110

Formation Regularities of Gaseous Vapour
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This work focuses on the factors causing appearance of a steady and continuous vapour-gas envelope
which functions as medium for plasma electrolytic saturation of metal and alloys with interstitial
elements (nitrogen, carbon, and boron). It is established that second critical voltage associated with
transition from the current oscillation mode to the stable heating is determined by anion emission from
boiling electrolyte in the envelope and heat transfer conditions in the system. Stability of the interface
electrolyte—envelope is provided by the energy liberation in the envelope due to the passage of
current. Second critical voltage promoting the anion emission is calculated on the base of Gouy—
Chapman model and Tonks—Frenkel aperiodic instability. Theoretical dependence of critical voltage
on the electrolyte concentration is confirmed experimentally. The influence of the electrolyte
concentration on the second critical voltage is explained by the ability of the electrolyte to emit
anions. Effect of solution flow rate on this voltage accounts for heat transfer conditions. It should be
noted that the anion emission explains the influence of electrolyte composition on the weight change
of the anode sample, limit heating temperature (~1000°C) due to the limited emissivity of electrolyte,

discrete current in the case of a small surface anode, and high-frequency pulse of the current.
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INTRODUCTION

Plasma electrolytic treatment (PET) claims the
increasing attention of researchers as a rapidly
developing area of surface engineering owing to new
opportunities of its various applications [1-3]. These
applications include cleaning processes of steel
surface [4]; the methods of steel hardening [5] and
rapid surface annealing of peened steel [6].
Saturation processes include nitriding of the cast
iron and cast steel [7], carbonitriding of steels
[8-11], carburizing [12, 13], boronizing [14] and
borocarburizing [15]. Pulse plasma electrolytic
saturation (PES) is particularly significant because
this method makes it possible to form the
nanostructured layers with advantageous properties
[16, 17]. As a rule, PES is realized at voltages
enabling the appearance of three-phase systems (i.e.
metal — vapour-gas envelope (VGE) - electrolyte)
disregarding a possible oxide layer on the electrode
surface [1]. Those systems differ in types of
electrical discharges, chemical and electrochemical
reactions, etc. The electrode is surrounded by the
continuous or discontinuous, steady or unsteady
electrically conductive VGE. The continuous and
unsteady VGE formed at voltage higher than critical
U; is condensed periodically and formed again
[1, Figure 2a]. The value U; determines the energy
required for the electrolyte vaporization around
workpieces [18].

Steady and continuous VGE is formed when
voltage goes up to U,. This state is similar to film

boiling but differs from it by the presence of internal
heat sources in the VGE. The steady and continuous
VGE exists only when the value of the heat flux
from the VGE to electrolyte exceeds the critical flux
Omin €nabling the film boiling [19]. This heat flux
can arise only owing to the sufficient energy release
in the VGE due to the current passing through it.
Thus, the key issue of the stationary PES existence
is a proper conductivity of the VGE which depends
on the active electrode polarity. Electrical discharges
are assumed to provide VGE conductivity, if the
active metallic electrode is a cathode capable of
providing intense electron emission. It is established
that the emission spectrum of the cathode VGE
contains the lines of the system elements [20].

Conversely, ionization of the anode VGE in the
voltage interval from 100 to 300 V is not found, and
the glow spectrum is characteristic to that of a
heated body [18]. In this case, the electrolyte surface
near the VGE is a cathode where the electron
emission is at least problematic. We assume (as in
our earlier work) that the base charge transfer
through the anode VGE at voltages up to 250-300 V
occurs via anion emission and their transition from
boiling electrolyte to anode under electric field [21].
This paper focuses on the theoretical analysis of
anion transfer from electrolyte to the VGE and
confirmation of this mechanism by the experimental
study of influence of the treatment conditions on the
second critical voltage.
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EXCESS CHARGE EVALUATION IN THE
SURFACE LAYER OF AQUEOUS
ELECTROLYTE

The simplest variant of the anode PES for the
steady-state system within the range from 100 to
300 V is considered [3]. Appropriate thermal models
for calculation of the anode temperature, current
density, and the VGE thickness are developed [22].
The heat evolving in the VGE transfers to the anode,
electrolyte, and atmosphere. The electrolyte
temperature distribution is supposed to be constant.
The electrolyte temperature at the VGE—electrolyte
boundary is 100°C; it decreases to normal room
temperature at a longer distance from VGE. This
state is provided by electrolyte cooling with the use
of heat exchanger.

Consider the state of the electrolyte near the
VGE. The aqueous electrolyte surface contains ions
and molecules of the solved substances; water
molecules partly belong to solvated ions. Some ions
can be transferred from the electrolyte to the VGE
during the process of boiling because of the
interaction with water molecules. The ions are not
able to move over a long distance from the solution
because of the electrical forces which are associated
with the uncompensated charge of the ions
remaining in the electrolyte However, some of
emitted ions do not return to solution even if the
electric field is available. In this case the solution
surface will get the negative charge owing to the
increased anion concentration (Figure 1).
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Fig. 1. Potential distribution in the system under consideration.

It should be noted that in the case of double layer
existing on the interface without the external electric
field is not considered here. An excess surface
charge can be evaluated by Gouy—Chapman model
where the ions concentration is described by
Boltzmann distribution law.

In practice, the anode surface area must be at
least an order of magnitude smaller than that of the
cathode. For this reason, the maximal current density

and Joule heat evolution are observed at the anode.
Lines of current have axial symmetry in the
cylindrical work chamber; electric field distribution
may be more complex in other cambers. However,
we can ignore these effects near the anode as the
VGE thickness is by a factor of tens smaller than the
anode size. This fact enables us to use a single-
dimensional case with coordinate directed
perpendicular to the anode surface.

Let us denote the electrostatic potential in the
VGE and the solution o¢(x) where axis x is
perpendicular to the interface. Let us also denote the
bulk concentration ions No, then the concentrations
of the ions of any species in the electrolyte is

where e is the elementary charge, k is the Boltzmann
constant, T = 373K is the boiling solution
temperature.

The excess charge per unit volume in the surface
layer is then

p. (X)=€[ N, (X)~N_(x)]=-2eNsh (e‘i_g)j )

Potential distribution in the electrolyte is
described by the Poisson equation:
d°9(x) __p.(0) _2eN, . ep(x) 3)
dx’ €€, €€, kT

where ¢ is the dielectric constant of the solution,
€0 = 0.885-10™ F/m is electric constant.

The electric field strength is recognized to be
zero at distances far from the VGE then integration
gives:

d_(p __ 4kTN0 |:Ch E(p(X) —l:l or
dx €€, KT

do __ [8KTN,  eo(x) (4)
dx g€, 2KT

Second integration leads to potential of the
excess charge in the electrolyte

4kT
X) =——arth | Cexp(—ax) |;
9(x) =——arth [Cexp(ax)]
C=th% g_g | 2No (5)
akT eg kT

where ¢s = ¢(d) is the surface solution potential.
Constant C may be determined through the electric
field strength at the VGE boundary:

__Go_ [BKTN, —ox)]=
E(x) = o\ oo, sh[2arthC exp(—ax)] ©)

_ |8KTN, 2Cexp(-ox)
ge, 1-C?exp(-2ax)’
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It is obvious that E, = ¢E(0) at the envelope—
electrolyte boundary where E, is the electric field
strength at this boundary and & ~ 1. Then

E(O)ZE: /8k‘|’_|\|0£2 (7)
€ eg, 1-C

The electric field strength in the VGE does not
exceed the breakdown field strength at the
atmospheric pressure therefore we suppose that
E, = 10° V/m. Constant C is found by solving Eq. (7)
with the use of the following parameters:
k = 1.38:10% J/K; T = 373K; Ng = 6-10® m™ (1M
aqueous solution NH4NO3); € = 81. According to our
estimates C = 3.32.10° << 1 that allows us to
simplify the formula (5) and (6):

000 = XL ¢ exp(-a) = 0, exp(-ax), and
e

2KTN,

0

E(x)=4 C exp(—ax). (8)

Value C can be determined as follows.
Electrolyte surface instability may contribute to field
and thermal evaporation of the anions [23]. It is
shown theoretically that vapor circulation in VGE
along the electrolyte surface may generate Kelvin—
Helmholtz oscillatory instability. Furthermore, the
electrolyte—-VGE interface has a high charge density
which may cause the Tonks—Frenkel aperiodic
instability of the electrolyte surface at sufficient
voltage. The electric field strength in the VGE
provided for the anions emission from the boiling
electrolyte to the VGE is reached at the critical
surface charge density of the electrolyte surface

[24]:
Oeo = \4/4909802 ' ©)

where g is acceleration due to gravity, o is surface
tension coefficient of the electrolyte, p is its density.

The critical charge corresponds to the critical
electric field strength in the plane VGE near the
electrolyte surface:

2
£~ %o _99P% (10)

cr
€ €

Then, we can find C, using (8) and the relation
between the field strengths and the interface:

2
E(0) = — g [ZKTNog _ V9P 4
€ €€, ee

0
C= 3 gop _ \4[ gop kT (11)
¢s = :
e \f 2eN,

4 J2ekTN,
The excess of U, corresponding to E., results in
the instability of the electrolyte surface with ejection
of the excess charge in the VGE. Negative ions

emitted to the VGE drift in the direction of the
anode with the energy dissipation that provides the
VGE heating. The surface electrolyte potential is
suggested to be proportional to the applied voltage
with factor b thus we obtain the dependence of U, on
the electrolyte concentration:

b kT
U, =24gop, |~
2 = e VI 2eN,

The decreasing dependence of U, on the
electrolyte ions concentration has been obtained
experimentally (Fig. 2) in our earlier work [25].

(12)
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Fig. 2. Dependence of voltage U, on volume ion concentration
NO;~ of ammonium nitrate solution [26].

EXPERIMENTAL

Measurements were carried out using an
electrolyte plasma treatment unit. The sample was
treated under the conditions of electrolytic
longitudinal flow in an electrolyser — a cylindrical
stainless steel vessel of 100 mm in its inner diameter
and 210 mm high (Figure 3). Electrolyte circulation
is realized by a pump UntiStar POW-300 4L. The
electrolyte is cooled in a heat exchanger by tap
water; electrolyte temperature is stabilized at
15-16°C. Electrolyte flow rate is measured by a
flowmeter RMF-0.16 GUZ (accuracy to within
+2.5%) and ranged from 0 to 3 I/min.
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Fig. 3. Schematic illustration of coating setup.
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An aqueous solution containing ammonia nitrate
was chosen as electrolyte; its concentration
(1-3 mol/l) is controlled by measuring density. This
composition is characterized by high conductivity
and small anode dissolution of the steel workpieces.

All measurements are carried out with the use of
cylindrical workpieces of medium-carbon steel 45
(0.45% C) with a diameter from 7.4 to 22 mm and
250 mm in length (Figure 4). The appearance and
state of the VGE are studied on the exposed part of
workpieces with height 2 mm submerged at a depth
of 50 mm. The remaining surface of a sample is
covered by insulating tape.

A

— | =50 mm

Fig. 4. Sample-anode.

The critical voltage U, is found as follows. An
anodic sample is submerged into the flowing
electrolyte. Then the sample is voltage biased with a
positive value. Electric current in the VGE and its
frequency spectrum are recorded with an
oscillograph Zet 302 during 60 s. The measurements
are repeated with increasing voltage from 60 V up,
by 1 V at a time. The current oscillation mode
always occurs at the beginning of the measurement,
its average value exceeding 10 A. It is accepted that
U, is a minimal voltage which provides current
oscillation disappearance sooner than after 60 s and
the VGE appearance fixed by a sharp decrease in
current. Two measurements are given here as
examples. In the first case, the voltage on the power
supply is 68 V at an open circuit. This voltage is
decreased to 46.4 V after closing the circuit, current
oscillates from 8.72 to 9.36 A. The VGE appearance
is not detected during 60 s. In the second case, the
voltage 69 V at an open circuit decreases to 49 V
after closing it and current oscillates in the range
9.04-9.72 A. After 46.3 s the current is decreased to
0.96 A owing to the VGE appearance and the
voltage reaches 68.6 V. Hence, the value of the
second critical voltage is 69 V under these
conditions.

The voltage is measured with the voltmeter LM-1
(accuracy to within £0.5%). The value of current is
fixed with the use of digital multimeters MY-64 and

MS 2101 (accuracy to within +0.5%). The
electrolyte temperature is measured with a digital
thermometer MS-6501 with a thermocouple
(accuracy to within £3%).

RESULTS AND DISCUSSION

Figure 5 shows the current oscillogram and
spectrum associated with the current oscillation
mode with peculiar pulses and a relatively wide
frequency range. It is essential that the current drops
to zero, hence the VGE loses its conductivity for a
short period and gets condensed, thereafter, and this
process is repeated.

Another oscillogram is observed in the mode of
stationary anode heating when the VGE is steady
and continuous (Figure 6). The pulse of current
never drops to zero in this case. An average current
magnitude is much less in comparison with that
observed at the conventional electrolysis because of
the envelope with higher electrical resistance
appearance.

Figure 7 shows the dependence of the critical
voltage U, on the electrolyte concentration which
corresponds to the formula (12). A higher
concentration of ions in the electrolyte bulk results
in their higher concentration in the surface layer
with the excess charge. Consequently, a smaller
voltage of the external field is required for their
extraction from the electrolyte. Therefore, the
electrolyte with the higher ions concentration seems
to have a higher emission ability.

Voltage U, is established to depend on the
electrolyte flow velocity. Values of U, are presented
in Fig. 8 including the case of the condition of
natural convection. These increasing dependences of
U, on the Q can be accounted for the effect of two
processes. The first one is associated with an
additional solution movement in the case of the
forced electrolyte flow which promotes its stirring
and inhibits to the directed charges migration under
an electric field, that is, towards the VGE. The
second process may be related to the heat transfer in
the studied system. The higher the electrolyte flow
velocity is, the higher is the required heat flux from
the VGE to the electrolyte. This means that the
emission ability of the electrolyte fixed at this
constant concentration is not the only key parameter
of the system. The critical voltage U, appropriated to
the unmoved electrolyte does not provide the
existence of a continuous and steady VGE if the
electrolyte moves. Additional energy required for
the VGE existence is provided by means of
increasing U,. Figure 9 demonstrates the dependence
of U, on the anode diameter.

The U, values increase with the increase in the
sample diameter. This dependence is interpreted by
the heat transfer features in the studied three-phase
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Fig. 5. Current oscillogram (a) and current spectrum (b) in the oscillation mode. Voltage 60 V, NH,NO; concentration 2 mol/I,

sample diameter 12 mm.
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Fig. 6. Current oscillogram (a) and current spectrum (b) in the anode stationary heating. Voltage 200 V, NH4NO; concentration

2 mol/l, sample diameter 12 mm.
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Fig. 7. Critical voltage U, dependence on the solution
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system (metal-gas—electrolyte). Voltage determines
the power generated in the VGE, it is partly
transferred into the electrolyte and provides the
steady VGE-electrolyte interface. The heat flux
from the VGE to the electrolyte is proportional to
the VGE area, that is, to the diameter of the sample.
The heat transferred from the VGE through the
sample cross-section comes to its part protruding
over the electrolyte surface and further into the
atmosphere by convection. This heat part is
proportional to the cross-sectional area of the
sample, i.e. to its squared diameter. Therefore, the
heat transfer from VGE to the sample with its
diameter increases more rapidly than the heat flux to
the electrolyte. Hence, the minimum heat flux Qmin
from the VGE to the electrolyte may be provided by
the increase in voltage when the sample diameter is
increased.
CONCLUSIONS

Anode PES of metals and alloys with the
interstitial elements (nitrogen, carbon, boron) was
carried out under the conditions of workpiece
stationary heating. This state can be realized only in
the case of the steady and continuous VGE thus
preventing from any contact between the electrolyte
and the workpiece. The basic condition of VGE is a
sufficient heat flux from the VGE to the electrolyte
(at least the critical heat flux). Meanwhile, a heat
flux to electrolyte is associated with the energy
magnitude generated in the VGE which is dependent
on the electrical conductivity of the vapour-gas
media. Consequently, the critical voltage U,
corresponding to transition from the current
oscillation mode to the stationary heating is
associated not only with the heat liberation
providing electrolyte boiling but also with the
critical field strength in the VGE which is capable of
producing its conductivity. The known concept of
anion emission explains virtually all experimental
data. These include the influence of the electrolyte
composition on the anode mass change (anode
dissolution and oxidation) [3, 26], a limit heating
temperature (~ 1000°C) due to the limited emissivity
of electrolyte [21], a discrete current in the case of a
small surface anode, and high-frequency pulse of the
current [21]. It should be noted that deposition of the
solution components (for example, sodium chloride
or sodium carbonate) is observed on the anode
surface or the chamber walls near the processing
zone [18]. The ions of any species transfer to the
VGE but negative ones dominate affecting the
charge transfer and electrochemical reactions on the
anode surface. Other ions entering the atmosphere
recombine and are deposited on the surfaces with a
sufficiently low temperature. This fact limits the
kinds of substances in the solutions; the components

with low sublimation temperature (up to 400°C) are
useful only for the anode PES. For this reason the
ammonium salts are often used in the electrolytes for
PES. These salts do not form a layer on the anode
nor sediment on the unit parts distant from the
heating zone.

Factual findings are as follows:

1. The method of calculation of the second
critical voltage U, on the base of the Gouy-
Chapman model and Tonks—Frenkel aperiodic
instability of the electrolyte surface under electrical
field is proposed. Calculation results explain the
decreasing dependence of the U, on the electrolyte
concentration and its increasing dependence on the
electrolyte temperature according to formula (12).

2. Values of the second critical voltage and the
critical heat flux generated in the anode region and
associated with U, are measured. It is established
that both values are increased with the electrolyte
flow rate. Heat transfer from the envelope to the
electrolyte is carried out through its boundary layer;
the thickness of this layer is decreased with the
increase in the electrolyte flow rate. Hence, the
temperature gradient, the heat flux density g,, and
the critical voltage U, are increased. In addition, the
regularities of heat transfer permit us to explain the
increase in critical voltage with the increase in the
diameter of the sample-anode.
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Pedepar

B pabote paccmarpuBaroTCs IPUYWHBI 0O0pa30BaHUS
CIUTOIIHOW W YCTOWYHMBON aHOJHOM Mapora3oBoi 000-
noukn ([IT'O), B KOTOpOW MPOBOIMTCS BICKTPOIUTHO-
miasmennoe Hachimenne (DITH) MeramwioB W CruiaBoB
JETKUMH DJIeMeHTaMHu (a30TOM, yIIIepoaoM, GOpom).
YCcTaHOBIIEHO, YTO BTOPOE KPHUTHUYECKOE HaMpshKEHHE,
CBSI3aHHOE C IIEPEXO0JIOM OT PEXHMMa MPEphIBAHUH TOKa K
PEKHMY CTallMOHApHOTO HArpeBa, ONPENeNseTCs IMUC-
cHell aHMOHOB M3 KHIISILETO JJIEKTPOJIUTA B 000NOUKY U
YCIOBHSMH TIepejayd TeIula B CHCTEME. Y CTOHYHMBOCTB
TIOBEPXHOCTH pazfieia 3JIeKTPOIUT — obosouka obecre-
YHMBAETCS BBIJCICHHEM SHEPrHU B 00OJIOYKE BCIIEICTBHE
NPOXOKACHUS Yepe3 Hee DJIeKTPHUYEecKoro Toka. Bropoe
KPUTHYECKOE HAINpsDKEHHE, CIIOCOOCTBYIOLIEE SMHCCHU
aHMOHOB, paccunTaHo Ha 0aze monmenu [tom—Yamnena u
alepuoJU4eCcKO HEyCTOMYMBOCTH Thna ToHkca—PpeH-
kemst. Teopernueckast 3aBUCMMOCTh KPUTHYECKOTO HAIpsi-
KEHHUsl OT KOHIEHTPAIMU 3JIEKTPOJIUTA IIOATBEP)KICHA
IKCIIEPUMEHTAJIBHO. BIIMsIHHE KOHUCHTPALUK JJICKT-
poNMTa Ha BTOPOE KPHUTHUECKOE HAIpsHKEHHE OO0Bsic-
HSETCS. OMUCCHOHHOH CIOCOOHOCTBIO  3JIEKTPOJINTA.
BiusiHue CKOpOCTH TEYEHHs JIEKTPOIUTA HA ITO HAINPS-
JKEHHS CBSI3aHO C YCJIOBMSAMH mepenadn Teruia. HeoOxo-
JUMO OTMETHTbh, 4YTO OMHUCCUS aHHOHOB OOBSACHACT
BIMSIHAE COCTaBa OJJIEKTPOINTAa HAa H3MEHEHHE MaccChl
oOpa3ua-aHozma, MpEAeNbHYIO TeMIlepaTypy Harpesa
(~1000°C) wu3-3a OrpaHMYEHHS SMHUCCHOHHOM CII0CO0-
HOCTH OJICKTPOJINTA, MUCKPETHBI XapakTep TOKa B
cllyyae aHOAa C Majoil TOBEPXHOCTBIO U  BBICOKO-
YaCTOTHBIC UMITYJIbChI TOKA.

Knroueswie cnosa: naazmennviii 91eKmponu3s, dIMUCCuUs
AHUOHO8, KDUMUYECKOe HaNPSAJiCeHUe.



