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ABSTRACT: The plasma-chemical surface modification performed
at atmospheric pressure through corona or barrier air discharges is
characterized by a specific change in the surface density of the
active electric power. Two characteristic regions of changes in the
surface density arc observed: the first one, up to 25 W/m2, is the
energy- and technology-effective region of the oxygen-containing
technological plasma, and the second one, above 100 W/m2, the
energy- and technology-ineffective region of plasma containing
mostly nitrogen oxides.

Based on experimental investigations of the plasma-chemical
modification of high-porous non-woven textile on the basis of
polyethylene terephthalate, it is proposed to use the surface density
of active power as a basic parameter of the technological process.
Using that parameter permits defining the energy- and technology-
effective region of this process.

Keywords: corona discharge, oxygen-containing plasma, plasma
surface modification, surface density of active power.

I. INTRODUCTION

It is well known that as a result of plasma-chemical oxida-
tion of the carbon the ozone- and oxygen-containing cold
plasma of the barrier discharge is in position to create di-
verse oxigen-containing functional groups (C-O, C=0, O-
C=0, C-O-C, and COOR) onto the polymer surface. These
are the so-called active surface centers modifying the lyo-
phobo-lyophilic equilibrium of the surface and determining
its chemical actuation [1] - [2].

Concurrently with this, processes of plasma-chemical etch-
ing go on as well. They modify the surface micro-relief,
increase its area, and also influence the lyophobo-lyophilic
equilibrium and wetting of the surface [1]. There have also
been noticed processes of cross-linking by oxygen bridges
in the polymer surface layer, which are most probably a
result of the penetration of excited oxygen molecules into
the bulk of the polymer matrix [2].
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The task of the present work consists in proposing technol-
ogy-effective and energy-profitable regimes of the barrier
discharge, based on an analysis of the elementary processes
of ionization and recombination going on in the plasma itself.
A correspondence between the type of the volt-ampere char-
acteristic of the discharge and those elementary processes is
sought for.

II. STATIC VOLT-AMPERE CHARACTERISTIC

The elementary processes of ionization, ion re-charging and
recombination are realized by exchange, i. e. by giving and
accepting electrons. The processes of oxidation and reduction
as well as those of etching and cross-linking are of the same
nature. This permits to connect directly the technological
effectiveness with the average value of the electric discharge
current [ that can be measured experimentally,
Fig. 1[3].

The static no-load volt-ampere characteristic of the barrier
discharge between two plane electrodes placed at a distance
of 3 mm, i.e. without any material to be treated in the air
gap, has the appearance shown in Fig, 2.
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Fig. 1. Electric circuit for measuring the volt-ampere
characteristic: the average value of current 7,,,, and. the

effective value of voltage U,y .
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Fig. 2. Static volt-ampere characteristic of barrier discharge: variation of the average value of current 1,,,, with that of

applied voltage Uy .

Four characteristic regions of the barrier discharge are clearly
distinguished: ¢ region OA corresponding to the occurrence
of capacity current through the discharge gap and through the
dielectric barrier (glass), there is no electric discharge yet;
¢ regions AD or AB, BC, and CD, corresponding to the
presence of electric current through the air gap in the
conditions of electric discharge.

The existence of those three regions AB, BC u CD can mean
only one thing: the electric discharge is realized by three dif-
ferent elementary processes of ionization and deionization,
going on in the air gap.

Region OA can be linearized with a coefficient of linear cor-
relation rc =0.9994, U,y in V', Fig. 2:

(1) Loy = Ay Uy + By =75.495U o ~ 35.971, pid .

Region AB is also susceptible to linearization at
re =0.9941, Uy in V', Fig. 2:
(1) Lygy =Ag Uy + B =94.857U oy — 175.676, piA..

Region CD is linearized as follows at re =0.9993, U,y in
Vv ,Fig. 2:
() Lygy = Ay Uy + By =584.621U iy — 4861.064, pd.

The linear character of the volt-ampere characteristic varia-
tion in electric discharge region AD means that the voltage
drop across discharge gap does not depend on discharge cur-
rent, i. e. that drop remains constant irrespective of current
variation, Fig. 3.

This fact allows the assumption of two different mechanisms
of barrier discharge existence in the regions considered,
whereas region BC is perceived as a transition region be-

tween these two mechanisms of the existence of electric dis-
charge. The width of that transition region is relatively small:
500 + 600 V. It cannot be linerized due to the fact that
processes of ionization and recombination, which are of dif-
ferent nature, go on concurrently.
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Fig. 3. Idealized volt-ampere characteristic OAMD of the
discharge: MD — voltage drop across the barrier; OEF -
voltage drop across the discharge gap; OGH - voltage
drop across the discharge gap; OA — no discharge; AMD —
discharge in the working gap.
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Fig. 4. Relationship between the average value of current density J moy and the effective value of voltage U .

This appearance of the characteristic corresponds to three
simplified models of the discharge gap for different regions
of the characteristic, Fig. 5: for region OA — three capacitors
connected in series: Cs - capacitance of the barrier, and Cp,
Cy - capacitances of the air gap; for region AM — two ca-
pacitors connected in series Cs and Cy, and a source of
constant voltage U, = const ; for region MD - one capaci-

tor (s and two sources of constant voltage U, y = const .

A measure for the intensity of plasma-chemical transforma-
tion is the average value of eclectric current density
Imoy =Imoy [S» where S is the active area of electrodes,

Fig. 4. It reflects the result of plasma-chemical treatment and
serves as a quantitative indicator for the effectiveness of
technological process.

Fig. 5. Equivalent circuits corresponding to various regimes of
existence of electric discharge: a — the discharge is not ignited
yet; b — the discharge is maintained burning by mechanism I; ¢ -
the discharge is maintained burning by mechanism IL.

However, the nature of changes is qualitatively different in
the treatment region AB and region CD. This is supported by
the experimental technological investigations as well as by
the known facts regarding the elementary processes in dis-
charge.

ELEMENTARY PROCESSES

The plasma-chemical treatment is characterized by a multi-
plicity of elementary process concurrently going on, which
strongly impedes the study and control of the whole process.
The dissociation and ionization as a source of chemically
active particles stand at the beginning of the whole chain of
elementary processes. The electric discharge in air exists as a
result of the dissociation and ionization of oxygen and nitro-
gen. The energy of nitrogen dissociation (941.64 kJ/mol) is
rather high, meanwhile the ionization energy of molecular
nitrogen (15.8 eV) is considerably higher than that of atomic
nitrogen (14.5 eV).

Treatment in ozone- and oxygen-containing electric dis-
charge is based on the generation of ozone O3 and chemi-

cally active products of its decomposition.

The energy of oxygen dissociation (493.57 kJ/mol) is consid-
erably lower; the ionization energy of molecular oxygen
(12.5 eV) being considerably lower that that of atomic oxy-
gen (13.5¢eV).

Several characteristic regions are being formed: from 12.5 to
13.5 ¢V — ionization of molecular oxygen O, and formation

of positive 0> and negative molecular ions O; , ionization

of water molecules (13.2 eV); from 13.5 to 14.5 eV — ioniza-
tion of atomic oxygen and formation of positive
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Fig. 6. Relationship between the average value of the surface power density p, and the the effective value of volt-

age U,y : DE - region of intensive plasma-chemical surface modification; EF — region of ineffective plasma sur-

face modification of materials.

O" and negative O~ atomic ions, ionization of carbon mon-
oxide CO (14.1eV) and dioxide CO, (14.3 eV); from 14.5

to 15.8 eV - ionization of atomic and molecular nitrogen,
ionization of molecular hydrogen and of argon.
Ozone generation can occur in accordance with two mecha-

nisms: from positive and negative molecular ions (03,0, )
in a cold discharge region, and from positive and negative
atomic ions (O", 07 ) in a hot discharge region [3]. Regret-

fully, due to its high chemical activity the ozone decomposes
and is absorbed easily in the presence of atomic oxygen O

and atomic ion O . The generation of nitrogen oxides
NOy also leads to intensive ozone absorption.

Only in the first region of cold electrical discharge
(12.5+13.5 eV) there exist favorable conditions for generat-
ing ozone without being absorbed by the gas components. In
the rest of the regions the ozone generated takes part in non-
productive gas reactions and contributes very weakly to the
plasma surface treatment. This process exhibits itself with
maximum intensity after 14.5 eV, where nearly the whole
quantity of ozone is consumed for the oxidation of nitrogen
oxides.

In such a way three characteristic regions are formed:
12.5 + 13.5 eV - a region of the action of ozone and products
of its decomposition upon the polymeric surface;
13.5 + 14.5 eV — a transition region, where the ozone is be-
ing absorbed by atomic oxygen O and atomic oxygen ion

O and to ever higher degree by the newly obtained
nitrogen oxides; above-14.5 eV — a region of ever more
active generation of nitrogen oxides and ozone absorption.

It is obvious that these three regions of various elementary
processes in the discharge correspond to the regions already
observed for the volt-ampere characteristic of electric dis-
charge, Fig. 2.

From the viewpoint of technological process namely the first
region AB is of interest, because the large quantity of ozone
and products of its decomposition there ensures a maximum
technological effect of chemical surface activation, etching or
cross-linking. In transitional region BC there begins an ever
more intensive decomposition and absorption of ozone by the
gaseous products, which has already been prevailing in re-
gion CD. An intensive ozone generation by positive and
negative atomic ions goes on in it but the ozone is intensively
absorbed by the gaseous medium and exerts weak influence
upon the surface technological processes.

SURFACE DENSITY OF THE ACTIVE POWER AND
ENERGY EFFECTIVENESS

The surface power density p, =P, /S, where P, is the

active power of the discharge, depends proportionally on the
current density J,,,, and at the same time gives a notion

about the electric energy transformation into energy of the
plasma-chemical transformation of the material:

4) Pg= Uej]' (Jmay ~Jer )’

where J, is the critical current density, at which the elec-
tric discharge fires up (J,;) or passes to the region of ni-

trogen oxide generation (J, ).
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Fig. 7. Dependence of the power factor cos ¢ on the effective value of voltage U,y : AB — region of intensive

plasma-chemical surface modification; CD — region of ineffective plasma surface modification of materials — gen-

eration of nitrogen oxides.

The dependence of the surface density of active power p, on

the burning voltage of electric discharge is characterized by
two regions, namely region AB of active plasma-chemical
surface treatment and region CD of active generation of ni-
trogen oxides and absorption of ozone and products of its
decomposition. Values of surface density of the active

power up to 25 W/m® correspond to effective technological
process. The second region that is ineffective from techno-
logical point of view corresponds to considerably higher val-
ues of surface density p,, i.e. it is a technology- and en-
ergy-ineffective region, Fig. 6.

Irrespective of the better power factor cos ¢ (0.25 + 0.45)
and substantially higher active powers p,, region CD re-

mains technologically ineffective, which also means ineffec-
tiveness in respect of energy, Fig. 7.

TECHNOLOGICAL EXPERIMENTS

The so-substantiated thesis about a connection between the
effectiveness of plasma-chemical modification and the sur-
face density of active power as well as the possibility of de-
termining this process parameter from the experimentally
measured volt-ampere characteristic permit that all changes
in the surface properties of material be monitored through it.

An experimental investigation on plasma-chemical
modification of non-woven high-porous textile material,
Geotextil 500 (produced by Netakan Tekstil Ltd., Bulgaria),
on the basis of polyethylene terephthalate (PET 500,
500 g/m’, 15 tex, 32 mm, needle-stuffed) was carried out.
Test specimens were placed in the space between electrodes
and treated for certain time (30, 300, 600, or 1200 s). The

effect of temporal factor upon the process was studied,
Fig. 8.

The gravimetric variation of the mass of test specimens was
studied, namely the loss (A G >0) or increase (A G <0)

of mass after plasma-chemical surface treatment. The loss of
mass was most probably due either to ion sputtering,
i. e. physical etching, or to plasma-chemical oxidation of
carbon atoms on the surface and production of volatile sub-
stances, namely chemical etching. The increase in mass was
connected with a diffusion of the chemically active excited
molecule of oxygen and formation of oxygen bridges, i. e.
cross-linking.

During treatment the stability of selected electric regime,

Pa <25 W/m?, was monitored. The electric discharge cur-

rent I, was measured, Fig, 1.

may
Fig. 9 shows the mass variation of test specimens of non-
woven textile after a treatment in the conditions of selected
effective regime of surface modification. No experimental
results are shown for the second region of treatment, as the
mass variation is virtually inessential.

The regions of plasma etching of PET (at high values of the
surface power density) and those of cross-linking (at low
values of the surface power density and large treatment
times) are very clearly outlined.

Depending on the pre-set objective, the whole region of ef-
fective plasma modification of PET, where p, <25 W/m?,

can be utilized.
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Fig. 8. Variation of mass 4 G of specimens of non-woven high-porous textile materials with the surface density

of active power p,, and the duration of plasma treatment 7.

The results obtained confirm the analysis performed for the
elementary processes going on in the electric discharge.

CONCLUSION

The theoretical and experimental investigations performed
justify the acceptance of proposed hypothesis for mutual cor-
respondence between the elementary processes going on in
the electrical barrier discharge and its volt-ampere character-
istic.

Plasma modification of polymers and polymeric materials
in ozone- and oxygene-containing electrical discharge is a
result of the generation of ozone and products of its de-
composition.

The surface density of the active power can be used as a
technological parameter and as a parameter of energy
effectiveness for plasma-chemical treatment in an electrical
barrier discharge.
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