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CHARACTERISTICS OF THE LOW-FREQUENCY CAPACITIVE
DISCHARGE

Peter DINEFF, Dilyana GOSPODINOVA

*Technical University of Sofia, Department of Electrical Apparatus, 1000 Sofia, Bulgaria,
E-mail: dinefl_pd@iaby.bg: dilianang@yahoo.com

Abstract. The low-frequency electric discharge that burns at atmospheric pressure and
industrial frequency (50/60 Hz) is represents a good technological alternative of the
RF- and glow discharges at low pressure, Based on the external static characteristic of
the discharge, basic electrical parameters are proposed, which are suitable for investi-
gating and controlling the technological process of surface plasma-chemical
modification.

Keywords: external (volt-ampere) static characteristic, high-pressure low-frequency

discharge, plasma-chemical surface modification, surface current density, surface

power density.

INTRODUCTION

The low-frequency capacitive discharge (LF-CD) at atmospheric pressure and
industrial frequency (50/60 Hz) is the more and more frequently used alternative of
glow and RF-clectrical discharges in the technology of plasma-chemical surface
treatment of polymers and polymer materials.

Burning of LF-CD discharge in air at atmospheric pressure is determined in the
first place by the dissociation and ionization of oxygen and nitrogen i. e. by the produc-
tion of ozone and the chemical active products resulting from its decomposition, and of
the nitrogen oxides and their active oxidation. The variety of plasma-chemical proc-
esses is too much considerable and is an essential obstacle not only to accomplishing a
general description of the technological process, but also to controlling the plasma-
chemical modification.

Plasma-chemical processes going on in the LF-CD discharge are unambiguously
connected with the development of electrical processes in the discharge. The external
static characteristic of the LF-CD discharge that expresses the relationship between the
average value of the electric current and the effective of the voltage applied can be used
for explaining the clectrical and plasma-chemical processes in the discharge.

Two characteristic operating sectors arc observed on the external static
characteristic of the LF-CD discharge. These operating sectors correspond to the
behavior patterns of oxygen and nitrogen. We have shown the possibility to model
these sectors by using a linear regression relationship.

THE TASK of the present work consists in the illustration of an original ap-
proach that allows describing and controlling the technological regimes of plasma-
chemical modification through basic electrical characteristics of the LF-CD discharge.



THEORETICAL AND EXPERIMENTAL INVESTIGATIONS

The general view of the external static volt-ampere characteristic and straight-line
operating sectors AB and CD are shown in Fig. 1a.
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Figure 1. Characteristic sectors of the external volt-ampere characteristic of the LF-CD discharge, 1. ¢.
the relationship between the average current value [/, and the effective value of applied voltage Uy

(a): OA — non-operaling sector; AB — {irst operating sector responsible for the electrical and chemical
processes going on with the participation of oxygen; CD - second operating sector responsible for the
electrical and chemical processes that go on with the participation of nitrogen; BC - transient region,
Linear model of the external characteristic and critical electrical parameters (b) of the two transitions
to the first (A-B) and second (C-I), point B = point C) operaling sectors.

Burning of LV-CD discharge is characterized by a constant voltage applied to the
discharge or by a constant burning voltage U, for the whole operating sector, irrespec-
tive of the values of supplied voltage U, and current /. Each operating sector is
characterized by its own voltage of discharge burning, i.e. U, and Uy, respectively.
The two voltages are represented by their effective values in the same way as they take
part in the volt-ampere characteristic. Actually, after discharge ignition they should be
represented by their maximal values, 2 .U, ¢ and V2 Uy, tespectively, for the effec-
tive value is meaningless under these conditions.

The equivalent electric circuits of the LV-CD discharge for different stages of
burning may be presented by using corresponding voltage sources substituting for the
discharge gap. The air gap is substituted by two capacitors, CyQ and C 4y, connected in
series in such a way that at the first non-operating stage of discharge development the
equivalent circuit consists of three capacitors connected in series, Fig. 2a. At the second
stage, the discharge gap is substituted by the in-series connection of a source of voltage
equal to the burning voltage U, and capacitor Cyy, Fig. 2b. At the third stage, the
discharge gap is substituted by only one voltage source U, », Fig. 2c.

All subsequent considerations are made by using the demonstrated three equiva-
lent circuits of the discharge and the plasma generator, Fig. 2.
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Figure 2. Equivalent electric circuits of a LF-CD discharge at the different stages of its development:
a — non-operating stage, i. e. the electric discharge has not been ignited yet, the air gap is represented
by the two capacitors, Cqo and Cyw; connected in series; b = first operating stage corresponding to the
active participation of oxygen; ¢ — second operating stage corresponding to the active participation of
nitrogen. These circuits reflect the model created for the elementary processes going on in the
discharge, taking into account the participation of the two gases, oxygen and nitrogen.

The inclination of straight-line sectors in the external characteristic is determined
by the capacitive reactances as follows, Fig. 2:

(] for sector OA:

} Cs0CsnCp Cs0Cs,N . Cair Cp
(1) ('OA - s Lair T s “0A TS
Cs.0+Cs.n +Cp Cs.0tCsnN Cair +Cp
(1 for sector AB:
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(2) Cap= Ty
AN +Cb
d for sector CD:
(3) Cep =Cy.

_ The basic electrical characteristics for sector AB and the critical parameters,
namely the critical current /. and critical voltage U,,, may be wholly presented by the

voltage of discharge burning U, :

(4) [au=’5f’CAH [Ueff--ugjo);
wC wC wCpap U, o
(5) Jau= SAB (Ucﬂ‘" _Ug,0)='_5lﬂnufff _#“TL'—'BUQ}" - A
(6) P=Ug,0 (]au_!cr);
U wCag U @(Cyip +Cag U2
(7) Pa =—2—O'(‘]au“1cr}= Al;. = Ueff - ( = 5-43) 20 :DUeff -C;
Cur +C
(8) Uero ”“GEB_A“E‘U&O;
9) Tero = Cojr Ug,O'

The external volt-ampere characteristic 1, = @(Ueff) is presented as a polygon of

three straight-line sectors, each of which corresponding to a different stage of the
development of the LF-CD discharge, Fig. 1b. In such a way, the variation of voltage
applied helps determine the existence limits of the plasma-chemical regimes of surface



helps determine the existence limits of the plasma-chemical regimes of surface
modification, which correspond to the first sector AB and the second sector CD, Fig. la.
The external volt-ampere characteristic /,, = ¢ (U, } depends on the active area of
electrodes §, which determines its applicability to the corresponding concrete clectrode
systems only. It is used with a scale change, namely J,, =/,./S, for plotting the new
characteristic J,, =& (U[,ff} that does not depend on the active electrode area § any more
and has a universal character as concerns the electrical processes, for it takes into ac-
count the intensity of elementary processes going on in the discharge itself, equation 5.

The processes of dissociation and ionization as well as the plasma-chemical
processes that depend on the foregoing ones have a threshold-like character. For in-
stance, the plasma-chemical treatment in ozone- and oxygen-containing cold plasma
starts only after the LF-CD discharge has ignited, i.e. upon attaining the critical
parameters of current and voltage, J,, o and U, o, respectively, which are responsible
for the first operating sector AB, cquations 8 and 9. The treatment in cold plasma con-
taining nitrogen oxides, which is characteristic for the second sector CD, starts only af-
ter reaching the critical electrical parameters corresponding to the new transition: J, y

and U(:J',N .

The technological effect of the modification depends not on the value of current
density J,, at a given time, but on the difference J,, - J, . The specific quantity of
electricity gg =J,, -J.,, carried over by the discharge per a unit of time through a unit
of active area of the electrodes, represents a measure for technological effectiveness of
emerging plasma-chemical changes in the air and on the polymer surface treated.

The variation of the specific quantity of clectricity g, for the first operating
sector AB may be described as a function of the voltage applied to the electrode system
Uero <Uegy <Ug y and the discharge burning voltage U, o

w C . w C ..
(10} 45.0 =J 4 *Jm‘,() = F Al (L’eﬁf -UH-U)—_gﬂL Ugﬂ or
w Cap w (Coir +Cag) C
(1]) 480~ S Ueff = a”S AB L"g‘o =BUE’ﬁ —W.
€.

The technologically cffective specific quantity of electricity g5, may be also ex-
pressed by the surface density of active power p,, cquation 7:

1
(12) 4s.0 =——‘:39-f =———pg =k pg, k =Const,
" Ugo Ugo

i. ¢. the variation of technologically cffective specific quantity of electricity gg ¢ is pro-
portional to the surface density of active electric power p, .
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Burning voltage U, o has the meaning of a specific surface density of the active
power of the LF-CD discharge, which is assigned to the technologically effective
quantity of electricity carried over by the discharge per a unit of time through a unit of
active area of the clectrodes, or the burning voltage is an intensive characteristic of the
technological process:

i Pa Pa
(13) Uy,o= - _
& qs.0 'Im' _Jcr.O
The low voltage of burning U, o defines a large quantity of electricity gg () car-
ried over by the discharge through a unit of active arca of the electrodes:

1
(14) g 230: ko aConst
Pa Ug.O

Four constants define the basic electrical and technological characteristics J,,,,
Pa» and gg . These are A, B, C, and D. Constants A and B are determined on the basis
of the experimentally obtained external static volt-ampere characteristic, while the rest
of them are obtained from A and B by using the following basic relations in accordance
with equations 5, 7, and 11:

;-

C.:
=Uqo =[‘ e }Ug,o
. AB J

(15) Aay AL
D B B

L)

. C
g0> _5

It is sufficient to know four quantities A, B, Uy, and U,,p, in order to plot the ba-
sic electrical and technological characteristics of the LF-CD discharge for the first oper-
ating sector of the discharge’s external static characteristic.

Analogous considerations are applied to describing the second operating sector of
the external static characteristic.with the only differences that there exist different coef-
ficients A" and B*, different critical voltage U, » and different burning voltage U, of
the LF-CD discharge.

Fig. 3 illustrates the variation of burning voltage U, o of the LF-CD discharge,

which is characteristic for the first operating sector AB. with the variation of the
parameters assumed, namely the thickness 6 of the glass (alkaline glass) barrier and the
size b of the air gap. The discharge is bumning between two rectangular clectrodes
placed in a flat-parallel manner in a virtually uniform field.

Discharge burning voltage U, o varies within rather wide limits, remaining be-

tween 2.5 and 10.0 kV in a rather large region of the factor space. There are, however,
two regions, in which the burning voltage attains up to 20 kV, Fig. 3.



CONCLUSIONS

The present investigation demonstrates the importance of the basic electrical
characteristics, namely discharge burning voltages U, o and U, y, for the integral
characterization of its technological behavior in the two main technological regimes.

The specific quantities of electricity gy and gg y together with the surface
density of active power p, may be considered electrical parameters suitable for describ-
ing the technological behavior of the LF-CD discharge in the corresponding regime of
burning,.

Thickness of glass barrier § mm
8.0

R Ty Lin
15 30 6.0 9.0 120 150

Size of air gap b, mm

.00-2.50 2] 2:50-5.00 Eis.on-:uso 7.50-10.00
[Jroo0zs0 [Jizso-15.00 [EF1s.00-17.50 [7]17.50-20.00

Burning voltage Ug,(); kV

Figure 3. Variation of burning voltage U, , for first operating sector AB of the external static

characteristic of LF-CD discharge with the variation of barrier thickness & and size & of the gap be-
tween clectrodes,
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