloys simul-
taneously with their heat treatment [15–16, 23–25]. It
has been found quite reliably that the MPT of metals
and alloys leads to a change in the density of the dislo-
cations and dispersion of structure, to intensification of
the diffusion processes, increase in the point defect
concentration, and change in the structure and physico-
mechanical characteristics depending on the number of
treatment cycles, as well as to the formation of inhomo-
geneous states of stress. However, there is no clear-cut
and consistent idea of how the magnetic field interacts
with metals and alloys. This is due to both the synerget-
ics of the field-induced physicochemical processes in
the sample under treatment and the difficulties in its
diagnostics and the interpretation of the obtained
results.

At the same time, the found specific features of
MPT, as well as the given-in-[3] results of the analysis
of different methods of high-energy treatment of mate-
rials, allow us to assume the similarity of the structural
effects caused by magnetic-pulse and other types of
short-term exposure.

On this basis, we can consider that the formation of
the structure of metals and alloys at MPT is determined

by processes similar, in the structural effect, to deforma-
tion or heating. On the one hand, coarsening of graphite
inclusions is a characteristic feature of exposure to heat.
The change in the ratio of the line intensities in the X-ray
pattern of an alloy is a relaxation process, resulting in the
formation of an equilibrium structure. On the other hand,
the phenomenon of eutectics dispersion during MPT is
not determined by processes similar to annealing (that is,
leading to structure coarsening). Under conditions dur-
ing MPT, when direct heating and plastic deformation
are absent, a change in the eutectic component may take
place due to complete transformation of the eutectic
grain, including its reorientation and formation of large-
angle boundaries.

It is known that the MPT method is based on local
absorption of energy W0 of the magnetic field by struc-
ture inhomogeneities of the material and on its transi-
tion from one nonequilibrium state to another charac-
terized by higher stability. Herein, two basic channels
of dissipation of W0 are recognized: magnetization of
the material and local heat losses of W0 due to the
appearance of eddy microcurrents in its body. In the

Table 2.  Change in the intensities of the lines of carbon and cementite after WFMPT

Intensity, %

Carbon Cementite

HKL For the initial 
sample

For the same sample 
after WFMPT HKL For the initial 

sample
For the same sample 

after WFMPT

002 0.7 6.8 112 0.4 1.91

100 0.6 2.5 121 0.6 –

004 – 1.09 210 0.9 4.6

112 0.36 – 113 0.14 –

122 0.4 1.6

025 0.7 –

136 1.07 –

1

2
3

Fig. 9. Automobile parts of cast iron.
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process of magnetization, under the action of the mag-
netic force moment K = µH, in the material structure, a
displacement of domain boundaries occurs, in which
the magnetization µ is oriented close to the field direc-
tion H, leading to an increase in their volumes due to a
change in the volume of neighboring domains, as well
as a change in the direction of spontaneous magnetiza-
tion of separate domains and crystallites by rotation of
the magnetization vector µ [14]. In a pulse-periodic
magnetic field, as the value of its intensity H increases,
the magnetization of the structure elements in the mate-
rial under treatment continues up to the saturation
induction. After that, as the values of H decrease, it falls
to the residual induction. As a result, due to the differ-
ence in the values of the saturation induction and resid-
ual induction, the magnetostriction effect takes place.

In cast iron, due to the difference in the magnetic
properties of the ferrite [26], cementite [27], and graph-
ite [28] available in it, the magnetostriction value of the
different phases is appreciably different; therefore, in
the process of WFMPT, an inhomogeneous stress state
can be formed in cast iron. Therein, the value of the
microdeformation in the maximum can be from a few
to tens MPa [3]. The magnetostriction deformation may
play the role of a deformation factor, similar to thermal
deformations in the course of thermal cycling [3], under
the influence of which defects of the crystal structure
accumulate. The conditions of plastic deformation dur-
ing pulse treatments of materials considerably differ
from the conditions of static deformation due to the
short duration and periodicity of the force impact and to
the difference of the internal-stress relaxation proce-
dures. Relaxation processes, in their turn, exert a signif-
icant influence on the atom mobility and mass transfer
in the material.

Pulse actions (thermal, magnetic, ultrasonic, and
laser) of respective power initiate an anomalous mass
transfer in metals and alloys. The increase in the diffu-

sion coefficient under pulse actions can amount to sev-
eral orders. Intense diffusion processes play the role of
an analog of thermal exposure.

The structure formation in metals must be regarded
as a result of the deformation effect on pulse loading
and the relaxation effect under the action of the load
and its removal. Under pulse actions, the deformation
processes and stress relaxation repeat periodically [3].
The principal relaxation procedure implemented under
pulse actions may be considered the diffusion–shear
one. The basic relaxation process is fragmentation [3];
its key specific feature is formation of large-angle
boundaries of the deformation type with high density of
the grain-boundary dislocations.

Healing of surface defects is a direct manifestation
of relaxation processes. The possibility of healing of
defects in metals in pulse magnetic fields is mentioned
in works [29–30]. By analogy with the mass transfer
process in conditions of pulse mechanical loading, the
authors of [29–30] assume that, in conditions of the
pulse-magnetic field action, the dominating contribu-
tion to mass transfer is made by interstitial atoms, the
motion of which determines the sharp increase in the
diffusion of atoms in metals in a pulse magnetic field.
However, the data on the influence of alternating and
pulse magnetic fields on the diffusion and diffusion-
controlled processes in solids are extremely scarce.
Direct studies of the alternating magnetic field influ-
ence on heterodiffusion in metals and alloys are
described in [31].

The classical procedure of defect healing is attrib-
uted to the formation and motion of large-angle bound-
aries in the process of recrystallization. This procedure
was proposed in [32] for the description of a change in
porosity in the sintering process. In the course of
motion, the boundary approaches separate pores; as a
consequence, they appear to be near the vacancy sink.
The moving boundary “sweeps” pores before itself.
Implementation of this procedure requires long-term
annealing at high temperature.

The effect of pore healing under heat pulse treat-
ment was explained on the basis of the diffusion–dislo-
cation procedure characteristic of high values of
stresses and temperatures in conditions of all-around
compression [33]. An additional factor (along with the
deformation factor due to continuous variation in tem-
perature) favoring the appearance of the all-around
compression component is the surface pressure at the
matrix–pore interface that depends on the surface ten-
sion and interfacial curvature. The diffusion–disloca-
tion procedure of pore healing takes into account the
participation of dislocations in the mass transfer pro-
cess. The main role is assigned to dislocation loops
generated by pores at stresses close to the theoretical
strength of the matrix. The estimate of the pressure that
ensures the pore healing [33] gives a value on the order
of 10 GPa. For the pulse action conditions, this pressure
can decrease, since dislocation loops appear as a result

Table 3.  Change in the hardness of cast iron parts after WFMPT

Sample 
no. Designation Cycle 

number, n HRA HB

1 Transmission gasket 
ring (D = 70 mm)

0 58 197

2 58 197

4 58.3 201.6

8 58 197

2 Pneumatic-compres-
sor piston ring 
(D = 47 mm)

0 55.6 177.6

2 59.7 208

4 57.3 190.6

8 58.3 201.6

3 Transmission gasket 
ring (D = 50 mm)

0 55 170

2 55.7 175.6

4 53 171.3

8 56 179



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 45      No. 2      2009

STRUCTURAL CHANGES IN SCH-25 CAST IRON 123

of a “collapse” of vacancy disks and prismatic disloca-
tion loops [27]. The principal procedure of pore healing
at thermal-cycle treatment, along with the diffusion–
dislocation one, is the vacancy procedure. Its action is
determined by a change in the dislocation density on
the surface of a pore due to the development of the pro-
cesses of work hardening and softening. Herein, the
stresses around the pore partially relax.

CONCLUSIONS

As a result of the carried out research, it has been
found that the structure effects of the applied WFMPT
on ëó-25 cast iron are healing of the surface defects,
perlite dispersion, a decrease in the ferrite content in the
structure due to the ferrite–graphite complex transfor-
mation into perlite, coarsening and modification of the
internal structure of graphite inclusions, and a change
in the cementite morphology.

The observed structural changes cause an increase
in hardness of automobile parts made of ëó-25 cast
iron.

A detailed analysis of the procedures of the metal
structure change under the action of a pulse-periodic
magnetic field requires further experimental and theo-
retical research in physical metallurgy and related
branches.
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The processes of condensation in the presence of
noncondensable gases are common in power engineer-
ing; in the chemical, oil-refining, and food industries; in
refrigeration and cryogenic engineering; and in air con-
ditioning systems. An increase in generating capacities is
connected with an increase in the weight and dimensions
of the heat interchangers, for the production of which a
great amount of doped and nonferrous metals are uti-
lized. Therefore, a decrease in the weight and dimen-
sions of heat-exchanging units is still a problem of high
priority. The most promising line of attack on the prob-
lem is the enhancement of heat-exchange processes. To
date, various methods of condensation enhancement
have been studied and proposed, in particular, the use of
ribs as turbulizers of condensate films, nonwettable coat-
ings, liquid stimulating agents for initiation of drop con-
densation, vortex generation, and rotation of the heat-
exchange surface. A very promising method for conden-
sation enhancement is the application of electric fields.
The condensation in vertical tubes was studied theoreti-
cally and experimentally in works of Chato [1]. Chen et al.
[2] analyzed film condensation in a vertical tube and
obtained an analytical dependence for the mean Nusselt
number. In works of Webb [3], Cavallini et al. [4], Muir
[5], and Yang and Webb [6], the enhancement of conden-
sation of R-134a and R-22 cooling agents by microrib-
bing was considered (at a change in the rib height from
0.1 to 0.25 mm).

Gerstman and Choi [7] have shown the possibility to
enhance condensation on a vertical plate by exposure of
the film thickness to an electric field. Velkoff and Miller
[8] studied condensation of R-113 vapors on a vertical
copper plate at different field intensities and electrode
geometries. The experimental studies carried out by Seth
and Lee [9] showed the possibility to enhance the vapor

condensation from a gas–vapor medium in an electric
field. Later on, results of detailed studies on the conden-
sation of vapors of dielectric liquids from a gas–vapor
mixture were obtained by other authors as well [10–14].
However, data on the influence of an electric field on
condensation of conducting liquids, including water, can
hardly be found at all. The relevance of such research is
imposed by the necessity to reveal the specific character
of the interaction of two-phase conducting systems and
electric fields and the possibility to use the condensed
liquid in electrohydrodynamic generators [15].

In the first part of the research carried out [16], we
showed the possibility of atmospheric moisture use in
an electrohydrodynamic generator and studied the con-
densation of a gas–vapor mixture in the absence of an
electric field. The aim of this work is the experimental
study of the influence of an electric field on the conden-
sation of water vapor from a gas–vapor mixture.

The study of the condensation process was carried
out by means of an experimental installation; its dia-
gram is shown in Fig. 1. The working liquid was heated
to boiling in vessel 

 

9

 

. The formed vapor proceeded into
the lower part of a vertical tube with a length of 80 cm
and a diameter of 28 mm, where it was mixed with air
and condensed on the inner surface of the tube. The
formed condensate dripped down and arrived into a
measuring vessel. From the outside, the tube was blown
with a flow of air with a controlled velocity. A copper
wire electrode in varnish insulation with a diameter of
3 mm with scratches was placed in axial alignment
inside the tube. Direct voltage from a high-voltage sup-
ply of the AII-70 type was applied to the inner elec-
trode; the tube used for the second electrode was con-
nected to the ground through a milliampere meter. The
vapor consumption was measured according to the
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mass of the evaporated water and the duration of the
experiment. The tube’s surface temperature was mea-
sured by means of thermocouples installed in the begin-
ning, in the center, and in the end of the tube. The

humidity and the temperature of the vapor at the output
of the tube were determined by virtue of a psychrome-
ter; the consumption of air fed into the condenser was
measured with a rotameter.

The velocity of the air blowing over the outer sur-
face of the tube was measured by means of an anemom-
eter. The experiments were carried out with the mea-
surement of the process parameters in the following
ranges: 0–35% for the noncondensable gas concentra-
tion, 0–3.5 m/s for the airflow velocity, and up to 15 kV
for the voltage. The choice of the variation range for the
velocity of the tube surface blowing over was deter-
mined by the characteristic range of the wind velocities
in the conditions of Moldova. The maximum voltage
value was limited by the breakdown of the interelec-
trode gap.

Figure 2 presents the dependences of the obtained
condensate fraction on the air concentration at different
current intensities of the corona discharge. The maxi-
mum degree of intensification is 1.9. The obtained
results testify to a monotonous decrease in the degree of
enhancement with increasing gas concentration both in
the presence of the electric field and in its absence. The
rate of the curves may be explained by the fact that the
diffusion thermal resistance plays the key role even at
very small concentrations of noncondensable gas.

Dependences of the condensate fraction on the cur-
rent intensity at different velocities of the air blowing
over the tube are given in Fig. 3. As the current intensity
increased up to the breakdown of the interelectrode
gap, an increase in the amount of the obtained conden-
sate was observed. The corona discharge appearing at
certain potential difference causes intense dispersion of
the condensate film and its thinning. In addition,
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 Dependence of the condensate fraction on the current
intensity at different velocities of blowing, 

 

c

 

 = 5%: (

 

1

 

) 1.3 m/s;
(

 

2

 

) 2.0 m/s; (

 

3

 

) 3.5 m/s.

 

1

2

3

4

5

67

8

9

 

Air

 

9

9

8

 

mA

mA

 

Fig. 1.

 

 Diagram of the sector of the condensation of a gas–
vapor mixture: 

 

1

 

 is the tube–condenser of the vapor, 

 

2

 

 is the
condensate receiver, 

 

3

 

 is the high-voltage electrode, 

 

4

 

 is the
high-voltage supply, 

 

5

 

 is the anemometer, 

 

6

 

 is the temperature
measurement unit, 

 

7

 

 is the vapor generator, 

 

8

 

 are thermome-
ters, and 

 

9

 

 is the blower.
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intense agitation of the gas–vapor mixture occurs,
which contributes to a decrease in the diffusion resis-
tance. An increase in the velocity of the tube blowing
over causes turbulization of the blowing airflow, which
also favors the process enhancement.

Thus, the possibility of considerable enhancement
of the condensation process in an electric field due to
the condensate film turbulization and to the decrease in
the diffusion resistance to the vapor transfer has been
experimentally confirmed. At a noncondensable gas
concentration of 5%, an approximately two-fold
increase in the condensate amount has been obtained.
The results can be used for the design of electrohydro-
dynamic generators and for the preparation of compact
vapor condensers.
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THE THEORETICAL BASE OF THE ISSUE

Baram [1] gives as main use for the extended equation
of the heterogeneous reactions’ kinetics, (Eq. (1)), to
describe the phenomena that take place during the
thermo-chemical processing of metals and alloys. The
equation was obtained using the masses’ action law and
the phenomenological dependency of the time related
variation of the inter phases separation areas’ size
(Eq. (2)) in solid bodies undergoing thermo-chemical
processes.

(1)

(2)

where 

 

S

 

0

 

 represents the initial area of the solid phase;

 

m

 

0

 

 and 

 

m

 

 the mass of the solid phase at the beginning,
respectively in the moment 

 

t

 

 of the process; 

 

V

 

—the vol-
ume of the phase undergoing the processing; 

 

C

 

—the
limit concentration of the saturation element in the
solid phase (the value will take into account the initial
concentration of the element, respectively the chemis-
try of the process) 

 

n

 

 the grade of the inter phase reac-
tion, depending on the type of the cementing element;

 

α

 

 constant (kinetic parameter), depending on the indi-
vidual property of the reacting phases; in case 

 

α

 

  0,
(1 – 

 

α

 

)  1, the process develops in the kinetic
domain, the reactions on the interface reaction
medium—metallic product are dominant and the inter
phase reaction area is considered to remain unchanged;
in case 

 

α

 

  1, (1 – 

 

α

 

)  0, the speed of the layer

K*
1 α–( )Vn

S0t1 α–
----------------------- dm

CV m m0–( )–[ ]n
------------------------------------------

m0

m

∫=

S K 'S0
1

tα----=

 

forming process is limited by the speed at which
develop the diffusion processes within the metallic
matrix, the later ones representing the dominant pro-
cesses, and the inter phase separation area changes;

 

K

 

*—the constant of the process speed; its measuring
units are the ones corresponding to the multiplication:

 

m

 

1 – 

 

n

 

V

 

n

 

S

 

–2

 

t

 

α 

 

– 1

 

, where 

 

m

 

, 

 

V

 

, 

 

S

 

 and 

 

t

 

 are the measuring
units for mass, volume, area and time.

In case there is an exceeding of the cementing ele-
ment in the medium, the variation in time of its concen-
tration can be ignored (the most frequent case in the
thermo-chemical treatment practice), the grade of the
inter phase reaction becomes zero (

 

n

 

 = 0), and through
the integration of the Eq. (1) results the relation (Eq. (3))

(3)

where 

 

∆

 

m

 

 = 

 

m

 

 – 

 

m

 

0

 

 represents the mass variation of the
solid phase; If we consider the relation:

(4)

where 

 

δ

 

 represents the size of the cemented layer,
results:

(5)

where

(6)

The relations 3 and 5 are useful to 

 

calculate the con-
stants of the speeds at which the thermo-chemical pro-
cessing develop

 

 depending on the values of the mass

K0*
1 α–( )∆m

S0t1 α–
--------------------------=

δ K '∆m=

K0
1 α–( )δ
t1 α–
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Abstract

 

—The lack of practical information regarding the kinetics of a thermal process can be compensated by esti-
mating the kinetic parameters of the process. Using the methodology imposed by Baram, as well as to one resulted
form the use of the solution to the Fick’s differential equation, through a minimum number of experiences, can be
obtained sufficient information to estimate the process’ average speed, its activation energy, the diffusion coefficient,
etc., and forecast the saturation effects in conditions different from those used for experiments to obtain preliminary
information. This paper presents the experimental results obtained during the nitriding of pure technical iron and
respectively of a nitraloy type alloyed steel for improvement, regarding the kinetic of the nitrided layers’ growth and
starting from this results, the calculated values of the of the kinetic parameters, respectively the forecasted values of the
kinetics in conditions different from those effectively used during experiments.
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variations or of the cemented layer size variations in time
for the products being processed, the same relations in
logarithmic coordinates [log(

 

∆

 

m

 

) – log

 

t

 

, respectively
log

 

δ

 

 – log

 

t

 

] represent straight lines with tangents of the
of the angles of inclination in relation with the log

 

t

 

abscissa, themselves equal with the (1 – 

 

α

 

). This obser-
vation ensures the possibility to determine (1 – 

 

α

 

) and
 (or 

 

K

 

0

 

) using very few experimental data related to
the size variation of the cemented layer or the mass vari-
ation recorded during a certain technological process.

Relation 4 allows determining the ratio between the
cemented layer size and its mass variation, 

 

δ

 

/

 

∆

 

m

 

 a con-
stant for a certain process being analyzed.

The process 

 

activation energy

 

 (Eq. (7)) can be cal-
culated using the data related to the thermo-chemical
process’ 

 

average speeds

 

, determined at two tempera-
tures, for the same amount of time.

(7)

where 

 

E

 

 (Kcal/mol)—represents the thermo-chemical
process’ activation energy; 

 

W

 

1

 

 (mg/cm

 

2

 

/ora)—process’
average speed, determined at temperature 

 

T

 

1

 

, after the
period of time 

 

t

 

; 

 

W

 

2

 

 (mg/cm

 

2

 

/ora)—the process’ aver-
age speed, determined at temperature 

 

T

 

2

 

, after the
period of time 

 

t

 

;

(8)

depending ob requirement the process’ average speed
can be expressed in mg/cm

 

2

 

/ora, or in 

 

µ

 

m/ora.
Unfortunately, the data required for rigorous calcu-

lation in order to establish the thermo chemical treat-
ment operations’ parameters are almost nonexistent.
The separate data from the specialty literature, related
to values as 

 

D

 

 (

 

the diffusion coefficient value

 

), 

 

h

 

 (

 

mass
transfer relative coefficient

 

) 

 

and K

 

 (

 

adsorption speed
constant

 

) need to be verified for each situation taken
aside. Knowing these values allows to understand the
influence of various technological factors and to gain
knowledge about ways to control thermo chemical pro-
cesses. It is difficult and labor intensive to determine
through experiments the values of interest 

 

D

 

, 

 

h

 

 and 

 

K

 

.
A substantial help in resolving this issue comes from
the graphic expressions of the criterial solutions of

Fick’s differential equations, Θ = f(Ti = h

x/2 ) and respectively Θ = f(h  h, x) (where
Θ = Cx, t – C0/Clim – C0 [2, 3].

In order to determine the values of interest D, h and
K, one can use the data related to the correlation
between the size of the diffusion area and the isother-
mal maintaining time at the thermo chemical process-
ing temperature, the same data that were used also to
estimate the constants of the speeds at which the thermo

K0*

E
W2 W1log–log
1
T1
----- 1

T2
-----–

------------------------------------- 4.575×=

Wt
T K0*

1 α–( )tα----------------------; or Wt
T K0

1 α–( )tα----------------------= =

D.t;

D.t D.t;

chemical process develops, its activation energy and its
average speeds of development.

In order to determine the values D, h and K related to
a certain type of thermo chemical processes, undergoing
in rigorously set conditions, it is necessary to go through
the following phases; determine the relative concentra-
tion Θ; graphic estimation of the time after which the
time variation curve of the size of layer enriched with
the element transferred through diffusion from the
medium (the cementing element), separates form the
abscissa (in this application this is time t1); from the
graphic expression of Fick’s differential equation solu-
tion, obtained by resolving it in grade II limit conditions,

Θ = f(Ti = h  x/2 ) for x/2  = 0 and the
value of the relative concentration Θ previously deter-

mined, the value h  = Ti (Tihonov criterion) can be
determined; for strictly set thermal processing condi-
tions (temperature and medium conditions) the values
D, h and K are constant, thus it can be approximated

Ti1 = Tix  the Tihonov criterion’s values, determined

after various periods of isothermal maintaining, tx, along
with the value corresponding to the relative concentra-
tion Θ, allow to determine the values corresponding to
the Biot criterion (Bi = h.x) (the graphic expression Θ =

f(h  h.x) will be used); the values of the mass trans-
fer relative coefficient, h, will be calculated starting from
the graphic determined values for the Biot criterion and
respectively the size of the diffusion layers, x, in relation
with them; the value of the diffusion coefficient D, will
be calculated, taking into account the estimated value of
the Tihonov criterion (Ti1) and the one referring to the
mass transfer relative (average) coefficient:

 (cm2/s) (9)

the value of the adsorption speed constant will be cal-
culated, K (cm/s)

(10)

THE CALCULATION OF THE KINETIC 
PARAMETERS AND THEIR SIGNIFICANCE

Materials and Equipment Used for Experiments

Experimental test intended to gather a minimum of
information related to the kinetics of the gaseous nitrid-
ing process applied to the pure iron parts (Fe-ARMCO)
and respectively to an alloyed steel for improvement
intended for nitrding-nitralloy-39MoAlCr15 (0.38% C;
45% Mn; 0.25% Si; 1.4% Cr; 0.20% Mo; 1.1% Al). The
nitralloy samples were used in an improved status
(quenching 930°C/oil followed by tempering 630°C/oil).
he test samples had the dimensions Ø 10 × 15 mm and
were subsequently nitrided in ammonia, in a vertical

D.t; D.t D.t;

D.t

t1

tx

---;

D.t;

D
Ti1

h
-------⎝ ⎠

⎛ ⎞ 1
3600.t1
------------------=

k h.D=



130

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 45      No. 2      2009

COJOCARU et al.

muffle furnace, with an useful space of Ø 300 × 600 mm,
electrically heated (P = 24 KW).

By choosing two materials, beside verifying the cal-
culation methods for the kinetic parameters, it was
intended to determine the effect of the ferrous matrixes
alloying on the level of kinetic parameters.

Calculation of the Kinetic Parameters

The experimental data used for the calculation of the
kinetic parameters, using the Baram method are stated
in Table 1, for pure technical iron, for periods of iso-
thermal maintaining of 4, 8 and 12 ore, at a nitriding
temperature of 500°C, respectively 580°C. Using the
calculated values of the reaction speeds,  and K0 and
of the kinetic parameter α, can be anticipated by calcu-
lation the size of the nitrided layers, respectively the
mass variations of the samples undergoing thermal pro-
cessing, for any other value of time for isothermal
maintaining at the processing temperature.

Therefore:

 from relation 3 (11)

respectively 

δcalc = K0t1 – α/1 – α, from relation 5 (12)

where  and K0 represent their average values (arith-
metic average of the values obtained using experimen-
tal data).

The analysis of the data related to the kinetic param-
eters of the gaseous nitriding process applied to pure
technical iron underlines the following aspects:

K0*

∆m
S0

--------⎝ ⎠
⎛ ⎞

calc

K0*t1 α–

1 α–
-----------------,=

K0*

—at 500°C the nitrogen cementing process devel-
ops in the kinetic range, (1 – α) > 0.5, therefore the
phase of the process that slows its development speed is
represented by the reactions on the inter phases separa-
tion level;

—at 580°C the development speed of the nitrogen
cementing process is limited by the intensity of the dif-
fusion within the metallic matrix, (1 – α) < 0.5;

—the nitrided layer growth speeds increase with the
increase in nitriding temperature, but they decrease
noticeably in time;

—the nitriding process activation energy in the
range of temperatures 500–580°C, determined using
the average speed of the process, is close to the data
existing within the specialty literature related to this
value [4, 5].

Following the previously presented succession of cal-
culations necessary to determine the diffusion coeffi-
cient, the mass transfer relative coefficient and respec-
tively the adsorption speed constant’s value, based on a
minimal number of experimental data existing in
Table 1, related to the nitriding of pure technical iron, the
following values were obtained (Table 2).

The calculated values are in close accordance with
the data from the specialty literature related to the nitro-
gen diffusion in non alloyed ferrite [6].

In case of alloyed matrixes, as for example improve-
ment alloyed steel 39MoAlCr15, the nitrogen diffusion
process kinetics in clearly modified, an aspect con-
firmed by both the experimental data and the corre-
sponding values of the calculated kinetic parameters
(Tables 3, 4).

Comparing the results obtained (Table 3) with the
ones correspondent to the pure technical iron nitriding

Table 1.  Summary of the pure technical iron nitriding kinetic parameters (using Baram method) 
(A) Nitriding conditions: 500°C;  = 40%

t, ore [∆m/S0] δexp [∆m/S0]calc δcalc 1 – α K0 W E500–580°C

4 0.89 133.5 – –

0.65

0.235 35.23 33.4 17.0
8 1.46 222.8 – – 0.245 37.51 27.9 12.0

12 1.83 272.8 – – 0.236 35.28 22.7 11.6
20 – – 2.56 388.3 19.4
30 – – 3.34 505.4 16.8

Note: Measuring units: ∆m/S0 = mg/cm2; δ-µm;  = mg/[cm2 h1 – α]; K0 = µm/h1 – α; δ/∆m = [µm cm2]/mg; W = µm/h; E = Kcal /mol

(B) Nitriding conditions: 580°C;  = 40%

t, ore [∆m/S0] δexp [∆m/S0]calc δcalc 1 – α K0 W

4 2.52 374.5

0.34

0.535 79.6 93.7
8 3.06 463.8 0.512 77.7 57.9

12 3.68 553 0.536 80.6 45.9
20 – 4.29 645.8 32.3
30 – 4.92 741.3 24.7

αNH3

K0*

K0* 0.238= K0 36.01= EW 14.1=

K0*

αNH3

K0*

K0* 0.527= K0 79.3=
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Table 2.  Summary of D, h, and K kinetic parameters calculation Nitriding temperature 520°C

tx, h Ticalc = Ti1: X, cm hx h, cm–1

2 0.140 0.0148 0.10 6.75

9.60

4 0.353 0.0193 0.20 10.36

6 0.288 0.0238 0.25 10.50

8 0.250 0.0282 0.30 10.63

10 0.230 0.0237 0.32 9.78

t1

tx
---- h, cm 1–

D
0.07
9.60
----------⎝ ⎠

⎛ ⎞ 2 1
3600 0.5⋅
----------------------- 2.95 10 8– 3 10 8–   cm2/s×≅×= =

K h D× 9.60 2.95 10 8–×× 28.3 10 8–    cm/s ×  = = =  

Table 3.

 

  Summary of the 39MoAlCr15 nitralloy nitriding kinetic parameters (using the Baram method)
(A) Nitriding conditions; 500

 

°

 

C;  = 40%

 

t

 

, h

 

δ

 

µ

 

m

 

, exp

 

δ

 

µ

 

m

 

, calc 1 – 

 

α

 

K

 

0

 

, 

 

µ

 

m/ora

 

α 

 

– 1

 

W

 

, 

 

µ

 

m/h

 

E

 

, 500–600

 

°

 

C, Kcal/mol

10 200 –

0.608

29.98 19.99 9836.3

20 300 – 29.51 14.99 8214.8

30 390 – 29.98 12.99 8023.7

40 – 458.3

50 – 525

(B) Nitriding conditions; 600

 

°

 

C;  = 40%

 

t

 

, h

 

δ

 

µ

 

m

 

, exp

 

δ

 

µ

 

m

 

, calc 1 – 

 

α

 

K

 

0

 

, 

 

µ

 

m/ora

 

α 

 

– 1

 

W

 

, 

 

µ

 

m/h

10 410 –

0.487

65.06 41

20 599 – 61.82 27.3

30 700 – 65.05 23.33

40 – 792

50 – 883

αNH3

K0 29.59= W 15.99= E 8691.6=

αNH3

K0 63.97= W 30.54=

 

Table 4.  

 

Summary of 

 

D

 

, 

 

h

 

, and 

 

K

 

 kinetic parameters calculation 

 

T

 

 = 520

 

°

 

C;  = 40%

 

t

 

x

 

, h

 

Ti

 

calc = Ti1: X, cm hx h, cm–1

10 0.223 0.0251 0.30 11.95

14.8
12 0.204 0.0273 0.40 14.65

20 0.158 0.0358 0.55 15.36

30 0.129 0.0456 0.80 17.20

αNH3

t1

tx
---- h, cm 1–

D
0.07
14.8
----------⎝ ⎠

⎛ ⎞ 2 1
3600 0.5⋅
----------------------- 12.43 10 9– 1.2 10 8–   cm2/s×≅×= =

K h D× 14.8 12.43 10 9–×× 18.4 10 9–    cm/s ×  = = =
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(Table 1) it can be noted that in both cases, at low tem-
peratures, the saturation process phase that develops at
the slowest speed is the one in the cementing media
[(1 – 

 

α

 

) > 0.5], and that at high temperatures, 

 

≥

 

550

 

°

 

C,
the layer forming speed will be hindered by the diffusion
processes within the metallic matrix [(1 – 

 

α

 

) < 0.5]. It
can also be observed the diffusion speeds and the reac-
tion speeds’ constants in the case of 39MoAlCr15 steel
are substantially lower than the ones recorded in the
case of pure technical iron nitriding. Implicitly, given
the connection between the reaction speed’s constant
and the process activation energy, a decrease of the
reaction speed’s constant value will cause an increase
of the activation energy.

The information gathered regarding the 

 

D

 

, 

 

h

 

 and 

 

K

 

kinetic parameters have a very distinct importance both
in theory and in practice: in theory, they certify that by
ferrite alloying, the diffusion coefficient decreases
(2.5 times compared to the value recorded for pure
technical iron nitriding) this in turn causing the increase
in the mass transfer relative coefficient, h. The increase
of the mass transfer relative coefficient at the same time
with a decrease of the diffusion coefficient and a con-
stant value of the adsorption constant leads to the con-
clusion that in case 39MoAlCr15 steel nitriding the
probability of type 

 

ε

 

 nitrogen rich phases forming on
the surface is much greater than in the case of pure tech-
nical iron nitriding; in practice, it is necessary to mod-
ify the activity of the atmosphere used for nitriding in
such way that the process of nitrogen rich phases form-
ing is strictly controlled, thus avoiding the appearance
of the networks generated by these phases and therefore
the inconveniences related to them. In this context, the
specialty literature confirms by practical observations
the theoretical reasoning previously presented: an
increase in the degree of ammonia dissociation up to
60–65% (even 70% at a temperature towards 600

 

°

 

C)
does not have a significant effect on the macro hardness
and respectively on the size of the nitrided layer
obtained in certain processing conditions (temperature-
time) but greatly reduces the tendency of the type 

 

ε

 

nitrogen rich phase to appear.

CONCLUSIONS

The kinetic parameters of any thermo chemical pro-
cess can represent efficient analysis and prognosis
instruments for the said processes. It is possible to
determine them in an analytical manner using the het-
erogeneous reactions’ kinetics extended equation and
using minimum o information related to process kinet-
ics, gathered through experiments. Thus it can be
obtained data referring to the phase of the process that
develops at the lowest speed (using the kinetic parame-
ter 

 

α

 

), the reaction speed constant, process activation
energy, layer forming current speed.

The values of the diffusion coefficient, the mass
transfer relative coefficient and of the adsorption speed
constant can be estimated using the graphic expressions
of the criterial solution to Fick’s equation, again using
minimum o information related to process kinetics,
gathered through experiments.

The data referring to the two materials used for
study, Fe-ARMCO and 39MOALCR15 are in accor-
dance with the information from the specialty literature
and confirm the validity of the analytical methods of
calculation for the kinetic parameters, presented in this
paper.
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INTRODUCTION

In papers devoted to the investigation of electric dis-
charge action upon electrolyte water solutions [1, 2]
changes in the acidity and electroconductivity in the
solutions have been noted. The solutions’ electrocon-
ductivity may vary by 1 or 2 orders of value. For the
case of glow discharge, such a change can be explained
by the nitric oxides’ formation in the plasma region and
their subsequent dilution in the work electrolyte, which
causes acidity changes and, hence, the solutions elec-
troconductivity modification. In the case of an under-
water discharge (a diaphragm one in particular), NO

 

x

 

formation in the plasma region is impossible, because
the discharge glows within the electrolyte volume with
nitrogen being absent. Previous experiments [3]
showed that the diaphragm discharge action on water
solutions of acids and alkalis leads to a considerable
decrease of the electroconductivity. In [4], design and
experimental data were compared concerning the elec-
troconductivity changes under glow discharge condi-
tions. The purpose of the present paper is to obtain sim-
ilar results for glow discharge. The idea of the approach
is the following: if the solution electroconductivity
change is stipulated just by the concentration change of
H

 

3

 

O

 

+

 

 and OH

 

–

 

 ions, i.e., the solution acidity changes at
a constant ion mobility, the electroconductivity values
being measured should coincide with the designed ones
according to the experimental pH values. The observed
divergence between them should be interpreted as a
consequence of the H

 

3

 

O

 

+

 

 and OH

 

–

 

 ions’ mobility being
changed by the discharge’s influence on the solution’s
structural characteristics.

METHODS OF THE EXPERIMENT

In the experiments, there was used a cell for the dia-
phragm discharge that is similar to the one described in
[3]. Graphite rods of 5 mm diameter served as the elec-
trodes. The operating voltage varied from 200 to 550 V,
and the discharge current, from 30 to 250 mA. Tap
water solutions were used: HCl (pH = 1.6), HNO

 

3

 

(pH = 1.88), H

 

2

 

SO

 

4

 

 (pH = 1.851), NaOH (pH = 10).
The solution volume made up 400 ml. The diaphragm
diameter was 1–1.5 mm.

The acidity was measured using a universal ion
meter (

 

à

 

-160) every 5 minutes. The electroconductiv-
ity was measured simultaneously with the acidity using
an ion meter (IonLab).

At the electroconductivity calculation, there was con-
sidered the contribution of the solutions’ acidity change.
The electroconductivity was defined by the formula

where 

 

c 

 

is the concentration, g-equiv/l; and 

 

λ

 

 is the
utmost equivalent electroconductivity (mobility) of the
corresponding ion, Ohm

 

–1

 

 cm

 

2

 

/(g-equiv).

The table presents the reference values of 

 

λ

 

 of dif-
ferent ions at various temperatures.

Using the reference data on the temperature influ-
ence upon the utmost equivalent conductivity, there
was made an allowance for the estimated temperature
of the general electroconductivity of the solutions.

χ c H( )λ H( ) c OH( )λ OH( )+=

+ c K
+( )λ K+( ) c A–( )λ A–( ),+
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Fig. 1.

 

 Comparison of the estimated (index “a”) and experimental (index “b”) values of the specific electroconductivity change
under the diaphragm discharge action. 
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2

 

—NaOH (pH=10).

 

χ

 

, mCm/cm

Time, min

 

1

 

a

 

2

 

a

 

1

 

b

 

2

 

b

0 5 10 2015 25 30

50

40

30

20

10

0

 

3

 

b

 

3

 

a

 

Fig. 2.

 

 Curves of the estimated (index “a”) and experimental (index “b”) values of the specific electroconductivity of acids: 

 

1

 

—HCl;

 

2

 

—HNO

 

3

 

; 

 

3

 

—H

 

2

 

SO

 

4

 

 (pH 1).

 

RESULTS AND DISCUSSION

Figure 1 depicts the estimated (index “a”) and mea-
sured (index “b”) values of the electroconductivity for
the tap water (curve 1a and 1b) and the NaOH solution

(curve 2a and 2b). In the tap water, the measured elec-
troconductivity values are situated a bit lower versus
the estimated ones. Whereas, for the NaOH solution,
the data divergence is far beyond the error limits of the
experiment.

 

Table

 

T

 

°

 

C Na

 

+

 

H

 

+

 

OH

 

–

 

Cl

 

–

 

18 42.18 315 171 66.0 62.3 68.4
35 61.54 397 – 92.21 – –
45 73.73 441.4 – 108.92 – –
55 86.88 483.1 – 126.4 – –

100 145 630 450 212 195 260

NO3
– SO4

2–
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The data obtained for the acid solutions (Fig. 2) are
of a similar kind of character. Therefore, the largest dis-
tinctions in the estimated and measured values of the
specific electroconductivities for the acids and alkali
are assumed to be a regularity and are interrelated with
the change of the solution structure resulting from the
diaphragm discharge action, which mainly affects the
hydroxonium ions mobility, the motion mechanism of
which is of a relay character [6]. There has been sup-
posed the disconnection of hydrogen bonds occurring
due to the diaphragm discharge action, which primarily
influences the H- and OH- ions mobility.
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INTRODUCTION

Recently, the compositions on the basis of polymers
and ferromagnetics have been widely used in radio
engineering, television, communication engineering,
storage devices, and computer engineering due to their
relatively high magnetic and exploitation properties. It
is evident that, in the process of exploitation in the
devices, the elements of polymer-ferromagnetic com-
positions are exposed to the long-term action of con-
stant and alternating magnetic fields. The processing of
magnetic polymer compositions under the influence of
constant and alternating fields, as well as the change of
the temperature-time regime of crystallization, may
vary their magnetic, strength, and thermal properties.
The processing of polymer magnetic compositions may
improve the magnetic properties of ferromagnetics [1],
and it can be used for the structure modification [2]. A
constant magnetic field can induce the polymer chains
approach and orientation and influence the per-molecu-
lar structures of polymers. In [3, 4], it is shown that the
dielectric losses in the glass-transition temperature
region become reduced under the magnetic field influ-
ence—the  maximum shifts into the high temper-
atures region. It has been determined that the orienta-
tional effects in polymers are mainly caused by the con-
formational transformations.

In unprocessed polymer composition materials, the
particles of ferromagnetic stuff sustain isotropic distri-
bution, and, after the direct magnetic field action, they
are polarized. As a result, they change their space dis-
tribution within the polymer volume and shape like
chains. The stability of the anisotropic distribution

δtan

 

depends upon the residual magnetization of the compo-
sitions and the mobility of the polymer matrix.

EXPERIMENTAL METHODS

The influence of the crystallization regimes and the
magnetic field action on the strength, magnetic, and
thermal properties of compositions of the polymer
(PEHD, PVDF) baric hexaferrit (BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

 has been
examined. The thermal properties of the compositions
have been studied by the differentially-thermal (DTA),
differentially-thermogravimetric (DTG), and thermo-
gravimetric (TG) methods with a Q-derivatograph of
the MOM firm (Hungary) in the temperature region of
20–450

 

°

 

C. The channel sensitivity made up the follow-
ing: DTA-1/5; DTG-1/15; TG- mg 200 [5].

The initial polymers PEHD and PVDF (without the
additive) and the polymer–magnetic composite materi-
als on the basis of PEHD, PVDF, and the magnetic
additive BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

 were obtained by the method of
hot pressing at a pressure of 15MPa at a temperature of
the polymer matrix melting for 10 min with subsequent
cooling in the following modes of crystallization:
(1) The specimens were immersed into a vessel with
liquid nitrogen. We call this kind of regime “nitrogen
hardening” (NH). (2) The specimens were cooled in a
mixture of ice with water at a rate of 2000 degrees/min.
This type of regime is called a “melt-quench” regime
(MQ). (3) Slow cooling (SC) of the melt up to room
temperature at a rate of 2 degrees/min.

All the composition specimens were produced in the
form of a film, and the compositions’ magnetic proper-
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 have been presented. It has been
shown that the changes of the mechanical strength, magnetic permeability, and the thermal properties of the
magnetic composites being studied, with regard to the temperature-time mode of crystallization and processing
in a strong constant magnetic field, can be interrelated with the change of the polymer matrix supermolecular
structure, the degree of the phase interaction, and the interphase layer thickness.
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ties were defined at a temperature of 293K. The strength
characteristics of the compositions being studied were
measured at a temperature of 293K according to [6].

The magnetization was measured by the Domeni-
calli method with a pendulum magnetometer at room
temperature.

RESULTS AND DISCUSSION

Figure 1 displays the dependencies of the mechani-
cal strength (

 

σ

 

) of the compositions PEHD +
(BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

) and PVDF + (BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

), obtained in
the MQ regime upon the volume content of the mag-
netic additive prior to and after the direct magnetic field
processing at 2.4 kOe for 0.5 hours. As follows from
Figure 1, the mechanical strength 

 

σ

 

 reduces with the
magnetic stuff content increase (and, correspondingly,
with the polymer matrix content decrease). Such kind
of 

 

σ

 

 dependency upon the volume content of the mag-
netic additive is connected with the increase of the spe-
cific surface area of the magnetic stuff and the decrease
of the share of the composition of the polymer matrix,
since the polymer matrix serves a connecting link.

Figure 1 also shows that the constant magnetic field
action causes the diminution of the mechanical strength
of the composition. The degree of PVDF 

 

σ

 

 diminution
is greater than that of the PEHD one.

The mechanical strength alteration after the compo-
sitions processing in the constant magnetic field is
interrelated, in our opinion, with the magnetic particle
polarization, which leads to the structural disorder
(macromolecular excitation, local polarization) of the
structure. The mechanical strength change with regard
to the polymer matrix and with similar kinds of mag-
netic stuff is obviously connected with the decrease of
the interaction between the neighboring molecules of
the polymer matrix and the phase interaction. It is also
possible that the constant magnetic field of the polymer
molecule may partially orientate itself, which leads to a
decrease of the potential barrier and to the decrease of
the composition’s mechanical strength.

Figure 2 shows the dependence of the magnetic per-
meability on the volume content of the magnetic stuff
for the compositions of PVDF + (BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

 and
PEHD + (BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

 obtained in the MQ regime.
It can be seen from the figure that, with the growth

of the magnetic stuff volume content, an increase of 

 

µ

 

is observed, with the 

 

µ

 

 value being dependent on the
polymer matrix nature at the given volume content of
the stuff.

Figure 3 depicts the MQ and SC mechanical
strength dependences of the PVDF + (BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

)
compositions upon the volume content of the
(BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

) magnetic additive. It is clear that a 

 

σ

 

decrease is observed with respect to the volume con-
tent. It is also evident that, with all the other factors
being equal, the mechanical strength of the (MQ) com-
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 Dependence of the magnetic strength upon the volume
content of the magnetic stuff prior to and after processing in the
direct magnetic field: (
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 – prior to
processing; (
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) – after processing;
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 Dependence of the magnetic permeability upon the vol-
ume content of magnetic stuff: (
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) PEHD + BaO(Fe
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;
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 Dependence of the mechanical strength of the MQ (
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) compositions of PVDF+(BaO(Fe
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) upon
the volume content of the BaO(Fe
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O
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6

 

.
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positions is higher in comparison with the 

 

σ

 

 of the (SC)
compositions.

From the above experimental data, it follows that
the mechanical strength of the magnetic compositions
is influenced by the polymer matrix polarity, the tem-
perature regime of the crystallization, and the process-
ing under the constant magnetic field.

Figure 4 displays the magnetic field influence on the
thermostability of the PEHD and the PEHD–
BaO(Fe

 

2

 

O

 

3

 

) compositions obtained by NH prior to and
after the magnetic field action. It is evident from the fig-
ure that, on the DTA PEHD curve, the endothermal
effects are observed (Fig. 4, curve 

 

1

 

) at 133, 213, and
390

 

°

 

C. The endoeffect at 133

 

°

 

C corresponds to melting
of the polymer matrix crystalline part of the PEHD. The
endoeffect at 213

 

°

 

C corresponds to opening of the
weak bonds, and, at 390

 

°

 

C, to the PEHD depolymeriza-
tion. The endoeffect temperature at 133

 

°

 

C with the
additive PEHD + 10 vol % BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

 (Fig. 4,
curve 

 

2

 

) shifts towards the low temperatures and
becomes 125

 

°

 

C, and this corresponds to melting of the
composition with 90 vol % PEHD + 10 vol %
BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

. The temperature of the weak bonds open-
ing corresponds to 283

 

°

 

C.

From all that was mentioned above, it follows that
the change in the temperatures of the thermal effects
suggests the formation of a new interphase layer on the
interface between the composites’ components.

Under the magnetic field influence upon the PEHD
and the composite 90 vol % PEHD + 10 vol %
BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

, it was found that the temperatures of the
weak bonds opening shifts towards high temperatures,
and the temperature of depolymerization shifts towards
low temperatures.

Similar investigations were carried out both for the
initial PVDF polymer and the PVDF + BaO(Fe

 

2

 

O

 

3

 

)

 

6

 

composite.

At a rapid crystallization in the NH regime, in the
PVDF films, there are observed (Fig. 5, curves 

 

1

 

) a rela-
tively high melting temperature of the PVDF crystalline
part (170

 

°

 

C) and a high temperature of the weak bonds
opening (218

 

°

 

C) as compared with the specimens
obtained in the MQ and SC regimes. However, the spec-
imens of the composition 90 vol % PVDF + 10 vol %
BaO(Fe2O3)6, obtained in the MQ (338°C) regime
(Fig. 5, curves 2) are more thermal stable in comparison
with those produced by NH (300°C) and MQ (330°C);
i.e., the temperature of depolymerization for the speci-
mens obtained in the SC regimes is higher than for the
samples obtained in the NH and MQ regimes.

CONCLUSIONS

The change of the mechanical strength, the mag-
netic permeability, and the thermal properties of the
investigated magnetic compositions on the basis of
PEHD + BaO(Fe2O3)6 and PVDF + BaO(Fe2O3)6 with
regard to the temperature-time mode of crystallization
can be stipulated by the alteration of the per-molecular
structure of the polymer matrix and the degree of the
phase interaction and the thickness of the boundary
layer. The change of the mechanical strength, the mag-
netic permeability, and the thermal properties of the
compositions after being processed in the constant
magnetic field, in our opinion, is connected with the
magnetic particle polarization, which causes structural
disorder (macromolecular excitation, local polariza-
tion). It is also possible that the direct magnetic field of
the polymer molecule may partially orientate itself,
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Fig. 4. DTA curves of mixtures of the specimens of the
PEHD + BaO(Fe2O3)6 system obtained in the NH regime:
(1) PEHD (initial); (2) 90 vol % PEHD + 10 vol %
BaO(Fe2O3)6; (3) PEHD (after proc.); (4) 90 vol % PEHD +
10 vol % BaO(Fe2O3)6 (after proc.).
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which leads to a decrease of the potential barrier of the
shift and to the decrease of the value of the composi-
tion’s mechanical strength.
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INTRODUCTION

Clays are natural products which can be used in
industry’ crude or treated’ by physical and chemical
methods. The application domains of clay are derived
from the nature and the structure of mineral’ in addition
to its physico-chemical properties. Acid treatments of
clay consist to modify its structure by changing the
properties of surface, porosity and acidity. The results
obtained through acid activation vary according to the
type of clay used’ its nature’ the acid concentration’ the
temperature and the time of treatment [1]. Acid acti-
vated clay is widely used in industry as a bleaching and
decontaminating agent’ adsorbent’ catalyst and catalyst
support [2, 3].

METHODS

The methods adopted in this study are the following:
the chemical analysis of the major elements was carried
out by EDTA Complexometric Method [4]; X-ray dif-
fractograms were recorded by a Philips type PW 3710
apparatus; the infrared spectra were recorded by Perkin
Elmer 783 Dispersive Spectrometer; the cation
exchange capacities (C.E.C.

 

Cu-EDA

 

) were determined by
the Copper Ethylene Diamine Method [5] and the total
surface was determined by Methylene Blue Adsorption
[6]. The acid treatment at reflux temperature is achieved
with 3N hydrochloric acid [7].

RESULTS

 

X-Ray Diffraction

 

X-ray diffractograms (Fig. 1) show the different posi-
tions of 001 reflection of smectite, kaolinite and illite.

The 001 reflection of smectite appeared at 14.7 Å of the
crude samples. After an exchange with sodium, this
reflection appeared at 12.24 Å characteristic of Na smec-
tite. Heating the samples at 500

 

°

 

C for 2 hours reduced
interlayer spacing to 10 Å. Treatment with ethylene gly-
col showed a change of a 001 reflection to 17.4 Å. The
001 and 002 reflections of kaolinite appeared respec-
tively at 7.19 and 3.57 Å. These reflections disappeared
after heating at 500

 

°

 

C for 2 hours. The reflection at 10 Å
characterized a small amount of illite. The mineralogical
composition estimated by X-ray diffraction is given in
Table 1. After purification, the smectitic fraction was
higher than 70% of the total clay fraction with small
quantities of illite and kaolinite.
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of the mineralogical composition (X-ray diffractions and infrared spectroscopy), chemical analysis, cation
exchange capacities and the total surface area. The result given by these techniques show that these samples
were smectic clay of beidellitic character. In the other hand, the activation of these clays by hydrochloric acid
shows an increase of the specific surface area and favorite the clarification of vegetable oils.
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Table 1.

 

  Mineralogical composition (%) of clay deposit

Samples

Clay mineral, % Impurities, %

Sm. Ill. Kao. Q. Ca. D. Gy.

Soht crude 45 3 10 17 23 2 –

Sof crude 42 5 13 16 17.5 3.5 3

Soht Na-purified 78 7 15 – – – –

Sof Na-purified 71 11 18 – – – –
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Infrared Spectra

 

The infrared spectra (Fig. 2) show the absorbance
of purified samples at a frequency range of 4000 to
400 cm

 

–1

 

 [8].
The vibrating bands at 3658 and 920 cm

 

–1

 

 (Al-Al-OH
group) were observed on the infrared spectra of the dif-
ferent samples, confirming the presence of dioctahedral
smectite [9]. The bands at 3435 and 1636 cm

 

–1

 

 indicated
the adsorption of water molecule on the clay surface
[10]. The (Si–O) structural bands of the clay were con-
firmed by strong absorption bands in the 1100–1000 cm

 

–1

 

region. The bands at 877, 854 and 800 cm

 

–1

 

 corre-
sponded respectively to (Fe,Al–OH), (Mg,Al–OH) and
(Mg,Fe–OH) in smectitic clay [11]. The band at 3710
and 714 cm

 

–1

 

 indicated the presence of kaolinite.

 

Chemical Analysis

 

The chemical weight percent composition of the
2 um fraction (crude samples and purified clay fraction)
are in Table 2. The chemical formula may be calculated
for these fractions by using Mauguin Method. The
number of cations in the octahedral sheet (Al, Fe and
Mg) are closer to 4 than to 6. This result confirms that
clays are essentially dioctahedral. The chemical com-
position data indicated the presence of small amounts
of impurities in the solid; the majority of Mg and K

must be in the composition of the mica, confirmed by
the presence of illite and kaolinite in the XRD diffrac-
tograms.

 

Cation exchange capacities and the total surface

 

The cation exchange capacities (C.E.C.

 

Cu-EDA

 

) and
total surface (Ts) were measured for the crude and puri-
fied samples (Soht and Sof). After purification, the cat-
ion exchange capacities and total surface increased dis-
tinctly. Results are given in Table 3.

 

Application in the Bleaching of Oils

 

Several methods were adopted for the clarification of
vegetable oils, but the most used in industry is clay acti-
vated by hydrochloric acid. This method consists in the
elimination of the pigments by adsorption from oil. For
bleaching test 10 g of clay were added to 100 ml of 3 N
HCl, heated under reflux conditions, for 20 min. Then,
suspensions were centrifuged and solids washed with
distilled water until no chloride anions were detected
(Ag

 

+

 

 test) and dried at 75

 

°

 

C. The oil clarification was fol-
lowed by the measurement of absorbance by oil before
and after treatment by clay. The bleaching capacity is
given in table 4 and presented in Fig. 3. The formula used
to calculate power decolorisation consists to:

 

 A

 

430

 

: absorbance at 430 nm of crude oil (C.O.) and after treatment with clay (T.O.)

The spectra of natural oil revealed the carotenoid pig-
ment at 430, 455 and 483 nm. Bleaching decrease the
intensities of carotenoid pigment until total disappear.

Oils treated with activated clays for 6 hours showed
brown coloring of the pigments. In addition, the three

maxima at 430, 455 and 483 nm were present in the
absorption curves. These results showed that activated
clays did not absorb large quantities of pigments. This
behavior is explained by an intense destruction of the
layers and interlayer space of activated clay. Under these

A430 C.O.( ) A430 T.O.( )–
A430 C.O.( )

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

 

Table 2.

 

  Chemical analysis of the crude and Na-purified samples (Dt): deficit tetrahedral, (Do): deficit octahedral

Samples SiO

 

2

 

Al

 

2

 

O

 

3

 

Fe

 

2

 

O

 

3

 

MgO Na

 

2

 

O K

 

2

 

O CaO H

 

2

 

O

Na-Soht 43.96 11.98 7.18 5.25 2.46 0.61 7.08 21

Soht crude 53.12 21.92 5.58 2.12 1.76 0.9 – 14

Soht Na

 

0.48

 

K

 

0.16

 

(Si

 

7.46

 

Al

 

0.54

 

)(Al

 

3.08

 

Fe

 

0.59

 

Mg

 

0.44

 

)O

 

22

 

Na-Sof 46.32 14.57 7.58 5.26 2.73 0.83 5.42 17

Sof crude 55.19 22.02 5.42 2.36 1.59 0.95 – 12

Sof Na

 

0.42

 

K

 

0.17

 

(Si

 

7.54

 

Al

 

0.46

 

)(Al

 

3.08

 

Fe

 

0.56

 

Mg

 

0.48

 

)O

 

22
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Fig. 1. 

 

XRD patterns of some acid activation clays. (a) crude powder; (b) Na exchanged powder; (c) oriented Na exchange film;
(d) oriented Na exchange and heated at 500

 

°

 

C film; (e) oriented Na exchange and glycoleted film.
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Fig. 2.

 

 IR- spectra of Soht and Sof, (a) crude sample and (b) purified sample.



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 45

 

      

 

No. 2

 

      

 

2009

 

PHYSICO-CHEMICAL CHARACTERIZATION OF ACID-ACTIVATED CLAY 143

 

new conditions, clay lost absorption and adsorption char-
acteristics. Consequently, clay lost its bleaching capac-
ity. Oils treated with activated clay during 1–5 hours
became clear, and clay eliminated the pigments. The fall
of the bleaching capacity curves indicates that clay
absorbed the pigments.

The bleaching capacity curves according to the acti-
vation time (Fig. 4) show that the weakest bleaching
capacities are given by the crude clays, decarbonated
and purified clays; on the other hand, the clays activated
with hydrochloric acid present satisfactory values
which exceed 85%. These curves make it possible to

determine a clarification optimum after 2 hours of acti-
vation with 3 N hydrochloric acid, which shows the
highest values.

CONCLUSIONS

The different analysis of these Tunisian samples
shows that the clay fractions are essentially smectitic
containing little amounts of illite and kaolinite. The
associated minerals are essentially quartz and carbon-
ate. After purification, the smectic fraction is always
exceeding 70%.
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Fig. 3.

 

 The absorption spectra of vegetable oil: 

 

a

 

—crude oil; 

 

b

 

—treated oils by purified clay; 

 

c

 

—treated oils by activated clays during
6 hours; 

 

d

 

—treated oils by decarbonated clay; 

 

e

 

—treated oils by activated clays during 1–5 hours.
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Fig. 4. 

 

Bleaching capacity of activated clays at 1–6 hours.
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The treatment of bentonitic clays with 3 N hydro-
chloric acid shows that once activated, these clays have
weak cation exchange capacities. The specific surface
which seems the determining factor in the adsorption of
the pigments increases and, consequently, the bleach-
ing capacities of these clays become significant. This
study makes it possible to determine a clarification

optimum of vegetable oils by clay 2 hours after activa-
tion by 3 N hydrochloric acid.
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Table 3.  

 

Cation Exchange Capacities (C.E.C. meq/100 g of
calcined clay) and surface areas (S.A. m

 

2

 

/g)

Samples
Crude Na-Purified

C.E.C. S.A. C.E.C. S.A.

Soht 43 408 80 650

Sof 44 464 75 606

 

Table 4.

 

  Bleaching capacity and Cation Exchange Capaci-
ties of Crude, Purified and Activated clays

Bleaching capacity C.E.C.

Samples Soht Sof Soht Sof

Purified 12.45 15.24 80 75

Crude 31.29 31.97 43 44

A
ct

iv
at

ed
 c

la
ys

1h 76.56 72.95 39.3 42.2

2h 87.79 82.12 28.8 32.6

3h 86.5 80.97 20.9 26.8

4h 85.27 80.44 17.5 22.1

5h 80.45 76.44 15.2 17.3

6h 23.4 22.87 13 13.2
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High technologies of processing and conservation
of foodstuffs presuppose the obligatory preservation of
the most valuable thermolabile biologically active com-
ponents including vitamins. Implementation of gentle
methods of microbiological security support is of spe-
cial interest for technologies of the vacuum and subli-
mation drying of foodstuffs, being intrinsically low-
temperature ones.

Yet, for the stage of sterilization and pasteurization,
there isn’t a real alternative to thermal methods in spite
of the apparent vast variety of “cold” sterilization meth-
ods: it is difficult to use fine-pored bacterium filters and
the sphere of their application is rather limited; the meth-
ods of radial sterilization by ionizing radiation, ultra-
sound, chemical substances, and ultraviolet radiation
don’t possess selectivity of their influence on microor-
ganisms and destroy in parallel useful substances.

As electric processes underlie living matter and are
determinative for any microorganisms, researchers are
paying special attention to electric methods of action on
liquid media, which are the most promising from the
point of view of “cold” pasteurization and sterilization.

It should be noted that the control problems of
microorganism development in liquid media are of
great interest not only for the food industry but also for
pharmacology, the perfume and cosmetic industry, the
wine industry, medicine and veterinary medicine, and
communal services. For instance, in medicine there is
the problem of an electric effect being used in order to
destroy pathogenic (carcinogenic) cells in blood. In the
wine industry, it is the pasteurization of dry wines that
is topical, which allows excluding sulphur dioxide as a
preservative. There is also interest in the improvement
of water treatment, etc. In all the cases of electric pro-
cessing, the emphasis is placed on the fact that living

cells (unlike noncellular structures) have a defenseless
vital area, namely, the cell membrane.

 

Generalization of the Experience of Electric Actions 
with Different Frequency on Liquid Media in Order 

to Achieve a Sterilizing Effect

 

Electric actions on cells have been a major focus of
interest of investigators for many years [1–4].

Placing a product into an electrostatic field (e.g., of
a parallel-plate capacitor) is the most simple method of
the electric influence on fruit juice microorganisms.
However, the electrostatic fields, including high voltage
ones, rather weakly effect the liquid media. The pres-
ence of a large number of free charges (positive and
negative ions) in fruit juices and the high polarization of
water (the main component of juices) cause nearly
complete neutralization of the external electrostatic
field of any really attainable intensity in the product
bulk. The displacement of charges in the electrostatic
field (with an excess of the same sign charge in the sur-
face layer) doesn’t block the metabolic processes in
microorganisms in the liquid bulk. Against the back-
grounds of the intensive thermal motion of colloid size
molecules and particles, the total displacement of the
charges remains “unnoticeable.” However, the absence
of a noticeable response to electrostatic fields is well
known for such sensitive and complex organisms as
humans and animals (for instance, for birds sitting on
high voltage wires). Consequently, noticeable effects
shouldn’t be expected in the case of application of elec-
trostatic fields (even with maximum intensity) to
microorganisms in liquid media.

Another situation occurs at the passage of an electric
current of different frequencies through the product–
electrolyte contacting with the electrodes.
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Abstract

 

––The practicability of usage of electric pulses to influence the microflora of liquid media is justified.
The regime parameters at which it is possible to obtain the nonthermal effect of pasteurization (inactivation of
the vegetative microorganism cells in the media) are presented. The minimization of the ohmic heating effect
inevitably occurring at current passage through fruit juices is the essence of our propositions. The low-temper-
ature pasteurization effect is verified experimentally.
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Special literature contains references to the use of an
alternating industrial-frequency current (ohmic heating)
to sterilize liquid media [5].

A set of experiments on fruit juice processing by
simple harmonic currents has been carried out to eluci-
date the specific “nonthermal” action of an industrial-
frequency 50 Hz current. The cell–applicator used for
electric processing of cylinder specimens is shown in
Fig. 1. (A similar cell is hereafter employed to supply
high-voltage pulses to the specimens).

The same product volume (1 ml) is subjected to pro-
cessing in all the experiments. The layer thickness (the
interelectrode spacing) is 1 cm, and the magnitudes of
the voltage (V) impressed to the cell numerically coin-
cide with the external (outer) electric field voltage
impressed to the specimen (V/cm).

The direct electric current and industrial-frequency
current passing through the fruit juices and their ohmic
heating is observed from the electrolysis products
released on the electrodes (the electrolysis is the most
active at the direct current and decreases with the
growth of the frequency).

The voltage amplitude variations are performed in
the range from 50 to 500 volts. The period and on–off
time of supplying the sine 50 Hz pulse runs (with the
envelope line in the form of a meander wave) are con-
trolled too (Fig. 2).

The switching duration of the sinusoidal vibrations
and on–off time is respectively varied in synchronism
with the voltage amplitude (by means of the pulse
period change) in such a way as to maintain the total
treatment process duration and to obtain the same final
temperature of the product. The product specimens are
quickly cooled to room temperature after the treatment.

No noticeable differences (variations) due to the
change of the effective parameters were found after
numerous tests: the antibacterial effect remained nearly
the same for the given final temperature (independent
of the conditions under which it is achieved).

Thus, there is observed a sufficiently strict depen-
dence of the surviving population of microorganisms
on the amount of heat liberated in the specimen owing
to ohmic heating. This heat amount (under conditions
of the negligible heat exchange with the environmental
medium) is uniquely determined by the final specimen
temperature. The higher the final temperature is, the
smaller (up to the failure to detect) the population of
yeasts or other microorganisms is. Implicitly, such a
result speaks for the absence of any noticeable nonther-
mal (specific) action of the 50 Hz electric current.

To refine (to additionally correct) these conclusions
(concerning the weakness or total absence of the non-
thermal action of the industrial-frequency electric cur-
rent within the examined range of the electric field
intensities), there was carried out a set of tests on the
heating of specimens up to the prescribed temperatures
through conventional (conductive–convective) heating.
The final temperature parameters, as well as the process
duration, remain the same as in the case of the ohmic
heating. No significant benefits (differences) in the final
results are found, indicating the accuracy of the above
mentioned conclusion.

It should be noted that, even in the absence of the
expressed nonthermal effect at the sterilization of liquid
media, the ohmic heating by an electric current has a
number of important merits as compared with conven-
tional conductive heating. The electrotechnology
allows realizing the inertia-free treatment (uniform
through the bulk and without the temperature falling) of
a thick product, which is impossible with conventional
heating. The near-electrode processes occurring at the
ohmic heating can be minimized or made beneficial
under certain conditions (thanks to the proper selection
of the electrode materials and other measures). Besides,
the mass-dimensional, sanitary, hygienic, and other
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 Cell-applicator for electric processing of cylinder
specimens.
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 Parameters controlled at the ohmic heating by industrial-frequency currents, the voltage amplitude (
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), the pulse duration (
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the pulse period (
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), and the total treatment time.
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characteristics of the electrotechnology are preferable.
It is true that the technology of “ohmic” sterilization by
an electric current requires the consumption of high-
potential (i.e., relatively expensive) electric power.
However, this drawback can be to a great extent neutral-
ized through the heat recuperation.

It is possible to avoid the influence of electrodes
(and the electrolysis on them at the same time) by
employing super-high frequency electromagnetic oscil-
lations or microwaves to process liquid dielectrics. At a
super-high frequency (about ~10

 

9

 

 Hz = 1 GHz), the
physical picture is similar to the above described one
for the case of electrostatic fields but with some essen-
tial distinction: the polarity (the orientation of the
dipoles and free charges) changes with the enormous
frequency being the cause of the volume dielectric heat-
ing of the medium placed into the SHF field. Conse-
quently, it is logical to use the SHF effect for steriliza-
tion. However, numerous experiments with SHF fields
[1] (a long-term global experiment employing mobile
telephone communication being one of them) showed
that SHF band radiation (besides the effects connected
with the dielectric heating by powerful radiation) can
hardly influence organisms even on an informational
level. (The earth’s atmosphere is almost transparent for
microwaves, and animals are “acquainted” with them
since the moment of their birth. No wonder living
organisms possess “immunities” to weak accidental
SHF signals coming from space. Some other situation
is observed for the millimeter and submillimeter bands
strongly absorbed by the atmosphere: a certain self-
descriptiveness in complex biological media is proved
for them, mainly, as subject to the resonant action of
weak electromagnetic radiation on water.) The experi-
ments on the action of super-high frequencies on
microflora (including that of liquid media) show that
there isn’t any expressed specific (nonthermal, reso-
nant, or any other) effect of microwaves on microorgan-
isms. The absence of noticeable specific (nonthermal)
effects at SHF can also be explained by the smallness
of the SHF-radiation quantum if the quantum approach
is applied (for instance, at a frequency of 

 

f

 

 = 3 GHz, the
microwave quantum energy is only 

 

E

 

 ~ 10

 

–5

 

 eV). The
“softness” and uniformity of the microwave thermal
treatment favor the survivability of microorganisms [1].
(It should be noted that SHF gas plasma of a certain
composition possesses a unique sterilizing ability but
has nothing to do with the formulated problem).

The volume character is the advantage of the micro-
wave heating noticeable in a sufficiently strong SHF
field. It can be successively used for the common ther-
mal sterilization of any dielectrics (solid and liquid
ones). At the SHF heating, the electrodes have no influ-
ence on the product, as their contact with the medium
under heating is not necessary.

Thus, the “conventional” methods of electric actions
don’t allow one to expect a sizeable nonthermal effect
of sterilization.

 

Substantiation of the Advisability of the Application 
of High-Voltage Pulses for Pasteurization

 

The substantiation of the regimes under which it is
possible to obtain the nonthermal effect at an electric
action on liquid media with the aim of pasteurization
(inactivation of the existing vegetative cells of microor-
ganisms) is presented below. Minimization of the ohmic
heating effect occurring inevitably at the current passage
through the fruit juices is the focus of the proposition.

Fruit juices are in this work the subject of investiga-
tion of electric actions with the aim of pasteurization.
They are aqueous electrolytes with various inclusions of
usually colloidal size. In the framework of the problem
under consideration, the most interesting among these
inclusions is the behavior of yeast cells and molds, which
damage fruit juices. The result of the electric action is
determined by its parameters, as well as by the specific
conductivity and other properties of the medium under
treatment (including the microorganisms). The conduc-
tivity of the electrolyte medium depends mainly on the
concentration of moving ions of opposite signs. It is pos-
sible to get an indication of the order of magnitude of the
fruit juice’s specific resistance on the basis of evaluation
of reference data (Table 1). The specific resistance of
fruit juices greatly depends on the concentration of ion-
generating components and approaches that of sea water.

The temperature raising the resistivity of the fruit
juices reduces in a linear fashion (caused mainly by the
growth of the dissociation degree, as well as the dam-
age of salvation shells). The damage of the microorgan-
ism vegetative cell structure (being the purpose of the
action under examination) also promotes the decrease
of the fruit juice’s resistivity, but the separation (identi-
fication) of this component of the medium conductivity
growth is an individual task.

It is reasonable to carry out the product processing
using a parallel-plate capacitor whose conducting
plates (metal or graphite ones) make contact with the
fluid. The parallel-plate capacitor field uniformity
allows expecting the corresponding uniformity (across
the bulk) of the liquid product treatment.

The processes on the electrodes contacting with the
liquid medium (the formation of a double electric layer
and electrolysis) are decisive at low frequencies and
direct current (unlike super-high frequencies).

 

Table 1.  

 

Specific resistances of model liquid media at room
temperature (20

 

°

 

C)

Conducting medium Specific resistance, 

 

Ω

 

 

 

×

 

 

 

m

 

Distilled water 10

 

3

 

–10

 

4

 

River (town) water 10

 

1

 

–10

 

2

 

Fruit juices 2–8
Sea water 0.3
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The total voltage on the cell (parallel-plate capaci-
tor) may be presented in the following way:

(1)

where  and  are the equilibrium potentials of the
anode and cathode, respectively (they are determined
by the electrochemical properties of the electrode–solu-
tion pair and are settled at the presence of the elec-
trode–solution contact); 

 

η

 

a

 

(

 

i

 

) and 

 

η

 

c

 

(

 

i

 

) are the over-
voltage potentials on the anode and cathode, respec-
tively; and 

 

I

 

 

 

×

 

 

 

R

 

 is the voltage drop in the volume of the
medium under treatment.

The constituents of the right part of equation (1),
excluding the equilibrium potentials, are interdependent.
The voltage being supplied to the cell electrodes flows in
the circuit (Fig. 3). The capacitive current, having the
greatest magnitude at the moment of the voltage switch-
ing on, reduces as the double electric layer is charged
(formed) with the time constant 

 

τ ∼ 

 

RC

 

, where 

 

R

 

 is the
specific electric resistance to the current of the double
electric layer charging, and 

 

C

 

 is the DEL specific electric
capacity. The value of the specific (for 1 cm

 

2

 

 of the elec-
trode area) electric capacity 

 

C

 

 of the double electric layer
can be estimated with the known formula for the parallel-
plate capacitor capacity:

(2)

Thus, the estimation gives a rather significant value
of the DEL specific electric capacity of several micro-
farads: 

 

C

 

 ~ 

 

n

 

 

 

× 

 

1 

 

µ

 

F/cm

 

2

 

 being realistic enough. (For
example, it is possible to measure the double electric
layer capacity by means of the alternating current
bridge, but it is beyond the scope of the problems of this
work). The double electric layer capacity may have a
considerably greater value under the special conditions
being widely used at present when designing modern
high-capacity capacitors (“supercapacitors”) [6].

Usually, the DEL formation time constant 

 

τ

 

 is equal
to fractions of a millisecond [7]. This means that, with
a unipolar pulse with a duration of less than 1 millisec-

U ϕe
a ϕe

c ηa i( ) ηc i( ) I R,×+ + + +=

ϕe
a ϕe

c

C ε0S/d 0.885 10 11–× F/m= =

× 10 4– m2/10 9– m 10 6– F µF.= =

 

ond (or alternating polarity pulses with a frequency of
more than 1 kHz) being supplied to the cell, the current
of the double electric layer formation is prevailing at
the minimum faraday current of the electrolysis.

The growth of the effective faraday electrolysis cur-
rent, forming a close circuit, occurs with phase delay in
relation to the reactive current of the double electric layer
charging. In this case, on the cathode, there takes place
the reduction of ions or molecules from the solution due
to their absorption of the electrons from the cathode (for
example, by cations: 2H

 

+

 

 + 2e

 

–

 

 = H

 

2

 

), and, on the anode,
there takes place the oxidation of ions or molecules due
to the transfer of electrons to the anode (for example, by
anions: 4OH

 

–

 

 = 4e

 

–

 

 + 2H

 

2

 

O + O

 

2

 

). The mentioned elec-
trolysis of water (the main component of fruit juices) is
the most harmless process observed on the electrodes.
Yet it is necessary to take into account the processes of
reduction of ions (e.g., of iron as a result remaining in the
solution (Fe

 

3+

 

 + e

 

–

 

 = Fe

 

2+

 

) or of copper depositing on the
cathode from the solution (Cu

 

2+

 

 + 2e

 

–

 

 = Cu) occurring
on the cathode, as well as the processes of oxidation of
ions and molecules in the electrolyte or making up the
anode material (e.g., the copper anode dissolution:
Cu = Cu

 

2+

 

 + 2e

 

–

 

). If the above mentioned anode dissolu-
tion process is relatively easily blocked by application of
inert materials to make the anode (graphite, oxides of
some metals, platinum), the other processes effecting the
treated medium composition and being peculiar for the
electrolysis process are rather difficult to neutralize.

As follows from the previous presentation, it is pos-
sible to reduce the electrolysis effect due to the growth
of the alternating voltage frequency (or the pulse dura-
tion shortening when a unipolar pulse is used). To ster-
ilize the liquid medium (with the action on the microor-
ganisms in the liquid bulk being the purpose and the
near-electrode electrolysis processes being harmful
secondary ones transforming a part of the electric
energy into heat and changing the juice composition), it
is reasonable to employ short enough pulses with
changed polarity, steep leading edges, and maximum
amplitude. There can be consciously given breaks
between the packets of these pulses (see the example in
Fig. 4, pairs of heteropolar pulses following each other
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Fig. 3.

 

 The shape of the current through the cell with a stair-
case voltage being supplied to it.
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Fig. 4.

 

 High-voltage pulse controlled parameters (the pulse
voltage amplitude, the pulse duration, the pulse period, and
the total treatment time).
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with a certain on–off time). The changed polarity
pulses are preferable as they favor the electrolysis
reverse flowing (meaning liquidation of the unwanted
products generated during the electrolysis) with the
change of the voltage 

 

I

 

 

 

×

 

 

 

R

 

 (and, respectively, the
capacitive current passing through the liquid product
bulk) growing simultaneously.

It should be noted that the above described method of
electrolysis avoidance has been 

 

de facto

 

 approved for
radiofrequency electrosurgery: diathermal installations
(radiothoms) operate on a frequency of over 100 kHz
(in actual practice, it is 300 kHz to 5 MHz), because a
lower frequency causes noticeable electrolysis in the
muscle and nerve-ending cells showing up as stimulation
and jerks. Naturally, at the electrosurgical interface, suit-
able high frequencies are chosen to avoid these unwanted
and extremely dangerous effects.

The pulse voltage amplitude UA should be selected
as the maximally achievable at the verge of avalanche-
type breakdowns (in the external circuit or in the liquid)
permitting one to hope for poration (breakdown, dam-
age) of the microorganism cell membrane: a great value
of the voltage drop I × R in general on the cell means,
at the same time, a rise of the voltage drop on any
microobject in the liquid bulk, including the vegetative
cell membranes of microorganisms.

The above mentioned recommendations are illus-
trated by Fig. 5, where the processes in the cell and the
equivalent cell electric circuit are jointly presented.
Ohm’s law validity in the examined circuit is beyond
question in spite of the presence of discontinuities (bias
currents) on the capacitors as the currents in the circuit
continue to be quasi-steady because the bias currents
group together only between the capacitor “plates.” The

product bulk effective resistance is shown as a distribu-
tive one with the resistance being shunted by the cell
electric capacity at the locations of microorganisms.
The yeast cells used in the experiments comprised oval
(egg-shaped) structures 8–10 µm in length bounded by
plasma membranes with selective permeability. When
the electric pulse amplitude and steepness are suffi-
ciently large, the unicell membrane breakdown (pora-
tion) is possible. The electrode-medium boundary
effective resistance (Rc and Ra, respectively, on the cath-
ode and the anode) grows from near zero at the moment
of the pulse supply up to the relatively large constant
steady value after the double layer capacitor charging is
finished (in this case, almost the total voltage supplied
to the cell drops near the electrodes). The maximal
steepness of the pulse’s leading and back edges is a
mandatory requirement for the thermal effect (ohmic
heating) minimization in the medium under treatment.
It is reasonable to compare the potential effect of such
steep pulses with the action of harmonic (sinusoidal)
industrial-frequency currents: the “mild” regime of the
gradual variation of 50 Hz oscillation frequency volt-
age is much more suitable for the survival of living cells
than the supply of great amplitude “shock” pulses. 

The optimum pulse duration t (see Fig. 4) can be
found owing to the analysis of the shape of the current
through the cell when a staircase voltage is supplied to
it (Fig. 3). As was mentioned above, the double elec-
tric layer charging time constant is τ ~ 10–4 seconds or
~100 µs. It is during the capacitive current charging
period that the “losses” due to the near-electrode elec-
trolysis are minimal with the current and voltage drop
being maximal in the specimen bulk. However, the
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Fig. 5. Distribution of charges on the cell (corresponding to the formed DEL) and the cell equivalent electric circuit.
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value topt ~ 100 µs is an evaluated one, which should be
adjusted (determined) experimentally.

It is evidently reasonable to determine the optimal
pulse-repetition period T, as well as the total treatment
time, experimentally, as they depend on the physiolog-
ical features of specific microorganisms.

The Experimental Search for Regimes of Fruit Juice 
Pasteurization by High-Voltage Electric Pulses

It is worth noting the increased number of works
concerning the implementation of high-voltage pulses
to affect biological cells [8–16].

Due to the great variety of cell forms and the many
controlled parameters, the influence mechanism isn’t
completely clear yet; that’s why the results reported by
different authors are so ambiguous and further investi-
gations are necessary.

The electric circuit used in the experiments on the
product (apple juice) processing by high-voltage unipo-
lar pulses is presented in Fig. 6 (the design of the cell
applicator for cylinder specimen electric treatment is
shown in Fig. 1). It allows one to control the voltage sup-
plied to the applicator in the range from 0 to 6500 volts.
As was proved above, a pulse amplitude rise with steep
leading and back edges increases the probability of veg-
etative microorganism cell damage. A larger voltage on
the cell (and, respectively, the electric field intensity in
the medium under treatment) could be achieved in prac-
tice, but the installation becomes somewhat more com-
plicated (it is possible to increase the electric field inten-
sity as well as to improve the pulse shape in future exper-
iments). Yet, with the electric field intensity in the
medium being even E = 5 kV/cm in the capacitive cur-
rent regime, the voltage drop on the microorganisms
(their average evaluated size is about 10 µm) comprises
5 volts, substantially exceeding the natural potential dif-
ference on the cell membrane (it is not more than 100 mV;
the membrane internal side at rest is charged negatively
and the external one, positively). Even such an excess
can cause damage to the membrane.

There is no galvanic bond of the cell with the circuit
thanks to the stepped-up high-voltage transformer. The
limiting resistance Rlim is selected from the conditions

of the permissible current through the high-voltage rec-
tifying diode D and the suitable time constant τ of the
accumulating capacitor charging Cacc; in this case, τ =
Rlim × Cacc. The current amplitude value of the pulse
passing through the cell (the average resistance for the
selected object comprises about 200 Ω) could be
assessed as 25 amperes. It is also easy to calculate the
amount of energy released in the specimen under treat-
ment during one pulse. At Cacc = 1 µF and U = 6.5 kV,
we obtain

(3)

Such heat evolution (for Cacc = 1 µF) corresponds to a
heating rate of about 3 degrees in a pulse, which is con-
firmed by experimental data. The discharge power in the
pulse amounts to great values (Pmax = Umax × Imax =
6.5 kV × 25 A = 162.5 kW); correspondingly, the peak
specific power in the experiments is pmax = 162.5 kW/cm3

with this value not being the limiting one. Taking into
account that pmax ~ U2 and the voltage magnitude on the
cell can be increased by at least 10 times (even without
creation of a special atmosphere), the value pmax ~
10 MW/cm3 is quite attainable. Yet, at excessively large
pmax, there is observed the phenomenon of the cell
“explosion” (in the cases when local overheating and gas
evolution occur because of the nonuniformity of the cur-
rent distribution over the area of the electrodes) with the
following development of avalanche-type breakdown.
Such nonrecurrent adiabatic release of the total accumu-
lated energy in a very small volume causes a sharp
growth of the pressure in the cell.

(Fortunately, the double electric layer forming
mechanism also includes the nonuniformity leveling
mechanism, permitting one to generate large intensi-
ties—about 50 kV/cm—on the cell if there is met the
condition that the electrodes are sufficiently parallel
and gas evolution is suppressed).

At the moment of the switch closing, the voltage
approximating the alternating voltage amplitude value
on the step-up transformer secondary winding (Um ~
6.5 kV) is supplied to the cell. The analytic shape of the
current pulse on the specimen is depicted in Fig. 7. It
corresponds to the conventionally invariant (average)
value Rcell = 200 Ω. It is easy to see that the current
reduction curve

(4)

follows the exponential law. It is established in practice
that the medium’s specific resistance reduces as the cur-
rent passes through the cell (simultaneously heating it).
This effect is reflected on the real curve of the current
through the cell (shown by a thin line in Fig. 7). The
time constant of the capacitor discharge Cacc through
the cell is calculated by the formula τ = Rcell × Cacc, and,
at Rcell = 200 Ω and Ccell = 1 µF, we obtain τ = 200 µs.

(The previous assay shows that the electrolysis fara-
day current is negligible at such τ). It is seen from the for-

E Cacc U2/2× 21 J.= =

I
U

Rcell
--------- t/ Rcell Cacc×( )–[ ]exp=

Fig. 6. Electric circuit of the cell applicator switching to the
unipolar pulse generator.
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mula that the accumulating capacitor increasing (Cacc)
the pulse action time (duration) grows as well as the
pulse energy. Thus, in practice, there are some limits of
the accumulating capacitor value: at too great a capacity,
there occurs the liquid medium avalanche-type break-
down because of the development of the current passage
instabilities (nonuniformities) in the specimen bulk. (The
greatest accumulating capacitor capacitance used in the
experiments is Cacc = 4 µF). 

Just before the tests, the sterile apple juice was
infected with yeast cells (Saccharomyces vini) to a cer-
tain contamination level. After the treatment at different
cultivation degrees, the number of germinated colonies
was calculated by the standard microbiological research
procedure.

The results of the conducted experiments on the
action of high-voltage electric pulses with great leading
edge steepness are the following (see the typical treat-
ment example, Table 2).

Certain microflora suppression is noticeable even at
temperatures lower than 40°C. The number of supplied
pulses decreasing the microorganism population
reduces until the complete absence of growth.

Note that, at the conventional heating over a water
bath at the same temperatures, there is, on the contrary,
observed stimulation of the yeast growth. At the pro-
duced final temperature lower than 50°C, it is possible
to obtain a sterile product thanks to the action of the
electric pulses. (At conventional heating, such an effect
for yeasts (Saccharomyces vini) is observed near a tem-
perature of 60°C after much longer holding.)

Experiments with variable accumulating capacitor
values Cacc (variable values of the pulse energy and
duration) were carried out to improve the processing
regimes and refine the influence mechanism. As follows
from the previous presentation, the increase of Cacc
allows one to enhance the pulse power and the total
energy and, at the same time, it reduces the possible
number of supplied pulses (correspondingly, decreas-
ing the treatment time). Contrary to our expectation, the
pulse power enhancement turned out to be unproduc-
tive: according to our data, the microorganisms proved
to be more sensitive to the repeated though shorter

pulses (at the same total supplied energy). Thus, the
pulse energy decrease with the appropriate growth of
the treatment duration positively effects the outcome.

It can be suggested on the basis of the presented
results that the pulse edge steepness is very important
along with the temperature and the treatment time fac-
tors (as is seen from Fig. 7, the steepness of only the
leading edge is provided in the above described experi-
ments, so it is possible to improve future results by
making the back edge steeper too). First and foremost,
this pulse processing differs from the previous treat-
ment with currents of industrial frequency at which the
voltage changes smoothly by a sinusoidal law.

There can be established a certain advantage of liquid
medium electric treatment with the aim of inactivation of
microorganisms by high-voltage pulses as compared
with industrial frequency currents and conventional heat-
ing. It is necessary to ascertain the precise mechanism of
the actions and optimize their regimes.

I, A
25

20

15

10

5
τ

t

Rcell = 200 Ω

Fig. 7. Ideal (analytical) curve of the current variation
through the cell at Rcell = 200 Ω (the exponent is depicted
by a solid line) and the current curve shape obtained from
the experiment.

Table 2.  The results of electric pulse treatment of clarified apple juice (pulse period T = 5 s)

Voltage 
amplitude, 

kV

Number 
of pulses

Accumulating capacitor 
capacity Cacc, µF

Experiment 
duration, s

Initial 
temperature, °C

Final 
temperature, °C

Contamination, KoE/sm3

Yeasts Molds

Infected juice titer 3 × 105 1 × 103

6.5 10 0.125 50 21.1 26.3 3 × 104 1.5 × 102

6.5 20 0.125 100 23.3 31.7 6 × 103 1.0 × 102

6.5 32 0.125 160 20.5 29.7 2.5 × 103 4 × 101

6.5 40 0.125 200 19.0 31.0 2.3 × 103 3 × 101

6.5 50 0.125 250 20.5 33.1 3.2 × 102 No growth
6.5 50 0.125 250 20.6 33.8 2.2 × 102 No growth
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CONCLUSIONS

Liquid medium treatment by high-voltage electric
pulses allows one to attain microorganism inactivation
at lower temperatures and in a shorter holding time as
compared with conventional thermal pasteurization
methods, favoring the better preservation of a product’s
thermolabile components. The high-voltage electric
pulse effect on liquid media is a promising method of
microflora inactivation with minimum thermal damage
of products. Yet the optimization of the actions (con-
cerning the electric field intensity amplitude, the pulse
shape and duration, the pulse period, and the total treat-
ment time) is necessary for every separate product
because of the enormous variety and different sensitiv-
ity of cell structures to electric influences. The sensitiv-
ity of the product’s enzymes and its other components
to different conditions deserves special study. There
aren’t enough evidential data to ensure the safety (cer-
tification) of products treated by high-voltage pulses.
Further investigations are needed to promote this
method.
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The recent decades are characterized by the increase
of anthropogenic pressure upon living beings and their
habitat. Man-caused pollution comprises physical and
chemical factors. The physical factors include, first of
all, the electromagnetic background in a wide range of
frequencies. Chemical factors are represented mainly
by domestic waste (~1000 kg of garbage a year per one
town dweller) and industrial contamination, including
the wastes from the use of radioactive elements.

As a rule, from the viewpoint of ecological safety,
the influence of each factor or group of factors on a liv-
ing being should be estimated separately. At the same
time, in a number of papers, it has been shown that the
effect of chemical contaminants (of heavy metals) can
be considerably modified at their simultaneous action
with electromagnetic fields (EMF) [1–4]. It is known
that ions, which are indispensable for vital functions,
when in large excess in an organism, also produce a
serious negative effect similar to the effect of toxins.
Saline lands where the biological variety is represented
by a limited number of species may serve as an exam-
ple. The examination of the effects of physiological
ions together with EMF is the object of the present
paper.

METHODS OF INVESTIGATION

The barley seeds 

 

Hordeum vulgare

 

 L. (100 barley
grains in a batch) were soaked in 10% solutions of
sodium, potassium and calcium chloride, and magne-
sium sulfate for 4 hours. In each solution, one of the
batches was exposed to EMF with 

 

H

 

 = 30 Oe at fre-
quencies of 

 

f

 

 = 1.5, 8, 16, 24, 32, 40, and 50 Hz. The
second batch—the control—was soaked in the solu-

tions devoid of the field action. In addition, 14 batches
were used to determine the influence of a 4-hour EMF
exposure on the seeds at the swelling stage in pure
water, and 8 batches were used to determine the influ-
ence of a saline solution as compared to water at 

 

H

 

 = 0.

On the soaking completion, the seeds of the control
and the test batches were rinsed with running water and
placed into a germination dish. After seven days of ger-
minating, the quantity of the acrospires was determined
in the test (

 

n

 

0

 

) and the control (

 

n

 

c

 

) and the average
length of the sprouts 

 

l

 

0

 

 and

 

 l

 

c

 

. For the graphical plotting,
the relative values of the germination 

 

N

 

 = 

 

n

 

0

 

/

 

n

 

c

 

 and the
acrospires’ lengths 

 

L

 

 = 

 

l

 

0

 

/

 

l

 

c

 

 were used.

RESULTS AND DISCUSSION

As the experimental test showed, a 4-hour EMF
exposure of the seeds hydrated in pure water gives zero
effect on the further germination. The acrospires of the
seeds soaked in the saline solutions devoid of the field
action are identical to the control ones in the way of ger-
mination, and they are behind concerning the average
lengths for the salts of potassium, calcium, sodium, and
magnesium as compared to the control group (relatively
by 17, 19, 29 and 14%).

The obtained results demonstrate that the single
short-term action of the chemical limiting factors is not
life threatening for the plants, but it impedes their
growth.

At EMF action in the period of soaking with the
saline solutions, the picture of the plants’ reaction
sharply changes. The frequency dependencies of the
EMF influence on the growth indices of the barley
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couched from the seeds swelling in water solutions of
potassium, sodium, and calcium chloride and magne-
sium sulfate are presented in Fig. 1. In all the cases,
there were obtained complex nonmonotone dependen-
cies of 

 

L

 

(

 

f

 

) and 

 

N

 

(

 

f

 

). The growth characteristics fluctu-
ate and may exceed the control values and be less or
equal to them with respect to the frequency.

For KCl, the germination at 

 

f

 

 = 1.5, 16, and 40 Hz is
20–30% lower versus the control; i.e., the acting factor
from virtually neutral turns into limitative. Obviously,
EMF at these frequencies enhance the cell membranes’
permeability and influence the orientation of the bio-
chemical reactions and, perhaps, their rate. At 

 

f

 

 = 24
and 50 Hz, the germination increases, but it fails to pre-
vail authentically over the level obtained with the seeds
swelling in pure water. The frequencies of 8 and 32 are
neutral (Fig. 1, a) in the present experiment. The longi-
tudinal growth of the stems in this experiment at 

 

f

 

 = 16
and 24 Hz was inhibited, and, at 40 and 50 Hz, it was
stimulated. It should be noted here that the increase of

 

l

 

av

 

 by 65% entailed the acrospires quantity decrease by
more than 30% (

 

f

 

 = 40 Hz), and the growth of 

 

l

 

av

 

 by

54% occurred at a simultaneous increase of the acro-
spires quantity by 27% (

 

f

 

 = 50 Hz). In the present case,
at the given frequencies, 

 

l

 

av

 

 considerably exceeds not
only the control values but also the ones obtained at
pure water soaking (by 48 and 37%). However, the
growth indices’ maxima in the test batches are similar
to the control ones but at the same time are considerably
lower than those obtained with the seeds being soaked
in pure water.

In a less pronounced form, the antiphase character
of the 

 

N

 

 and 

 

L

 

 indices is observed at 

 

f

 

 = 1.5 and 24 Hz.
The 

 

f

 

 = 40 Hz experimental results may be interpreted
from the position of the intrapopulation distinctions. At
the excess concentrations of K

 

+

 

 ions inside the seeds of
the rapidly growing specimens, there also occurs a
swift decrease of the concentration per unit of volume
(or mass) of the whole organism. With slowly growing
specimens, the excess concentration lasts for a longer
period of time, which ruins most of them. This conclu-
sion is partially confirmed by the comparative distribu-
tion of the acrospires according to the length ranges
presented in Fig. 2.
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Fig. 1.

 

 The dependency of the relative germination 

 

N (1)

 

 and average lengths 

 

L (2)

 

 of acrospires after the seeds soaking in solutions
of KCl (a), NaCl (b), CaCl

 

2

 

 (c), and MgSO

 

4

 

 (d).
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Fig. 2.

 

 The distribution of acrospires by length intervals 

 

l

 

i

 

 with soaking in a KCl solution and in fields of = 40 (a), 50 (b), and 24 (c) Hz.
Here and further in Figs. 3, 4, 5, and 6, the acrospires lengths are given in the following intervals, mm: 1–10 (1), 11–20 (2), 21–30 (3), etc.
Full circle—control; open circle—test.
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As one can see, in the intervals of 1–10 and 11–20 mm,
the share of acrospires of the test batch is several times
less than that of the control one. As to the 50 Hz fre-
quency action, where both of the growth indices exceed
the control ones, it may be supposed that here the main
part belongs to the blocking effect of the membrane per-
meability for K

 

+

 

 ions and, as a result, to the considerable
reduction of their penetration inside the cells in compar-
ison with the case when 

 

H

 

 = 0. One should note a distinc-
tion in the distribution control curves in Fig. 2. They are
in antiphase. However, taking into account that here, at

 

f

 

 = 50 Hz, the acrospires corresponding to 

 

l

 

i

 

 = 5 and 6 are
missing, it would be more correct to think that the curves
of the distribution are just shifted to the left in relation to
the distribution at 

 

f

 

 = 40 Hz. It is these kinds of distinc-
tions of the control indices (the experiments were carried
out at each frequency on different days) that stipulate the
necessity of using relative units. The changes of the con-
trol values from test to test are caused by some tertiary
reasons: temperature and light fluctuations, magnetic
storms, atmospheric electricity, etc. No matter how the
maximum length of the sprouts changed, all the intervals
always remain occupied in the test and control. The third
of the observed effects referring to 

 

f

 

 = 24 Hz has an oppo-
site character with respect to the first one (

 

f

 

 = 40 Hz). The
reason for the inversion may be both the relative increase
of the potassium ion concentration inside the cells and
the change of the biochemical processes’ flow induced
by the field. This question still remains open and is also
valid for the two previous events (

 

f

 

 = 40 and 50 Hz). The
control indices in the test with 

 

f

 

 = 24 Hz differ from the
previous ones too, but, taking into account the increase of
the growth intervals’ number, one may assume a shift of
the distribution curve to the right by 3 intervals versus the
test at 

 

f

 

 = 4 Hz. The control acrospires’ length distribu-
tions in the intervals of 2–5 for 

 

f

 

 = 40 Hz, 1–4 for 50 Hz,
and 5–8 for 24 Hz do not differ qualitatively between
each other (Fig. 2).

On comparison of the test acrospires distribution
within the same intervals, a like similarity is not
detected. At soaking the seeds in the NaCl solution with
the simultaneous EMF action, the dependencies 

 

N

 

(

 

f

 

)
and 

 

L

 

(

 

f

 

) have a qualitative identity with the ones for the
KCl solution (compare Fig. 1, a and b), but differ they

by the intensity, especially at the 40 and 50 Hz frequen-
cies. Here, the antiphase relations of 

 

N

 

(

 

f

 

) and 

 

L

 

(

 

f

 

) are as
hard to explained as in the case of the seeds soaking in
the KCl solution. The distributions of the acrospires
lengths by the intervals 

 

l

 

i

 

 at 

 

f

 

 = 16 and 24 Hz have a def-
inite qualitative similarity: in the short and average
intervals, the test sprouts prevail numerically, and, vice
versa, in the interval of maximum length, the control
ones prevail (Fig. 3). However, the distinctions between
the data on the acrospires 

 

l

 

i

 

 distributions in the experi-
ments with sodium and potassium chlorides under 

 

H

 

A

 

action at 

 

f

 

 = 24 Hz eliminate the possibility of a com-
mon response mechanism to the simultaneous action of
the magnetic field and K

 

+

 

 ions in one case and the field
and Na

 

+

 

 ions in the other.

The most simple and synphased dependencies of the
growth indices on the frequency of the magnetic field
(acting over the seeds soaking period) were obtained
with the CaCl

 

2

 

 solution application (Fig. 1, c). Here, the
most effective frequency is 16 Hz, at which the EMF
action definitely prevents the excessive penetration of
Ca

 

++

 

 ions into the organism. This conclusion is also
confirmed by the quantitative distribution of the acro-
spires with respect to the lengths (Fig. 4). In the control
batch, the short acrospires numerically prevail, and, in
the test one, the long acrospires numerically prevail.

The use of the MgSO

 

4

 

 solution for soaking at 

 

f

 

 = 8 Hz
causes the acrospires quantity to increase by 40%. At
40 Hz, a decrease by 20% is noted. At the rest of the fre-
quencies, the effect is either zero (16 and 24 Hz) or sta-
tistically inauthentic (32 and 50 Hz). The changes of 
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 The distribution of 
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 according to 
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 with the seeds soaking in an NaCl solution and fields of 
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= 24 (a) and 16 (b) Hz.
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 The distribution of 
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 according to 
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 with the seeds soak-
ing in a CaCl

 

2

 

 solution and fields of 

 

f

 

 = 16 Hz.
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over the whole range of the investigated frequencies
(Fig. 1, d) are also doubtful. Evidently, the field with the
f = 8 Hz frequency inhibits the Mg++ ions penetration into
the seeds. In the control and test batches, the acrospires’
maximum quantity is registered in interval 2 (Fig. 5). It
is impossible to explain the N decrease at f = 40 Hz from
the viewpoint of the intensification of the magnesium
penetration inside the seeds, since, in this case, in the
test, the n maximum, while remaining sufficiently high,
shifts to the left by one interval in the direction of the
acrospires’ smaller lengths.

Figure 6 displays the acrospires’ numerical distribu-
tion over the length intervals obtained at the seeds ger-
mination in pure water. As was mentioned above, a sin-
gle 4-hour EMF exposure under the present conditions
provides no effect. The absence of salts inhibiting the
growth leads to a general increase of the average
lengths of the acrospires, the maximum sizes of which
exceed 120 mm, and the greatest number of acrospires
is observed in intervals 7–9 (Σ = 45 units). From the
comparison of Figs. 2, 3, 4, 5, and 6, it is clear that the
EMF frequencies stimulating the growth fail to com-
pensate for the negative influence of the salt excess in
the initial period of the seeds swelling.

CONCLUSIONS

The instability of the electromagnetic conditions
change the metal (K, Na, Ca, Mg) absorption by the
seeds during the soaking process.

The efficiency of the combined chemical substances
and the EMF action is maximum for potassium and
minimal for magnesium.

The result of the EMF biological effect depends on
the field frequency: the chemical substances’ accumu-
lation may increase, decrease, or remain unchanged.
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The problem of biosystem and environment correla-
tion has always been urgent in biology. At present,
when man-made pollution of the environment has
become a determining factor of destabilization of bio-
logical systems of different levels of organization, the
problem of the stability of all living things under the
conditions of the deteriorating environmental quality is
one of the major issues in modern ecology. One of the
new and so far insufficiently studied environmental bio-
sphere factors is the electromagnetic field (EMF) of
artificial origin, which considerably changes the eco-
logical situation on our planet and intensively influ-
ences the living objects and their habitat [1 and 2].

Within the scale of the evolutionary process, the
growth of the electromagnetic field intensity should be
considered as a single-stage leap with hardly predict-
able consequences. The experimental data, both of
home and foreign researchers, display high biological
activity in all the EMF frequency ranges [3–5].

The biological response of living organisms is influ-
enced by the following EMF parameters: its intensity,
the radiation frequency, the radiation duration, the sig-
nal modulation, the frequency combinations, the action
repetition. The combination of the above parameters
may produce various kinds of consequences for the
object being irradiated [4].

In the process of examination and application of the
data on EMF action upon various biological systems, it
is necessary to take into account the conformity of the
selected test objects with the preset problems and
experimental technique possibilities. The most conve-
nient and useful models are considered to be the cells of
microorganisms due to the relative simplicity of their

cultivation and maintaining under laboratory condi-
tions, as well as their short period of life [2].

Recently, the influence of mm radiation (MMR) on
biological objects has been a major focus of interest. It
has been noted that there is the possibility of MMR
waves application as a means for obtaining information
on the vital function processes of various organisms. In
microbiology, the positive effect of MMR action results
in growth stimulation and metabolism acceleration and
changes in the cells’ biochemical composition [6].

Data on the MMR influence upon the formation of lip-
ids have not yet been met in printed materials; therefore,
the purpose of this research is to study the MMR action
on streptomycetes’ biomass and lipids productivity.

METHODS OF THE EXPERIMENT

As the object of the investigations, 3 streptomycetes
strains were selected: 

 

Streptomycetes canosus CNMN-Ac-
02 

 

and its two variants 

 

Streptomycetes canosus CNMN-
Ac-03

 

 (obtained as a result of 

 

γ

 

-radiation) and 

 

Strepto-
mycetes canosus CNMN-Ac-04

 

 (obtained as a result of
combined 

 

γ

 

 + UV radiation) [7].
The strains maintenance was performed by the

recurrent reseeding on a splay of Czapek’s agar media
with glucose. The cultures were stored in a refrigerator
at a temperature of +4

 

°

 

C. Prior to the beginning of the
experiment, the culture was reseeded from a test tube to
Petri dishes with agar media of the above composition.
The streptomycetes growth in the dishes took place in a
thermostat at +27

 

°

 

C over seven days.
The irradiated strains were then reseeded in M-1 liquid

media (the main source of carbon was 20.0 g/l of corn
flour). Further cultivation was performed on a agitator for
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five days at 27

 

°

 

C. The biomass was separated from the
strain broth by a centrifuge (5000 r/min, for 20 min). The
biomass quantity was determined by weighing. The intra-
cellular lipids were extracted from the biomass by the
Folch method [8] modified in the laboratory [9]. The qual-
itative and quantitative lipid compositions were deter-
mined by the method of thin-layer chromatography on
“Sorbfil” plates and densimetrically [8].

RESULTS AND DISCUSSION

Among the biologically active substances of micro-
bial origin, lipid shave a special place. They participate
in complex metabolic processes, constitute part of the
cell structural elements, and are an energetically profit-
able substrate for oxidation as well [10–12].

Actinomyces synthesize and accumulate in their cells
a considerable quantity of fats. The lipid content in myce-
lium of actinomyces ranges from 5 to 40% and even more
with respect to the nutrient medium composition and the
individual peculiarities of the organism [12, 13].

It is well known that the physical and chemical fac-
tors influence the qualitative and quantitative composi-
tion of the lipid components of the membranes, and, by
means of alteration of the lipid composition of the mem-
branes, one can reduce their negative action [7, 13, 14].

It was established earlier that the 

 

S. canosus CNMN-
Ac-03

 

 strain differs from the initial strain of 

 

S. canosus
CNMN-Ac-02

 

 by the higher productivity of the biom-
ass, and the 

 

S. canosus CNMN-Ac-04

 

 strain differs by
its higher lipid synthesis and antimicrobial activity [7].

The analysis of the streptomycetes biomass produc-
tivity change with respect to the exposure time showed
that the initial strain increased its biomass productivity
almost during all the exposures, reaching the maximum
(138.8%) at 5-minutes irradiation (Fig. 1). The variants

 

S. canosus CNMN-Ac-03

 

 and 

 

S. canosus CNMN-Ac-04

 

displayed a significant biomass increase only at a
15-minute exposure, which gives, correspondingly,
116.7% and 125.8% in comparison with the test speci-
men. During the rest of the exposures, the biomass
quantity of the variants exhibited no increase or
remained at the control level.

The determination of the lipid quantity in the biomass
of the three studied streptomycetes strains demonstrated
that, under MMR action, there occurs their synthesis
inhibition (Fig. 2). Thus, the strain of 

 

S. canosus
CNMN-Ac-02

 

 displays an authentic decrease of the bio-
mass lipid sum quantity beginning with 3-minutes expo-
sure. At 30-minutes irradiation, the lipid quantity equals
80.8% in comparison with the control value. A similar
process is observed with 

 

S. canosus CNMN-Ac-03

 

: the
lipids minimum was noted for MMR for 1 min (70.34%
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 Streptomycetes biomass productivity depending on the exposure time to mm waves. 
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 Lipid formation in Streptomycetes depending on the exposure time to mm waves. 
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versus the test specimen). 

 

S. canosus

 

 

 

CNMN-Ac-04

 

shows under mm waves a nonlinear character of the
change of the lipid quantity in the biomass, which varies
within the range of 35.6–102.0% in comparison with the
test specimen.

The study of the lipid fractional composition and,
namely, such bioactive fractions as the phospholipids,
sterols, and triglycerides shows that their content in the
lipids changes with regard to the MMR processing dura-

tion. Thus, a considerable increase of phospholipids by
134.0% versus the control was observed with the initial
strain at a 1-minute exposure (Fig. 3). With the increase
of the MMR action time, this index decreases, and, at a
30-minute exposition, it is 89.6% versus the control. The
phospholipids quantity in the 

 

S. canosus CNMN-Ac-03

 

strain exceeds the control value in all the experimental
variants, attaining the maximum at 10 minutes irradia-
tion (57.8% greater than the control figure). With

 

S. canosus CNMN-Ac-04

 

, at minor exposures, the phos-
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 The quantity of phospholipids in the Streptomycetes’ biomass after being irradiated with mm waves (% of the lipid sum).
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 The sterol quantity in the Streptomycetes’ biomass after being irradiated with mm waves (% of the lipid sum). 
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 The triglyceride quantity in the Streptomycetes’ biomass after being irradiated with mm waves (% of the lipid sum).
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pholipids quantity in the biomass exceeds the control. As
the MMR action time increases upon this strain, the
quantity of the phospholipid fraction in the lipids
decreases. Thus, their quantity reaches the maximum at
a 3-minute exposure and exceeds the control value by
28.8%; at a 30-minute exposure, the quantity is less than
in the test specimen (by 16.4%).

The experiments showed that the MMR action in the
time range of 1–10 min involves the sterol synthesis
stimulation by the 

 

S. canosus CNMN-Ac-02

 

 strain. The
sterols quantity in the lipids attains the maximum at
3-min irradiation. The most active sterols synthesis was
also observed at a 3-min exposure in the 

 

S. canosus
CNMN-Ac-03

 

 strain. The inverse effect was displayed
by the 

 

S. canosus CNMN-Ac-04

 

 strain at 3-min MMR
action: in this case, the sterols quantity in the lipids
decreases and becomes 82.7% versus the control. The
maximum sterols quantity was observed at the 

 

S. cano-
sus CNMN-Ac-04

 

 15-minute irradiation (by 19.5%).
The change of the triglycerides quantity in the lipids

of the three studied streptomycetes strains under MMR
action occurred in the following way: it considerably
decreased in 

 

S. canosus CNMN-Ac-02

 

 (by 40.0–80.0%
versus the control), and, in 

 

S. canosus CNMN-Ac-03

 

and 

 

S. canosus CNMN-Ac-04

 

, there was observed
minor triglycerides synthesis stimulation at the 5- and
10-minute exposures.

In conclusion, it can be said that, under MMR
action, there occur considerable changes of the growth
and lipid formation in streptomycetes. The reaction of
each strain is individual in accordance with the expo-
sure. A general regularity has been defined: the biomass
productivity stimulation involves a lipids synthesis
decrease. In our opinion, the quantitative increase of the
bioactive phospholipids fraction indicates the activa-
tion of the microorganism’s protective reaction against
a physical factor action.
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INTRODUCTION

Ge and Si exhibit an unlimited mutual solubility
both in the solid and the liquid state, and this agrees
well with the nature of these elements. They possess
analogous chemical properties and similar atomic radii
and occupy adjacent places in the electrochemical
series. Ge and Si possess a diamond-like crystal lattice.
The ratio 

 

a

 

Ge

 

/

 

a

 

Si

 

 = 1.042; that is, the lattice parameters
differ by less than 4.3% [1].

The authors of the phase diagram [2] noted that the
alloy crystallization in the usual conditions is inhomo-
geneous. With a decrease in temperature, the solid
phase that eliminates under cooling retains a higher
concentration with respect to the equilibrium one.

The phase diagram was studied theoretically. It was
found that, to provide the correlation between the theo-
retical and experimentally observed solidus and liqui-
dus curves, it is necessary to accept that the interaction
between the like atoms Ge–Ge and Si–Si should be
weaker than between the Ge–Si atoms; therefore, there
is a tendency to ordering in the solid solution.

The results of work [3] have shown that the number
of interstitial atoms in the Ge–Si solid solution is so
small that it is beyond the sensitivity threshold of X-ray
analysis.

According to the X-ray data, the lattice constant of
Ge–Si alloys changes linearly with the change in the
composition. The Si atoms deform the Ge lattice
decreasing its parameter.

EXPERIMENTAL

In Ge

 

1 – 

 

x

 

–Si

 

x

 

 alloy (

 

x

 

 = 0–0.15), the atoms of silicon
and germanium are randomly located in the sites of the

diamond-like lattice. Since the alloy is not an ideal
crystal, but a crystal with imperfections in the periodic-
ity of the lattice structure, it does not possess an energy
band structure in the strict sense of this term. However,
it is possible to examine some features of the energy
band structure of the alloy.

The electron energy spectrum consists of a large
number of energy intervals with a high density of
destroyed states in them. The energy spectrum of the
alloy also consists of a large number of intervals where
a low density of destroyed states is present; those are
mainly forbidden gaps. The electron energy spectrum
of the alloy can be represented as consisting of a large
number of destroyed bands with a high density of states
possessing small “tails” (regions with a low density of
states), which penetrate the forbidden bands (regions
with a negligibly low density of states). Since the lattice
constants for ideal crystals of silicon and germanium
only differ by several percent and germanium and sili-
con atoms possess the same valence, it is probable that
the “tails” in the energy spectrum of the germanium–
silicon alloy are rather of secondary (not of primary)
importance in the energy spectrum.

Much attention is paid to the study of the electric
properties of strongly doped and compensated solid
solutions [4].

It was stated that the mobility decreased in the temper-
ature range of 

 

T

 

 = 300–700 K as 

 

T

 

–1.1

 

 and 

 

T

 

–0.9

 

 in uncom-
pensated and compensated samples, respectively [4].
Using these data, the ionic component of the mobility was
determined (Fig. 1) [5]. In this calculation, the dependence

 

µ

 

 ~ 

 

T

 

–0.8

 

 was taken for the dispersion on inhomogeneities
of the solid solution and 

 

µ

 

T

 

 ~ 

 

T

 

–3.5

 

 for the dispersion on lat-
tice vibrations. In the range of 50–100 K, the dependence
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µ

 

T

 

 ~ 

 

T

 

–2

 

 was taken [6], and it was assumed that

 taking into account the corrections

according to the results obtained in [6]. In the crystals of
Ge–Si solid solutions with the silicon content up to 15%,
the hole mobility for the dispersion on lattice vibrations
changes for 

 

µ

 

p

 

 ~ 

 

T

 

–2.33

 

 in the range of 100–280 K in the
same fashion as in pure germanium [7].

To perform the process of vacuum evaporation of
the substance, an evaporation source is needed that can
contain the evaporated substance and maintain its tem-
perature at a level high enough to provide the necessary
vapor pressure. The deposition rate of the films can be
varied from values of less than 1 Å/s to values exceed-
ing 1000 Å/s.

To approximately evaluate the operation tempera-
ture of the source, one should possess a steady vapor
pressure of the evaporated material (germanium–sili-
con solid solution) on the order of 10

 

–2

 

 Torr to provide
a rate of the film deposition on the order of 4.5–5 nm/s.
Tungsten was used as the source material; the source
temperature was maintained at a level of 2100 K. The
source was made in the laboratory in the form of a boat
4 cm long and 1 cm wide. Tungsten is a brittle material,
and this created the only problem that we experienced
while making the source. The ends of the electric con-
tacts were connected to the copper contact terminals.

The condensation of a molecular beam with some
density (the number of atoms that reach the substrate in
a unit of time) occurs only at a temperature that does
not exceed some critical temperature 

 

T

 

cr

 

. The critical
flux density is always present, and, at the specific tem-

1
µi.i.
------- 1

µexp
--------- 1

µi
----– 1

µt
----–=

 

perature 

 

T

 

cr

 

, the condensation begins (on the given sub-
strate) [8].

As is known, the migration of the adsorbed particles
on the substrate surface exhibits isotropy. This idea is
true for amorphous substrates, but it should be revised
for the case when the condensation on a crystalline sub-
strate is examined.

Nucleation of vacuum condensates on a neutral (in
particular, amorphous) substrate can occur according to
two main mechanisms: vapor–crystal [V  C]; that is,
direct condensation from the vapor state into the crystal-
line state occurs; and vapor– liquid [V (L  C)];
that is, the vapor transforms into the liquid. Further, the
liquid can remain in the overcooled amorphous state or
crystallize [L  C].

The critical temperature was found experimentally
to be 

 

T

 

cr1

 

 

 

≈

 

 2/3

 

T

 

m

 

. Below this temperature, the mecha-
nism V  C takes place, and, over this temperature,
the mechanism V  L occurs (

 

T

 

m

 

 is the melting tem-
perature of the condensed material in its bulk form).
The 

 

T

 

cr1

 

 values can vary in definite limits in dependence
on the properties of the condensate and the substrate
material, the binding energy between them, the conden-
sation rate, and other conditions of the condensation
process. Some authors [9] suggested that a second crit-
ical temperature exists: 

 

T

 

m

 

 = 

 

T

 

cr2

 

 

 

≈

 

 1/3

 

T

 

m

 

. Over this
temperature, the V  C mechanism takes place, and,
below it, the mechanism V  L occurs. This assump-
tion is based on various experimental data related to
research on the condensation of a large number of met-
als as well as some alloys. The data of microscopic and
X-ray methods and microhardness measurements give
evidence that an interval 

 

∆

 

T

 

cr

 

 exists, where heteroge-
neous condensation according to both mechanisms
occurs (V  C and V  L). The 

 

T

 

cr

 

 and 

 

∆

 

T

 

cr

 

 values
can vary in some limits dependent on the condensation
conditions. In the low temperature range of condensation
(

 

T

 

m

 

 < 

 

T

 

cr

 

), the condensation according to the V  L
mechanism sometimes leads to the formation of meta-
stable crystalline and amorphous (vitreous) phases
(V  L  C or V  L  A, where A is an
amorphous phase) that completely or partly transform
into more stable phases at long storage or heating [10].

In the case, when an “active” (single-crystalline)
substrate is used and the epitaxial or autoepitaxial
growth of single-crystalline layers takes place charac-
terized by strong bonds with the substrate, the conden-
sation mechanism V  L is suppressed and the tem-
perature range (

 

T

 

cr1

 

 – 

 

T

 

cr2

 

) widens where the mecha-
nism V  C occurs.

The examined condensation mechanisms refer to
the initial stage only. At the following stages, the nuclei
of the liquid phase are not stable, and the transition into
the crystalline phase (L  C) occurs. However, the
preceding mechanism V  L leaves its imprint in the
form of defects of the crystalline structure in the con-
densate, which in turn influence the structure-sensitive
properties. This was used for the indirect detection of
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Fig. 1.

 

 Dependence of the Hall mobility versus the percent-
age composition of Ge

 

1 – 

 

x

 

Si

 

x

 

 solid solutions. The dashed
line corresponds to the (111) and (100) areas without the
interstitial dispersion. The thick line shows the arbitrary
form of the interstitial dispersion.
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the V  L mechanism at 

 

T

 

m

 

 < 

 

T

 

cr2

 

 ~ 1/3

 

T

 

m

 

 in bulk
condensates.

It is assumed that, in the case of flash evaporation, a
pure V  C condensation mechanism takes place
(without the film submelting). In practice, a satisfactory
film structure can be obtained only after additional
recrystallization of the deposited film.

To obtain a perfect structure using the method of
flash evaporation, a staggered condensation V  C
and V  L  C is performed via the condensate
heating to 

 

T

 

 > 

 

T

 

m

 

 (melting) using the heat radiated by
the source.

Nowadays, the problem of the thermal stability of
the electrophysical properties of semiconductor materi-
als is of great importance in solid-state technology.
However, each field of technical application of semi-
conductors advances its specific demands concerning
their principal characteristics.

At the present time, the influence of the temperature
on the electrophysical properties of germanium and sil-
icon has been studied rather well, and it was established
that these two elements, while containing oxygen,
exhibit thermal instability. The point is that oxygen
reveals both the neutral and the electrically active char-
acter in germanium and silicon and substantially
changes their electrophysical properties with the tem-
perature changing [11]. Film condensates of germa-
nium–silicon solid alloys are especially sensitive to

 

oxidation both during the evaporation and during the
quenching processes.

A number of peculiarities associated with the char-
acter of the conductivity were found during the thermal
treatment of the deposited Ge

 

0.85

 

Si

 

0.15

 

 films. The films
of Ge

 

0.85

 

Si

 

0.15

 

 solid solutions are rather resistant to ther-
mal treatment. The condensates prepared at 

 

T

 

s

 

 = 490 K
(Fig. 2a) were of a quasi-amorphous type. In the tem-
perature range of 350–450 K, they exhibit a semicon-
ductor behavior of conductivity with a thermal activa-
tion energy of 0.052 eV. This value was determined
from the slope of the plot log

 

σ

 

 = 

 

f

 

(1/

 

T

 

) drawn accord-
ing to the experimental values (Fig. 2). In the tempera-
ture ranges of 450–550 K and 550–680 K, the semicon-
ductor type of conductivity is retained and the activa-
tion energy somewhat increases and amounts to 0.096
eV. In these temperature ranges, the three intervals
(350–420, 510–540, and 590–620 K) are observed with
more sharp changes in the electric conductivity; they
can be associated with crystallization processes in the
condensates (Fig. 4).

It can be seen in the dependence log

 

σ

 

 = 

 

f

 

(1/

 

T

 

) (Fig. 3)
that the conductivity sharply increases with the tempera-
ture increase beginning from 600 K. This is associated
with the intrinsic conductivity. Curves 1 and 2 show dif-
ferent temperatures of transition to the intrinsic conduc-
tivity. The activation energy at these temperatures is 0.22
and 0.26 eV. The interval from 360 to 600 K for curves 
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Fig. 2. Temperature dependence of the resistance of Ge1 – xSix (x = 0.15) films; n = 100 nm.
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and 2 corresponds to the values of the activation energy of
0.054 and 0.022 eV.

The kinetics of the crystallization and the thermal
stability were studied via heating the amorphous film
directly in the column of a UEMV-100K electron
microscope using a PRON-2 attachment (Fig. 5). The
thermal stability of the amorphous state was deter-
mined via the appearance of the most intensive diffrac-
tion reflections of the crystalline phase against the
background of the diffuse maxima of the amorphous
phase. The thermal stability of the amorphous state was

studied in the films deposited on the substrates at room
temperature and at 490 K.

Figure 5 shows the successive stages of the structure
transformations in the amorphous films. The amor-
phous Ge0.85Si0.15 films in their initial state are not in a
state of thermal equilibrium but relax to a metastable
state. With the temperature increase, the quenching of
defects and changes in the free volume and topological
short range ordering occur. The composition order does
not change in this process.

The amorphous films possess some quantity of
stored heat, which liberates during the crystallization of
the amorphous phase; in this process, the properties of
the film change irreversibly. It is important to know the
crystallization mechanism on the microscopic level for
the practical application of Ge1 – xSix (x = 0.15) amor-
phous films. These studies would allow one to draw
conclusions concerning the possible widening of the
temperature range where the amorphous films can be
effectively used. The controlled crystallization can be
used for making superdispersed structures.

The amorphous Ge0.85Si0.15 films crystallize at a
temperature of 565 K. The rate of the continuous heat-
ing directly in the column of the electron microscope
amounts to 10 K/min. The initiation of the crystalliza-
tion process is registered by the appearance of the most
intensive diffraction lines [(111), (220), and (311)] of
the crystalline phase of the solid solution in the elec-

I cycle ∆E ~ 0.052 eV

II cycle ∆E ~ 0.022 eV

lgσ
3.8

3.7

3.6

3.5

3.4

1.4 1.8 2.2 2.6 3.0 3.4
103/T, K–1

Fig. 3. Dependence of the conductance versus the temperature
of Ge1 – xSix (x = 0.15) films at thermocycling.

(a)

(b)

(c)

Fig. 4. Micrographs and electron-diffraction patterns of
Ge1 – xSix (x = 0.15) films: n = 100 nm, Ts, K: (a) 490, (b)
500, (c) 530 K × 3500.
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Fig. 5. Crystallization kinetics of Ge1 – xSix (x = 0.15) solid
solution.
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tron-diffraction patterns against the background of the
diffuse haloes.

The growth of the crystalline phase occurs in a den-
drite fashion with formation of multiple bifurcations in
the amorphous phase. When the temperature increases
by 15–20 K, the crystallizations terminates with the
formation of a continuous polycrystalline film of the
solid solution.

The crystallization temperature of Ge0.85Si0.15 amor-
phous films is only 15 K greater than that of the films of
amorphous germanium. This fact gives evidence that
the same nondiffusional crystallization mechanism
occurs in both cases. That is, the silicon addition to ger-
manium does not lead to a substantial increase in the
thermal stability of the amorphous state. It is known
that the thermal stability of the amorphous state can be
considerably increased by doping with an impurity that
does not form solid solutions with the host material or
possesses significantly different atomic dimensions.
Taking this into account, one should expect increasing
of the thermal stability of the amorphous films in the
system Ge–Si0.15 in such an interval of compositions
where the destruction of the solid solution occurs. In
this case, the mechanism of the diffuse stratification of
the amorphous material with the temperature increas-
ing will be the defining crystallization process; this will
substantially retard the crystallization processes and
lead to the increasing of the thermal stability of the
amorphous state.

An additional crystallization at continuous heating
at the rate of 25 K/min was performed to clarify the
crystallization mechanism. The temperature of the ini-
tiation of the crystallization process is virtually the
same in the case of the continuous heating with rates of
10 and 25 K/min; this proves the nondiffusional charac-

ter of the interatomic reconstructions in Ge0.85Si0.15
amorphous films, as well as gives evidence of the
highly homogeneous interatomic distribution in the
amorphous films.

INFLUENCE OF IRRADIATION 
ON THE ELECTRIC CONDUCTIVITY 

AND CRYSTALLISATION OF GE1 – XSIX FILMS

The method of irradiation with electrons involves
two basic elements:

(a) a source of electrons (an EM-9 electron micro-
scope and a linear accelerator of electrons of the ELU-6
type);

b) a special attachment located instead of the micro-
scope observation window (or luminescent screen).

The irradiation of the samples by an electron beam
can be performed using a defocused or focused spot
(projective or objective mode of operation) at an accel-
erating voltage of 35 kV. The attachment allows using
replaceable cutting diaphragms to vary the dimensions
of the irradiated area, to measure the resistivity of the
samples in the process of irradiation, and to control the
temperature of the samples.

The Ge1 – xSix (x = 0.15) samples were irradiated by
an electron beam with a surface area of 5 × 2 mm for
1.5 hours.

The temperature dependence of the electric conduc-
tivity of the Ge–Si samples show that the electric con-
ductivity decreases and the slope of the line R = f(T)
increases as a result of the irradiation (Fig. 6); this sug-
gests that the thermal activation energy increases. This
phenomenon is most pronounced in the high tempera-
ture range. This behavior of the electric conductivity of
the Ge1 – xSix amorphous films gives evidence that the
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Fig. 6. Dependence of the resistivity of Ge1 – xSix (x = 0.15)
solid solution versus the temperature: (1) before irradiation,
(2) after irradiation.
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Fig. 7. Dependence of the rate of generation of defects versus
the irradiation dose for various Si contents in n-Ge1 – xSix solid
solution: (1) x = 0, (2) x = 0.05, (3) x = 0.10, (4) x = 0.15.



166

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 45      No. 2      2009

ABBASOV et al.

conductivity gap broadens. Evidently, the action of the
electron flux accelerates the partial crystallization and
leads to the capture of oxygen atoms.

It was established that, when the silicon content in the
n-type Ge1 – xSix thin films increases, the rate of forma-
tion of radiation defects also increases (Fig. 7), and the
dose necessary to produce the n to p conversion
decreases. The higher the silicon content in the Ge1 – xSix

samples irradiated with the same relative doses of elec-
trons, the higher the concentration of holes after the con-
version of the conductivity type.

The data collected during the experiments concern-
ing the action of fluxes of accelerated electrons on the
mechanical properties of the crystals on the basis of
Ge1 – xSix can be explained if we suppose that the sim-
plest defects in the crystal structure induced by the irra-
diation are vacancy-type lattice defects [12].

One can suppose that empty sites (vacancies) and
displaced atoms introduce a set of energy levels into the
forbidden gap. Complexes are formed in the presence
of uncontrolled impurities in the crystal. Unlike the
pure components, the Ge–Si solid solution is an inho-
mogeneous material, and it can be represented as a two-
phase system. The interface between the phases is a
source of strong elastic strains and is characterized by
the maximal density of dislocations.

Taking into account these considerations, we pro-
posed a model to explain the radiation effects in Ge1 – xSix
involving the concept of the structural inhomogeneity of
the solid solutions, which consist of the regions enriched
with silicon or with germanium.

The interface between these regions acts as an effec-
tive drain for interstitial atoms formed owing to the
radiation. The intensive adsorption and accumulation
of free vacancies in the bulk of the material define the
peculiarities of the radiation processes in Ge1 – xSix

solid solutions and devices on their basis [13].

According to the proposed model, the point defects
formed in Ge1 – xSix interact with structural defects and
form complexes that act as recombination centers and
decrease the concentration of charge carriers. This
results in changes in the mechanical and electrical char-
acteristics of the irradiated samples.
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Nanoparticles on the basis of chalcogenide semi-
conductors are promising materials for application in
optoelectronics, medicine, high-speed computing sys-
tems [1–3], gas sensors [4–7], and other branches of
industry. In recent years, nanocomposites prepared of
polymers and semiconductor particles have been an
object of extensive research. This is linked with the pos-
sibility to change the physicochemical properties of the
materials by employing the variation of the polymer-to-
semiconductor ratio. The study of the electrical proper-
ties of the aforementioned materials [9–11] enables one
to assess the physicochemical processes that occur in
these systems and to outline the prospects for their
application. Various factors can influence the physico-
chemical properties of nanocomposites: the particle
separation, the interphase interactions, the character of
the polymer molecular structure, the method of the
nanocomposite preparation, and so on.

The given paper relates to the study of the electrical
properties of nanocomposites on the basis of copper sul-
fide (CuS) nanoparticles and polyvinyl alcohol (PVA).

METHOD OF PREPARATION 
OF CUS/PVA NANOCOMPOSITES

The CuS/PVA nanocomposites were prepared using
the method of successive ionic layer chemosorption in
the volume of a polymer matrix described in [12–16].
Thin films of polyvinyl alcohol were used as a polymer
matrix. Solutions of CuSO

 

4

 

 · 5H

 

2

 

O and Na

 

2

 

S · 9H

 

2

 

O in
ethylene glycol were used as a source of cations and
anions, respectively. The concentration of all the solu-
tions was of 0.2 M. The sorption duration for each ion
type was 30 minutes. After the sorption of each ion
type, the samples were twice washed in ethylene glycol
to eliminate the electrolyte residue. This allowed pre-

venting the possibility of spontaneous nucleation in the
volume of the polymer matrix. The process of forma-
tion of nanoparticles was started with the sorption of
copper ions. It is known that copper ions form weak
bonds with polymers in the process of sorption in the
volume of polyvinyl alcohol [17] and can migrate under
the action of a double electric layer, which forms at the
electrolyte–PVA film interface.

The investigation of the morphology of the samples
using an NTEGRA (NT MDT) atomic force micro-
scope (AFM) showed that the average dimensions of
the particles were 5.3 nm for five growth cycles and
20 nm for fifteen cycles.

SAMPLE PREPARATION AND METHOD 
OF MEASUREMENTS

The electrical properties of the prepared samples
were determined using an E7-20 immittance meter in
the frequency range of 265 Hz–1 MHz. The CuS/PVA
samples were placed between the metal electrodes in a
sandwich configuration. The thickness of the films was
150, 508, and 280 

 

µ

 

m for the samples prepared using
five, ten, and fifteen formation cycles, respectively.
A voltage of 1 V was applied to the samples.

RESULTS AND DISCUSSION

Figure 1 shows the dependence of the variation of
the film mass versus the number of cycles performed
during the formation of copper sulfide nanoparticles.
As can be seen in the figure, the mass portion of copper
sulfide amounts to 85% when the number of cycles is
two. The further increase in the number of cycles does
not substantially change the mass portion of copper sul-
fide. This is associated with the fact that the polymer
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pores become filled during the first two formation
cycles. With the further increase in the cycle number,
the formation of CuS nanoparticles occurs preferably
due to the increase in the surface layer thickness.

The dependences of the dielectric permittivities of
the CuS/PVA samples versus the frequency for various
formation cycles were measured at temperatures of
348–378 K. The results of the measurements of 

 

ε

 

 at var-
ious temperatures for five formation cycles are shown
in Fig. 2a. As can be seen in the figure, the dielectric
permittivity of the samples increases when the temper-
ature increases. The mobility of the dipoles increases

with the temperature increasing; this facilitates the pro-
cess of orientation of the dipoles. For low frequencies
(

 

ν

 

 = 265 Hz), the dielectric permittivity changes as a
function of the temperature in the range from 9.8 to 22.36.
The value of the dielectric permittivity decreases when the
frequency increases. For higher frequencies, the 

 

ε

 

 value
changes insignificantly in the range from 7.7 to 9.2.

The dependence of the dielectric permittivity versus
the frequency at various temperatures for the samples
with ten cycles of formation is shown in Fig. 2b. As can
be seen in the figure, the value of the dielectric permit-
tivity in the frequency range of 

 

ν

 

 = 265 Hz–1MHz
increases and changes in the range of 35–151.8 with the
increase in the concentration of nanoparticles. In con-
trast to the samples with five cycles of growth, the value
of the dielectric permittivity does not depend on the
temperature beginning from the frequency of 10 kHz
and decreases monotonously to the value of 35 for
higher frequencies.

Figure 2c shows the dependence of the dielectric
permittivity of CuS/PVA samples with fifteen cycles of
formation versus the frequency at various temperatures.
As can be seen in the figure, the values of the dielectric
permittivity of the samples vary in the range of 80–118
for the frequency value of 256 Hz.

The variation of the dielectric permittivity 

 

ε

 

 of the
samples versus the frequency for low frequencies is
associated with the fact that there is enough time at low
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Fig. 1. 

 

Dependence of the film mass versus the number of
cycles of formation.
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Fig. 2.

 

 Dependence of the dielectric permittivity of the CuS/PVA samples versus the frequency at various temperatures and for
various number of cycles of formation: (a) 5 cycles, (b) 10 cycles, and (c) 15 cycles.
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frequencies for the polarization to change its direction;
this does not occur at higher frequencies. Therefore, at
higher frequencies, the dielectric permittivity reaches a
definite frequency and then remains unchanged.

As can be seen in Fig. 2, the dielectric permittivity
of the samples with fifteen cycles of formation is higher
than for the samples with five cycles of formation, but
it is lower than for the samples with ten cycles of for-
mation. This increase in the dielectric permittivity with
increasing the number of cycles is associated with the
filling of the polymer with copper sulfide nanoparticles.
At the subsequent increase in the number of cycles
(15 cycles), the nanoparticles, owing to their electro-
static interaction with the ions of the electrolyte solu-
tion, migrate out of the polymer bulk onto the near-sur-
face region [17]. This results in the decreasing of the
dielectric permittivity.

Using the results of the studied temperature depen-
dences of the conductivity (Fig. 3), we calculated the
activation energies of the samples according to the for-
mula [18]

(1)

The calculated values of the activation energy (Fig. 3)
and the electrical conductivity showed that they depend on
the number of cycles. The values of the activation energy
decrease and that of the conductivity increase when the
number of cycles increases. The values of the activation
energy amount to 

 

E

 

a

 

 = 0.47 eV for the samples with five
cycles of formation and 

 

E

 

a

 

 = 0.07 eV for the samples with
ten cycles of formation. The lowering of the activation
energy with the increase in the number of cycles (that is,
with the increase in the dimensions of the nanoparticles)
can be explained by the quantum-dimensional effects in
the nanoparticles [19]. The increase in the dimensions of
the nanoparticles decreases the forbidden gap:

 

∆

 

Eg = 

 

�

 

2

 

π

 

2

 

/2

 

m

 

r

 

a

 

2

 

, (2)

∆E 0.2 σ2 σ1log–log( )/ 103/T1 103/T2–( ).=

 

where 

 

∆

 

E

 

g

 

 is the variation of the forbidden gap in the
nanoparticles, 

 

m

 

r

 

 is the reduced effective mass of the
charge carriers, 

 

�

 

 is the Planck constant, and 

 

a

 

 is the
radius of the nanoparticle.

According to Eq. (2), the energy separation between
the donor level and the conduction band decreases
owing to the increase in the dimensions of the nanopar-
ticles. The formation of defect levels can be determined
by various factors. In our opinion, the interaction of the
nanoparticles with the polymer matrix plays a domi-
nant role in this process.

The dependences of the conductivity of the compos-
ites with five and ten cycles of formation measured for

 

ν

 

 = 1 KHz are presented in Fig. 3. As can be seen in the
figure, the conductivity for the samples with five cycles
of formation is higher than that for the samples with ten
cycles. For the samples with five cycles of formation,
the conductivity increases with the temperature
increasing. Having reached a temperature of 55

 

°

 

C, the
conductivity decreases, and it again increases begin-
ning from a temperature of 85

 

°

 

C. The lowering of the
conductivity with an increase in the number of cycles is
associated with the redistribution of the nanoparticles
over the thickness of the polymer film [17]. Owing to
this redistribution, the concentration of semiconductor
nanoparticles increases in the near-surface region; this
leads to the decreasing of the transverse resistance of
the sample.

CONCLUSION

The dielectric permittivity and conductivity of
nanocomposites on the basis of copper sulfide and PVA
were investigated at various frequencies and tempera-
tures. The values of the dielectric permittivity and con-
ductivity of the samples were calculated in the fre-
quency range of 265 Hz–1 MHz. It was determined
from the temperature dependence that the activation
energy of the charge carriers depends on the size of the
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 Dependence of the conductivity versus the temperature for CuS/PVA samples with (a) five cycles of formation and (b) ten
cycles of formation. 
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particles. This was explained by the quantum-dimen-
sional effects in the nanoparticles.
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