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INTRODUCTION

Chloride–nitrate mixtures have widespread applica-
tion in the ECDM of heat-resistant Cr–Ni alloys due to
their polymorphism [1–6]. As a rule, this processing
makes it possible to equalize the rate of anodic dissolu-
tion for various phases of the alloys and, in so doing, to
improve a number of the technological characteristics
of the machining along with the finish quality of the
surface layer [4–6]. The electrochemical aspects of the
high-rate dissolution of Cr–Ni alloys containing tung-
sten and rhenium in chloride and nitrate solutions were
outlined in [7, 8]. The optimum conditions of the
machining were studied in [8]. These conditions are
defined by a noticeable oxidation of the surface layers,
which occurs at a current density in excess of some crit-
ical value; this value depends on the hydrodynamic
regime. The oxidation causes the value of the current
yield, as well as other characteristics of the surface fin-
ish quality, to decrease.

In this paper, the high-rate anodic dissolution of the
above-mentioned alloys in a mixed chloride–nitrate
electrolyte is outlined.

EXPERIMENTAL

The anodic dissolution of two Cr–Ni alloys of dif-
ferent compositions was investigated (see table). The
investigation was performed using the procedure in [7,
8], which differed in two points: (i) the maximum cur-

rent densities obtained were about 30 A/cm

 

2

 

 and (ii) the
anodic dissolution was carried out in a NaCl (0.5 M) :
NaNO

 

3

 

 (1.5 M) mixture that corresponds to NaCl
(30 g/l) : NaNO

 

3

 

 (120 g/l).

RESULTS AND DISCUSSION

 

Polarization Measurements

 

Figures 1 and 2 give the results of the galvanoscope
polarization measurements. First, at a current density
below the critical value 

 

i

 

crit

 

, the dissolution is in
progress under a lower potential than in the case of a
solution containing only nitrates (Fig. 2); the nature of
this phenomenon will be discussed later. Second, the
rhenium-containing alloy denoted as alloy I shows a
lower dissolution potential at any current density.
Third, as shown in Fig. 2, the dissolution potential for a
ZhS-6U alloy exceeds the one obtained in a nitrate
solution with 2M NaNO

 

3

 

 at 

 

i

 

 > 

 

i

 

crit

 

.
As is clear from Figs. 1 and 2 as well as from [7], at

 

i

 

 > 

 

i

 

crit

 

, the dissolution potential in this solution exceeds
the one observed for rhenium-containing alloy I and is
less for the ZhS-6U alloy as compared to the chloride
(2M NaCl) solution used.

The critical value 

 

i

 

crit

 

 in the chloride solution is cor-
related to the salt passivation due to the formation of a
saturated solution at the surface of an alloy from the
products of anodic dissolution of nickel and cobalt as
the main components [7]. The closely related values of
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Abstract

 

—The anodic dissolution rates of two heat-resistant tungsten (12 wt %) and tungsten and rhenium
(8 wt % W : 6 wt % Re) alloys in chloride, nitrate, and chloride–nitrate (30 g/l NaCl : 120 g/l NaNO

 

3

 

) electro-
lytes have been compared. An excess of the critical current density 

 

i

 

crit

 

 depending on the hydrodynamic condi-
tions leads to (i) the decreasing dependence of the current efficiency on the current density and (ii) the indepen-
dence of the dissolution rate on the solution content. The mass-transfer mechanism, which determines the dis-
solution rate and the structure of superficial layers at 

 

i

 

 > 

 

i

 

crit

 

, is discussed. Data on the chemical content of the
surface layers depending on the machining modes are presented. The modes of the electrochemical dimensional
machining (ECDM) of the parts made of these alloys are offered to attain the best performance parameters for
machining.
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i

 

crit

 

 are observed for nitrate solutions at the same con-
centration of 2 M when a rotating-disc electrode (RDE)
moving at a specific speed is used [8]. This may arise
from the attainment of saturation in the nitrate solutions
as well. As is seen from Fig. 3, the values of 

 

i

 

crit

 

 for the
chloride–nitrate mixture approach the ones observed in
chlorides and nitrates. However, the mechanism of the
formation of the limiting condition for dissolution may
be quite different. It can only be said with confidence
that this centers around the retardation of transport in
the solution. This process may arise from slowing down
the extraction of the dissolution products, since it takes
place for chloride solutions and from slowing down the
supply of activating ions as well as from the retardation
of the transport for solvent molecules (for further
details, see, for example, [9]). These mechanisms are
each liable to initiate the critical current density; the
excess in the current density can radically alter the
nature of the dissolution.

 

Specific Dissolution Rate Depending upon
the Current Density and Alloy Composition

 

Figure 3 presents the dependence of the measured
specific dissolution rate 

 

ε

 

C

 

, g/(A h), where 

 

ε

 

 is the cur-
rent efficiency for a metal and 

 

C

 

 is the electrochemical
equivalent for an alloy, upon the polarization current
density for rhenium-containing alloy I; as in the case of
the dissolution in NaCl and NaNO

 

3

 

, this dependence
peaks at 

 

i

 

 = 

 

i

 

crit

 

. Similar dependences for this alloy are
obtained upon dissolution in 2 M NaCl and 2 M NaNO

 

3

 

(Fig. 3). One can easily identify the two regions with

 

i

 

 < 

 

i

 

crit

 

 and 

 

i

 

 > 

 

i

 

crit

 

 in these dependences. At 

 

i

 

 < icrit, the
specific dissolution rate depends on the electrolyte used

and is greater in value in the case of the NaNO3 solution
as compared to that of NaCl and the maximum dissolu-
tion rate is observed at a preassigned current density in
a mixed chloride–nitrate electrolyte. Moreover, within
this region of the current density, the observed values of
εC in the mixed electrolyte exceeds the calculated ones
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Fig. 1. Potential for anodic dissolution of (1, 3, and 4) alloy
I and (2, 5) ZhS-6U alloy vs. time at current density of (1)
0.1, (2) 0.3, (3) 3, and (4, 5) 10 A/cm2 in a chloride–nitrate
solution at an RDE rotation velocity of 1260 rpm.
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Fig. 2. Polarization curves for the anodic dissolution of (1)
alloy I and (2) ZhS-6U alloy in a chloride–nitrate solution.
The values of the potential adjusted for the active compo-
nent of alloy I (3) and ZhS-6U alloy (4) are indicated by the
open symbols. Polarization curves adjusted for the active
component of (5) alloy I and (6) ZhS-6U in a 2 M NaCl
electrolyte [7] and (7) ZhS-6U in a 2 M NaNO3 electrolyte
[8] are indicated by the dotted lines.
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Fig. 3. Specific dissolution rate of (1–3) alloy I and (4) ZhS-
6U alloy in (1) 2 M NaCl, (2) 2 M NaNO3, and (3, 4) chlo-
ride–nitrate solutions vs. current density at a rotational
velocity of 1260 rpm and Q = 0.023 A h. The horizontal dot-
ted lines are related to the values of εC equal to 0.95 and
0.89 g/(A h) for alloy I and 0.89 and 0.79 g/(A h) for ZhS-
6U alloy calculated at 100% of the current yield.
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assuming that (i) the electrochemical dissolution mech-
anism alone takes place and (ii) this mechanism gener-
ates bivalent nickel and bivalent cobalt as the products
of dissolution and other alloy components of the high-
est oxidation level (Fig. 3).

It is obvious that, together with the electrochemical
dissolution, the abnormal nonelectrochemical removal
of the alloy components from the surface occurs under
anodic dissolution in the above-mentioned electrolyte
as well as in the NaNO3 solution. However, the values
of εC obtained from the experiments in the mixed elec-
trolyte exceed the ones in nitrate solution. As yet, we
cannot explain this result within the limits of the pro-
posed hypothesis on the plausible mechanisms for the
nonelectrochemical removal of a metal [7, 8].

In accordance with the polarization measurements
(Figs. 1 and 2), ionization of the alloy components shall
follow the mechanism of transpassive dissolution, that
is, at the highest oxidation level. Therefore, ionization
shall proceed through the step of generation and the dis-
solution of surface oxide formations.

As is seen from the investigations of the chemical
composition of the surface layer (see table), the oxide
layers already arise even at the current density of
2 A/cm2. However, further investigations are needed to
understand why the effective valence for the dissolution
of the alloy is lower than for neutral and chloride solu-
tions.

At i > icrit, the specific dissolution rate observed
decreases with a growth in the current density and is
independent of the electrolyte composition (Fig. 3).
When the current density is about 20–30 A/cm2, the
measured values of εC for alloy I are below the ones
calculated under the assumption on the electrochemical
mechanism of dissolution.

It is obvious that, within this range of the current
density, a surface is actively oxidized in keeping with
the following general diagram:

Me + nH2O  MeOn + 2nH+ + 2n . (1)

Ionization of a surface in keeping with (1) does not
produce the removal of a metal from the surface.
Clearly, along with the electrochemical dissolution,
ionization in keeping with (1) is observed at i > icrit; in
this case, a share of the charge used up in reaction (1)
grows with the current density. This results in a decline
in the value of εC, that is, in the growth of the effective
valence of dissolution. Therefore, a significant surface
oxidation takes place, which is supported by the results
presented in the table: one can make inquiries on the
growth of the oxygen concentration in a surface layer
upon an increase in the current density under machin-
ing.

e

A surface is not uniform in terms of its oxidation
level due to the polymorphism of the alloy: there are
regions free of oxidation and others with active oxida-
tion (see the table and Figs. 4 and 5).

The nature of an anion leaves the oxidation unaf-
fected. We can suppose that, in the previously indicated
range of the current density, the transport of solvent
molecules, that is, aqueous ones, is directed towards the
surface and a decrease in its surface concentration up to
the zero level (see diagram [III] in Fig. 6) turns out to
be a limiting stage of the process. Consequently, the
combined dissolution rate is defined by reaction (1).

Up to now, we have dealt with the peculiarities of
the dissolution of rhenium-containing alloy I. As for
ZhS-6U alloy, it ranks below alloy I in the measured
values of εC, which is, in part, derived from its lower
rated value for the electrochemical equivalent due to a
greater content of chrome and tungsten in the alloy.
One can see at least two values of icrit; either one is coin-
cident with the value of icrit for alloy I, while the other
is observed at a higher current density in the same man-
ner as at dissolution in nitrates [8]. A number of mech-
anisms for the mass transport towards the surface under
anodic dissolution may occur (see Fig. 6 from [9]). This
makes it possible to ensure several values of icrit, which
is observed in the case of the ZhS-6U alloy in particular
(Fig. 3). As is known, the critical conditions for the dis-
solution in accordance with either of three mechanisms
(I, II, or III) can be attained for only one metal, as the
situation requires, for instance, depending upon the
bulk concentration of an activating ion (Fig. 6). For
example, the dissolution of tungsten in alkalis was dis-
cussed in [1, p. 140]. The electrolyte, as well as the
alloy, has the multicomponent property; therefore, the
possibilities for replacing the transport mechanism at
an increase in the current density under these condi-
tions grow.

An increase in the surface temperature is of impor-
tance in the dissolution rate of an alloy. The surface
temperatures of dissolution presented in Fig. 7 were
calculated from the following equation [10]:

(2)

where ∆Ts is the excess of the surface temperature over
the bulk, η is the overvoltage of the process, π is the
Peltier coefficient, and α is the heat-transfer coefficient
from an electrode surface.

The values presented in Fig. 7 were obtained for
η � π, where the measured values of η were taken
(Fig. 1); the coefficient α = 0.63 W/(cm2 deg) was
taken for the RDE rotating velocity equal to 1260 rpm
[10, p. 59]. As is seen, at i < icrit, the surface temperature
is little more than the bulk, equal to 20°C; on the con-
trary, at i > icrit, a steep rise in the surface temperature is

∆T s
i η π+( )

α
--------------------,=
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observed and it is close to the boiling temperature of the
solution at the maximum current density used.

Change in the Composition of the Surface Layer 
During the Process of Machining

Alloy I. The concentrations in the surface layer after
machining are given in the table, and the sites of the
surface where these measurements are performed are
pointed out in Fig. 4. As is seen from Figs. 4a and 4b,
the oxidation of the surface occurs even at a low current
density when i < icrit. The starting concentrations of all
chemical elements, with the exception of rhenium, in
the surface layer are essentially independent of the
machining with the dissolution at these current densi-

ties. Only rhenium significantly changes its concentra-
tion in the surface layer; in other words, the composi-
tion of the surface remains essentially the same.

A similar picture is also observed at i ≈ icrit, when i
is equal to 5 A/cm2 (Figs. 4c and 4d); however, this is
only true when the average concentration over a
machining surface is considered. The measurements
results for a porous surface (see Fig. 4c and the results
for the oxide phase in the table) are indicative of signif-
icant oxidation in the layer. This occurs due to the for-
mation of tungsten oxides and a gain in the carbide con-
centration (table). As for a polished surface, tungsten
oxides and carbides are absent (see Fig. 4d and the main
phase in the table). On average, the proportion of an

Spectrum 3

80 µm 80 µm

Spectrum 1

30 µm Spectrum 2

Spectrum 2

30 µm

Spectrum 1

Spectrum 3

20 µm 20 µm

(a) (b)

(c)

(d)

(e) (f)

Fig. 4. Photomicrographs of the surface of alloy I obtained after anodic dissolution at 0.023 A h in a chloride–nitrate solution at an
RDE rotational speed of 1260 rpm and a current density of (a, b) 2.0, (c, d) 5.0, and (e, f) 29.0 A/cm2. The sites where the elemental
composition was measured are indicated by crosses (see also table).
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80 µm

Spectrum 1

(a)

Spectrum 3

80 µm

Spectrum 1

Spectrum 1

Spectrum 2

30 µm 30 µm

Spectrum 1

20 µm 20 µm

(b)

(c) (d)

(e) (f)

Fig. 5. Photomicrographs of the surface of the ZhS-6U alloy obtained after anodic dissolution at 0.023 A h in a chloride–nitrate
solution at an RDE rotation speed of 1260 rpm and a current density of (a, b) 2.0, (c, d) 5.0, and (e, f) 25.0 A/cm2. The sites where
the elemental composition was measured are indicated by crosses (see also table).
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Fig. 6. Diagrams of the mass-transfer mechanisms defined by (I) the anodic generation of ions Maq, (II) the introduction of an acti-
vating ion or (III) aqueous molecules. MAy is related to the complex ion formed and Csat is the saturation concentration.
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oxidized surface does not exceed the one observed at
i < icrit (table). This proportion shows a significant rise
at i > icrit (i = 29 A/cm2). In this case, the main phase is
oxidized (Fig. 4f) and the surface formations shown in
Fig. 4e are composed predominantly of tungsten oxide.

Thus, the current density i ≈ icrit provides the opti-
mum condition for machining. The current icrit can be
elevated through the intensification of the hydrody-
namic regimes, which results in an equalizing of the
bulk and surface concentrations of the electrolyte com-
ponents and in a decrease in the surface temperature.

ZhS-6U alloy. The elevated concentration of tung-
sten in the alloy favorable to passivation in neutral solu-
tions results in its essential oxidation even at low cur-
rent densities. In the same manner as for alloy I, the oxi-
dation level of its surface grows with an increase in the
current density. Taking into account the changes in the
surface layer after machining, one may advocate that
this material is processed worse with electrochemical
machining in the given electrolyte.

CONCLUSIONS

High-rate anodic dissolution of heat-resistant chro-
mium–nickel alloys containing tungsten and rhenium
was performed in a mixed chloride–nitrate electrolyte
(30 g/l NaCl : 120 g/l NaNO3). The electrochemical
investigation shows that the alloy components are ion-

ized in the transpassive region at a negative potential
that is approximately 0.2–0.3 V above the absolute
value of the potential for dissolution in an NaNO3 solu-
tion. In parallel with the electrochemical dissolution, a
number of mechanisms that define the combined rate of
the process occur. This is also true with regards to dis-
solution in nitrates and chlorides.

It is shown that the critical current densities icrit are
in existence; if this current density is exceeded, the dis-
solution rate will no longer obey the nature of an anion
in a solution. When i < icrit, the dissolution rate at the
given range of the current grows in the following
orderly sequence: chloride, nitrate, and chloride–nitrate
mixture. It was experimentally established that, at i >
icrit, the active oxidation of surface layers and a decrease
in the current yield are observed at an increase on the
current density. The proposal for the limiting stage of
the mass-transfer process at i > icrit has been put for-
ward.

The possibilities for the optimization of ECDM for
the investigated materials with the use of chloride–
nitrate mixtures as electrolytes are presented.
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INTRODUCTION

The unique physicochemical properties of tungsten
and its alloys determine their application in the most
important fields of modern engineering. Since there is a
deficiency of tungsten in nature, the coatings of tung-
sten alloys exceeding pure tungsten in some parameters
are given preference. Alloys of tungsten and iron-group
metals are characterized by a high hardness, wear resis-
tance, and corrosion stability. Due to their physico-
chemical properties, they can be considered an alterna-
tive to chromium coatings deposited from Cr(IV) solu-
tions; at present, their wide application is limited
because their environmental safety is insufficient.

A number of publications have been dedicated to the
electrodeposition of alloys of tungsten and iron-group
metals [1, 2]. The overwhelming majority of these
works concern studying the regularities of the deposi-
tion of nickel–tungsten and cobalt–tungsten alloys,
although an iron–tungsten coating is considerably
cheaper than those of nickel and cobalt and is charac-
terized by higher physicochemical properties in com-
parison with pure iron.

The introduction of tungsten into metal deposits
allows for a significant improvement of the properties
of the obtained coatings, increasing their hardness, cor-
rosion stability, and heat resistance. It is found that
tungsten-containing alloys obtained through the gal-
vanic method exceed pure metals of the iron group in
corrosion stability due to the tungsten inertia and the
lower porosity of the coatings.

An iron–tungsten alloy has a higher wear resistance
than pure iron. Fe–W alloys are used in both mechanics
and micromechanics. These alloys are characterized by
heat resistance and a high corrosion stability [3].

Iron–tungsten deposits are formed upon the electro-
lytic deposition of various electrolytes in the presence
of sodium tungstate. Both traditional sulfate–chloride
and sulfamate electrolytes and less widespread citrate
electrolytes may be used for the deposition of Fe–W
alloys [4]. Various existing viewpoints concerning the
mechanisms of the codeposition of tungsten and iron-
group metals are contradictory. Until now, there has
been no unified theory of the codeposition of tungsten
and iron-group metals.

A principal peculiarity of the electrodeposition of
these alloys is induced codeposition. This effect con-
sists in the fact that obtaining alloys is possible only
upon the joint deposition of iron-group metals and
tungsten, since tungsten deposition from aqueous solu-
tions is impossible.

Many mechanisms of induced codeposition have
been proposed up to now. Unfortunately, none of them
allows us to predict the composition and, therefore, the
properties of the obtained coatings on the basis of the
control of the parameters, which are normally used
upon the electrodeposition of coatings: the composition
and concentration of the electrolytes, the current den-
sity, and the hydrodynamic conditions. This necessi-
tates carrying out experimental research on obtaining
Fe–W alloys. In the present work, the process of Fe–W
alloy deposition from a citrate electrolyte was studied;
the dependence of the composition and microhardness
of iron–tungsten deposits on the current density and
sodium tungstate content in the solution was investi-
gated.
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Abstract

 

—Iron–tungsten alloys were obtained from citrate electrolytes. The relation between Fe(II) and
Fe(III), which permits maintaining the stability of an electrolyte as well as obtaining high-quality deposits for
a long time, is revealed. The results of investigations show that the discharge of iron ions takes place from the
three valent ions. It is found that the concentration of sodium tungstate in the electrolyte contributes to the
codeposition of tungsten, increasing its ratio in the alloy. It is established that the current efficiency and com-
position of iron–tungsten coatings depend on the current density and the conditions of electrolysis. The micro-
hardness of iron–tungsten deposits increases with an increase in the deposition temperature and depends on the
tungsten content in the alloy. Investigations with an electron microscope have shown that, on the alloy surface,
superficial inhomogeneous films with the content of tungsten and oxygen different from that in the deposit are
formed. The obtained alloys have concentration and structure inhomogeneities.
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EXPERIMENTAL

Coatings were deposited from an electrolyte of the
following composition: electrolyte no. 1: 49.6 g/l iron
sulfate (heptahydrate), 71.7 g/l sodium tungstate, 150 g/l
sodium citrate; electrolyte no. 2: 55.6 g/l iron sulfate
(heptahydrate), 132 g/l sodium tungstate, 150 g/l
sodium citrate. In all experiments, the electrolyte pH
was maintained within the range of 7.4–7.8, the electro-
lyte temperature was held constant within 53–90

 

°

 

C,
and the current density was 3–10 A/dm

 

2

 

. Some experi-
ments were carried out at an electrolyte temperature of
35

 

°

 

C.
The concentration of Fe(II) ions and the total iron

concentration in the solution were determined using the
photocolorimeter method, following the technique
given in [5].

Stainless steel was used as the anodes.
Surface preparation before coating deposition was

carried out using standard methods providing a high
adhesion of the coatings with the metal base [6].

The local chemical composition was determined
using the SEM and INCA Energy EDX systems. The
morphology of the coatings was studied using the elec-
tron-microscopy method with the aid of a TESCAN
scanning-electron microscope.

The structure of the alloys was investigated using a
Dron-5 roentgen diffractometer in coradiation. The
microhardness was measured with the help of a PMT-3
microhardness tester.

RESULTS AND DISCUSSION

 

Stability of Electrolytes upon Iron–Tungsten
Alloy Deposition

 

Solutions prepared on the basis of iron sulfate and
sodium tungstate for Fe–W alloy deposition signifi-
cantly differ from the solutions used for the elec-
trodeposition of Co–W and Ni–W alloys, because they
may contain Fe(III) compounds formed as a result of
Fe(II) oxidation in air. In this connection, it was neces-
sary to study the problem of the Fe(III) compound
influence on the cathode process and electrolyte stabil-
ity and to determine from which of the compounds
(Fe(II) or Fe(III)) the iron discharge in the alloy directly
occurs.

The prepared solution of iron sulfate did not contain
Fe(III); after the addition of citrate ions, the concentra-
tion of Fe(III) ions reached ~2 g/l. Apparently, this is
due to the fact that, initially, Fe(III) was in the form of
hydroxide and it was difficult to find; in the presence of
the citrate ion, complex compounds were formed,
which could be found upon analysis [7].

While keeping the electrolytes in air, the Fe(III)
content in them increased to up to 4 g/l as a result of
Fe(II) oxidation to Fe(III) in air. At this Fe(III) content,
the deposits are not qualitative, and their reproducibil-
ity by the deposition rate is not observed. The Fe(III)

concentration in the electrolyte depends on the initial
Fe(II) concentration, temperature, and duration of stor-
ing.

A ration of Fe(II) and Fe(III) in the solution was
found, which provided us to obtain solid deposits of the
alloy during the reproducibility of the results upon the
deposition rate and the tungsten content in the alloy.
The transition of Fe(II) into Fe(III) may be realized due
to the anodic process and the introduction of Fe(III)
compounds into the solution. In these two cases, prac-
tically the same results upon the deposition rate and
alloy composition are obtained. The influence of an
anode current of 3–5 A/dm

 

2

 

 on the electrolyte for a cer-
tain time resulted in an Fe(III) content of ~7 g/l, repre-
senting 70% of the total content of iron ions in the elec-
trolyte. This made it possible to preserve the electrolyte
stability for a long time and to obtain qualitative depos-
its. Alloys from electrolytes containing Fe(III) ions
only were also obtained.

The completed experiments allow us to assume that
the direct discharge of iron into the alloy occurs from
three valent ions, not two valent ions; to obtain stable
reproducible results on the yield of the current, deposi-
tion rate, and alloy composition, the content of Fe(III)
compounds must be at least 60–70% of the total content
of iron in the solution.

This is the principal difference between the process
of deposition of tungsten alloys with iron from that of
its alloys with nickel or cobalt. The latter are deposited
from two valent ions.

It was found in [8] that decreasing the Fe(III) ions in
the solution exceeds the iron mass in the obtained alloy
deposit and it was concluded that, upon the cathode, an
incomplete reduction of Fe(III) in Fe(II) takes place.
Therefore, it may be assumed that, on the cathode, three
parallel reactions are possible: the deposition of an
iron–tungsten alloy, a hydrogen evolution, and the for-
mation of products with an incomplete Fe(III) reduc-
tion [8].

 

Tungsten Content in the Alloy

 

The composition of an iron–tungsten alloy depends
on the current density, the solution temperature, and the
ratio of the concentrations of the salts of iron and tung-
sten. Thus, for example, as the sodium tungstate con-
centration in the electrolyte increases, i.e., as the Fe–W
molar ratio decreases from 1 : 1 down to 1 : 2, the tung-
sten content in the deposited alloy increases from 27 to
44 wt % at 

 

i

 

k

 

 = 7 A/dm

 

2

 

 at 90

 

°

 

C. It should be empha-
sized that the given values are the W relation in the

“metal” component of the alloy , where C

 

W

 

is the tungsten concentration and C

 

Fe

 

 is the iron concen-

CW

CW CFe+
---------------------⎝

⎛
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tration  and they do not contain oxygen and carbon in

the coating composition (see below).

It follows from the EDX analysis that, upon deposi-
tion in the electrolyte with the molar ratio Fe : W = 1 :
1 with 

 

i

 

k

 

 increasing from 5 to 10 A/dm

 

2

 

, the tungsten
percentage in the Fe–W alloy decreases from 38 to
24.5 wt % at 

 

t 

 

= 53

 

°

 

C (Fig.1a, curve 

 

2

 

 and Table 2) and
from 30.3 to 21.5 wt % at 

 

t

 

 = 90

 

°

 

C (Table 1 and Fig. 1a,
curve 

 

1

 

), and the oxygen percentage increases from 0 to
6.8 wt %, respectively (Fig. 2a, curve 

 

1 

 

and Table 1).
At the electrolyte temperature of 53

 

°

 

C, a film forma-
tion on the Fe–W alloy surface is observed (Fig. 3b,
Spectrum 

 

2

 

), wherein the oxygen content increases

⎠
⎞

 

from 7.8 to 32.9 wt % at a current density increase from
5 to 10 A/dm

 

2

 

 (Fig. 2a, curve 

 

3 

 

and Table 2).

When the Fe–W alloy is deposited from the electro-
lyte with the molar ratio Fe : W = 1 : 2 at a temperature
between 53 and 90

 

°

 

C, a current density increase from 3
to 10 A/dm

 

2

 

 is accompanied by an increase in the tung-
sten (Fig. 1b, curves 

 

3

 

–

 

5

 

 and Table 1) and the oxygen
in the alloy (Fig. 2b, curves 

 

4

 

–

 

6

 

); this may lead to a
decrease in the crystal-phase content in the form of
solid solutions and to an increase in the content of oxy-
gen-containing amorphous deposits. The oxygen con-
tent increase in the Fe–W alloy is, apparently, caused
by the adsorption of oxygen from the surroundings.

Apparently, upon the electrodeposition of iron
together with tungsten, due to the alkalizing of the near-
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 Current density influence on the tungsten content in an alloy. The deposits were obtained from (a) electrolyte no. 1 with the
molar ratio Fe : W = 1 : 1 at 

 

t

 

 = 90

 

°

 

C (curve 

 

1

 

), at

 

 t

 

 = 53

 

°

 

C (curve 

 

2

 

); (b) electrolyte no. 2 with the molar ratio Fe : W = 1 : 2 at 

 

t

 

 =
90

 

°

 

C (curve 

 

3

 

), at 

 

t

 

 = 70

 

°

 

C (curve 

 

4

 

); at 

 

t

 

 = 53

 

°

 

C (curve 

 

5

 

).

 

Table 1.

 

  Chemical composition of an Fe–W alloy at various modes of electrodeposition

 

t

 

, 

 

°

 

C

 

i

 

k

 

, A/dm

 

2

 

Elements

W Fe O C

wt % at % wt % at % wt % at % wt % at %

Electrolyte no. 1 (molar ratio Fe : W = 1 : 1)

90 5 30.3 8.7 65.5 65.5 0 0 5.5 25.4

7 27.7 4.5 61.0 47.1 6.4 16.78 9.0 30.3

10 21.5 5.6 71.5 66.8 6.8 16.7 7.4 25.6

Electrolyte no. 2 (molar ratio Fe : W = 1 : 2)

70 3 47.1 13.8 46.2 50.3 4.2 16.0 2.9 14

5 41.6 8.4 44.3 39.4 9.4 27.9 4.0 15.8

7 40.0 8.0 44.4 38.8 10.1 30.8 3.12 12.8

10 54.8 6.2 24.5 17.0 21.7 48.9 4.8 15.5

90 3 37.6 8.0 53.2 43.8 5.7 16.0 9.1 31.9

5 39.1 8.2 47.9 42.2 8.4 25.7 4.2 17.2

7 44.2 7.7 39.3 31.8 13.5 38.0 3.7 13.8

10 50.5 5.4 54.5 17.3 23.4 52.5 5.8 17.4
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cathode layer, hydroxide compounds of codeposited
metals, being gel-like compounds of an amorphous
type, deposit on the coating surface [9].

As the thickness of the deposits obtained at 

 

i

 

k

 

 =
5 A/dm

 

2

 

 and 

 

t

 

 = 90

 

°

 

C increases from 5 to 40 

 

µ

 

m, the
content of W decreases from 49 to 34% and that of oxy-
gen decreases from 15 to 5% (Fig. 4).The oxygen-con-
tent decrease in the thicker coating may be due to the
oxygen chemical state being different from that in the
thinner alloy (5–10 

 

µ

 

m). Analysis of the oxygen spectra
lines on the surface and in the depth of the coatings
shows that the base peak on line 01s of the roentgen
photoelectron spectrogram in the depth of cobalt–tung-
sten films is shifted towards the binding energy
decrease [10]. This may be due to the fact that the main
part of the oxygen in the depth of Fe–W films, similar
to Co–W, is a component of WO

 

3

 

 and tungsten.

 

Alloy Yield on the Current

 

The dependence of the yield on current (YC) on the
current density for iron–tungsten alloys is shown in
Fig. 5. The yield on current of the Fe–W alloy across the
entire studied range of current densities for the alloys
obtained from the electrolyte with the ratio Fe : W = 1 : 2
decreased from 30 to 8% (Fig. 5, curve 

 

2

 

), and for the
alloys obtained from the electrolytes with the ratio Fe :
W = 1 : 1, the dependence of the yield on current is of
an extreme character (Fig. 5, curve 

 

1

 

). A change of the
yield on current depending upon the current density is
connected with a difference in the kinetics of the evolu-
tion of metals and hydrogen; it also depends on the
alloy composition. As the W content in the alloy
obtained from the electrolyte with the ratio Fe : W =
1 : 1 decreases (Fig. 5, curve 

 

3

 

), the yield on current
increases (Fig. 5, curve 

 

1

 

). This is due to the hydrogen
overstress on tungsten being lower than on iron. In this

 

Table 2.

 

  Inhomogeneity of the composition of the surfaces obtained from electrolyte no. 1 (molar ratio Fe : W = 1 : 1)

 

t

 

, 

 

°

 

C

 

i

 

k

 

, A/dm

 

2

 

Elements

W Fe O C

wt % at % wt % at % wt % at % wt % at %

53 5 Basic coating (Spectrum 

 

1

 

, Fig. 3a)

38.0 6.2 33.8 28.1 7.8 22.1 6.1 23.3

Surface film (Spectrum 

 

2

 

, Fig. 3b)

20.8 4.6 68.6 57.3 4.6 13.5 5.8 22.8

53 10 Basic coating (Spectrum 

 

1

 

, Fig. 3a)

24.5 6.4 68.9 67.2 7.4 25.0 – –

Surface film (Spectrum 

 

2

 

, Fig. 3b)

27.4 6.9 43.5 22.1 32.9 58.2 4.3 17.2
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Fig. 2.

 

 Current density influence on the oxygen content in an alloy. The deposits were obtained from (a) electrolyte no. 1 with the
molar ratio Fe : W = 1 : 1 at 

 

t

 

 = 90

 

°

 

C (curve 

 

1

 

), at 

 

t

 

 = 53°C (curve 2); at t = 53°C (curve 3, surface film); (b) electrolyte no. 2 with
the molar ratio Fe : W = 1 : 2 at t = 53°C (curve 4), at t = 70°C (curve 5); at t = 90°C (curve 6).



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 43      No. 4      2007

ELECTRODEPOSITION AND PROPERTIES OF AN IRON–TUNGSTEN ALLOY 243

case, the minimal yield on current was observed for the
alloy containing 30% tungsten. In the range of high
densities of the current, this somewhat decreased in
comparison with the one obtained at 7 A/dm2. The latter
may be caused by the fact that, at the potential increase,
the hydrogen evolution rate grows more rapidly than
the rate of the alloy evolution. The evolved hydrogen
influences not only yield on current of the coatings, it
may directly participate in the process of W(VI) reduc-
tion. Therefore, the tungsten deposition rate depends on
both the iron deposition rate and the surface concentra-
tion of active hydrogen and its possible participation in
the reduction process. Furthermore, it may be assumed
that the alloys contain not only a separate phase of
tungsten, but that the latter may be in the form of a solid
solution. The presence of oxide and hydroxide forma-
tions in the alloy is also possible [11].

It is found that an increase in the sodium tungstate
content in the solution contributes to the codeposition
of a refractory metal.

In Fe–W alloys obtained from an electrolyte with
the molar ratio Fe : W = 1 : 2, the tungsten content in
the alloy increases (Fig. 5, curve 4) and the yield on
current decreases (Fig. 5, curve 2). The maximal yield
on current corresponded to the minimal tungsten con-
tent in the alloy.

Microhardness of Deposits

The microhardness of iron–tungsten alloys is deter-
mined by the electrolysis conditions and the electrolyte
composition, which is 150–450 kg/mm2 at the current
density change from 3 to 10 A/dm2 (Figs. 6 and 7).

30 µm30 µm

Spectrum 2

Spectrum 1

(a) (b)

Fig. 3. Electron microphotographs of the surface of Fe–W deposits with two sectors of different composition. Electrolyte no. 1,
ik = 10 A/dm2, t = 53°C.
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Fig. 4. Dependence of the content of tungsten and oxygen
on the coating thickness. The deposits are obtained from
electrolyte no. 2, t = 90°C, ik = 5 A/dm2.
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Fig. 5. Dependence of the yield on current (1, 2) and tung-
sten content (3, 4) in an iron–tungsten alloy upon deposition
from electrolyte no. 1 (molar ratio Fe : W = 1 : 1) (1, 3) and
electrolyte no. 2 (molar ratio Fe : W = 1 : 2) (2, 4), t = 90°C.
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The microhardness of the iron–tungstate alloy
obtained from electrolyte no. 1 with the molar ratio
Fe : W = 1 : 1 depends on the current density and the
composition of the formed inhomogeneous surface

films (Fig. 3). Taking into account the existence of a sur-
face inhomogeneity, the microhardness was determined
separately for a basic coating surface and for a surface
film. For the basic deposit surface, the microhardness
passes through the minimum and, at ik = 10 A/dm2, it is
150 kg/mm2 (Fig. 6). For the surface film, with the cur-
rent density increasing, the microhardness increases
and achieves a constant value of ~106 kg/mm2 (Fig. 6).
For the deposits obtained from electrolyte no. 2 with
the molar ratio Fe : W = 1 : 2, the microhardness has
higher values and it oscillates within the range of ~130–
440 kg/mm2 (Fig. 7). The microhardness value gradu-
ally decreases with an increasing current density for the
alloys obtained at the electrolyte temperature of 70°C
(Fig. 7a, curve 2) and it passes through the maximum at
the solution temperature increasing to 90°C (Fig. 7a,
curve 1). The highest value of microhardness is
observed for deposits obtained at a solution tempera-
ture increasing to 90°C (Fig. 7a, curve 1). The highest
value of microhardness is observed for those deposits
obtained at t = 90°C; that is, for electrolytes with a high
tungsten content.

The Fe–W alloy microhardness dependence on
tungsten content in the alloy is found. An increase in the
tungsten content in the alloy leads to an increase in the
microhardness of the alloy obtained from electrolyte
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Fig. 6. Influence of the current density on the microhardness
of the iron–tungsten alloy obtained from electrolyte no. 1 at
t = 53°C.
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no. 2 at a temperature of 70°C (Fig. 7b) and to appear-
ance of the microhardness maximum for the coatings
deposited at a temperature of 90°C (Fig. 7c). An appre-
ciable increase in the microhardness was found in sam-
ples obtained at the electrolyte temperature of 90°C.
Thus, the microhardness of the samples obtained at t =
35–53°C on different sectors of the deposit surface
depending upon the current density varied within the
range of 100–235 kg/mm2; for the deposits obtained at
t = 90°C, the microhardness value was 250–437 kg/mm2.
A relatively low microhardness (Hv = 100 kg/mm2) of
the electrodeposited films at the current density of
5 A/dm2 may be connected with the fact that, at low
current densities, tungsten reduction to the metal state
does not occur and, therefore, a solid solution of tung-
sten with iron influencing the alloy microhardness is
not formed. An increase in the oxygen content in the
coating caused by the formation of oxide compounds
can influence the microhardness by decreasing its value
for the coatings obtained at high current densities
(10 A/dm2), which contain an increased content of oxy-
gen of about 33 wt % (Fig. 2a, Table 2).

The obtained results allow us to draw the conclusion
that the microhardness depends on the tungsten content
in the alloy, its composition, and current density.

Alloy Surface Morphology

The electrodeposition of coatings occurs in thermo-
dynamically nonequilibrium conditions. Upon alloy
deposition, systems with characteristics of the structure
are formed, which does not correspond to the thermo-
dynamically stable state. One of the manifestations of
the nonequilibrium crystallization of electrolytic alloys
is the formation of oversaturated solid solutions, inter-
metallic compounds, and amorphous alloys. In the
majority of cases, oversaturated solid solutions crystal-
lize on the basis of the solutions containing refractory
metals [12]. Nonequilibrium conditions of crystalliza-
tion of these alloys determine the structural peculiari-
ties of the electrodeposited alloys and their properties.
Upon the formation of iron–tungsten deposits with a
thickness of 20–30 µm, a nonuniform distribution of

the alloy components over the surface is observed. The
appearance of this inhomogeneity is accompanied by a
change in the deposit structure.

Previously, it was noted that, for Fe–W alloys
obtained upon electrodeposition from electrolytes with
the molar ratio Fe : W = 1 : 1 at t = 53°C and a cathodic
density of 5 and 10 A/dm2, on the surface of basic
deposits, films firmly adhering to the deposit surface
are found (Fig. 3b, Spectrum 2, Table 2). The films con-
sist of 5–10 µm blocks with a smooth surface, contain-
ing a large amount of oxygen (about 30 wt %) and are
characterized by microcracking. The appearance of
cracks in the films may be due to the presence of the
hydroxides of deposited metals, which are located on
the grain boundaries; this may lead to the weakening of
the bond between them and, therefore, to cracking. The
electron-microscopy study of the alloy surface base
(Fig. 3a, 1, Table 2) has shown a small-grain structure
of the alloy, crystal faceting is not found, and the sur-
face structure may be defined as cryptocrystal.

EDX analysis has shown that the composition of
these two surface sectors of the basic coating and the
film are inhomogeneous, although the contents of tung-
sten and oxygen in the deposit and in the film are differ-
ent (Table 2).

In comparison with the deposit, the content of tung-
sten and oxygen in the film obtained from electrolyte
no. 1 at ik = A/dm2 is lower and for the alloy obtained at
ik = 10 A/dm2 is higher. As the tungsten content in the
alloy increases, the oxygen content increases for both
the deposit and the film (Table 2).

The inconsistency of the composition over the
deposit surface may be due to an unequal value of the
deposition potential at different points of the cathode.
This leads to a nonuniform distribution of the doping
component in the corresponding points of the surface
and to a nonuniform development of the surface relief.

The determination of the tungsten content and the
measurement of the microhardness value, with the
tungsten predominance being higher in places than the
averaged microhardness value across the entire deposit,
confirm the inhomogeneity of the alloy composition
over the deposit surface; the values for the microhard-

(a) (b)

Fig. 8. Microphotographs of the optic microscopy of (a) large-grain zone (20–25 µm) and (b) small-grain zone (0.5–1.5 µm) in the
alloy (electrolyte with the molar ratio Fe : W = 1 : 1). Deposition conditions: (a) t = 35°C, ik = 7 A/dm2; (b) t = 70°C, ik = 7 A/dm2.
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ness of the deposits obtained in different conditions varied
significantly. Thus, for iron–tungsten coatings obtained at
t = 35°C and at a cathodic density of the current 3 A/dm2,
the microhardness was Hv = 110–235 kg/mm2, and the
microhardness of the coatings obtained at t = 90°C was
considerably higher: Hv = 270–400 kg/mm2.

Varying the electrolysis conditions, one can form
coatings with various degrees of structure dispersion
and, therefore, various properties (Figs. 8a and 8b).
Upon the electrodeposition of alloys from electrolyte
no. 1 (t = 35°C, ik = 7 A/dm2), large unequal-grain crys-
tallites 20–25-µm in size are formed (Fig. 8a). The
crystallites have a different form and, likewise, consist
of separate subgrains. The alloy deposited at the elec-
trolyte temperature 70°C has a smoother relief with
crystallites of rounded or irregular forms; these are

characterized by a small graininess (0.5–1.5 µm) and
luster.

Electrolytic alloys iron–tungsten deposited from
electrolytes with a molar ratio Fe : W = 1 : 2 at the tem-
perature 90°C crystallize with a more homogeneous
and disperse structure in comparison with pure metals
obtained in similar conditions (Fig. 9). An increase in
the tungsten-doping element content in the alloy influ-
ences its dispersion in the same manner as the current
density increase upon the deposition of pure metals;
that is, it contributes to the appearance of new centers
of crystallization and the formation of small-grain
deposits. An obvious correlation is observed between
the dimensions of the iron–tungsten alloy crystallites
determined using the microphotographs of a scanning
electron microscopy and the concentration of the dis-
solved tungsten-doping element (Fig. 10). As the tung-

30 µm

Spectrum 1

Fig. 9. Electron microphotograph of the Fe–W alloy depos-
ited from electrolyte no. 2 at ik = 10 A/dm2 and t = 90°C.

35 45

1.0

50

1.5

CW, wt %

2.0

40

2.5
d, µm

Fig. 10. Dependence of the average dimension of the alloy
crystallites on the tungsten content. Electrolyte no. 2, solu-
tion temperature of 90°C.

Spectrum 1

Spectrum 1

30 µm 30 µm(a) (b)

Fig. 11. Electron microphotograph of Fe–W alloys deposited from electrolyte no. 2 at temperature 90°C and ik = 5 A/dm2 with a
coating thickness of (a) 5 and (b) 40 µm.
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sten content in the alloy increases from ~30 to 50 wt %,
the crystallite dimensions decrease by a factor of 2.5,
leading to the dispersion of the structural elements. The
observed reduction of the iron structure upon codeposi-
tion with doping refractory metals may be due to the
presence in the alloys of a significant amount of impu-
rities blocking grain growth. A similar process also
takes place due to the presence in the iron–tungsten
alloy deposits of adsorbed incompletely reduced com-
pounds of tungsten; that is, the dispersion of the alloy
structure occurs [13].

There is a relation between the alloy concentration
inhomogeneity in thickness and its structural inhomo-
geneity. The tungsten-doping element concentration
decreases with an increasing thickness of the obtained
alloys; this may be due to the reduction of their struc-
ture. Initial layers of thickness 5 µm containing 49.4 wt
% tungsten (Fig. 4) are characterized by a high disper-
sion (Fig. 11a). As the deposit thickness increases to 40
µm, the doping-component content in the alloy
decreases to 28.4 wt % (Fig. 4) and the crystals become
larger, taking on a rounded form (Fig. 11b). As the
tungsten content in the alloys increases, the surface
morphology changes and the crystallite dimensions
decrease, i.e., the dispersion of the coatings increases.
Thus, the character of change in the structure of iron–
tungsten alloys is affected by their doping degree and
electrolysis conditions.

CONCLUSIONS

The present results allow us to assume that, upon the
deposition of iron–tungsten alloys from citrate electro-
lytes, the discharge of iron ions occurs from the three-
valent state.

It is shown that an increase in the sodium tungstate
concentration in the electrolyte contributes to the
codeposition of tungsten, increasing its content in the
formed alloy.

It is found that the yield on current and composition
of iron–tungsten coatings depend upon the current den-
sity and electrolysis conditions. The yield on current
decreases as the tungsten concentration in the coating
increases.

The microhardness of iron–tungsten deposits
increases with an increase in the deposition tempera-
ture and depends on the tungsten content in the alloy.

Electron-microscopy studies have shown that, on
the alloy surface, surface inhomogeneous films with the
content of tungsten and oxygen differing from that in
the deposit are formed.

An increase in the tungsten content in the alloy con-
tributes to the formation of small-grain deposits.

The obtained alloys are characterized by concentra-
tion and structural inhomogeneities in the thickness of
the coating.
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During all of the stages in the development of the
method of evaporation and the condensation of metals
[1, 2] and alloys [3, 4] in a vacuum, one of the basic
problems in providing recommendations on the intro-
duction of technologies for the metallization of low-
carbon steels was the solution to two mutually exclu-
sive problems. The first is the purification of steel sur-
faces from various contaminations which prevent the
formation of a strong adhesion contact. The second
problem is the presence of oxide films on the surface
and determining the optimal modes of treatment, taking
into account the possible additional formation of oxides
during the treatment process, which, according to
numerous authors, generally reduce the adhesion con-
tact strength [5].

Depending upon the constructive solution to the
practical realization of the process of obtaining conden-
sation coatings for various functional applications, for
the preliminary preparation of a steel surface with the
purpose of purifying and obtaining a strong adhesion
contact, thermal heating in a vacuum [1–3] and steel-
surface treatment in the plasma of a glow discharge are
the most frequently used [4, 6–8]. During thermal heat-
ing of steel samples in an atmosphere of residual gases,
an interaction between the substrate material and resid-
ual oxygen takes place on the steel surface. As a result,
in addition to processes of surface purification from
macrocontaminations, the formation of additional
oxide layers is observed. The oxide thickness, its struc-
ture, phase composition, and some electrophysical
properties are determined; they depend on the steel-
heating temperature and the time of heating. The
authors of [9, 10], analyzing one possible mechanism
of adhesion contact formation, have assumed that steel
heating in an atmosphere of residual gases may be
accompanied by two competing processes on the sur-

face: the additional oxidation of iron upon interaction
with oxygen on the external “surface film–vacuum”
boundary and the oxide film reduction by carbon dis-
solved in iron on the adjacent “oxide–basic metal” sur-
face. An important parameter in the determination of a
preferential process is temperature 

 

T

 

, whereby its abso-
lute value ultimately determines the increase or
decrease in the oxide thickness.

If the steel in undoped or low-doped, the oxide film
formation process is reduced to pure iron oxidation; the
kinetics of this process may be estimated using the
known equations [11] and data on the physicochemical
properties of oxides [12]:

(1)

where 

 

τ

 

 is the oxidation time and 

 

α

 

 is the iron oxide
thickness.

Calculations using formula (1) illustrate the oxide
kinetics (Table 1) assuming that the oxidation rate con-
stant 

 

K

 

 changes by the parabolic law [11].
In vacuum metallization, especially in the applica-

tion of thermovacuum deposition on a thermovacuum
substrate, the technological stage of the steel surface
preparation by heating necessitates estimating the
oxide formation kinetics not at a fixed temperature 

 

T

 

,
but at the steel heating from the initial temperature 

 

T

 

1

 

,

α 8.95 106 τ 16500
T

---------------–⎝ ⎠
⎛ ⎞ ,exp×=
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—The mechanism of contact formation, determined by the temperature mode of condensation and
technological parameters of the process, is explained. Theoretical calculations and their experimental verifica-
tion show that, in the case of ordinary thermovacuum deposition, the preliminary heating of steel in a vacuum
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generally being room temperature to the temperature of
the coating deposition beginning at 

 

T

 

2

 

. It should be
taken into account that the deposition process begins
immediately after achieving temperature 

 

T

 

2

 

; additional
storing of the samples at temperature 

 

T

 

2

 

 before deposi-
tion begins is not required [2, 3].

Let us suppose that the thermal heating of a steel
(iron) surface from 

 

T

 

1

 

 to 

 

T

 

2

 

 occurs by the linear law

(2)

where 

 

τ

 

1

 

 is the time of heating from 

 

T

 

1

 

 to 

 

T

 

2

 

.
When calculating the oxide thickness growth regu-

larities upon heating in a vacuum [10], the kinetics of
the oxide growth on iron upon heating up to tempera-
ture 

 

T

 

2

 

 with various rates was calculated. The results
are given in Table 2 (

 

T

 

1

 

 

 

≈

 

 293 K). Experimental analy-
sis (Fig. 1) has shown that the theoretical predictions
(solid curve) and experimental (dots) results match
exactly, which matches results from the literature [10].

It should be noted that the regularities given in
Tables 1 and 2 and in Fig. 1 assume an excess oxygen
content in the residual atmosphere contacting the
heated surface (

 

p

 

 > 1.013 

 

×

 

 10

 

3

 

–1.013 

 

×

 

 10

 

5

 

 Pa). The
processes of the steel surface preliminary preparation
and deposition of condensation coatings occur at sig-
nificantly lower pressures of about 10

 

–2

 

–10

 

–4

 

 Pa. A lim-
ited content of oxygen in the residual atmosphere con-
siderably influences the oxidation kinetics and, in par-
ticular, the limiting thickness of the oxide film which
may form during the process of steel heating in a vac-
uum. Taking into account that the normal oxygen pres-
sure in an atmosphere and in a vacuum chamber at var-
ious degrees of pressure does not change and remains
constant at 21% 

 

p

 

0

 

 (where 

 

p

 

0

 

 is he total pressure of the
residual atmosphere), let us estimate the limiting thick-
ness of the iron oxide film 

 

α

 

lim

 

, which may be formed
on the sample surface of the square 

 

S

 

 which is heated
up to temperature 

 

T

 

 in a vacuum chamber of volume 

 

V

 

:

(3)

Here, 

 

µ

 

 is the oxide molecular weight, 

 

ρ

 

 is its den-
sity, 

 

α

 

 is the number of oxygen molecules required for
the formation of one molecule of oxide, and 

 

p

 

 is the
pressure of residual gases (Pa).

Calculations of 

 

α

 

lim

 

 assuming that oxidation upon
thermal heating in a vacuum results in the formation of

 

γ

 

-Fe

 

2

 

O

 

3

 

 oxide [3, 4, 13–16] are given in Table 3 (

 

V

 

 =
2 

 

×

 

 10

 

–2

 

 m

 

3

 

, 

 

S

 

 = 10

 

–4

 

 m

 

2

 

, and 

 

T 

 

= 298 K).
Analysis of the calculations allows us to make the

following conclusions: A decrease of pressure in the
vacuum chamber can considerably influence the char-
acter of the dependence 

 

α

 

 = 

 

f

 

(

 

τ

 

) only when the thick-
ness of the oxide formed at a normal atmospheric pres-
sure exceeds the values of 

 

α

 

lim

 

 for a given pressure. For
example, at 

 

T

 

 

 

≈

 

 293 K, the oxide thickness on iron does

T T1

T2 T1–
τ1

-----------------,+=

αlim
0.21Vµ
2RTρS
------------------ p.=

 

not exceed 5.0 nm [11]; according to the data in Table 3,
the oxidation rate may only decrease at the residual gas
pressure 

 

p

 

 < 10

 

–2

 

 Pa. At 

 

T 

 

≈

 

 573–673 K, the oxide thick-
ness on iron achieves 20 nm and, therefore, a change in
the oxidation kinetics should be expected beginning
from the pressures 

 

p

 

 

 

≈ 

 

(1–2) 

 

×

 

 10

 

–1

 

 Pa. This conclusion
is in a good agreement with available data [1, 3, 13].

Beginning from a certain substrate temperature, the
processes of oxide film reduction using carbon dis-
solved in the substrate play an appreciable role. This
process is competitive against the oxidation process,
and the total result of both processes will be expressed
either in an increasing or decreasing oxide thickness
with time. Experimental analysis of the regularities of
the kinetics of the oxide film reduction on an iron sur-
face with the application of the technique from [10] has
shown (Fig. 2) that a decrease of the oxide thickness 

 

α

 

upon annealing in an inert gas atmosphere occurs in
accordance with the linear law. The rates of film reduc-
tion during annealing at two temperatures 

 

T

 

1

 

 = 623 K
and 

 

T

 

2

 

 = 673 K are determined by graphic differentiation
of the dependence 

 

α

 

f

 

(

 

τ

 

). According to the calculations
for curves 

 

1

 

 and 

 

2

 

 (Fig. 2), the reduction rates are equal
to 

 

V

 

1

 

 = 1.97 

 

×

 

 10

 

–2

 

 nm/s and 

 

V

 

2

 

 = 0.24 × 10–2 nm/s,
respectively. The rates of the chemical reaction corre-

Table 2.  Kinetics of oxide growth on iron

T2, K 473 573 673 723 773 823 873

, nm/s1/2 0.14 1.16 12.0 24.0 36.0 101.0 184
α
τ

------

10

0 120

α, nm

τ, s

20

240 360 480 600

30

40

1

2

Fig. 1. Dependence of the oxide film thickness change on
the time of heating τ1 (formula (2)) from T1 = 293 K to
T2 = 573 K (1) and to T2 = 673 K (2).

Table 3.  Calculations of αlim

P, Pa 5 × 10–1 1 × 10–1 5 × 10–2 1 × 10–2

αlim, nm 250.0 50.0 25.0 5.0
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sponding to the calculated values correspond to the
known equation of the chemical reaction kinetics

(4)

where CMeO and CC are the concentrations of oxide and
carbon on the adjacent “metal–oxide” boundary at
moment τ = 0 (initial concentrations); K is the constant
of the reduction reaction rate, whereby its temperature
dependence is determined by the Arrhenius equation

(5)

Here, parameter B denotes the reduction process
activation energy. The experimentally found linear
character of the dependence α = f(τ) (Fig.2) allows us
to assume that the carbon concentration in the reaction
zone on the adjacent “metal–oxide” boundary is either
constant or changes insignificantly, i.e., CC ≈ 1 = const.
Then, formula (4), with a sufficient degree of certainty,
may be rewritten in the form

(6)

Using the above given values for the reduction reac-
tion rates at two temperatures, it is possible to calculate
the values of K1 and B: K1 ≈ 8.5 × 1012 nm/s, B ≈ 175 ×
103 J/mol. According to these data, the rate of the oxide
film reduction reaction on iron at various temperatures
was calculated (Table 4).

ϑ KCMeOCC,=

K k0e
B

RT
-------–

,=

ϑ K1
B

RT
-------–⎝ ⎠

⎛ ⎞ .exp=

A comparison of the rates of oxidation (Table 1) and
reduction (Table 4) shows that, upon substrate heating
up to the temperatures 673–723 K, the oxidation pro-
cess prevails: an increase of the oxide film thickness is
observed. At temperatures 673–873 K and above, the
prevailing reaction is oxide reduction, and a sharp
decrease in the oxide thickness with time up to its com-
plete disappearance is observed. In the metallization of
low-carbon steels [3, 4, 6, 8], the recommended tem-
perature modes of deposition of various coatings corre-
spond to the complete elimination of surface oxide
films and to the transition of the adhesion contact for-
mation in the “coating–substrate” system from the Van
der Waals mechanism [9] to the more reliable, e.g., dif-
fusion, mechanism [3, 5]. The advantages of this mech-
anism of adhesion contact formation compared with
others are analyzed in [5].

Thus, these completed experiments and the pro-
posed interpretation of the regularities of the oxidation–
reduction processes in the “substrate–oxide” system
upon heating in a vacuum allow us to make some gen-
eralizations regarding the prediction of the expected
mechanism of adhesion contact formation upon the
deposition of various coatings on low-doped steel. At
condensation temperatures below 473 K, practically
none of the metals used for coatings, e.g., Al, Cr, Ti, Cu,
Cd, ferroalloys, etc., forms an appreciable adhesion
with the substrate [1–4, 6, 8]. Obtaining metal products
with qualitative adhesion to the protective coatings at
low temperatures is possible only when, instead of the
usual vacuum technology, the ion–plasma technology
is applied [4, 6, 7]. In the first place, this is connected
with the fact that one of the possible mechanisms of
adhesion contact formation is the diffusion mechanism
[4, 5, 8]; the conditions for its realization are analyzed
in detail in [5, 6, 17].

In the case of the realization of the chemical mech-
anism of the adhesion contact formation in the “sub-
strate–coating” system, the thermodynamics of the pro-
cess plays an important role. The energy aspect of the
adhesion contact formation upon the deposition of pure
metals on an oxidized surface may be predicted a priori
by calculating the isobar–isothermal potential change
∆G in the process of possible chemical reactions. For
some coatings of pure metals most frequently used in a
protective role [2, 4, 6], the analysis of the calculated
values of ∆G in the temperature range 298–623 K
(Table 5) allows us to make the following conclusions.

The classical approach to the analysis of the pro-
cesses of the metal–vapor interaction with the oxidized
substrate shows that the chemical interaction with iron
oxide is realized for Al, Ti, and Cr, whereas for Cu and
Cd this process is energetically forbidden. Experimen-
tal data on the regularities of the adhesion contact for-
mation [1, 2, 6, 8] show that none of the metals given in
Table 5 forms a strong bond with the steel surface until
temperatures 623–673 K are reached, with the excep-
tion of aluminum [2]. This discrepancy between the

10
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20

600 900

30
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Fig. 2. Change in the oxide film thickness on steel upon
annealing in an argon atmosphere at 623 K (1) and at
673 K (2).

Table 4.  Rates of reduction upon substrate heating up to the
temperatures 673–723 K

T, K 573 623 673 723 773

ϑ, nm/s 10–3 2 × 10–2 0.24 2.13 13.77



SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 43      No. 4      2007

THE INFLUENCE OF OXIDE FILMS ON A STEEL SURFACE 251

calculations and experiment is explained by two fac-
tors. First, in the process of vacuum metallization using
standard technology [2, 3], there is a probability of par-
tial oxidation of the evaporated material atoms due to
the interaction with oxygen molecules of the residual
atmosphere. Secondly, in the calculations using the
standard reactions (Table 5), the probability of the pres-
ence of adsorbed gases and water vapors on the metal-
lized steel surface is not taken into account. The elimi-
nation of moisture vapors and adsorbed gases is possi-
ble either by thermal heating of the substrate up to the
temperature 623–673 K [2, 4] or by the electrophysical
purification of the substrate in a glow-discharge plasma
[1, 4, 6, 8] directly before the beginning of deposition.

Regarding the probable oxidation of the evaporated
metal vapors in the residual gas atmosphere, according
to [14], this process can be considered significant, espe-
cially at the initial stages of the condensation process,
when the first 5–10 monolayers of the condensate are
formed. The formation of oxides in the vapor phase
leads to the following: The adhesion contact by the
chemical mechanism [5] occurs not by the reactions in
Table 5, but between the iron oxide (substrate) and the
evaporated material oxide; that is, the coating in the
presence of TiO2, Cr2O3, Al2O3, etc. The chemical inter-
action in these systems is realized in practice at temper-
atures above 1170 K. The only exception is Al. Experi-
ments on the character of the temperature dependence
of Al adhesion to Fe have shown [14] that, already at
condensation temperatures 420–470 K, a strong adhe-
sion contact is formed, and its phase composition cor-
responds to the complex oxide FeO · Al2O3.

CONCLUSION

1. The presence of oxide films on an iron surface is
not an obstacle to the formation of qualitative protec-

tive coatings being strongly bound to the substrate. The
mechanism of the contact formation is chemical, and it
is determined by the condensation temperature mode
and the process of the technological parameters.

2. Theoretical calculations and their experimental
analysis show that, in the case of normal thermovacuum
deposition, a preliminary heating of the steel in a vac-
uum in a residual gas atmosphere determines the for-
mation of an oxide film corresponding to the γ-Fe2O3
structure. The oxide of this modification is optimal
from the viewpoint of the adhesion contact formation
using the chemical mechanism.

3. During the process of steel heat treatment in an
atmosphere of residual gases of a vacuum chamber, two
processes proceed simultaneously: steel oxidation and
oxide reduction by the carbon of the substrate. The pre-
dominance of one process over the other is determined
by the ratio of the substrate temperature to the pressure
of the residual gases.
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It is well known that, under the action of an external
electrostatic field, a low conductive (dielectric) liquid
loses its local electrical neutrality [1] and, in a plane-
parallel capacitor, for example, a certain charge distri-
bution forms with the nonzero space charge density

 

ρ

 

(

 

x

 

)

 

 ≠ 

 

0; the 

 

x

 

 coordinate is determined in the direction
perpendicular to the layer of the liquid. Two types of
space electrization in liquids can be classically distin-
guished according to the 

 

ρ

 

(

 

x

 

) distribution: a hetero-
charge electrization, when the semilayers acquire a
charge of the opposite sign with respect to adjacent
electrodes; and a homocharge electrization, when the
adjacent to the electrode layers acquires a charge of the
same sign [2]. In both cases, a monopolar structure of
the space charge manifests itself, that is, within each
semilayer in the interelectrode gap, the sign of the
charge is constant; hence, the field strength also
changes monotonously within the semilayers.

However, so-called bipolar structures were found
experimentally [3], where a maximum appears near the
electrodes in the distribution of the field strength 

 

E

 

(

 

x

 

),
which provides evidence that double structures form
within semilayers: the layer adjacent to the electrode
bears a charge of the same sign, and, further, it trans-
forms into the layer with the opposite sign. Such a
structure may be defined as a bipolar homocharged
structure. According to experiments [4], bipolar hetero-
structures with minima of the field strength near the
electrodes are also possible, although less probable.

Alongside the interpretation of bipolar homostruc-
tures [3–5], the authors of [6, 7] have also attempted to
provide theoretical explanation. In particular, in [6], a
hypothesis was put forward that, with an increase in the
voltage across the layer and the field strength on the
electrode surface, because of heteropolarization, a
microbreakdown in the near-electrode (Debye–Huckel)
layer and its homocharging can occur at some critical

value of the field strength 

 

E

 

cr

 

. Here, the main assump-
tion was that the electric conductivity of the liquid is
constant (

 

σ

 

 = const). Therefore, one can only expect a
qualitative explanation of the observed distributions

 

E

 

(

 

x

 

) [4]. Furthermore, the authors of [7] rejected this
hypothesis and tried to find an exact solution to the
Nernst–Planck equations (for the symmetrical case,
when 

 

k

 

±

 

 

 

≡

 

 

 

k

 

; 

 

D

 

±

 

 

 

≡

 

 

 

D

 

):

(1)

where conventional notations are used, and the signs 

 

±

 

refer to positive and negative charge carriers. Here, we
assume that 

 

j

 

+

 

 = const and 

 

j

 

–

 

 = const are specified and

 

ρ

 

+

 

, 

 

ρ

 

–

 

, 

 

ρ

 

, 

 

σ

 

, 

 

E

 

 are unknown values.
In addition to the assumption concerning the sym-

metry of the parameters of charge carriers 

 

k

 

+

 

 = 

 

k

 

–

 

 

 

≡

 

 

 

k

 

and 

 

D

 

+

 

 = 

 

D

 

–

 

 

 

≡

 

 

 

D

 

, the most significant in the given prob-
lem is an assumption related to the conservation of par-

tial currents in the form div  = 0 and div  = 0. The
latter, however, often occurs in the electrochemistry of
liquid solutions, where they seem even less reasonable
because of large concentrations of charge carriers.

In [7], Eq. (1) was reduced to one dimensionless
Penleve equation [8] similarly to that in [1, 4]:

(2)

where the following notations for the dimensionless
complexes are introduced:

(3)

j+ kρ+E Dρ+' ; ρ– ρ+ ρ–;–= =

j– kρ–E Dρ–' ; σ+ k ρ+ ρ–+( );= =

j+'  = 0; j–'  = 0; ρ = εE'; j = j+ j–+  = const,⎩
⎪
⎨
⎪
⎧

j + j –

η'' π0η3 π1 1 π2 1 ξ–( )+( )η π3,–+=

π0 = 
lkE0

2D
------------⎝ ⎠

⎛ ⎞ 2

; π1
l2

τ*D
----------; π2

lkδ
σ*D
-----------; π3

jl3

εDE0
-------------,≡ ≡ ≡
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and

(4)

where 

 

l

 

 is the width of the semilayer, and 

 

x

 

 is counted
from the left (positive) capacitor plate.

It should be noted here, that for a completely sym-
metrical problem, where 

 

j

 

+

 

 = 

 

j

 

–

 

 

 

⇒

 

 δ = 0 ⇒ π2 = 0, the
initial conditions for Eq. (2) are obvious:

(5)

When j+ ≠ j–, that is, π2 ≠ 0, the distance from the left
plate to the plane, where ϕ = 0 or ρ = 0, may be taken
as the length scale l, instead of the distance from the left
plate to the center of the layer. Then, conditions (5)
remain valid; however, in the case where π2 = 0, instead
of Eq. (2), we get

(6)

This equation for conditions (5) allows the first inte-
gration, which gives the result

(7)

where

(8)

and where a and π1 may be both positive or negative.
It was stated in [7] that the condition of the existence

of bipolar solutions to equations (6) and (7) is that each
of them should have a positive root; these are satisfied
(the Cartesian rule). This allowed the authors to con-
clude that bipolar structures are possible.

The present paper continues from [7], and as we
envisaged earlier, relates to the final solution to Eq. (7).
However, to reduce this equation to a tabulated elliptic
integral, we have to find a positive root of the cubic
equation in the square brackets. Denoting this root as α
> 0 and substituting it into the square brackets in (7),
we, then, set the expression in brackets equal to zero
and obtain

(9)

Then, we substitute the right-hand side of (9) into
(7), divide the obtained expression by η – α, and find
the sought factorial expansion

(10)

τ* ε/σ*; δ j+ j–; σ* σ0

εk2E0
2

2D
--------------;–≡–≡ ≡

η E
E0
-----; ξ≡ x

l
--;=

E x( ) x l= E0; E' x( ) x l= 0 η 1( )⇒ η0 1;= = = =

η' 1( ) η0' 0.= =

η'' π0η3 π1η π3.–+=

η'2
π0

2
----- η2 a+( ) η 1+( ) b2–[ ] η 1–( ),=

b2 4π3

π0
--------; a

2π1

π0
-------- 1,+≡ ≡

b2 α2 a+( ) α 1+( ) 0.≥=

η'2 = 
π0

2
----- η2 α 1+( )η α α 1+( ) a+ + +[ ]

× η α–( ) η 1–( ).

To verify the sign of the trinomial in the square brack-
ets, we substitute a from (9):

since η > 0 and α > 0. Hence, the sign of the product
(η – α)(η – 1) defines the sign of expression (10). Since
the left-hand side of Eq. (10) is the square of η'2 ≥ 0, the
of the right-hand side should also be nonnegative; that
is, it should have the form

(11)

When the expression is equal to zero is a trivial case,
where the field strength is constant E = const = E0 (η =
η0 = 1). The sign of the strict inequality depends on the
α > 1 or α < 1. In the first case, the inequalities

(12)

will be the solution to Eq. (11).

In the second case, the inequalities of the opposite
sign will be the solution:

(13)

On the other hand, since η(1) = 1 has the meaning
of the field strength in the center of the layer, inequali-
ties (12) and (13) refer to the monopolar homostructure
(the convex E(x) curve) and the monopolar heterostruc-
ture (the concave E(x) curve), respectively. Hence, no
bipolar structures were found in the exact solution, and
the abovementioned conditions of the existence of pos-
itive roots for Eqs. (6) and (7) are the only necessary
conditions. Therefore, the conclusion regarding the
existence of bipolar structures was premature.

Below, we obtain an exact solution, and with this
aim, we present positive-definite form (10) as

(14)

with the following notations:

(15)

Integrating (14), we find

(16)

where the sign “+” corresponds to the homocharge, and
the sign “–” refers to the heterocharge. The integral in

the left-hand side to within the factor of (1/ ) is an

η2 α 1+( )η α α 1+( ) b2

α 1+
------------- α2–+ + +

=  η2 α 1+( )η α b2
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------------- 0,>+ + +
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α 1; η 1.≤>
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2
----- η m–( )2 n2+[ ] η α–( ) η 1–( ),=

m
α 1+

2
-------------; n2– α α 1+( ) a

α 1+
2
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⎛ ⎞

2

.–+≡ ≡

ηd

η α–( ) η 1–( ) η m–( )2 n2+[ ]
-----------------------------------------------------------------------------

η

1
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π0

2
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ξ

1

∫±=

qp
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incomplete elliptic integral of the first kind and, accord-
ing to [9],

(17)

where λ = 1 – ξ is the coordinate counted from the cen-
ter of the cell (layer) to the electrode surface, ϕ and k
(the absolute value of the integral) are equal, respec-
tively, [9]

(18)

and β is the upper limit of the integral F(ϕ, k) (β = 1).

It follows from the first formula in (18) that

(19)

Equations (17)–(19) give an exact analytical solu-
tion to the problem. Namely, using the numerical values
of parameters π0, α, β, m, and n in Eqs. (18), we find p,
q, and K. Having obtained the latter, we find F(ϕ, k) as
a function of the coordinate λ according to Eq. (17):

(20)

Then, we find ϕ using the tables or plots F(ϕ, k) and,
using Eq. (19), we find η(ϕ), or, to be more exact,
η(ϕ(F(λ))).

With the aim of utilizing the developed methods for
the solution to the problem, we consider a specific
numerical example that will be solved using two meth-
ods: an approximate method using the Taylor series
expansion and an exact one using an elliptic integral
according to the scheme described above.

First, transform initial equation (6) dividing all its
terms by π0:

(21)

where

(22)

Assume π0 = 1 and also let approximately π∗/π0 =
0.10 and π3/π0 = 0.55. Then, Eq. (21) takes the form

(23)

1

qp
----------F ϕ k,( )

π0

2
----- ξ 1–( )–

π0

2
-----λ,= =

ϕ 2
q
p
--- β η–

α η–
-------------; karctan

1
2
--- p q+( )2 α β–( )2+

pq
---------------------------------------------;≡ ≡

p2 m α–( )2 n2; q2+ m β–( )2 n2,+≡ ≡

η ϕ( )
α qβ/ pα ϕ

2
---tan

2
–⎝ ⎠

⎛ ⎞

q/ p
ϕ
2
---tan

2
–

----------------------------------------------.=

F ϕ k,( )
π0qp

2
------------λ.=

η''
π0
----- = η3 π*

π0
------ 1–⎝ ⎠

⎛ ⎞ η
π3

π0
-----; η 1( )–+  = 1; η' 1( ) = 0,

π*
l2

τ0D
---------; τ0 ε/σ0.= =

η'' η3 0.9η 0.55; η 1( )– 1; η' 1( ) 0.= = = =

Expanding the solution into the Taylor series with
an accuracy to the terms (ξ – 1)8, we obtain

(24)

The calculations made using this formula are pre-
sented in the table.

Now, we examine the exact solution calculating the
necessary parameters:

To find α, we set the square brackets in (7) equal to
zero:

(25)

We find numerically a positive root α = 1.3219.
Having found m and n2 using Eqs. (15), we obtain from
(14)

Let us calculate parameters p, q, and k using
Eqs. (18), where m = –1.1610; n2 = 0.9215; α = 1.3219;
β = 1; p = 2.6620; and q = 2.3846 ⇒ K ≅ 0.99999 �
1.0000. We find from (19)

(26)

Equation (20) takes the form

(27)

Using the values 0 ≤ λ ≤ 1 and the tables in [10], we
find F(ϕ, 1) and ϕ; then, we find η(ϕ) using Eq. (26).
The results are shown in the table.

The line  shows the calculations according
approximate Eq. (24), while the line  is calculated
using Eqs. (25) and (27).

η ξ( ) 1 0.2250 ξ 1–( )2– 0.0394 ξ 1–( )4–≅

+ 0.0023 ξ 1–( )6 0.0007 ξ 1–( )8.+

a 2 0.1× 1– 0.8; b2– 4 0.55× 2.2.= = = =

η3 η2 0.8η– 3–+ 0.=

η'

=  
1

2
------- η 1.1610+( )2 0.9215+[ ] η 1.3219–( ) η 1–( ).

η ϕ( ) 1.3219
0.6720 ϕ

2
---tan

2
–

0.8883 ϕ
2
---tan

2
–

------------------------------------.=

F ϕ 1,( ) 17741λ.=

η̃
η

Table of calculations of η(λ)

λ 0 0.2 0.4 0.6 0.8 1.0

1 1.00 0.99 0.96 0.91 0.84 0.73

2 F(ϕ, 1) 0 0.35 0.71 1.06 1.42 1.77

3 ϕ0 0 20 37 52 63 69

4 1.00 0.99 0.96 0.89 0.77 0.64

5 1.00 0.99 0.97 0.88 0.77 0.59

η̃

η

η



256

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY      Vol. 43      No. 4      2007

GROSU, BOLOGA

It is easy to see that, for k = 1, the elliptic integral is
expressed by an elementary formula that directly fol-
lows from its definition in Legendre’s form:

(28)

It follows from this that

Hence, we obtain from (25)

(29)

In line 5 of the table, the values of  calculated
according Eq. (29) are given. The difference in the
results obtained using the different methods is insignif-
icant, and it is mainly observed for large λ, that is, near
the electrodes, where the convergence of the Taylor
series is somewhat worse. In general, the approximate
formulas according to the method using the simple Tay-
lor series expansion to within the sixth order inclusive
are quite reasonable for the calculations.

Thus, two methods for analytical solution of the
Nernst–Planck equations have been developed: an
approximate method using an expansion in a power
series and an exact one using the method of elliptic
integrals. The coincidence of the results of the calcula-
tions allows us to conclude that these methods are
admissible in solving the problems of charge formation
in the models using the equations mentioned above.
Furthermore, it was stated that, in the framework of the
same models, the classic homocharge and heterocharge
distributions of an electric field in the interelectrode
gap are valid.

The search for bipolar structures should be contin-
ued, either by developing the hypothesis of microbreak-
down in the near-electrode layer [6,7] or by investigat-
ing the Nernst–Planck equations taking into account

the nonconservation of the partial currents (div  ≠ 0,

div  ≠ 0). Another possibility may be hidden in dis-

cussed problem (2), which takes into account the asym-
metry of currents j+ – j– ≠ 0 (π2 ≠ 0). It is expedient to
start a new search for the mechanisms of the charge for-
mation from the latter problem, since it is a direct gen-
eralization of the previous one.
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INTRODUCTION

In recent decades, great progress has been made in
studying the electric conductivity of dielectric liquids.
Beginning in the 1980s [1], conferences on this subject
became regular, providing testimony to the fact that the
problems of electrohydrodynamics (EHD) and electro-
physics of liquid dielectrics are of increasing interest.
However, with advances in computer hardware, most
attention has been concentrated on the numerical mod-
eling of the EHD processes, assisting researchers in
making predictions about the outcome of experiments.

Ostroumov provided tremendous advancement for
the analysis of the interaction of electric and hydrody-
namic fields, and is often referred to as the “father of
electrohydrodynamics.” In [2], the principal electro-
physical and hydrodynamic regularities responsible for
the heat and mass transfer processes in insulating liq-
uids located in strong electric fields are systematically
presented. Recommendations on the intensification of
these processes have been provided, as well as their
application in the spheres of science and engineering.
Promising avenues for further research have been out-
lined and recommended.

The case of through flow occurring in a symmetric
electrode system at a nonsymmetric charge generation
on active and passive electrodes is one of the most inter-
esting types of EHD flows.

In [3], the results of the computer processing of an
experiment on the investigation of an EHD flow in a
symmetric electrode system are presented. These
results are the building blocks for the comparison of the
principal quantities obtained through modeling on the
basis of the elaborated algorithm set out in that work.
The streamlines appearing in Figs. 1a and 1b show the
diagram of the through EHD-flow velocity level lines
[3]. The interelectrode gap (IEG) is assumed to be a

unit length. The level-line maps are normalized accord-
ing to the maximum velocity value. The jet coming
from the active electrode (cathode) is denoted by arrow

 

1

 

, while the jets leaving the passive electrode (anode)
are denoted by arrow 

 

2

 

. The electrode centers are situ-
ated at the points with coordinates 0.0 (cathode) and 0.1
(anode). It is seen from the figure that the through
EHD-flow velocity structure differs substantially from
the EHD-flow structure in the wire-over-plate electrode
system.

Two areas of liquid acceleration are seen: accelera-
tion area 1 in the interelectrode gap is substantially
extended. Although the jets flowing from electrode 1
carry a negative charge, they go far beyond the bounds
of the positive electrode and, behind it, one can see area
2, denoted by the arrow.

The through-flow deceleration area is located far
beyond the bounds of interelectrode gap. In the region
behind the passive electrode, at distance L, the liquid
velocity is 50% less (where 

 

L

 

 is the distance between
electrodes). In this region, the electric field is directed
opposite to the liquid motion; however, the retarding
effect is rather small. This peculiarity of the through
EHD flow makes it particularly promising from the
point of view of its practical implementation. Thus,
studying this charge structure represents an important
problem.

COMPUTER MODELING ALGORITHM

The results of computer modeling of the through
EHD-flow are presented in this work. In the wire–wire
electrode system, the EHD-flow structure is determined
by the relation of the ion generation rates on the cath-
ode and anode [4]. If these rates are equal, the flow is
realized in the form of two streams with equal intensi-
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ties. The streams meet in the interelectrode gap center,
where the side jets form, coming at an angle of 90

 

°

 

 to
the initial jet direction [7]. When the symmetry of the
charge generation conditions is disturbed, a distortion
in the flow structure occurs. The stream from the elec-
trode upon which the charge generation rate is higher
dominates over the oncoming stream, with the side jets
of the oncoming streams shifting to the electrode near
which the charge generation rate is lower, and the angle
of the side-jet inclination to the flow central axis
becomes sharp. Through flow represents a borderline
case of oncoming streams when a stream from one of
the electrodes is more intensive than from the second
one. The angle of the side-jet inclination to the flow
symmetry axis drops to a very small value, and the jets
themselves emerge far beyond the bounds of the inter-
electrode gap [3].

The solution to this problem was carried out in the
ANSYS numerical modeling package, based on the
finite-elements method. At present, ANSYS, Inc. leads
the market in numerical modeling programs, which is
why chose this particular product.

As in [5–7], the finite-elements method is used to
solve the problem. The authors have elaborated upon
the algorithm, consisting in the successive handling of
electrostatic and hydrodynamics problems.

The problem-solving algorithm was as follows:

1. On the basis of the experimental data analysis,
there is prescribed the initial “approximate” charge dis-
tribution charge is defined, and by tackling the electro-
static problem, we calculate the Coulomb forces, which
are rearranged to the hydrodynamic part and are speci-
fied as the volumetric load.
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Fig. 1.

 

 Through EHD-flow streamlines (a) and rate level-line maps (b).
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Fig. 2.

 

 Through-flow rate contour diagram in the presence of “long” bipolar jets beyond the bounds of the passive electrode.
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2. The problem is solved in the approximation that
the charge is “frozen” into a liquid and, in accordance
with these results, a new “refined” charged region is
built along the EHD-flow lines, which is obtained at the
first iteration.

3. The new charged region is used to solve the elec-
trostatics problem at the following iteration; therefore,
the volume electric force is calculated again.

4. The handling of hydrodynamics is repeated using
the refined region of the power load.

The process is seen to be iterative, with convergence
occurring in the region of the space-charge localization.
Upon modeling the through flow at the first iteration,
the charge structure was modeled in the form of two
ring-shaped regions around the active and passive elec-
trodes, with charges similar to each of them, as well as

 

Charge at the first step Charge at the second step Charge at the third step

Initial charge structure Contour diagram of the rate EHD-flow streamlines

 

Regions of localization of the space charge for active (at the top) and passive (at the left) electrodes
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in the form of thin (with a thickness of less than the
electrode radius) charged rectangular strips elongated
along the flow axis. The strip coming from the active
electrode, is charged similar to it (light-grey shade),
while the strip coming from the passive electrode
beyond the bounds of IEG is charged with the opposite
sign (dark-grey shade) and is limited on both sides by
the countercharge strips (see Table 1; at the top, the
charged structure in the vicinity of the active electrode;
on the lower left, in the vicinity of the passive elec-
trode). The modeling results show that the flow hydro-
dynamic structure essentially depends on the initial
extent of the charged jets beyond the interelectrode gap.
It should be pointed out that this parameter is deter-
mined by the rate of charge recombination in the bipo-
lar charged jet. The EHD-flow streamlines, correspond-
ing to three different charge structures, are also pre-
sented in Table 1. The EHD-flow through performance
occurs in the case when the extent of the charged
regions in the behind-the-electrode area is comparable
with the IEG length. When the charged jets are short,
the flow in the behind-the-electrode area ceases to be a
through flow and vortexes appear

It should be noted that the nature of the charge dis-
tribution at the first step only influences the speed of the
problem convergence to the specific distribution, but
does not influence the convergence quality. If the

parameters were erroneously chosen (that is, at the pre-
scribed parameters, the generation of a through EHD-
flow is impossible), some specific flow type will appear
that conform to the specific parameters, including the
symmetrical case when the charge is preset to be equal
on both electrodes.

In the table, the possible initial distributions of the
charge are indicated, as well as the concluding outline
diagrams of the velocities and streamlines of the calcu-
lated flow. The initial charge distributions, in addition
to the passive (in this case, the right one) electrode, are
displayed in the right-hand portion of the table.

It has been noted that the charged-jet width between
the electrodes depends on the near-electrode ring. This
relation is constant and equal to 2(w/h = 2).

Two approaches are possible when the through
EHD-flow is modeled: (i) to define the expected distri-
bution of the charge on the basis of the experimental
data and to iteratively solve the problem with the aim of
finding the actual distribution; and (ii) the charge distri-
butions, obtained thanks to the solution of the problem
of the symmetrical flow (which occurs at an equal ion
generation on both electrodes) [7], are used as the prob-
lem input data in the second variant. After the process
becomes stationary (which is quite an interesting task),
we increase the charge supplied by one of the elec-
trodes, causing a disturbance to the stable equilibrium
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 Diagram of the electric field in a horizontal path.
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Fig. 5.

 

 Contour diagram of the pressure (representative pattern for through flow).
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 Diagram of the rate in a horizontal path.
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of the charged jets between electrodes and at a certain
relation between the charges give rise to the through
flow.

 

I.

 

 Let’s consider in greater detail the solution
obtained in the case when the third variant, presented in
the table, at which the most prolonged jet behind the
passive electrode, that is, the initial one, is generated. In
this case, the charge, coming from the active electrode,
flows immediately around the passive electrode with
the oppositely charged ring and leaves the interelec-
trode gap in the form of a thin jet, carrying out the bipo-
lar-waffle charged structure, the external layers of
which bear the charge of the active electrode sign while
the inner ones bear the charge of the passive electrode
with the opposite sign. Beyond the IEG bounds, the jet
extends to a distance nearly equal to 3 electrode diam-
eters (1.5 mm). The solution results, whereby the den-
sities of the active and passive charges moderately dif-

fer in the module by two iterations, are presented in
Fig. 2.

The velocity distribution in the horizontal path
(EL_EL_3H in Fig. 2), drawn from the edge of the
active electrode (behind the electrodes), is shown in
Fig. 3, with the electrode located in the trough valley.
According to the electric field distribution in this path,
presented in Fig. 4, the charged-liquid rate outline has
two peaks, corresponding to the field maximums. The
jet speed behind the passive electrode quickly drops
and is significantly less in magnitude than the maxi-
mum one inside the interelectrode gap. This distribu-
tion differs significantly from the through-flow velocity
distributions obtained in the experiment (see Fig. 1),
necessitating the search for other charge distributions to
attain results that are more similar to the experimental
ones (Fig. 1) [3].

The representative pattern of the pressure distribu-
tion is displayed in Fig. 5. This reflects the specificity
of the space-charge distribution in near-electrode areas:
at the active electrode, there is an underpressure region,
while for the passive one, there is a bipolar structure,
whereby the inner ring shows the underpressure and the
outer crescent indicates the overpressure.

Special attention must be given to the fact that, in
the case of through EHD-flow, there are well-defined
regions of localization of charged rings near both elec-
trodes, whereby at the passive electrode on the side fac-
ing the active one, the overpressure regions are seen,
which are caused by the presence of Coulomb forces
directed to the electrode centre.

 

II.

 

 The other method of through EHD-flow produc-
tion is similar to the experimental one: at an equal ion
generation, the so-called symmetrical EHD counter-
flow comes into existence [6, 7]. In this case, two jets
moving from the electrodes meet one another and, then,
shift to parallel lateral jets in the center of the interelec-
trode gap (Fig. 6). Controlling the liquid impurity prop-

 

Fig. 6.

 

 Contour diagram of the through EHD-flow velocity.

 

Fig. 7.

 

 Generation of the EHD flow from symmetric (steps 1, 2, 3) through to lateral jets (steps 4 and 5).
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erties, it is possible to create jets which do not move
parallel to one another, but which are tilted to the elec-
trode with a smaller charge generation. Thus, the
through EHD flow will be the limiting case.

Let’s change the initial geometry of the charged jets
in the form of meeting opposite charged strips and
assign equal charge densities in the counter jets (Fig. 7,
step 1). Depending upon the recombination mecha-
nism, it is possible to produce lateral jets of various
lengths (Fig. 7, steps 1–3). Let’s enlarge the charge gen-
eration on the left electrode; the charged jets remain
parallel, but will tilt to the right (towards the lower
charge) (Fig. 7, steps 4 and 5).

Upon the charge generation, in addition to the passive
electrode being less than the active one by the factor of
8–10, a stable through EHD flow develops (Fig. 10),
similar to the obtained one in experiments [3]. The
results of the solution using such a relation between
charges are shown below.

The peak velocity (Fig. 8, at right), arising beyond
the IEG bounds, comparable with the peak (Fig. 8, at
left) within the IEG boundaries as well as with the liq-
uid streamlines (Fig. 9), provides the main support for
the flow through nature.

Comparing the modeling outcome with the experi-
mental data (Fig. 11), it is possible to distinguish sev-
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Fig. 8.

 

 Rate diagrams in a horizontal path between and behind the electrodes, respectively, at one and two iterations at the charge
distributions shown in Fig. 10.

 

Fig. 9.

 

 Liquid-flow streamlines at the through EHD flow from the charge in Fig. 10.

 

Fig. 10.

 

 Charge distribution in the case of through flow.
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eral important peculiarities of this flow type (the num-
bering corresponds to the regions shown in Fig. 11):

(1) The absolute peak velocity is inside the IEG
boundaries and is shifted about the center towards the
passive electrode (see Fig. 11, arrow 1); thus, after the
sharp growth of the velocity from the active electrode
edge (up to a peak magnitude of 0.5 according to exper-
imental data and 0.44 according to the modeling out-
come), any further increase in velocity is virtually lin-
ear.

(2) Short-jet formation occurs, which is directed to
the side of the flow around the passive electrode; this is
presents in all of the results of modeling and in the
experiment shown here (arrow 2).

(3) The charged jet, migrating from the active elec-
trode, does not press the opposite charge close against
the passive electrode, as occurs at the common flow
around the cylinder; there is, however, an elongated
region of liquid stagnancy in front of the passive elec-
trode, caused by the pulling of the charge injected from
the near electrode into the jet of the opposite charge
without stirring. It is seen from Fig. 8 that, in this
region, there is also some local peak caused by the
effect of Coulomb forces directed from the electrode
forming the acceleration; deceleration is formed by the
presence of oppositely directed Coulomb forces, which
effect the charge of the opposite sign, having come into
this region from the active electrode.

(4) There is an additional peak for the through-flow
velocity, which is equal to 0.8 at the absolute maximum
of the experiment and 0.79 using the model, in the
region behind the passive electrode. It is seen from
Figs. 8 and 9 that the liquid goes far beyond the IEG
bounds and loses its speed at a distance of several inter-

electrode gaps, which shows promise for the practical
implementation of through EHD flow.

CONCLUSIONS

An algorithm for the EHD-flow problem, using
computer modeling in the stationary case and permit-
ting the solution to a wide range of EHD problems, has
been described. The program has been written in such a
way that the user does not need to study the entire
ANSYS numerical modeling software package. Pro-
gram efficiency has been increased substantially due to
the assistance of new principles of flow modeling,
which allow its use as an experiment with the purpose
of analyzing possible practically useful configurations.

The results of the solution to the problem on liquid
symmetric and non-symmetric (through) flows in a
symmetric system of wire–wire electrodes are pre-
sented in this work. On the one hand, the analysis
amplifies the outcomes presented in [7] by making
symmetric jets stationary, and, on the other, it considers
the fundamental case on breaking the charge distribu-
tion symmetry when jets tilted at an acute angle to the
central axis of symmetry develop. The so-called
through EHD flow comes into existence in this case.
Two ranges of liquid acceleration are recognized: the
acceleration range in the interelectrode gap is essen-
tially elongated. Although the jets flowing from the
active electrode carry the opposite (with respect to the
passive one) charge, they go far beyond the boundaries
of the passive electrode and, behind it, an additional
range of liquid acceleration can be seen, where the
speed is as much as 0.8 of the maximum. The through-
flow deceleration range is taken far beyond the bounds
of the interelectrode gap. In the region behind the pas-
sive electrode at distance 

 

L

 

, the liquid speed is reduced
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 Correlation between experimental data and modeling results
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by one-half (where 

 

L

 

 is the distance between the elec-
trodes). In this area, the electric field is directed to the
side opposite to the liquid motion direction; however,
the decelerating effect is rather small.

When the ratio of the charge injected from the active
electrode to the charge coming into the bulk from the
passive one is between 1 and 2, a parallel-jet flow devel-
ops (when the ratio is 1, the flow is symmetric), which
is tilted to the side of the smaller charge generation. At
the ratios 2–10, a well-defined through flow develops,
whereby the speed increases as the ratio increases
within the specified limits. However, a substantial
increase in this ratio can cause a charge localization
exclusively within the limits of the passive electrode,
which is a consequence of the shortage of electric
forces participating in repulsion of the opposite charge.

The modeling outcome correlates well with the
experimental results, indicating the appropriateness of
the assumptions and exclusions made in the work
described here.
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INTRODUCTION

The simulation of the equilibrium forms and stabil-
ity calculation of rotating charged drops present signif-
icant interest for the investigation of the processes
occurring in thunderclouds, tornadoes, and other
charged liquid-drop systems of natural and artificial
origins [1]–[4]. The investigation of the drop stability in
various force fields is necessary in order to understand
the physical phenomena of tornado and thunderclouds
initiation and development. Due to the existence of
numerous technical applications involving a rotating
charged drop as the primary physical object, the inves-
tigation of the drop stability is closely associated with
the investigation of the temporal evolution of nonlin-
early oscillating drops and mechanisms for their insta-
bility and decay under force applications [4]–[7]. For
example, E. Trinch and T. Wang [7], investigating an
acoustic field that produced large amplitude oscilla-
tions of the drops suspended in the acoustic suspension,
determined that the large amplitude oscillations are dif-
ficult to produce due to the appearance on the drop sur-
face of an asymmetrical running wave, which eventu-
ally lead to the drop rotating as a solid body. A similar
effect occurred in the experiments of N. Jakobi et al.,
[8] with free-floating drops in weightlessness, whose
large amplitude oscillations were also generated by an
acoustic filed. A correct interpretation of such experi-
ments must be based on the well-known equilibrium
shape of the charged rotated drop.

PROBLEM FORMULATION

Let us assume that the drop of an ideally incom-
pressible conducting fluid with the surface tension
coefficient 

 

σ

 

, mass density 

 

ρ

 

, and charge 

 

Q

 

 rotates with

a constant angular velocity  in a vacuum. Let us
investigate the stability of the drop in the first order over
the amplitude of the equilibrium deformation of the
original spherical shape caused by the rotation related
to the radius 

 

R

 

. All analyses will be performed in the

Ω

 

noninertial coordinate system, rotated along with the
drop in the spherical coordinate system with the origin
of the coordinate coinciding with the center of the drop
and the polar angle 

 

ϑ

 

 counted from the positive direc-
tion of the rotational axis. The entire system consisting
of the rotating drop and the surrounding electric field of
its charge will be considered closed.

As has been shown in [9], the equilibrium shape of
the rotating charged drop in the linear approximation
over the amplitude of the equilibrium deformation is
flattened along the rotational axis spheroid. The free-
surface equation of the drop perturbed by the heat-
induced axis-symmetrical capillary wave motion (i.e.,
induced by the heat motion of the liquid molecules
[10]) can be written as

where 

 

P

 

2

 

(

 

µ

 

) is the Legandre polynomial and 

 

ξ

 

(

 

ϑ

 

, 

 

t

 

) is a
function describing the deformation of an equilibrium
spheroidal shape of the charged rotating drop caused by
drop oscillations caused by surface tension forces. The

deformation amplitude 

 

|ξ

 

(

 

θ

 

, 

 

t

 

)

 

|

 

 ~ , where 

 

k

 

 is
Boltzmann coefficient, and 

 

T

 

 is the absolute tempera-
ture. Dimensionless parameter 

 

W

 

 characterizes the sta-
bility of the isolated spherical drop of the conducting
fluid relative to its own charge [10]; the drop becomes
unstable at 

 

W

 

 

 

≥

 

 1.
Let us assume that the fluid motion in the drop,

caused by the oscillations at its surface, is potential

with velocity field potential 

 

ψ

 

( , 

 

t

 

) and that the electric
field of the drop’s own charge is electrostatic with

potential 

 

Φ

 

( , 

 

t

 

). The potentiality of the electrical field
remains both in the neighborhood of the unperturbed
spheroidal surface of the drop (at 

 

ξ

 

(

 

θ

 

, 

 

t

 

) 

 

≠

 

 0), and in the
presence of a time-dependent deformation (at 
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0), since the characteristic rate of the drop surface

shape change (

 

≈∇ψ

 

( , 

 

t

 

)) is much smaller than the

speed of light in a vacuum 

 

c

 

: 

 

∇ψ

 

( , 

 

t

 

) 

 

�

 

 

 

c

 

. In this case,
the mathematical formulation of the problem of stabil-
ity of the rotating charged drop can be expressed as

where 

 

p

 

 = –(

 

∂

 

ψ

 

/

 

ρ

 

∂

 

t

 

) is the hydrodynamic pressure
inside the drop associated with the fluid motion, 

 

p

 

Ω

 

 is
the pressure on the drop free surface by the centrifugal
forces associated with drop rotation,

 

p

 

Q

 

 = –(–

 

∇Φ

 

)

 

2

 

/8

 

π

 

 is the pressure of the electric field of
its own charge on the free surface of the drop, 

 

p

 

σ

 

 =

 

σ

 

div

 

S

 

 is the surface tension force pressure,  is the
unity vector normal to the free surface of the drop, and

 

Φ

 

S

 

(

 

t

 

) is the constant along the drop surface value of the
electric potential.

Additionally, the shape of the drop surface must sat-
isfy the conditions of the mass preservation and station-
arity of the center of mass,

which allows us to set a lower limit to the spectrum of
modes participating in the formation of the shape of the
free surface of the drop by requiring 

 

n

 

 

 

≥

 

 2 [10, 11]. The
full electrical charge of the drop should also be pre-
served:

r

r
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PROBLEM SOLUTION

We will conduct the subsequent analysis in accor-
dance with the standard procedure described in detail in
[1], [4], [10], and [12], namely, the linearization of the
problem in the neighborhood of the spherical drop
shape, the calculation of the unknown functions ξ(ϑ, t),

ψ( , t), and Φ( , t) as infinite rows along Legandre’s
polynomials, and obtaining the dispersion equation
from the condition of compatibility of the hydrodynam-
ical boundary conditions at the free surface of the liq-
uid.

Let us state the problem solution as

In the derivation of these equations, we took into
account that the hydrodynamic potential of the velocity
field must be finite in the center of the drop, while the
potential of the electric field associated with oscilla-
tions of the surface of the charged drop must approach
zero at infinity. An, Cn, and Dn in the above expressions
are the unknown coefficients.

Let us find the relation between An, Bn, and Cn by
satisfying the hydrodynamic boundary conditions at the
fluid free surface and expressing Cn and Dn through An,
and write down the expressions for the pressures p, pΩ,
pQ, and pσ for the spherical drop surface:

r r

ξ ϑ t,( ) AnPn µ( ) iωt( );exp
n 2=

∞
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∞
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n
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3
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--------------------------------------------------

⎭
⎬
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Finally, substituting these expressions into the con-
dition of the pressure balance at the free surface of the
drop (dynamic boundary condition), and using the
orthogonality of the Legandre polynomials, we will
obtain the dispersion solution of the problem, which, in
nondimensional variables, where R = σ = ρ = 1 (i.e., we
choose the drop radius R, surface tension σ, and liquid
density ρ as the scaling factors), can be written as

pΩ = 
2
3
---RρΩ2 iωt( ) An 3

n2 n 1–+
2n 1–( ) 2n 3+( )

---------------------------------------–⎝ ⎠
⎛ ⎞

⎝
⎛

n 2=

∞

∑exp–

+ An 2+
3
2
--- n 1+( ) n 2+( )

2n 5+( ) 2n 3+( )
-----------------------------------------⎝

⎛

+ An 2–
3 1–( )8 4n–

2
------------------------ n n 1–( ) n 2+( )

2n 1–( ) 2n 3–( )
----------------------------------------⎝ ⎠

⎛ ⎞ Pn µ( ) ;

pQ
Q2

8πR4
------------

Q2

4πR5
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n 2=

∞

∑
⎩
⎨
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+=
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pσ = 2σ
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3R
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σ
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∞
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3 n 1+( ) n 2+( ) n2 5n 10+ +( )
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–
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3 3 2n+( ) 2n 1–( )
--------------------------------------------------------------------------------- .

The condition of drop instability is the passing of
the frequency square ω2 through zero into the negative
value region. In this case, for the frequency itself, we
will obtain two conjugated solutions (ω1, 2 = ±iγ), one of
which will correspond to the decay of motion with dec-
rement –γ, and the other to their increase with incre-
ment +γ. Equating the frequency square in the obtained
dispersion equation to zero, we will obtain the critical
values for the drop stability relation between parame-
ters W, n, and e2. In the approximation e2 � 1, this rela-
tion can be expressed in a simplified form:

It is easy to see that, for the arbitrary mode numbers,
the critical value of parameter W increases with the
growth of e2.

This means that the rotation of the drop leads to an
increase in its stability with regards to axisymmetric
oscillations, which agrees with the previously obtained
results of both numerical [13] and analytical [12, 14]
investigations, where the flattened spheroidal shape
was an a priori set condition rather than caused by
physical forces, as in the current work.

CONCLUSIONS

The equilibrium shape of a charged rotating drop in
a wide range of angular velocities and drop charges can
be approximated by a spheroid flattened along the rota-
tion axis.
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INTRODUCTION

Obtaining and the investigation of nanomaterials are
one of the most rapidly developing and necessary direc-
tions in modern science. In this respect, problems con-
cerning the nanostates of carbon are of special impor-
tance. International scientific literature has already
adopted the term “nanocarbon” for the designation of a
family consisting of various types of fullerenes, carbon
nanotubes, nanographite, nanodiamonds, carbon
“bulbs,” etc. [1, 2]. In essence, quite a number of new
carbon nanostructures has been discovered, which are
interesting as the basis for modern nanomaterials being
widely applied: from biology and medicine to a new
generation of electronics and mechanical engineering.

Despite long and large-scale investigations in the
development of nanocarbon synthesis methods, this
theme is still relevant, because none of the impressive
number of proposed methods (i.e., electric arc, laser
sputtering, electrolysis, pyrolysis, electric explosion of
graphite conductors, etc.) [3–5] allows for the rapid and
qualitative attainment of material macroamounts suffi-
cient for industrial use.

In the present paper, a high-voltage pulse electric
breakdown (electric explosion) of organic liquids as a
method to obtain nanocarbon is considered. This
method is proposed on the basis of the following con-
siderations:

– The possibility of nanocarbon synthesis the in
flame of hydrocarbons (acetylene and ethylene) in the
gas state and at the catalytic decomposition of hydro-
carbons is studied in [6]. It is shown in [7, 8] that the
diamond-phase formation is a common regularity for
all organic liquids in the process of their molecular
structure decomposition; at a sufficiently intense
dynamic loading, free-carbon evolution is observed.

– Electric explosion in liquid at different stages has
quite a number of conditions necessary for the destruc-
tion of hydrocarbons under the discharge-channel
plasma influence, the transformation of products into
vapor, and nanocarbon synthesis at the vapor–gas cav-
ity stage [9].

EXPERIMENTAL

The experimental technique is based on the dis-
charge of a pulse-current generator with stored energy
0.512 kJ < 

 

W

 

0

 

 < 4.608 kJ on the interelectrode space in
an organic liquid. A commutator is an air-sphere gap
being initiated by an overvoltage of the air space. The
pulse frequency was from 0.5 to 1 Hz. The oscillograms
of the discharge current and voltage in the interelec-
trode space were registered with the help of a shunt and
a capacitive-voltage divider on an S8-14 electron oscil-
lograph. A number of high-voltage pulses was counted
by the PC 02-08 one-channel metering device. The
electric discharge installation and electric discharge
chamber used as the reactor for the nanocarbon mate-
rial are shown in Fig. 1. In the latter, the electrode sys-
tem is immersed into a metal case filled with an organic
liquid. The reactor scheme is provided in Fig. 2. The
discharge space length was selected according to the
condition of a guaranteed breakdown by the discharge
voltage generated by the pulse generator. The choice of
the space configuration in the form of a coaxial dis-
charge system is caused by the necessity of increasing
the resource of the electrodes in a many-pulse series of
experiments with repeated cycles.

Liquids with different numbers of carbon atoms 

 

C

 

n

 

(

 

n

 

 = 2–20), such as ethyl alcohol, glycerin, hexane,
white spirit, kerosene, gas oil, etc., were selected as the
organic liquid. The liquid volume was 1.3 l. From 100–
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500 pulses were supplied to the discharge space. The
treatment resulted in the destruction of carbon chains
and in nanocarbon synthesis. After the treatment, the
colloid solution was subjected to centrifugation for
from 20 min to 1 h on a centrifuge with a rotation veloc-
ity 3000 r/min. The transparent liquid was separated
and the deposit was weighed. The remaining liquid was
subjected to a subsequent many-cycle electric-dis-
charge treatment and centrifugation. The cycles were
repeated until the absence of the deposition mass gain.
After a complete many-cycle treatment, the obtained
deposit was dried. The formed ultradisperse powder
was subjected to further analysis using an electron
microscope and a roentgen diffractometer.

EXPERIMENTAL RESULTS

The time dependences of the electric-discharge
characteristics (current and voltage) for the high-volt-
age breakdown of space in organic liquids have a form
typical for the dielectric liquid-breakdown process. A
characteristic oscillogram of the discharge voltage is
shown in Fig. 3. The observed stable spread of the time
of the breakdown delay from 10 to 100 

 

µ

 

s for the given
discharge space does not depend on the type of liquid
and does not change during the process of the many-
pulse and many-cycle treatment. As the generator volt-
age increases, the spread shifts towards shorter times.
Due to the small length of the discharge space, the pro-
cess of energy generation in the plasma channel has a
well-pronounced oscillating character. According to the
data from [10], for oscillating modes of discharge at the
breakdown of liquid dielectrics, the highest density of
the internal energy in the discharge channel is realized
and, therefore, the plasma temperature, thus contribut-
ing to the thermal destruction of the hydrocarbon
chains in liquid layers near the plasma channel.

Figures 4–8 show the dependences of the obtained
nanocarbon substance mass on different parameters.
Figure 4 shows a diagram of the masses of the deposit
and dried powder obtained upon the treatment of liq-
uids with different numbers of carbon atoms in chains
at an equal injected energy. It follows from the diagram
that a more than tenfold increase in the deposit mass
and twenty-fold increase in the dry-powder mass are
observed at the transition from liquids containing two
carbon atoms in a molecule to hydrocarbons containing
from 11 to 20 atoms in a molecule. It is also seen from
the diagram that the mass loss upon drying decreases by
a factor of 3–5; however, as the carbon atom number in

 

Fig. 1.

 

 Electric-discharge installation and reactor for nano-
carbon synthesis.
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Fig. 2.

 

 Scheme of the reactor for nanocarbon synthesis.

 

Fig. 3.

 

 Typical oscillogram of the voltage.
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the molecule increases, the difference becomes less
pronounced.

Figures 5 and 6 show graphs of the dependences of
the nanocarbon mass gain 

 

∆

 

m

 

 (a) and total mass 

 

m

 

 (b)
during the process of the cyclic treatment for hydrocar-
bon liquids with a high 

 

n

 

 in the molecule C

 

n

 

H

 

m

 

 at the
stored energy of the generator 

 

W

 

0

 

 = 3.468 kJ (Fig. 5) and
for liquids with a small 

 

n

 

 at 

 

W

 

0

 

 = 1.734 kJ (Fig. 6). One
cycle corresponds to 100 units 

 

W

 

inj

 

/

 

W

 

0

 

, where 

 

W

 

inj

 

 is the

energy injected during the treatment-cycle process. The
mass gain 

 

∆

 

m

 

 was determined as 

 

∆

 

m

 

 = 

 

m

 

i 

 

+ 1

 

 – 

 

m

 

i

 

, where

 

m

 

i

 

 and 

 

m

 

i 

 

+ 1 

 

are the deposit masses obtained at previous
and subsequent cycles of treatment, respectively. A
characteristic peculiarity of the dependences for 

 

∆

 

m

 

 is
a peak achieved during the initial cycles of treatment;
for the majority of hydrocarbons, this takes place dur-
ing the first cycle. After the peak, at first, a decrease in
the synthesized nanocarbon amount is observed and,

 

10

0
C2

 

m

 

, g

 

5.5

 

20

C6

30

40

50

60

70

80
Deposit

Dried powder

C10 C10–C14 C11–C20

 

1.02

9.1

1.85

14.3

3.8

42.7

7.7

67.2

21.0

 

Fig. 4.

 

 Obtained masses of the deposit and dry powder of a nanocarbon at 
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inj

 

 = 1040 kJ for organic liquids with different numbers
of carbon atoms in molecules.
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then, an increase of the mass gain takes place, whereby
the second peak is less than the first. Then, a monoto-
nous decrease is observed, leading to a practically com-
plete cessation of the mass gain. As 

 

n

 

 decreases, the
second peak becomes appreciably less than the first
(C

 

6

 

) and is completely absent for C

 

2

 

. The complete ces-
sation of the mass gain 

 

∆

 

m

 

 for the liquids with a low 

 

n

 

is achieved after a small number of cycles, significantly
increasing as the number of atoms in the hydrocarbon

chains increases. In the mass graphs, depending upon

 

W

 

inj

 

/

 

W

 

0

 

, a decrease in the curve inclination angle in
comparison with the beginning of the nanocarbon syn-
thesis process is observed. It is also seen that, as the
number of cycles grows, the curves reach saturation.
For C

 

2

 

, the saturation is observed after 5 cycles
(

 

W

 

inj

 

/

 

W

 

0

 

 = 500), whereas for C

 

10

 

–C

 

14

 

 after 40 cycles
and for hydrocarbons with a large 

 

n

 

, the maximum has
not been practically achieved.
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 (b) for various organic liquids depending upon the injected energy (
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 = 1.734 kJ).
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Figure 7 shows the dependences of the mass gain of
the deposit ∆m (a) and its mass m (b) for one hydrocar-
bon liquid C10–C14 at various stored energies of the gen-
erator W0. The first peak for the ∆m dependences is
determined by the value of W0. However, for those
cases when W0 = 3.468 kJ and W0 = 1.734 kJ, the peak
value changes insignificantly, whereas at W0 = 0.578 kJ,
this mass gain decreases by a factor of 3 in comparison
with the highest peak. Further behavior of the curves
also has a different character. At the maximal W0, a fall
to the minimum and the second-peak achievement
occur gradually through 7–8 cycles, with a decrease
during 4 cycles and an increase during 3–4 cycles. At
W0 = 1.734 kJ, this fall is not practically observed, and
the gain ∆m does not change after the fall, continuously
decreasing until 0. The analogous dependences on the
value of W0 are observed in the graphs showing the
change of deposit mass m. The synthesized nanocarbon
mass grows with an increasing stored energy. The incli-
nation of the curves reflects the character of the ∆m
dependences and does not practically differ for high
energies through the first three cycles.

The table shows the data for the total evolved mass
of the nanocarbon and the required number of pulses at
W0 = 1.734 kJ for the synthesis of various hydrocar-
bons. The investigation was carried out up to the
moment of synthesis cessation (∆m ≈ 0).

It is seen from the table that the difference in the
yield of total nanocarbon mass achieves two orders for
substances with large and small numbers of carbon
atoms in a molecule, with the time of the electric dis-
charge treatment, i.e., pulse number, considerably
increasing.

After drying, the nanocarbon material was subjected
to chemical purification from metal particles and to fur-
ther analysis. Figure 8 shows the characteristic elec-
tron-microscope image of the obtained material with a
resolution of 200 nm. It is seen that the value (200 nm)
of globules constituting the powder particles confirms
the nanodimensional character of the obtained material.
It follows from the nanocarbon material diffractogram
(Fig. 9) that, in addition to the peaks C corresponding
to nanographite, the peaks corresponding to the cubic
nanodiamond D and lonsdaleite L are observed. The
powder contains about 10% nanodiamond.

DISCUSSION

The results on the regularities of the nanocarbon
mass gain during the process of many-cycle treatment
show that only certain fractions of hydrocarbon liquids
can transform into the solid phase, i.e., a nanocarbon.
Its mass is significantly determined by the number of
carbon atoms in the molecules that evolved in the
plasma channel during one energy pulse and by the
number of treatment cycles. This is confirmed by the
character of ∆m dependences showing that, at first, the

destruction of light molecules takes place and, then,
heavy molecules are destroyed. Apparently, this influ-
ences the material properties; that is, the material
obtained after the initial treatment cycles may differ
from that obtained after further cycles.

The conditions in which the experiments were car-
ried out coincide with the range of the physicochemical
parameters, causing a high probability of the spontane-
ous appearance of a new carbon phase—that is, a nan-
odiamond [11, 12]. The new phase formed under these
conditions is characterized by the following: It may be
amorphous or a nanocrystal, and the crystallite dimen-
sions significantly depend on the process parameters;
the formed structures tend towards relaxation in the
case when the “hardening” conditions are not satisfied.
The spherical form of the carbon nanoparticles allows
us to assume that their increase occurs due to the coa-
lescence of carbon clusters, not due to the diffusion of
separate carbon atoms. In addition to the thermody-
namic conditions, diamond synthesis may be affected
by the specific peculiarities of the shock-wave com-
pression at the shock-wave front, contributing to the
breaking of chemical bonds in the molecules of the
clusters. The diamond-phase nuclei of several carbon
atoms may appear directly after the shock-wave front,
when the chemical reactions do not necessarily begin.
In this case, the degree of the initial carbon-containing
substance hybridization is of decisive importance [13].

200 nm

Fig. 8. Electron-microscope image of the nanocarbon
material obtained upon treatment of the hydrocarbon liq-
uid C10–C14.

Total mass of the nanocarbon

n m, g N, pulse

2 6.3 600

6 89.2 2000

10 198 3290

10–14 267 4500

11–20 448 6200
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Although nanocarbon globules have nanodimen-
sions (~200 nm), they are too large to be used in nano-
technologies. To eliminate this disadvantage in the
future, applying a flow-type system for the electric-dis-
charge treatment of organic liquids in small volumes
with nanocarbon removal from the reactor zone is pro-
posed. Nevertheless, in our opinion, this material may
be applied in a number of technologies where the parti-
cle dimension is not so crucial.

CONCLUSIONS

The experimental investigations reported on here
have demonstrated the possibility of the effective syn-
thesis of nanocarbon in macroamounts for short time
intervals at the electric-discharge influence on organic
liquids. Nanodiamond and lonsdaleite in sufficient
amounts are found in the nanomaterial composition,
making it possible to consider this method promising
and competitive against the other known methods: det-
onation and electric explosion.

The studied regularities of obtaining nanocarbon
upon many-cycle electric-discharge treatment have
shown significant changes in the material mass gain
with an increasing number of cycles. The obtained
nanocarbon mass strongly depends on the number of
carbon atoms in organic liquids evolved in the plasma
channel during one energy pulse and on the number of
treatment cycles.
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INTRODUCTION
Many technological processes are accompanied by

the appearance of residual stresses in individual parts
that most frequently lead to a decrease in the load-bear-
ing ability and durability of constructions. The residual
stress level decrease is an important practical problem,
which can be solved using many methods. The most
promising methods with regards energy resource
expenditure are those that use no thermal operations.
The pulse load of construction elements is one such
method [1, 2].

In the studied processes, the relaxation of a
deformed solid body occurs due to the pulse-load
action on its surface; therefore, the aim of the present
paper is to study the pulse influence on a stressed part
and, in particular, to estimate the influence of the load
parameters on its stressed-deformed state.

PROBLEM STATEMENT AND NUMERICAL 
EXPERIMENT RESULTS

The dynamic processes in the object of study were
simulated on the basis of the equations of motion in
stresses reflecting the relation between the stress-tensor
components and motions [3]:
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Stresses and deformations are interconnected by the
generalized Hooke law [3–5]. Its expression in the ten-
sor form is the following:
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K

 

; 

 

ε

 

 is the vol-
ume deformation; and 
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 is the volume-compression
module.

The point above the symbols indicates a differentia-
tion in time.

The deformation-tensor components are determined
by Cauchy’s formulae:

(5)

The plastic-yield surface is specified by the yield
condition by Huber von Mises [4–6]:
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System of equations (1)–(6) is supplemented with
corresponding initial and boundary conditions. For the
elastic-body deformation process, it is convenient to
specific the stresses on its surface. The stresses on the
surface under a load are considered to be equal to the
load pressure with an opposite sign and the stresses on
the free surface are set equal to zero. On fixation cir-
cuits, the stresses are not calculated, because, here, the
motions and velocities are obviously expressed using
additional kinematic boundary conditions correspond-
ing to the physics of the processes.

System of equations (1)–(6) was solved applying the
numerical method described in [7]. Initial elastic-static
stresses in the material produced by an uniaxial stretch
were determined by the same method, calculating their
values in time after a change of the controlled initial
length of the body up to the value corresponding to the
yield point.

The algorithm has been tested on model problems
on the distribution of the pressure wave with a Π-like
profile and with a shift wave in a solid body of the par-
allelepiped form. For a complex test of the influence of
the normal and shift components of the stress tensor on
the solid-body dynamic deformation, the problem of
transverse-free oscillations of a beam with a rectangu-
lar cross section was solved.

The characteristic peculiarities of a pressure change
on the surface of an object under study in time for the
type of load considered, i.e., a wave of pressure from
the electric discharge in water on the body surface, may
be described using the exponential dependence

(7)

where pm is the pressure amplitude; τ is the pressure
relaxation time, i.e., the characteristic discharge dura-
tion; f(x1, x2, t0) is the function of the pressure distribu-

p pme
t
τ
--–

f x1 x2 t0, ,( ),=

tion over the body surface; and t0 is the time it takes the
wave to pass from the source to the specified point with
the coordinates x1 and x2.

The load action on the body may be characterized
by the pressure-pulse value on its surface:

(8)

where I, pm, and τ may be used as the load parameters.
The object of the study is a narrow metal band of St3

steel with a yield point of 250 MPa, 360-mm long,
40-mm wide, and 4-mm thick. The control sector,
where the deformation change was tested, was 180-mm
long. The pressure on the band surface was determined
using dependence (7). In it, the following function was
used in place of f (x1, x2, t):

(9)

where x10 and x20 are the coordinates of the band-sur-
face center; ∆r0 is the coefficient of the space relaxation
of the pressure wave; χ is the Heaviside function; and c
is the velocity of the pressure-wave front.

The band was subjected to an uniaxial stretch up to
the yield point; afterwards, its corresponding end faces
were rigidly fixed; then, it was subjected to the action of
the pressure determined using functions (7) and (9).
Then, on the control-band sector, a value of change of the
average longitudinal stress ∆σ11 and average residual
deformations ε11 in comparison with the yield point were
determined. The results of the calculations are shown in
Figs. 1 and 2 in the form of the dependences of the men-
tioned values on specific pulse I at various pressure
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relaxation times τ in the range of 10–40 µs characteristic
of the electric discharge in water. The value of specific
pulse I shown in the figures is determined at a central
point of the control-band sector (x1 = x10, x2 = x20). At this
point, f(x1, x2, t0) = 1; therefore, the specific pulse
achieves its maximum value.

Analysis of the results allowed us to reveal the char-
acteristic peculiarities of the load-parameter influenc-
ing the decrease in the longitudinal stresses and the
value of the residual deformations.

The values of the stress change and of the residual
deformations are equal to zero at any τ value, if the spe-
cific pulse is less than 300 Pa · s. As it increases, their
values increase, and, as time τ increases, they decrease
according to the power laws. When τ decreases from 40
to 10 µs, the value of ∆σ11 increases by 30%; for exam-
ple, for a specific pulse of 2400 Pa · s, it changes from
8 to 12 MPa, i.e., from 3 to 4.5% in comparison with the
yield point in the specified range of change.

The dependence of the average stress value (in MPa)
on specific pulse and pressure relaxation times was
approximated with an error not exceeding 2.5% in the
range of change in I from 500 to 5000 Pa · s and in the
range of the change in τ from 10 to 40 µs by the follow-
ing power law:

(10)

It is seen from this analysis that the decrease of the
residual stresses is proportional to the specific pulse
value by a power of 1.2 (∆σ11 ~ I1.2). The discharge dura-
tion is of significant interest. The residual stresses relax
more rapidly with a decrease in time τ ((∆σ11 ~ τ–0.3). In
Fig. 1, the dashed lines show the approximating curves.
Extrapolation using formula (10) for a shorter time
shows that, at a constant value of pulse I at with a
decrease in τ from 40 to 5 µs, the value of the average
stress change increases by about a factor of two.

CONCLUSIONS
On the basis of the numerical solution of the system

of equations of elasticity theory, taking into account the
material-plastic deformation, the characteristic pecu-
liarities of the load-parameter influence on the process

of a decreasing static-stress level are revealed. It is
found that, for the realization of the process of stress
redistribution in a stressed-deformed body, it is neces-
sary to affect it by a pressure pulse exceeding 300 Pa s.
Upon loading with a pressure having the pulse lower
than the mentioned level, the stress relaxation processes
in the material do not occur.

The dependences of the change in values for average
residual stresses and deformations on the pulse and
time of pressure relaxation are obtained.

Thus, we can conclude that, for the acceleration of
the process of residual stress relaxation in the elements
of steel constructions, it is necessary to reduce the load-
action duration, while preserving the pulse value.
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INTRODUCTION

An analysis of the recent production technology
development of fruit and berry drinks, wines, and
strong alcoholic drinks shows significant progress by
fundamental science in the understanding of the main
processes taking place in both traditional and modern
technologies of drink production. Yet, numerous
unsolved problems restrain the growing industrial
demands. In particular, there is no reliable technology
for drink treatment stabilization against crystal turbid-
ity. The problems posed by modern industry can be
solved on the basis of the existent process optimization
as well as by developing principally new technologies,
materials, and power sources. The development of prin-
cipally new means to intensify and modernize contem-
porary technology through the use of electrochemical
treatment techniques (already playing a substantial role
in different industrial processes [1–3]) is one possible
direction of the drink-quality improvement.

Electrodialysis is historically more developed and
applied in the electrochemical separation processes due
to its possibilities for ion-composition regulation in liq-
uids as well as total salt-content reduction. At present,
electrodialysis is widely used in the chemical, petro-
chemical, pharmaceutical, microbiological, nuclear,
electronic, food, medical, water treatment, and other
industries [4–9].

GENERAL CHARACTERISTICS
OF THE ELECTRODIALYSIS PROCESS

Electrodialysis is a solution-treatment process in the
direct electrical field. Here, the ions of the dissolved
substances selectively pass the respective membranes.
The electrodialysis refinement of liquid multicompo-
nent systems is based on the ionized substance separa-
tion under the field-strength gradient produced in the
solution at both membrane sides.

Note the difference between electrodialysis and the
electro-electrodialysis (a process close to the former in

its physicochemical properties and characteristics).
During the process of the electro-electrodialysis (a two-
section cell with a single membrane), ion migration
through a permeable partition or an ion-selective mem-
brane (cationite or anionite, or bipolar) under the elec-
tric-field action is accompanied by the oxidation-reduc-
tion reaction on the electrodes (one of the two is neces-
sarily put into the treated liquid). In electrodialysis, the
ion concentration change process takes the primary
role; yet, electro-electrodialysis makes it possible not
only to change the ion concentration due to the electrol-
ysis process, but also to form (of principal importance)
new products due to the oxidation-reduction reaction
on the electrodes. In electrodialysis (at least a three-sec-
tion cell with two membranes), the electrode zones are
not in contact with the treated liquid (due to use of the
membranes) and, thus, there is no electrolysis of the liq-
uid, in contrast to other electrochemical techniques
(electroflotation, electrocoagulation, etc.). In telec-
trodialysis, the electrode reactions are not engaged.
Thus, it is a technique of “soft” impact on the ion com-
position of the product under treatment. Moreover, the
electrodialysis treatment of drinks is often performed
under an inert gas atmosphere to exclude any contact
with oxygen air [10]. In the literature available, solitary
papers published within the first half of the preceding
century are presented on the electro-electrodialysis
treatment of juices, musts, and wines aimed at regulat-
ing the total and volatile acidity and pH of the drinks
[11, 12], as well as the present-day papers by Hiroshi
Tanaka (Japan) on the artificial acceleration of young
wine “aging” up to several seconds using the above
technique [13]; another work is connected, in particu-
lar, with this use of electrode materials with a low
hydrogen release during the process of wine treatment
[14]. Yet, these works are not considered here, since
they having no relation to the “pure” electrodialysis
process.

Generally, electrodialysis facilities consist of a
membrane (a set of membranes and separating filter-
press frames), hydraulic (pumps, pipes, and valves),
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and electric (rectifier, control panel, triggers, and signal
devices) units.

The following two types of electrodialysis liquid
treatment are used: periodical, where the drink is
pumped through a membrane set within the closed loop
until the preassigned concentration of the target product
is obtained; and continuous, with the one-pass pumping
of the treated liquid through the electrodialyzer. Both
have certain merits and disadvantages; which one will
be used is decided in each particular case taking into
account the physicochemical characteristics of the
treated drink as well as the construction and electrical
parameters of the electrodialyzers.

DIFFERENT POSSIBILITIES FOR THE MUTUAL 
LOCATION OF MEMBRANES

AND ELECTRODES IN THE ELECTRODIALYZER

The simplest electrodialyzer consists of three cells:
the operating cell (here, the juice or wine treatment is
performed) and the two electrolysis cells (here, the
cathode and the anode are located and the electrolysis
process takes the place of the used electrolyte) and two
membranes. Yet, the three-cell electrodialyzer does not
reproduce the industrial electrodialyzer with its hun-
dreds of membranes, because the former is not supplied
by cells with a flushing fluid to take or release the ions
passing through the membranes under the action of the
electrical current. Such a process can be primitively
realized under laboratory conditions in a six-cell elec-
trodialyzer including two desalting cells (to clear the
operating food liquid), two concentrating cells (flush-
ing fluids), and two electrolysis cells. In such an elec-
trodialyzer, circulation takes the place of the three inde-
pendent, nonmixed liquid flows: electrolyte, flushing
fluid, and the food solution under treatment. Note the
absence of the direct contact, inside the apparatus, of
the treated food liquid with the electrodes, the electrol-
ysis products, and with the chemicals used to prepare
the flushing solutions.

Four different possibilities exist for mutual mem-
brane-to-electrode arrangements in the electrodialyzer.

First, the anode cell is separated from the dialysis
cell by an anion-selective membrane, whereas the cath-
ode cell is separated by a cation-selective membrane.
Here, under the electrode voltage, the anions will
migrate from the dialysis cell to the anode cell, and the
cations will migrate to the cathode cell. Thus, the ions
from the electrode cells cannot penetrate into the elec-
trodialysis cell. Hence, under such conditions, only the
exhaustion of ions can take place in the operating dial-
ysis solution with the simultaneous enrichment of the
electrolyte in the anode and cathode cells.

The second arrangement is one in which the cation-
selective membrane is located at the anode cell and the
anion-selective membrane is located at the cathode cell.
The negative ions can migrate into the dialysis cell from
the cathode cell and positive ions can move from the

anode cell. No ions can migrate from the electrodialysis
cell, because they cannot penetrate through the likely
charged membranes. Thus, in the electrodialysis cell,
solution enrichment takes place with unlikely charged
ions, whereas in the electrode cells, the exhaustion of
positive and negative ions, respectively, takes in the
electrolyte.

The third possibility consists in the use of only
anion-selective membranes. Here, the exhaustion of
anions takes place in the dialysis and the cathode cells
and enrichment takes place in the anode cell. Under
such conditions, the cations cannot penetrate through
the membranes and are excluded from the migration
process.

The fourth possibility consists in the use of only cat-
ion-selective membranes in the electrodialyzer. Here,
the exhaustion of cations takes place in the dialysis and
the anode cells and enrichment take place in the cath-
ode cell. The anions cannot leave the cells.

The above argumentation only concerns electrodial-
ysis with monopolar membranes (according to the
charge occurring on the ion-exchanging membrane as a
result of the electrolytic dissociation of the ion-
exchange groups: monopolar cation exchange and
monopolar anion exchange). Yet, numerous papers are
available concerning the use of bipolar membranes
(consisting of two layers, cation exchange and anion
exchange, laminated together) combined with the
monopolar membraines. In such cases, the electrodial-
ysis patterns are much more numerous.

The purposeful use of the nature and alternation of
the membrane and the electrode location makes it pos-
sible to control the must and wine pH and acidity, and
the ion composition of the drinks; to remove the surplus
ions of heavy metals, potassium, and calcium; to per-
form the must desulphitation; and also to correct wine
defects to improve their organoleptic characteristics,
etc.

MEMBRANES IN THE ELECTRODIALYSIS

The expediency of electrodialysis use in drink pro-
duction was demonstrated under laboratory conditions
in the 1960s. Yet, these works were not applied in
industry. The delay in electrodialysis development was
caused by the absence of highly efficient membranes
for the wine and juice production industries.

For example, the requirements put to the mem-
branes used for the tartrat wine stabilization are as fol-
lows [15]:

(i) the wine pH decrease should be within a 0.3-pH;

(ii) the acidity decrease should be below 0.12 g/l;

(iii) the content of the nonion wine components (in
particular, polyphenols and polysaccharides) should
not change;
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(iv) diffusion of the lesser molecules (such as etha-
nol) should be negligible and should not cause an alco-
hol decrease in the wine above 0.1% (volume);

(v) the membranes should be cleaned using the sub-
stances authorized for application in foodstuff prepara-
tion;

(vi) the cation-exchange membranes should be selec-
tive and aimed at a preferable output of K

 

+

 

 and Ca

 

++

 

 ions;
(vii) the anion-exchange membranes should be

aimed at a preferable output of the tartrat ions;
(viii) the membranes should not significantly change

the physicochemical composition and the sensor prop-
erties of the wine.

Generally, the membranes should meet the follow-
ing requirements:

(i)They should be made of substances authorized for
the production of polymer materials fit for use in the
food industry.

(ii) During the process of dissolution, they should
not discharge into the solution a quantity of a substance
that is dangerous to the health of humans nor those
influencing the product taste and smell.

(iii) When used, they should not have any chemical
interaction with the juice and wine components, nor
should they facilitate the formation of new composi-
tions that can be toxic in the treated product.

(iv) They should possess a high selectivity and
mechanical durability, a low permeability for water
molecules, and a high electrical conductivity and chem-
ical resistance.

USE OF ELECTRODIALYSIS IN JUICE 
PRODUCTION AND WINE MAKING

Recently, electrodialysis has been widely applied in
the industrial treatment of water as a raw material for
the food industry, in particular, in wine making and
juice production. Here, we will not discuss this prob-
lem, but refer to a number of monographs [8, 9, 16] pre-
senting indisputable evidence of the state-of-the-art in
this field.

At the end of the 1960s and at the beginning of the
1970s, a set of papers appeared concerning electrodial-
ysis treatment of a grape juice, where a number of prob-
lems was described to solve the use of the electrochem-
ical technique. Here, K. Wucherpfennig et al. (Ger-
many) demonstrated the possibility of applying
electrodialysis to the tartrat stabilizing of a grape juice,
and to increase and decrease the acidity of the juice and
wine [17–19]. The grape juice stability was shown to be
obtained by lowering the concentration of either the
potassium ions or the wine acid anions—or both the
potassium ions and the wine acid anions. To remove the
acids, KOH solutions are proposed to serve as the flush-
ing liquid, whereas to remove the mineral substances, it
is best to use (citric) acid-containing flushing liquids. In
such a case, the juice anions are substituted by hydroxyl

ions and the cations are substituted by the hydrogen
ions providing a total acidity regulation and a pH
change. These results have been verified under indus-
trial conditions at a large-scale laboratory facility con-
taining 15 grape-juice chambers, with different
arrangements of the Ren Pulerk membranes against the
electrodes and with the use of different types of flush-
ing liquids. Here, the juice acidity can be lowered from
7.6 g/l to 0.5 g/l, thus causing the pH to increase from
3.12 up to 5.23.

E.M. Shpritzman et al. (Moldova) [20] used an elec-
trodialysis facility with two membrane combinations
(first, only the MK-40 cation-exchange and the MA-40
anion-exchange membranes were used; second, a bipolar
membrane was added) to stabilize a grape juice. The
juice was treated under a current density of 6–8 mA/cm

 

3

 

and a specific facility productivity of 12–60 l/m

 

2

 

 for the
membrane per hour. The grape-juice tartrat stability
was shown to take place at pH 3.2 and under potassium
and tartratic acid contents of 1100 mg/l and 5.5 g/l,
respectively. These limits are by convention named “the
grape juice stability zone”. A juice containing the tar-
tratic acid and the potassium ions beyond the above
limits is unstable against tartrat sedimentation. Yet, a
component content below the above limits causes juice
desalination and destroys its taste.

The results obtained on electridialysis juice treat-
ment under laboratory conditions confirm the above
values of the maximum potassium and tartratic acid
content preceding the grape juice turbidity. Zelen-
skaya’s studies [21] under industrial conditions at a
tinned-food factory with the use of a standard electrodi-
alysis facility with an alternate set of MK-40 and MA-
40 membranes (200 chambers were used in each of the
four in-series and in-parallel connected electrodialysis
units) show that the stability of the grape juice against the
tartrat sedimentation takes place at temperatures 0–2

 

°

 

C,
pH 3.2–3.5, a potassium ion content of 900–950 mg/l,
and a tartratic acid content of 5.5 g/l, thus being in
agreement with the results of laboratory juice treatment
under optimal process regimes.

Interesting works on grape juice stabilization [22–
24] have been performed by Audinos et al. (France).
Here, the physicochemical processes taking place in the
tartrat stabilization of grape juice and wine with the use
of mono- and bipolar membranes are described. Under
laboratory conditions, a process of the simultaneous
removal of the tartratic acid, alcohol, and metal ions
(calcium, sodium, and iron) from the juice is studied.
The quantity of the substances released is shown to
depend on the electrical parameters and design particu-
larities of the facility used. Then, the process of the ion-
selective membrane contamination during the elec-
trodialysis of juice and must treatment reducing their
efficiency is studied [25]. The laboratory investigations
show that the polyphenol drink substances are the main
components contaminating the membranes.
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In 1991, Audinos described the possibility of obtain-
ing concentrated tartratic acid by use of the electrodial-
ysis treatment of the secondary wine-making products
containing the tartratic acid, using the following two
variants [26]:

—using cation- and anion-exchange membranes
and applying sulphuric acid and potassium bitartrat as
the flushing liquids;

—using bipolar membranes combined with monop-
olar membranes and applying potassium bitartrate and
KOH as the flushing liquids.

In the first case, the product was obtained with a tar-
trat acid content of 125 g/l, whereas in the second case,
the content was 180 g/l (the initial potassium bitartrate
content was 15 g/l for the two cases).

Escudier and coauthors demonstrated the expedi-
ency of using electrodialysis for grape must deioniza-
tion, acidity reduction, and concentration increase [27].
Thus, the possibility of precise must composition prep-
aration for fermentation, without the injection of any
foreign chemical agents, occurred. Such electrodialysis
must treatment before concentrating for the demineral-
ization eliminates the danger of tartrat precipitation.

In Russia, Islamov and coauthors [28] proposed
using organic complex-production solutions as the
flushing liquids for electrodialysis to remove the heavy
metal ions (negatively influencing the product quality
and stability) from food liquids including grape juice.
In particular, the use of Trilon B as the flushing liquid
for electrodialysis grape juice treatment succeeded in
the removal of 75–90% of the heavy metal ions. The
remaining juice composition shows no appreciable
variations.

Note that the use of the electrodialysis for grape
juice composition regulation and its stabilization is not
implemented in production quantities. In our opinion,
this is caused by the absence, at that time, of high-qual-
ity ion-selective membranes as well as with the few
works available in this field.

Yet, the majority of these investigations concern
electrodialysis application to grape wine treatment. Of
paramount importance is the problem of wine stabiliza-
tion against tartrat. Boddy began pioneering studies in
this field in 1970 in Italy [29]. In 1972, Shpritzman and
colleague published the results of their study on lower-
ing the potassium ion concentration in wine and model
solutions using anion- and cation-selective membranes
in different arrangements [30]. A dilute hydrochloric
acid and a sodium chloride solution were used as the
flushing liquids. First, the authors studied the potas-
sium content decrease upon solution electrodialysis
with different current amplitudes and similar impact
durations. They showed that the potassium ion content
decreases during the process of the electrodialysis wine
treatment in agreement with the charge passed. Then,
they noticed that the substitution of the potassium ions
using hydrogen ions causes a decrease in the solution
pH by 0.5. If the sodium chloride solution is used as the

flushing liquid instead of hydrochloric acid, then a pH
decrease can be avoided. Thus, with the help of elec-
trodialysis, a precise quantitative regulation can be
completed for the potassium content as well as the sub-
stitution of potassium ions by sodium ions.

In subsequent years, Wuperpfennig and coauthors in
Germany [17–19, 31, 32] and Akopov in Russia [33]
experimentally confirmed the possibility of electrodial-
ysis wine stabilization against tartrat sedimentation.
Based on these works, the conclusion can be made that,
with the help of electrodialysis, the content of potas-
sium ions and tartratic acid can be lowered up to the
values desired. In addition, heavy-metal ions and sulfu-
ric acid can be removed from wine.

Wuperpfennig and colleagues published a number
of works aimed at the use of electrodialysis to regulate
acidity (both, increase and decrease) in wine and other
drinks. Also investigated were the main factors influ-
encing the electrodialysis process, that is, the voltage,
the order of the circulation of the operating and auxil-
iary liquids, etc. They treated different wines and juices
in half-production quantities and showed the possibility
of the continuous substitution of cations by hydrogen
ions and of anions by hydroxyl ions for drink acidifica-
tion and deoxidation. These works are now being suc-
cessfully continued in Germany. For example, in 1999,
Bach’s paper was published on electrodialysis wine
rectification [35]. Wines of 19 different brands, quali-
ties, and origins were treated using electrodialysis to
obtain tartrat stabilization; calcium, potassium, and
magnium, in addition to potassium, were shown to be
efficiently removed from these wines. No sensor
changes were observed.

In France, papers [36–40] concerning the use of
electrodialysis to treat grape must and wines were pub-
lished. The results are presented on the tartrat stabiliza-
tion of wines by electrodialysis treatment; the main
principles of the technique are described as well as its
economic aspects and prospects of application; the lat-
ter shows that potassium ions are extracted from the liq-
uid in the first place. The organic acid ions are extracted
faster from the must treated using adsorbents. The
intensity of the extracted ion flow is significantly weak-
ened if the demineralization degree (determined from
the electrical conductivity decrease) is above 70–75%.

A number of works on electrodialysis wine stabili-
zation is performed in Portugal [41–43]. Here, the effi-
ciency of the wine stabilizing using the two technolo-
gies is compared: treatment by cold and by electrodial-
ysis. The two technologies show nearly the same results
concerning only the chemical and organoleptic param-
eters.

The electrodialysis process was too expensive to be
applied commercially. Yet, in 1990s, French investiga-
tors in collaboration with Japanese membrane manu-
facturers established the electrodialysis process,
applied it to wine stabilization, and made it efficient
and economical. Between 1992–1998, the French
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National Institute for Agricultural Research (INRA) in
collaboration with Eurodia Industrie SA developed,
based on modern advances in the ion exchange and
membrane production fields, a technology of electrodi-
alysis tartrat wine stabilization called STARS (Selec-
tive TArtrate Removal System) [44].

In 1997, commercial tests of electrodialysis technol-
ogy were performed in France [10]. A facility with a
productivity of 450 dl/hour with members of
EURODIA and BOCCARD was put into operation
from March through November, 1996 (the electrodia-
lyzer worked with the use of an inert gas). A total 75
types of wine were treated during this period, with a
total volume of 120,000 dl (white wines, 20%; rose
wines, 22%; red wines, 58%). Here, the three regimes
of electrodialysis wine treatment were applied, with a
current amplitude of 10–17 A and voltage of 20–45 V.

The tests show that the use of electrodialysis causes
changes in the pH, tartratic acid concentration, free
SO

 

2

 

, total SO

 

2

 

, CO

 

2

 

, Fe

 

3+

 

, and other parameters, thus
providing for tartrat wine stabilization. The organolep-
tic wine estimation after electrodialysis treatment did
not show any principal difference from the untreated
wines. Moreover, in most cases, the wines after elec-
trodialysis treatment had improved organoleptic char-
acteristics. According to the authors' calculations, the
cost of the electrodialysis wine treatment was 1.2 to 1.6
times lower than the same for the contact processes
(depending on the treated material volume).

Since the end of 2003, Eurodia has delivered special
electrodialysis equipment that operates successively at
wine-making factories in France, Italy, Spain, Austra-
lia, and the USA. The STARS system is shown to have
the following advantages against the cooling process:

—It does not remove other wine components,
except for the tartrat ions.

—It has less of an impact on the sensoric wine prop-
erties (no negative influence on the taste and race of
wine).

—It possesses an abrupt cut in energy consumption
(the energy resource cost is five to six times lower than
the same needed for cooling).

Yet, as far as strong grape-based drinks are con-
cerned, in the cognac industry, only solitary works are
available on electrodialysis cognac treatment (in the
strong drink industry, electrodialysis is predominantly
used for water demineralization [8, 12]). In Moldova,
Romanov and colleagues studied certain physicochem-
ical regularities in the process of electrodialysis metal
removal from cognac, optimizing the main electrical,
electrochemical, and hydrodynamic parameters of the
content reduction of the heavy metal and calcium ions
[45, 46].Recommendations were developed to obtain
stable positive results when using electrodialysis facil-
ities for cognac demetalization under industrial condi-
tions. Note that strong alcoholic drinks with a spirit
content of 15–50% (volume) have a low electrical con-
ductivity. Thus, when electrodialysis treating these sys-

tems, special tricks should be employed (the establish-
ment of additional electrode pairs within the membrane
set; the use of granulated ion-exchange resins as a back-
filling between the membranes; the use of an ion-con-
ducting spacer in the intermembrane volume, etc.).

INFLUENCE OF ELECTRODIALYSIS 
TREATMENT ON GRAPE JUICE

AND WINE QUALITY

Each drink treatment is aimed at the removal of non-
stable or excess components in quantities providing for
stabilization and taste improvement. In every case, the
impact on a drink causes a change in its composition.
This is true for both traditional techniques (treatment
by cold, by brightening and fining agents, by chalk, by
sulphitation, etc.) and for electrodialysis. The problem
is as follows: how deep is the change in the substance
composition governing the quality and the biological
value of the drink. Electrodialyzer construction is con-
ditioned by the use of different materials: membranes,
separators, frames, electrodes, etc. During drink pro-
duction, the substances can transfer from the facility to
the output product. Yet, in the electrodialysis process,
only surface contact takes place for large product
masses with a small surface of the above materials;
thus, there is no possibility for these material solutions
in quantities large enough to pose a threat to consumers'
health. The following changes were analyzed [47–55]
in juices and wines after electrodialysis treatment: the
concentration of the primary, secondary, and tertiary
amines; and the sum of the migrating organic sub-
stances with double and conjugated bonds; the total
content of sugars, nonvolatile organic acids, tanning,
colorant, and aromatic agents and ethanol, colloids,
amino acids, mineral substances, in particular, calcium,
magnesium, and copper. In addition to the integral
characteristics, the content of the monomers used in the
ion-exchange resin production (ethylchlorohydrine,
polyethylenepolyamine, divinylbenzol, styrene), as
well as the formaldehyde being the product of the poly-
ethylene destruction, was determined in the extracts.

The chemical, sanitation, and physiological studies
of juices and wines under laboratory and industrial con-
ditions after electrodialysis treatment performed in a
number of European countries showed that no taste or
smell changes take place in the product and there is no
ground for anxiety [55].

In 2000, at the 40th Session of the International
Organization of Wine Makers in Paris with participants
from 25 countries, a decision was made on the advis-
ability of the application of the electrodialysis mem-
brane for wine improvement and stabilization and the
technique was recommended for used in practice (the
following countries voted for the decision: Algeria,
Australia, Austria, Belgium, Cyprus, Finland, France,
Moldova, Morocco, Portugal, Russia, Spain, Sweden,
the Netherlands, Tunisia, Uruguay, USA, Yugoslavia)
[56].
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The International Organization of Vine and Wine
pronounced the electrodialysis process to be “a pro-
gressive experience” and authorized it for commercial
use within the EU for treatment of all types of wines
[44].

CONCLUSIONS

An analysis of the literature available on the appli-
cation of electrodialysis in winemaking and juice pro-
duction shows that electrodialysis technologies and
facilities are gaining an ever-increasing importance.
The implementation of this electromembrane technol-
ogy became possible due to the development of poly-
mer science, the use of synthetic polymer membranes,
the improvement and modification of technology, the
revelation of the main regularities in the interconnec-
tion of their structural characteristics, and the service
conditions with the properties governing the transmem-
brane transfer.

In conclusion, we point out certain particular prob-
lems of electrodialysis drink treatment to which the
solution will, to our mind, extend the possibilities and
fields of application of this interesting and useful elec-
trochemical process.

1. The use of electrolysis without gas release using
bipolar membranes [57].

In common water electrolysis into hydrogen and
oxygen, up to half of the energy consumption is spent
on gas production.

2. The use of a pulsed current in electrodialysers.
The pulsed-electrodialysis regime will make it possible
to obtain a much higher operating current density com-
pared with the stationary regime and, thus, to increase
facility productivity. Note that, under the nonstationary
electrodialysis regime, electrical power consumption
will significantly decrease.

3. The wide application of reversible electrodialysis,
which is the reverse of the cleaned liquid flow due to a
change in the electrical field polarity, thus preventing
sedimentation at the membrane surface.

4. The establishment of a new generation of elec-
trodialysis facilities, in particular, with the use of mod-
ern electrode materials and reversible current suppliers
will reduce the risk of sedimentation of insoluble salts
on the membrane surface and, thus, increase the mem-
brane serviceability in facilities.

5. To validate electrodialysis combination with
other efficient processes, that is, with nanofiltration, ion
exchange, etc.

6. The development of a new generation membrane
set with a strongly predetermined structure will make it
possible, under the selection of separation regimes, to
raise their permeability and selectivity against the tar-
get components and to achieve the stability of their
functional characteristics.
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INTRODUCTION

At the modern stage of technological development,
the branch of electroerosion wire cutting takes the lead-
ing positions in the field of the precision treatment of
current conducting materials.

The requirements regarding the precision of work-
piece fabrication are within strict bounds, from 10 to
2 

 

µ

 

m. Under these conditions, a significant influence
on final precision of the cutting process is exerted by
such a specific tool as a wire electrode, especially in
terms of obtaining complex conic surfaces.

The problem consists in the complexity of a precise
formation of the conic surface of a workpiece at the
motion of feed drives along a projected trajectory as the
result of shifts in the wire-electrode tool (WET) from a
calculated position during the process of formation of a
specified inclination angle [1, 2].

As a rule, for the solution of the given problem, the
modern leaders (AGIE, Sodick, Mitsubishi, etc.) apply
complex multiaxial systems of sensors, which, in the real-
time mode, register any deviation of the wire and transfer
the obtained data to the base of a system of numerical
controls (NC) for the machine, allowing for the determi-
nation of both the wire inclination angle and the cutting-
wire sector shift with respect to its specified position [3,
4]. Thus, it is possible to correct the trajectory of motion
of the machine feed drives and, therefore, to provide a
precision of the geometry of the final product.

However, taking into account the high cost of the
given control systems, both the modernization and
improvement of the characteristics of the electroerosion
cutting machines (EECMs) made in the countries of the
Commonwealth of Independent States and the develop-
ment of domestic EECMs are possible provided inex-
pensive, maximally simple, and efficient techniques for
the determination of a real WET position are developed.

THEORETICAL ANALYSIS

Figure 1 shows the scheme of a workpiece treatment
with the purpose of obtaining a figure of the conical
form.

Upon the formation of the specified inclination
angle of the wire, as a result of the availability of the
intrinsic hardness of the electrode tool, a bend in the
wire axis appears, which, in the general case, takes on
a wavy form. This bend leads to the appearance of the
shift value 

 

∆γ

 

 at each point of contact of the wire-elec-
trode tool and the treated workpiece.

The essence of the specified problem consists in the
determination of the shift value of the WET working
part points from a calculated position. For the solution
to this problem, it is necessary to find only two values
for 

 

∆γ

 

: 

 

∆γ

 

upp

 

, which is the deviation in the upper plane
of the workpiece; and 

 

∆γ

 

low

 

, which is the deviation in
the lower part; the error 

 

∆α

 

 corresponding to them
(Fig. 2) should also be determined.

Having determined the values 

 

∆γ

 

upp

 

 and 

 

∆γ

 

low

 

, it is
not difficult to find the error of the specified inclination
angle of WET: a change in the inclination angle and a
shift of the cutting-wire sector result in the appearance
of significant errors of the obtained workpiece geome-
try.

Under these conditions, for the improvement of the
technical-economic characteristics of the electroero-
sion machine and for the solution of industrial prob-
lems, it is necessary to develop and introduce special
techniques, which would allow us to provide treatment
precision, taking into account the WET deviations from
the nominal position, on the one hand, and to make the
entire industrial process cheaper, on the other hand.
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MEASUREMENT TECHNIQUE

In the firm “Aramis” (Cherkassy), on the basis of an
essentially new four-coordinate electroerosion cutting
machine 

 

SELD-04

 

 on linear drives, for the first time, a
series of experimental measurements was carried out
with the purpose of determining a precise position of a
wire-electrode tool with respect to the workpiece at its
conical cutoff.

The universality of the given method consists in the
application of a specially designed device that imitates
the treated workpiece. A characteristic peculiarity of
the device is that it allows us to specify an arbitrary
position of both base planes of treatment and wire incli-
nation angles.

Directly before each experiment, all necessary mea-
surements on the setting of the device with respect to
the machine feed drives were carried out (Fig. 3).

At the first stage, the values 

 

l

 

1

 

, 

 

l

 

2

 

, and 

 

L

 

 were deter-
mined (Fig. 4).

The machine feed drives were positioned by virtue
of NC, so that the front (cutting) edge of the WET in the
point of the lower fixation of the wire in guide 

 

x

 

0

 

 coin-
cides with the ab axis of the rigidly fixed device. The
WET fixation point in the upper guide was positioned
from the ab axis at distance 

 

H

 

 determined by the NC

system for the formation of the specified angle value 

 

α

 

.
Thus, knowing all of the necessary distances and
dimensions, the following equalities may be deter-
mined:

(1)

(2)

(3)

(4)

At the next stage, the machine feed drive shifted the
lower guides into the point of the WET contact with the
lower-end face of the device (Fig. 5). All of the coordi-
nates of the shifts of the feed drives were registered by
the machine NC.

In this case,

(5)

Having symmetrically shifted the upper guides by
the value –H and the lower guides into the point of the

H L α,tan=

αtan H
L
----

H1 h1–
l

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

H1 l1 l+( ) α,tan=

h1 l1 α.tan=

h1D x1 x0.–=

 

Ò

2

3

4

1

 

z

 

∆γ

α

 

Fig. 1.

 

 Scheme of the treatment of conical surfaces by virtue
of a four-coordinate electroerosion machine: 

 

1

 

 is the treated
workpiece; 

 

2

 

 is the wire-electrode tool; 

 

3

 

 is the theoretical
position of the WET axis; 

 

4

 

 is the system of the WET guid-
ing; 

 

α

 

 is the specified inclination angle of the WET axis
with respect to the workpiece surface; 

 

∆γ

 

 is the value of the
WET shift with respect to the initial position at the point of
contact with the workpiece; and 

 

c

 

 is the direction of motion
of the electrode wire around the 

 

z

 

 axis.

   

WET

 

∆γ

 

upp

 

Workpiece

 

∆γ

 

low

 

α

 

a

b

 

Fig. 2.

 

 Scheme of the shift of the initial WET position at
extreme points of contact of the electrode and the work-
piece: 

 

∆γ

 

upp

 

 is the deviation value at the upper point of the
contact; and 

 

∆γ

 

low

 

 is the deviation value at the extreme
lower point of the contact.
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drive contact with the upper plane of the device, we can
determine the value 

 

H

 

1D

 

 (Fig. 6):

(6)H1D x0 x2,–=

 

and, hence,

(7)αDtan
H1D hD–

l
---------------------.=

   

Universal device

 

P

 

dru

 

l

 

2

 

l l

 

'

 

L

l

 

1

 

a

b

 

WET

 

P

 

du

 

P

 

dl

 

P

 

drl

 

x

 

0

 

Fig. 3.

 

 Example of a scheme of a universal device setting on
the four-coordinate electroerosion cutting machine SELD–
04: 

 

P

 

dru

 

 is the upper plane of the drive motion; 

 

P

 

du

 

 is the
upper plane of the device; 

 

P

 

dl

 

 is the lower plane of the
device; 

 

P

 

drl

 

 is the lower plane of the drive motion; 

 

l

 

1

 

 is the
distance between the lower plane of the device and the
lower plane of the drive motion; 

 

l

 

2

 

 is the distance between
the upper plane of the drive motion and the upper plane of
the device; 

 

l

 

 is the device height; and 

 

L

 

 is the distance
between the upper and the lower planes of the drive motion.
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Fig. 4.

 

 Scheme for the determination of the WET position
upon the formation of the inclination angle.
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Having obtained the values h1D, H1D, and α, we can
estimate the deviation of the real position of the WET
from the calculated one (Fig. 7):

(8)

(9)

(10)

Having obtained the real values of ∆γupp, ∆γlow, and
∆α using 2–4 purposeful iterations, we can select a new
value for H, at which α = αD and ∆γupp = ∆γlow within
the error of precision of the machine drive positioning.
Under this condition, at the stage of the technological
process projection, it is not difficult to form a trajectory
of motion of the feed drives, which will compensate the
wire-shift influence on the conical-surface formation
precision.

CONCLUSIONS
1. The developed experimental technique allows us

to determine and correct, to a precision of positioning
of the feed drives of a concrete type of four-coordinate
EECM, the WET position with respect to the work-

pieces upon formation of conic surfaces and to obtain
precision for the four-coordinate treatment at the level
of the two-coordinate treatment for specific types of
machines, without the application of the WET position
control system.

2. Due to its simplicity and universality, the determi-
nation of the WET position at the development and
installation of the corresponding software may be per-
formed automatically.
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INTRODUCTION

In the long-term exploitation of buildings and con-
structions, the hydroinsulation materials partially or
totally lose their protective properties. Thus, the subsoil
waters penetrate freely into concrete and brick con-
structions of the building. The height of the capillary
moisture, in particular, for basements in clayed soils,
can reach up to 5 m or higher. Furthermore, the temper-
ature-humidity regime is distorted in such buildings,
which is inadmissible not only for residential, but also
for most industrial constructions.

Building wall overmoistening removal consists of
the two stages: wall and basement drying; and hydroin-
sulation recovery.

The main techniques for the horizontal hydroinsula-
tion recovery are as follows: consecutive wall sawing
and hydroinsulation substance insertion into the chinks
produced; mechanical hammering of the corrugated
stainless-steel sheets into the brickwork chinks using a
vibration-percussion facility (BOUMAN technology,
Germany); impregnation by different hydrophobic or
polymer compounds pressurized or via injections
through the holes drilled in the lower wall foundation
(SCHOMBURG technology, Germany, technology).

After the hydroinsulation recovery, the building
wall drying takes place due to natural convection over
two to three years.

Of particular importance are the wall and basement
drying techniques based on the electroosmotic transfer
of the brick/concrete pore moisture in the direction
opposite to the forces of the capillary raise or suction
forces. These techniques can be divided into two
groups—active and passive. In both cases, the elec-
troosmotic-drying facility contains a set of electrodes
and anodes placed inside the dried wall or at its surface
and a set of electrodes and cathodes placed, as a rule, in
the ground.

The passive techniques do not require a power
source; here, the electroosmotic forces occur due to the
electrochemical voltage difference of the anode and
cathode metals. The drying duration of up to three years

(comparable to natural wall drying after hydroinsula-
tion recovery) is the essential weakness of the passive
technique. This duration is caused by the fact that the
voltage difference between the wall and the ground is
less than 1 V. Although the electroosmotic forces occur
in the wall and prevent the capillary rising of the ground
moisture, the energy produced is insufficient to transfer
the extra moisture from the wall into the ground.

Active techniques are based on connecting an exter-
nal power source between the anodes and the cathodes,
thus producing forces sufficient for the moisture trans-
fer against the capillary rise across the entire wall thick-
ness and height. Yet, active electroosmotic drying tech-
niques apply low (12–24 V) voltage power sources
(e.g., ELKINET technology, Austria, and HYDROPOL
and DRYMaTec technologies, Germany). Thus, the
certified drying duration is as long as three years, which
does not differ from passive techniques.

Electroosmosis has been used in the building indus-
try for a long time. The examples of the passive and
low-voltage active techniques of electroosmotic drying
are presented in [1].

The Romanian scientist Stefan Morarau made the
most important contribution to the theoretical ground-
ing of the electroosmotic drying of capillary-pored
materials [2]. He was the first to study efficient elec-
trode placing and presented simple approximate
expressions to estimate the active and passive drying
ratios. Then, hydrophobic compounds were proposed
to feed into the tubular anodes during electroosmotic
drying [3]. Different weakly soluble anode designs
were proposed by Hans Oppitz, Austria [4–7]. Utklev
Kjell’s efforts in Norway [8, 9] substantiated the
pulsed-power supply regimes to take into account cor-
rosion resistance of the anode electrodes. Similar prob-
lems are discussed in [10].

The technical implementation of the active drying
technique under higher voltages (150 to 200 V)
requires, in addition to special protection measures,
taking into account the following specific factors: the
pattern of anode placement in the wall to be dried as
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well as the power supply regimes should provide for
uniform drying across the entire depth and height; the
cathode arrangement should be done taking into
account the ground surface location against the drying
boundary needed; special measures should be taken to
prevent anodic dissolution and gas release from the
anode surfaces; and the anode and the cathode location
should be completed taking into account the different
metal constructions present in the walls and in the soil.

The goal of the present work is to substantiate the
layout and the regimes of active electroosmotic drying
with the use of voltages of up to 200 V, thus providing
a shortening of the drying duration by up to 3–4 months
[11]. The results presented generalize both the theoret-
ical, laboratory, and field investigations and large-scale
practical works.

LABORATORY EXPERIMENTS AND ANALYSIS

Laboratory studies of active electroosmosis were
performed on red 260 

 

×

 

 130 

 

×

 

 70 mm

 

3

 

 bricks previ-
ously dried in a thermal furnace and weighed. After a
two-week brick soaking, the maximum absolute
humidity was determined according to the expression

 

W

 

A

 

 =  

 

×

 

 100% = 22.4%,

where 

 

G

 

 is the dried-brick weight and 

 

G

 

0

 

 is the humid-
brick weight.

G0 G–
G

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

 

Figure 1 shows the experimental setup for the elec-
troosmotic drying of the brick. Here, 1 is the brick, 2
represents the anodes, 3 is the cathode made of steel
mesh, 4 is the concrete compound, 5 is the ampermeter,
6 is the voltmeter, 7 is the DC power supply, and 8 is the
adjusting resistor. The anode–cathode distance was
equal to 0.13 m (the 1-mm steel wire anodes were
placed into the holes drilled in the central brick area).

After electrode assembly, the initial absolute humid-
ity of the brick was as high as 20%. After the power
supply was turned on, drying was performed for 12 h.

The following results were obtained:

The average anode–cathode voltage was 135 V;

The average electric-field strength was 1000 V/m;

The average current was 0.1 A;

The average anode-current density was 60 A/m

 

2

 

;

The specific electrical energy consumption was
800 kW h/m

 

3

 

;

The absolute brick humidity at the end of the exper-
iment was 7.5%.

Thus, after 12-h active electroosmotic drying, the
brick humidity decreased by 12.5%.

During the drying process, the humidity and the spe-
cific electrical resistivity were periodically measured
(Table 1). On the base of the date in Table 1, using the
linear regression technique, an empirical expression is
obtained for the specific resisitivity-to-humidity corre-
lation:

 

ρ

 

(

 

W

 

A

 

) = –29.3

 

W

 

A

 

 + 763, (1)

where 

 

ρ

 

 is expressed as [

 

Ω

 

 m] and 

 

W

 

A

 

 is in %.

   

1

2

3

4
5

6

7
8

4

 

+

–

 

Fig. 1.

 

Table 1.

 

  Measurement of the humidity and the specific elec-
trical resistivity

 

W

 

A

 

, % 20 18.8 17.1 14.2 12.9 10.2 7.5

 

ρ

 

, 

 

Ω

 

 m 160 225 275 330 395 450 550

 

150

5 7.5

 

ρ

 

, 

 

Ω

 

 m

W, %
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100
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Fig. 2.
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Figure 2 shows the dependence of the specific elec-
trical resistivity on the humidity according to Eq. (1)
and the data given in Table 1.

During the actual process of building drying, pro-
viding an electric-field strength of about 1000 V/m is
not possible, because this value is proportional to the
drying ratio. The electroosmotic velocity of the fluid
moving in a capillary-pored media is governed by the
expression

 

v

 

E

 

 = 

 

k

 

E

 

E

 

,

where 

 

k

 

E

 

 [m

 

2

 

/V d] is the electroosmosis coefficient.

For the average electroosmosis coefficient value,
0.43 

 

×

 

 10

 

–3

 

 m

 

2

 

/V d, within 12 h, the moisture will be
removed from the brick height

 

H

 

 = 

 

k

 

E

 

ET

 

 = 0.43 

 

×

 

 10

 

–3

 

 

 

×

 

 1000 

 

×

 

 0.5 = 0.215 m.

Thus, within 12 h, the moisture is actually totally
removed from the brick.

The experimental results show that the duration of
building-construction electroosmotic drying, using a
200-V power supply and anode–cathode distances of
about several meters, can be shortened by up to several
months.

PRACTICAL ASPECTS

Active electroosmotic drying was performed within
the framework of the reconstruction of a house built
originally between 1825–1836 in Kronshtadt City to
accommodate the 1st Corps of Naval Cadet. The
ground floor represents an arch-brick construction over
a stone foundation. The wall depth is 1.5 m, the build-
ing hydroinsulation was destroyed, without a basement.
The moisture capillary-rising level of the ground-floor
walls was as high as 2–2.5 m. The brickwork humidity
within the moistening zone was as high as 20–22%—
that is, total fluid saturation. The renovation was per-
formed during three 3-month stages. Within this period,
930 running meters of walls were dried, embodying
4000-m

 

2

 

 lodgments. Here, 900 anodes were placed
inside the building walls forming 48 independent
power-supply circuits. The anode and cathode location
pattern is consistent with that in [11] and is presented in
Figs. 3–5. Here, 1 represents the DC power supply, 2
indicates the anodes, 3 refers to the cathodes, 4 indi-
cates the wall to be dried, 5 shows the foundation, 6
indicates the lines of the electrical current, and 7 shows
the moisture capillary-rising level in the wall.
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Intensive anodic dissolution is one of the main prob-
lems connected with the use of voltages of up to 200 V:

 

G

 

 = 

 

D

 

E

 

I

 

A

 

t

 

,

where 

 

G

 

 is the material mass losses in kg, 

 

I

 

A

 

 is the
anode current in A, 

 

D

 

E

 

 is the metal-mass electrochemi-
cal equivalent in kg/(A h), and 

 

t

 

 is the drying duration
in h.

To mitigate anodic dissolution, graphite powder was
added to the concrete compound filling the free space
between the anodes and the brickwork. Graphite, like
metal, possess electron conductivity; thus, no chemical
reaction takes place at the boundary of these two mate-
rials and the steel anode is not exposed to dissolution at
the points of contact with the graphite. Furthermore, the
mass electrochemical equivalent of graphite, 

 

D

 

E

 

 =
0.91 

 

×

 

 10

 

–5

 

 kg/(A h) is two order less than the same
measurement of steel, 

 

D

 

E

 

 = 1.04 

 

×

 

 10

 

–3

 

 kg/(A h).
Before drying, the absolute mass humidity was mea-

sured on the reference brick samples. From the data of
10 measurements, 

 

W

 

A

 

 = 21%. The volume of the brick-
work at that humidity was equal to 300 m

 

2

 

.
During the first stage, the electroosmotic facility

was connected to a 150–160-V power supply. After
three months, the facility was transferred to the hydro-
insulation regime with an automatic 6–12-V voltage
regulation [11].

FIELD MEASUREMENTS AND ANALYSIS

Detailed study and observations of the drying pro-
cess were performed over an area including three lodg-

ments with a 100-m running length wall. Here, the elec-
troosmotic system was connected to an independent
power source with a controlled output voltage of 152 V.
The anode set included 136 metal bars, 0.7-m long and
0.032-m in diameter, placed into holes 0.05-m in diam-
eter using the concrete–graphite compound. Against
the wall height, the anodes were placed at a distance of
1–1.5 m from the floor. The anodes were combined into
14 sections, thus making it possible to control each sec-
tion current. The 10 cathodes were made of 3-m steel
tubes, 0.05-m in diameter, and were placed inside and
outside the building.

After three months of drying, the wall humidity was
measured using the microwave technique. According to
the data of 12 measurements, the average absolute
humidity value was equal to 12%. Thus, during the dry-
ing process, the wall humidity decreased by 9% and
some 50 m

 

3

 

 of water was removed from the 100-m wall
to the soil.

Figure 6 shows the layout of the measurement con-
tact electrodes established at the reference area to mea-
sure the potential distribution over the wall depth and
height. Here, 1 represents the electrodes to measure the
potential over the wall height, 2 shows the electrodes
used to measure the potential along the wall (placed
every 0.2 m); and I, II, and III are the electrical resis-
tance measuring electrodes.

To control the brickwork electrical resistance, three
measurement electrodes (0.05-m in diameter and 0.7-m
long) were placed at heights 0.4, 1.0, and 1.6 m from
the floor level.

Tables 1, 2, and 3 present the measurement data;
note that the data from Tables 2 and 3 represent fewer
measurements after two months, because plastering
was performed in the lodgments and the measurement
electrodes became inaccessible.

Table 2 presents the data on the integral electrical
characteristics at the power supply output; here, 

 

U

 

 is the
output current, 

 

I

 

 is the total current, 

 

R

 

 is the total load
resistance of the power supply, and 

 

T

 

 is the electroos-
motic drying duration. During drying, the electrical
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Table 2.

 

  Measurement of the integral electrical characteristics

 

T

 

, d 1 7 20 30 40 90

 

U

 

, V 152 152 152 152 152 152

 

I

 

, A 42 28.5 26 22 16.8 15

 

R

 

, 

 

Ω

 

3.6 5.3 6.1 6.9 9.05 10.1
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energy consumption was equal to 8000 kW h; that is, to
remove 1 m

 

3

 

 of water from the wall, 160 kW h is
required.

Table 3 presents the data on the measurement of the
electrode-spreading resistance against the cathode sys-
tem. Note that the drying process is not uniform. Here,

 

H

 

 is the electrode height from the floor, 

 

R

 

 is the spread-
ing resistance, and 

 

T

 

 is the electroosmotic-drying dura-
tion. The data show that the upper portions of the wall
dry faster, whereas in the lower part, noticeable resis-
tance only changes take place after a month of drying.
Thus, the area above the anodes is dried faster. The spe-
cific electrical resistivity in the vicinity of the measure-
ment electrodes can also be determined. Since the mea-
surement electrode resistance was measured against the
cathode system, for which the resistance is far lower
than a similar measurement electrode, the following
expression can be taken for the bar electrode:

where 

 

ρ

 

 is the specific electrical resistivity of the
media, and 

 

L

 

 and 

 

a

 

 are the electrode length and radius
in m, respectively.

R
ρ

2πL
---------- 2L

a
------⎝ ⎠

⎛ ⎞ln 0.307– Ω[ ],=

For the given dimensions of the measurement elec-
trodes, the specific electrical resistivity is determined
from the expression

(2)

According to Eq. (2), the initial value of the spread-
ing resistance of the measurement electrodes (120 Ω)
corresponds to the 142-Ω value of the specific electrical
resistivity of the brickwork–that is, according to (1), up
to an absolute humidity value of 21.3%—thus being in
good agreement with its direct measurements (21%)
before drying was initiated. After 60 d, the specific
electrical resistivities at the measurement electrode
locations were equal to 166, 296, and 331 Ω , thus cor-

ρ R
0.845
-------------, Ω  m.=  
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Table 3.

 

  Measurement of the control electrode spreading
resistance

 

H

 

, m

 

R

 

, 

 

Ω

 

T

 

, d

1 14 30 60

0.4

 

R

 

III

 

120 120 130 140

1.0

 

R

 

II

 

120 159 200 250

1.6

 

R

 

I

 

120 197 230 280
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responding to the absolute humidities of 20.4%, 15.9%,
and 14.7%, respectively.

The nonuniformity of the drying process is also jus-
tified by the data from the potential measurement over
the wall height presented in Table 4, where 

 

U

 

 is the
potential against the cathode, and 

 

H

 

 and 

 

T

 

 are the same
as in Table 3.

For the drying process, the potential nonuniformity
over the wall height is also important. This nonunifor-
mity is maximally manifested between the neighboring
anodes of the electroosmotic system. Above and below
the anodes, the potential distribution over the wall
length is more uniform; this is confirmed by the mea-
surement data presented in Table 4, where 

 

δ

 

 =

 

 

×

 

 100% is the degree of the potential non-

uniformity. Table 4 also shows that the potential non-
uniformity along the wall is negligible. Thus, the “plane
condenser” model can be applied to engineering calcu-
lations.

Taking into account the fact that the potential dif-
ference between the anodes and the floor level is about
70 V, the electrical-field strength between the anodes

Umax Umin–
Umin

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

 

and the floor is equal to 54 V/m. Thus, the electroos-
motic fluid motion ratio inside the wall is 

 

v

 

E

 

 = kEE =
2.3 cm/day. Hence, over three months, the moisture
will be removed from the brickwork at the height H =
vET = 0.023 × 90 = 2.1 m.

Thus, the use of voltages of up to 200 V makes it
possible to remove excess moisture from building walls
and basements over several months.

CONCLUSIONS

1. The active electroosmotic technique of building
wall and basement drying is validated with the use of
power supply voltages of up to 200 V, thus providing a
shortening of the drying duration of up to several
months.

2. The drying process can be controlled by measur-
ing the spreading resistances of special electrodes
placed over the wall height at distances far exceeding
their transverse dimensions.

3. Graphite electrodes or metal electrodes with a
graphite cover have the best characteristics concerning
anodic dissolution. After active electroosmotic drying,
the electrode system remains operable for electroos-
motic hydroinsulation when connected to a low-voltage
6–12-V power supply.
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Table 4.  The potential distribution over the wall height (a)
and length (b)

(a)

H, m U, V
T, d

1 7 20 30 40

2.6 U1 120 111 104 93 89

2.2 U2 121 113 106 95 92

1.9 U3 124 116 110 101 96

1.6 U4 128 120 115 105 101

1.3 U5 152 152 152 152 152

1.0 U6 118 111 107 95 94

0.4 U7 79 72 68 61 56

0.0 U8 50 50 49 47 46

(b)

H, m Electrode number (see Fig. 5) and potential value δ, %

1.3 N 5 21 22 23 24 25 26 27

U, V 152 125 118 111 118 125 152

0.4 N 7 15 16 17 18 19 20 14

U, V 90 85 81 79 81 85 90

0.0 N 8 9 10 11 12 13 14 4

U, V 50 50 49 48 49 50 50
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Modern electrophysical, thermal, and other methods
of growing worn surfaces of parts with various sub-
stances in order to restore their geometric shapes and
sizes, as well as to harden them, do not always ensure a
high quality of compatibility with specifications. How-
ever, they are implemented for the recovery of a wide
nomenclature of machine elements and, because of an
acute need, for the reduction of important components of
internal-combustion engines such as crankshafts, cam-
shafts, etc.

The analysis of the known methods of component
restoration through electroplating showed that the use of
alloyed coatings based on iron might be very promising
for factory overhaul.

The significant advantages of the alloyed-iron coat-
ings obtained in stable electrolytes in compared with
normal iron coatings are worth mentioning. They former
possess high mechanophysical properties, are wear resis-
tant, and fit, to a certain extent, the working conditions in
different conjugations.

Special chemicothermal treatment of parts may be an
important reserve in order to improve the quality of res-
toration and hardening by electroplating. In such cases,
some particular requirements are placed upon the coat-
ings, such as a high-bonding strength, a significant thick-
ness, a thermal stability, the presence of alloying ele-
ments, etc. [1, 4].

Thus, solving the problem of obtaining adhesive iron
coatings, alloyed using special elements, to improve
their properties and ability to be hardened using various
methods (Fig. 1 and 2) was a worthwhile exercise. It was
established [4, 6, 7] that laser treatment with flows of
power densities of up to 10

 

9

 

 W/cm

 

2

 

 provides the possi-
bility to perform a large number of structure-phase trans-

formations in alloyed-galvanic coatings and to obtain
properties suitable under different conditions of their ser-
vice.

RESEARCH METHODS AND MATERIALS

The process of electrolysis in a multicomponent
methyl-sulphate-chloride electrolyte to the properties of
adhesive iron-alloyed coatings, applied to samples and
elements manufactured from construction steels using
special high-grade gray cast irons, as well as the process
of laser treatment of iron-alloyed coatings and restored
parts, is the object of this investigation.

The material structure and hardness were examined
using the metallography technique with the aid of MIM-
8, MBI-6, and PMT-3M microscopes and an REM-200
electron microscope.

The mechanical processing of polished specimens,
samples, and parts was carried out by commonly
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Abstract

 

—The results of the investigation of the process of laser treatment of iron-alloyed coatings, and of the
structure and wear resistance of the surfaces, obtained in a methyl-sulphate-chloride electrolyte are reported. It
is established that, in a multicomponent electrolyte, it is possible to obtain coatings with a thickness not less
than 3 mm with a fibrous, granular, and stratified structure. The formation of many macrozones, characterized
by different structure and phase transformations, is possible through CO

 

2

 

 laser treatment (LT) of iron-alloyed
coatings (IAC). Restored and hardened surfaces of internal-combustion engine parts under conditions that
ensure the generation of an amorphous layer have a wear resistance several times higher than untreated alloyed
electroplated coatings.
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Fig. 1.

 

 Thick-layer iron-alloyed coatings, obtained in a mul-
ticomponent methyl-sulphate-chloride electrolyte, applied
on a carberized chilled steel (HRC 54-56).
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accepted methods to fit the specifications. Laser process-
ing using a CO

 

2

 

 laser was conducted under continuous
conditions with a power flux of 0.5–0.6 kW with a radi-
ation wavelength 

 

λ

 

 = 10 

 

µ

 

m. The intervals of the produc-
tion-cycle change during the analysis of the laser treat-
ment of iron-alloyed coatings were determined to meet
the recommendations for processing steels and cast irons
[5] with regard to the thermophysical properties of the
materials and the energy characteristics of the radiation
flux. Estimations of the sample material characteristics
and the properties of the saturation of surface and diffu-
sion layer were in accordance with GOST 20495-75.

In the available literature, there is no information on
the processes of iron-alloyed galvanic-coating treatment
using energy-intensive fluxes produced by lasers. In this

connection, to determine the conditions that ensure vari-
ous types of iron-alloyed coating treatment, factors influ-
encing their properties and structure-phase transforma-
tions were analyzed. The calculated regimes were used
in the experimental investigations to process the sam-
ples, and to restore and harden parts. The laser-effect
estimation was performed through the examination of
the diffusion layer of the outer areas, including the gen-
eral and effective thickness of the diffusion layer and the
rough surface configuration effects.

RESULTS

The treatment of iron-alloyed coatings using highly
intensive energy fluxes, ensuring that the structure trans-
formation processes take place with substantially larger
rates than processing using traditional methods, is the
most sound and effective method.

For the process of coating-material treatment using
energy fluxes characterized by density 

 

P

 

i

 

, speed of
movement or exposure time 

 

t

 

0

 

, the conditions of the qual-
itative treatment in the general form can be presented by
the expression

(1)

where 

 

P

 

k

 

 is the energy density critical value, 

 

∆

 

P

 

i

 

 is the
flux-density change during the treatment process, and 

 

A

 

is the complex parameter characterizing the effect of
different factors on the treatment process.

By changing the treatment conditions (flux density,
exposure time, or other factors), it is possible to vary the
level of radiation acting upon the coating being pro-
cessed, which leads to a change in the mechanophysical
properties and geometrical characteristics of the surface
and diffusion layer.

The time of the continuous radiation effect on the
processes surface 

 

t

 

0

 

 at any point upon the displacement

APkmint0 A Pi ∆Pi±( )t0 APkmaxt0,< <

 

(a) (b)

 

Fig. 2.

 

 Structure of iron-alloyed coating: (a) fibrous structure; (b) granular structure (800 

 

×

 

 4).
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Fig. 3.

 

 Macrozones of structure transformations of iron-
alloyed coatings treated by a continuous CO

 

2

 

 laser.
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of the beam with diameter 

 

d

 

l

 

 is described by the known
equation

(2)

where 

 

r

 

l

 

 is the radiation flux-beam radius, mm; 

 

a

 

 is the
distance of the point from the diametric axis of the
direction of movement, mm; 

 

b

 

 is the treatment-delivery
step, mm/rev; 

 

d

 

d

 

 is the part diameter, mm; and 

 

t

 

d

 

 is the
revolution period of the part, s.

The maximum energy absorbed by the electroplating
elementary section that crosses the radiation flux in the
diametric plane and coincides with the direction of
movement direction can be determined from equation

(3)

Complex parameter 

 

A

 

 incorporates the radiation
energy-absorption coefficient depending upon the tem-
perature and character of the laser radiation spectra, the
absorption spectra, the radiation, and the workpiece
medium components; the roughness of the surface, its
reflective or radiating power; and the energy release or
absorption during the process of phase transformations.
Other factors influencing the process can be introduced
in accordance with the type of treatment and the electro-
plating material thermophysical properties. 

For sections situated at distance 

 

a

 

 from the displace-
ment direction axis, the energy absorbed by the surface
elementary part can be determined using the formula

(4)

According to [5], the rates of heating and cooling and
the relationship between the temperatures of the electron
gas (

 

T

 

e

 

) and the crystal lattice (

 

T

 

i

 

) play the governing role
for the processes of phase transformations upon multi-
component system hardening. We believe that the
approximated definition of this relation can serve as a
criterion of validity of the production cycles or as the
probability of achieving the phase transformation condi-
tions in alloyed-electroplating coatings. To determine
them, we can use the known equation [5]

(5)

to

2td rl
2 a1

2–

b2 πdd( )+
2

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

W
PiAdltd

b2 πdd( )2+
-------------------------------.=

W
2Pi rl

2 a1
2– td

b2 πdd( )2+
--------------------------------.=

T0 Ti–( )max
2q

α πaτ
-----------------,=

 

where 

 

q

 

 is the radiation flux density, 

 

α

 

 is the coefficient
of the heat transfer between the electrons and the lat-
tice; 

 

a

 

 is the temperature-conductivity coefficient of the
electron gas, and 

 

τ

 

 is the laser-radiation exposure time.

The above equation most likely characterizes the pro-
cess of the laser-radiation effect on pure metals with a
more perfect crystal structure. In the case of an electro-
plating-iron coating, it can only be applied to approxi-
mate calculations. Substituting into it the flux density
values and exposure time from equations (1)–(4) for the
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Fig. 4.

 

 The surface of an amorphous layer of an iron-alloyed
coating treated by a CO

 

2

 

 laser (3000 

 

×

 

 2): 1, amorphous sur-
face layer; 2, amorphous layer in the microcrack areas.
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Fig. 5.

 

 Surface of internal-combustion engine parts treated
by a continuous CO

 

2

 

 laser: (a) wrist pin; (b) camshaft.
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processes of continuous radiation treatment at material
displacement, we obtain

(6)

Taking into account the complexity of the calcula-
tions in multicomponent materials and the effect of the
energy transfer between phases with different heat
capacities, it is worthwhile calculating the temperature
from the average material heat capacity. For technologi-
cal calculations, the coating surface-layer temperature
can be determined from the expression

(7)

where 

 

c

 

 and 

 

m

 

 are the heat capacities and masses of the
components and certain phases of the coating-material
structure, respectively; 

 

K

 

1

 

 the coefficient accounting for
the energy absorption; and 

 

K

 

2

 

 is the coefficient account-
ing for the interaction of the heat flow between the
phases of the coating material.

Te Ti–( )max

2 Pi ∆Pi+( )A

α πa
dltd

b2 πd( )2+
-----------------------------

--------------------------------------------.=

Tn

K1W
K2 c1m1 c2m2 … cnmn+ + +( )
-----------------------------------------------------------------------,=

Using the presented equations, dependencies, and the
thermophysical characteristics of the substances, it is
possible to calculate the necessary specifications and
conduct test estimations for the treatment of materials
and parts.

To improve the quality and obtain particular proper-
ties, it is expedient to determine the regime-critical
parameters (flux density, exposure time, surface-layer
temperature) to ensure polymorphous phase transforma-
tions and the chemical processes of the formation of
amorphous phases of intermetallic compounds. Such
phase transformations as evaporation and partial melting
of the surface layer, which cause changes to the surface
geometric characteristics because of configuration
effects, are acceptable within the limits of the require-
ments of the product.

Equations (1)–(6) can more plausibly describe the
phenomena of the process under the conditions of a high
uniformity of the energy-flux density in the normal beam
section. Actually, for instance, for CO2 lasers with con-
tinuous operation, the energy-flux density in the beam
diametric section has explicitly pronounced maximums
in the central regions. This factor manifestation is
revealed experimentally at varying conditions of iron-
alloyed coating treatment. Thus, at the energy-flux den-
sity causing evaporation in the central area (of the beam
action) and partial-melting of the material, at certain time
cycles, seven ring macrozones appear (see Fig. 3) with
peculiar levels of conversion of the initial surface and
depth states accompanied by the formation of different
structures owing to the phase transformations achieved
at the respective temperatures (Fig. 3). Changing the
beam energy-flux density and time of action on an iron-
alloyed coating within the limits of the conditions neces-
sary to achieve the temperature of evaporation and melt-
ing up to the temperatures below the critical values,
causes a certain transformation of the structure of the
surface and depth layers; thus, the possibility of obtain-
ing a wide range of material states has been demon-
strated on numerous occasions.
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Fig. 6. Wear I of internal-combustion engine camshafts restored using iron-alloyed coatings (IAC) and treated by a laser (IAC LT):
(a) wear of the thrust journals; (b) wear of the cams.
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Fig. 7. Wear I of internal-combustion engine-crankshaft
main journals and bushings depending on the car landing
run L, restored using iron-alloyed coatings (IAC) and
treated with a laser (IAC LT).
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With the aid of metallography and electron-micro-
scope analysis, it has been revealed that, at the transition
boundary and within the limits of every macrozone, dif-
ferent microstructures and phase components both in the
surface and depth layers of the coating have been
revealed. Their generation is connected with the level of
the energy effect upon laser treatment using the thermo-
physical and chemical properties of the components
(Fig. 4). The calculation of these processes taking place
in the treated alloyed coating during the stages of heating
and cooling is a rather complicated problem. Thus, the
conclusion on the application of one or another treatment
regime might be made only after the correlation between
the theoretical computation with the experimental data is
carried out.

Analyzing the laser effect levels, the state of the sur-
face and structural-depth constituents, and correlating
the phase transitions with the thermophysical character-
istics of the alloyed-coating components, it is possible to
estimate the attained temperatures in typical areas and
critical values of the energy and time conditions to obtain
some properties and to determine acceptable treatment
conditions.

Thus, for example, macrozone 4 is characterized by a
thicker surface layer of the material subjected to amor-
phization, consisting of the components of the iron-
alloyed coating and the components of substances
applied to the surface of the coating in order to improve
its ability to absorb radiation and impart to it some pecu-
liar properties (corrosion resistance, wear resistance,
etc). The iron-alloyed coating-depth layers subjected to
laser treatment are characterized by such changes, mani-
festing themselves in the formation of new structural
components, which are limited by the heat effect and the
values of the heating temperatures attained and the rate
of cooling. The laser treatment conditions that ensure the
formation of an amorphous state in the external region of
the surface layer were used to harden parts, were restored
by iron-alloyed coatings, and were obtained in a multi-
component methyl-sulphate-chloride electrolyte. For
surfaces working under friction at high and low speeds of
the slipping-treatment regime corresponding to the for-
mation of an amorphous surface layer through the evap-
oration and melting of microrelief peaks, the geometrical
dimensions in the tolerance zone remain the same
(Fig. 5).

Bench and operation trials of preproduction lots of
crankshafts and camshafts, restored using iron-alloyed
coatings, have shown the advantage of laser treatment
under conditions ensuring the generation of an amor-
phous layer on the surface. Thus, camshaft-thrust jour-
nals (TJ), treated with a laser (IAC LT) and tested on a
bench using abrasion (see Fig. 6a), had 30–35% less
wear than those that were untreated (IAC). The diame-

ters of the cams were worn down (CID, inlet; COD, out-
let). The best improving effect was found for the laser-
processed inlet (CIC) and outlet (COC) cams. Their
height wear was less by a factor of 2–2.2 than for those
untreated (see Fig. 6b). During the operational analysis
of cars, the same results for the crankshafts of engines
restored using iron-alloyed coatings (I) treated by a laser
(LT) were obtained. The wear of the restored and laser-
hardened main journals (MJ) and main bushings (MB)
was less by a factor of 2.5–2.8 than for those untreated
(see Fig. 7).

The theoretical and experimental investigations
reported on here of the process of the production and
treatment of iron-alloyed coatings using intensive fluxes
of laser radiation energy give grounds for characterizing
the principal virtues of the mentioned method of treat-
ment: its high rate, the possibility of changing the struc-
ture and phase state of the alloyed coatings and their
properties over wide limits, and the possibility of local
treatment without disturbance of the initial structure and
properties of the detail material. The application of the
laser treatment method for factory overhaul is rather
promising from the point of view of the improving qual-
ity and efficiency of the parts restoration process.

CONCLUSIONS
Theoretical calculations of the critical values of the

treatment energy-flux density, the process kinematics,
and time characteristics, performed on the basis of mod-
ern theories on the energy flux-treated material interac-
tion have helped to determine the conditions, acceptable
for technological purposes, at which there is attained a
change in the properties of the surface and depth layer of
iron-alloyed coatings.

Experimental results confirm theoretical predictions
on the interaction of the energy flux with the iron mate-
rial and iron-alloyed electroplating.

The experiments show that, by changing the iron-
alloyed electroplating treatment conditions, it is possible
to obtain various structures in the coating surface and
depth layers.

The method of evaluating the critical states of the
treated coatings, at which phase and structure transfor-
mations are obtained, is proposed.

Iron-alloyed coatings hardened by a CO2 laser, under
conditions that ensure the formation of an amorphous
layer, improve substantially the wear resistance of the
part surface in moving conjugations.
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INTRODUCTION

The structure of a metal alloy (its phase composi-
tion, the dimensions and shape of the grains, the distri-
bution of the formed particles, etc.) constitutes an
essential criterion that characterizes the quality of the
obtained material.

The importance of the structural parameters is deter-
mined by the fact that they directly influence the phys-
ical and mechanical properties of the metal alloy.

An efficient way of improving the metal alloy struc-
ture is the use of an ultrasound action during the solid-
ification process. Ultrasound excitation of metals in the
melted state may be achieved by the direct action of an
ultrasound on the bath with the melted metal, the mold,
the casting form, or other intermediate devices.

Using ultrasound during the solidification of metal
alloys yields materials with superior structural charac-
teristics and improved properties [1].

1. EXPERIMENTAL METHOD

The experiments were performed on the aluminum
alloy ATC Si

 

10

 

Cu

 

4

 

 (3.6% Cu, 0.1% Mg, 11.2% Si, 0.5%
Mn, 3% Zn, the remaining—Al) and solidified in a
mold under the action of an ultrasonic field produced by
a 1000-W ultrasound generator (USG) using the ultra-
sonic (oscillating) system shown in Fig. 1.

The useful power can be varied by modifying the
intensity of the premagnetization current in the oscil-
lating system; this condition may be achieved using
the step-cylindrical concentrators with various
degrees of amplification of the oscillation amplitude
(

 

A

 

 = 8–25 

 

µ

 

m).
The step-cylindrical concentrators and the micro-

mold are made of titanium alloys resistant to ultrasonic
action [2].

2. EXPERIMENTAL RESULTS

Samples of the ATC Si

 

10

 

Cu

 

4

 

 alloy were solidified in
an ultrasonic field with the frequency of 

 

ν

 

 = 17.5 kHz
and 

 

P

 

us

 

 = 100–350 W. In order to attain the maximum
efficiency of the ultrasound, the ultrasonic field was
switched on until the end of the solidification process.
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Abstract

 

—An ultrasonic field was applied to melted metal alloys during their solidification with the aim of
obtaining their microstructure in a solid state characterized by small-sized grains. In this paper, the results of
experimental research are presented, obtained under the application of an ultrasonic field of 100–350 W during
the solidification of an ATC Si

 

10

 

Cu

 

4

 

 alloy cast in a mold.
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Fig. 1.

 

 Scheme of the ultrasonic system. 

 

1

 

—magnetostric-
tive transducer; 

 

2

 

—standard concentrator; 

 

3

 

—step-cylin-
drical concentrator; 

 

4

 

—micromold.
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These samples were analyzed by diffractometry, and
their microstructure and hardness were also investi-
gated.

The diffractometric analysis has shown the presence
of Al, Cu, and Si as distinct phases in the solid solution,
as well as the presence of the chemical compounds
CuAl

 

2

 

, Cu

 

2

 

O, and Al

 

2

 

O

 

3

 

 (table).

Microscopic investigations confirmed that the den-
dritic structure of the samples solidified under normal
conditions (

 

P

 

us

 

 = 0 W) transforms into the cellular

structure in the samples solidified in ultrasonic field
(Fig. 2).

It should be noted that the chemical compounds
CuAl

 

2

 

, Cu

 

2

 

O, and Al

 

2

 

O

 

3

 

 can be found at the grain
boundaries of the solid solution.

CONCLUSIONS

The experimental results may be explained on the
basis of a decrease in the surface tension at the bound-
ary surface between the metal melt and the micromold
wall, as well as at the solid phase–liquid phase interface

 

Phases found in the ATC Si

 

10

 

Cu

 

4

 

 alloy solidified in an ultrasonic field

Sample Ultrasound 
power, 

 

P

 

US

 

, W

Phases Hardness, 
HB, N/mm

 

2

 

Al Cu Si CuAl

 

2

 

Cu

 

2

 

O Al

 

2

 

O

 

3

 

1 0 (111)
(200)

(111)
(200)

(111)
(220)

(110) – (101) 691

2 100 (111)
(331)

(111)
(222)

(400)
–

– – (123) 715

3 125 (111)
(200)

(111)
–

(111)
(220)

(110)
–

(110) – 742

4 150 (111)
(200)

(111)
(311)

(111)
(220)

(110) (110) (101)
(123)

771

5 175 (111)
(200)

(111)
(220)

(111)
(220)

(110) (110) (101)
(123)

802

6 200 (111)
(200)

(111)
–

(220)
(400)

(110) – – 831

7 225 (111)
(200)

(111)
(220)

(111)
(400)

(110) – – 863

8 250 (111)
(200)

(111)
(220)

(111)
(220)

(110) (110) (123)
(233)

900

9 275 (111)
(200)

(111)
–

(111)
(220)

(110)
(112)

(110) (101)
(123)

942

10 300 (111)
(200)

(111)
–

(111)
(220)

(110)
(112)

(110) (123) 981

11 350 (111)
(200)

(111)
–

(111)
(220)

(110) – (112)
(101)

1021

 

(a) (b) (c)

 

Fig. 2.

 

 Structure of the solid ATC Si

 

10

 

Cu

 

4

 

 alloy using (a) normal solidification; (b) solidification in an ultrasonic field, 

 

A

 

 = 8 

 

µ

 

m;
and (c) solidification in an ultrasonic field, 

 

A

 

 = 25 

 

µ

 

m (chemical reagent, 0.5% HF; magnification, 100 : 1).



 

SURFACE ENGINEERING AND APPLIED ELECTROCHEMISTRY

 

      

 

Vol. 43

 

      

 

No. 4

 

      

 

2007

 

CHANGES IN THE STRUCTURE AND PROPERTIES OF ALUMINUM ALLOYS 305

 

due to the increase in the adhesion between the ele-
ments in contact.

Ultrasonic excitation of the micromold decreases
the degree of undercooling and increases the nucleation
ability of the melted metal, favoring the formation of a
fine-grain microstructure with superior mechanical
properties.

An increase in the oscillation amplitude and, hence,
in the ultrasound power results in a decrease in the crys-

talline grain size, the elimination of some solidification
defects, and substantially increases the hardness of the
studied alloy.
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