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Preface
A plasma is an ionized gas. Ions, electrons, radicals and ultra violet photons are
generated in a plasma and can be used for a variety of material- and surfaceprocessing. It has been industrially applied in areas including semiconductors,
automobiles, aerospace, buildings, glasses, polymers, and textiles. In wind energy
industry, there are a plenty of potentials for applying plasmas in manufacture and
maintenance of wind turbines, particularly in adhesion improvement.
Among applications of plasmas, modification of material surfaces is promising
because of environmental friendliness and high treatment efficiency. They are often
employed at low gas pressures, but also possible at atmospheric pressure. One of the
challenges for atmospheric pressure plasmas is to achieve high chemical selectivity
and efficient productivity simultaneously. High chemical selectivity can be expected
with a non-equilibrium state in a plasma so as to influence chemical bonding of the
molecules in the plasma and/or at the material surfaces to be treated, since energy of
electrons is comparable to that of chemical bonding while gas molecules can retain
their chemical properties in a non-equilibrium plasma. Efficient productivity of
plasma reactors can be demonstrated with high energy densities. However, plasmas
generally cannot provide non-equilibrium states and high energy densities
simultaneously.
In the present thesis, after reviewing atmospheric pressure plasmas and polymer
adhesion, two approaches to overcome this issue are studied: development of a hybrid
plasma at a non-equilibrium state with a high energy density, and plasma processing
assisted by external energy input. More specifically, two plasma techniques presented
are; a gliding arc as a hybrid plasma and ultrasound enhanced plasma processing as a
plasma assisted by external energy input.
The thesis comprises a 9-chapter overview and appendices of two patents and sixteen
journal papers, including one Editorial. The overview is intended to provide a
description of the work with the focus on the plasma techniques and present their
usefulness in solving engineering problems. Details concerning the methods, their
limitations, the results obtained and comprehensive references are given in the
individual papers and patents.
Chapter 1 introduces adhesion and atmospheric pressure plasmas, and formulates the
objectives of the thesis. Chapter 2 presents gliding arcs, demonstrating adhesion
improvement. Chapter 3 presents characterization of the gliding arc. Chapter 4 studies
the stability of the gliding arc. Chapter 5 presents ultrasound enhanced plasmas.
Chapter 6 studies combination of the gliding arc and the ultrasound process. Chapter 7
suggests future developments of the works. Chapter 8 summarizes the major results.
Chapter 9 concludes this thesis. Appendices contain eighteen publications that form
the basis of this thesis. These publications are (in the order of appearance in the
thesis):

[A1]
[A2]
[A3]

Y. Kusano “Atmospheric pressure plasma processing for polymer adhesion – a
review” J. Adhesion 90(9) (2014) 755-777.
Y. Kusano “Plasma surface modification at atmospheric pressure” Surf. Eng.
25(6) (2009) 415-416 (Editorial).
Y. Kusano “An apparatus for treating a surface with at least one gliding arc
source” European patent No. 2,514,280 B1 (2014). There is a variation that has
been granted in the US (U.S. patent No. 9,420,680 B2 (2016)).
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Abstract
A plasma is one of the four states of matter. It is useful for industrial and material
processing due to high treatment effects and environmental compatibility. Surface
modification for adhesion improvement is among the most promising applications for
plasmas. Practically it is realized by introducing electrical energy to a gas to generate
a plasma as a reactive gas, in which a material surface is exposed. During plasma
surface treatment, addition of polar functional groups, roughening, and removal of
weak domains can take place simultaneously. All of them are important to improve
adhesion by better interaction with adhesives or uncured polymers in composite
manufacturing. For many practical applications, atmospheric pressure plasma
processing is much preferable, as it can avoid to use expensive vacuum systems.
In the present thesis, newly developed atmospheric pressure plasmas for surfaceprocessing are summarized. Specifically, a gliding arc and ultrasound enhanced
plasma processing were developed. The gliding arc presented is characterized by
stable extension of the discharge into air up to several centimetres operated by a high
frequency alternating current (AC). In the optimized conditions, highly oxidative
radicals are efficiently produced and used for surface processing. In addition, the
discharge may not necessarily extinguish at every half period, but can survive over a
plurality of AC periods, suppressing unwanted energy consumption for arc ignition.
Ultrasound enhanced plasma processing demonstrated enhanced treatment effects, arc
suppression, and improved treatment-uniformity, compared to plasma processing
without ultrasonic irradiation.

Dansk Resumé
Plasma er en af de fire tilstande et stof kan befinde sig i. Det kan være nyttigt indenfor
både industrien og indenfor materialeforarbejdning, da effekten af
overfladebehandlingen er stor og metoden er miljøvenlig. Overflademodifikation for
at øge vedhæftning er en af de mest lovende anvendelser af plasma. Rent praktisk
gennemføres plasma behandlingen ved at introducere elektrisk energi til en gas for at
skabe plasma i form af en reaktiv gas, som materiale overflade så kan udsættes for.
Overfladebehandling med plasma kan bl.a. forårsage: tilføjelsen af polære
funktionelle grupper, øgning af ruhed, og fjernelse af svage områder. Alle disse
virkninger er vigtige for at kunne forbedre vedhæftningen i kompositmaterialer, da de
giver anledning til en bedre interaktion med klæbemidler og uhærdet polymere under
fremstillingen. For mange anvendelser vil plasma ved atmosfærisk tryk være at
foretrække, da man så kan undgå de meget dyre vakuum systemer. I denne afhandling
vil den nyligt udviklede metode for netop plasma behandling af overflader ved
atmosfærisk tryk blive sammenfattet. Helt specifikt er det en glidende bue og ultralyds
forstærket plasma behandling som er blevet udviklet. Den omtalte glidende bue er
karakteriseret ved en stabil forlængelse af afladningen til luften på op til flere
centimeter styret af højfrekvent vekselstrøm (AC). Under optimerede forhold bliver
stærkt oxiderende radikaler produceret med stor effektivitet og kan derfor anvendes til
overfladebehandling. Derudover standser afladningen ikke nødvendigvis ved hver
halv-periode, men kan derimod overleve adskillige AC-perioder. Herved minimeres
det unødige energiforbrug ved gentagende antændinger af plasma. Sammenlignet med
plasmabehandling uden ultralydsbestråling udviser den nye ultralydsforstærkede
plasmabehandling øget effekt af behandlingen, undertrykkelse af høj temperaturs
plasma og forbedret homogenitet af behandlingen.

Terminology, abbreviations and symbols
Definitions of key concepts
Cohesive law: A traction-separation relationship that describes the tractions
transferred across crack faces of the fracture process zone.
Ablation: Loss of a part of a material by melting or evaporation.
Ambient air: Atmospheric air in its natural state.
Alanine/electron-paramagnetic resonance (EPR) dosimetry: A standard method or
process for measuring dosages of ionizing radiation.
Arc: An arc discharge is a thermal plasma of an electrical discharge at an equilibrium
state.
Bond cleavage: Cutting of an atomic bond.
Chemical etching: Materials removal by means of chemical reactions.
Cold plasma: See “Non-equilibrium plasma/non-thermal plasma”.
Contaminant: A substance that makes a material less pure.
Corona discharge: A gas discharge generated when the electric field is significantly
non-uniform for example due to asymmetrical geometry of electrodes.
Deconvolution: A process of resolving a recorded data into its constituent elements.
Dielectric barrier discharge (DBD): An electrical discharge between electrodes
separated by an insulator. It is also called a silent discharge.
Discharge: A discharge in this thesis is an electrical gas discharge generated by
electrical gas breakdown.
Electrode fall voltage: A voltage drop near an electrode.
Electron avalanche: A process in which free electrons in a gas are accelerated by an
electric field and collide with an atom or a molecule in the gas to ionize them,
releasing additional electrons to cause chain reactions. This regime is called a
Townsend regime.
Electron temperature: Electron temperature T e is defined by an average kinetic
energy of electrons. In an equilibrium state, electron temperature is almost equal to
other temperatures. In the non-equilibrium state, it is much higher than a gas
temperature, and reaching 1 eV or higher. Also see “Temperature”.
Etching: See “chemical etching” and “physical etching”.

Equilibrium: A state of balance among different aspects such as reactions or
temperatures.
Filamentary discharge: A filament-like micro-discharge with a diameter smaller
than a few millimetres, as an opposing concept of a homogeneous glow discharge.
Gliding arc: A plasma generated between diverging electrodes and extended and
quenched by a gas flow.
Hybrid plasma: A plasma in a hybrid condition with high chemical selectivity and
efficient productivity simultaneously.
Impedance matching: Adjusting an output impedance of a signal source (power
supply) to maximize the power transfer or minimize signal reflection from a load
(plasma).
Inelastic collision: A collision after which a part of kinetic energy is changed to other
form of energy.
Micro-discharge: See “Filamentary discharge”.
Mode mixity: Proportions of the mode I (opening mode) load to the mode II (sliding
mode) load. Here, the loads can be stresses, openings or work of tractions.
Non-equilibrium plasma/non-thermal plasma: A plasma not in an thermodynamic
equilibrium, in which the electron temperature is much higher than the temperatures
of heavy species such as ions and neutrals.
O/C ratio: Atomic ratio of oxygen to carbon, used for indicating an oxidation level on
a polymer surface.
Physical etching: Materials removal induced by physical stimulations.
Plasma column: A plasma of a columnar shape.
Rotational temperature: See “Temperature”.
Temperature: A parameter describing energy levels. In a molecular system, it can be
separated into translational, rotational, vibrational and electronic. Since translations
and rotations of molecules are readily coupled, translational temperature and
rotational temperature are often relatively close. Vibrational temperature describes the
excitation level of molecular vibrations, while electron temperature refers to a kinetic
energy of free electrons.
Townsend discharge: See “Electron avalanche”.
Thermal plasma: A plasma in an thermodynamic equilibrium such as an arc
discharge.
Vibrational temperature: See “Temperature”.

Weak boundary layer: At an interface/interphase where interactions between
materials are insufficient due to various reasons to cause a fracture. In the present
thesis, it is also referred to as a weak domain, since it does not necessarily form a
layer.
Abbreviations
AC: Alternating current
AFM: Atomic force microscopy
ATR-FTIR: Attenuated total reflection-Fourier transform infrared spectroscopy
CNF: Cellulose nanofibre
DBD: Dielectric barrier discharge
DC: Direct current
DCB: Double cantilever beam
FE-SEM: Field emission type scanning electron microscopy
EPR: Electron-paramagnetic resonance
FCA: Fluoropolymer coated alanine
FTIR: Fourier transform infrared spectroscopy
GA: Gliding arc
GFRP: Glass fibre reinforced polyester
HSP: Hansen solubility parameters
MW: Microwave
OES: Optical emission spectroscopy
PLIF: Planar laser-induced fluorescence
RF: Radio frequency
SLM: Standard litre per minute
SPL: Sound pressure level
TOF-SIMS: Time-of-flight secondary ion mass spectrometry
XPS: X-ray photoelectron spectroscopy
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1. Adhesion and atmospheric pressure plasmas [A1,A2]
1.1. Adhesion of materials
Adhesion can be defined as process of attachment of a substance to the surface of
another substance [1]. The force that causes adhesion can be divided into several
relevant mechanisms, including mechanical, chemical, dispersive, diffusion, and
electrostatic effects.
The mechanical effect can be caused by interlocking of uneven dissimilar surfaces,
when they contact with each other. Specifically, increasing surface roughness can
increase mechanical interlocking thereby improving adhesion. The interlocking
phenomena can be observed on different length scales, from nanometres to
centimetres.
The chemical effect is an atomic scale interaction further divided to covalent bonding,
ionic bonding and hydrogen bonding. Chemical reactions of contacting surfaces form
the strongest joints by a covalent or ionic bond. Difference of the covalent bond and
the ionic bond is based on the way of sharing electrons between atoms of the two
jointed materials.
If the electrons are significantly attracted by one of the atoms, the bond formed is
called ionic. Ionic bonds require both electropositive and electronegative atoms,
corresponding to electron-losing and electron-gaining atoms, respectively. In general,
metals are electropositive and non-metals are electronegative. Examples of ionic
bonds in polymers include crosslinks of polymer chains by metallic ions.
On the other hand, if electrons are shared between atoms, it is the covalent bond. For
example, when a polymer surface with hydroxyl (-OH), carboxyl (-COOH) or amino
(-NH2) group contacts with an uncured epoxy resin, there is an opportunity for
reactions to form covalent bonds as shown in Figure 1.1.

Figure 1.1. Reactions of epoxy group (epoxide) to form covalent bonds. R and R’
represent hydrocarbons.
1

A hydrogen bond is formed when a hydrogen atom in a molecule is attracted by an
electronegative atom such as oxygen, nitrogen, or fluorine in another molecule [2].
Examples of the hydrogen bond are illustrated in Figure 1.2. Addition of the
electronegative atoms on a surface can be useful to form hydrogen bond.

Figure 1.2. Examples of hydrogen bonds, indicated by red broken lines.

The energy of hydrogen bond depends on atoms that constitute the hydrogen bond,
geometry of the bond, and environment. It varies between approximately 4 × 103 and
2 × 105 J mol-1, corresponding to between 4 × 10-2 and 2 × 100 eV per bond [2].
Although it is lower than the typical energy of covalent bonds at several eV, hydrogen
bond can play an important role in adhesion. In particular when an adhesive does not
contain a significant number of reactive sites that can react with material surfaces, the
hydrogen bond can be a primary mechanism for adhesion.
The dispersive effect is based on van der Waals forces. It varies between
approximately 4 × 102 and 4 × 103 J mol-1, corresponding to 4 × 10-3 and 2 × 10-2 eV
per bond. Molecules are polar, and electron density has an uneven distribution
permanently or temporarily. This polarity induces a weak attractive force to another
polar molecule. Wetting performance of a liquid is related to the dispersive effect. A
liquid adhesive applied should wet the surface. If a contact angle of liquid adhesive is
lower, adhesion can be improved. Since general liquid adhesives contain substantial
electronegative atoms, they have some similarities to water, and thus water is often
used as a test liquid for a contact angle measurement.
The diffusive effect is expected when molecules of both materials contacted are
mobile and soluble with each other. The electrostatic effect is caused by a charge
transfer between dissimilar surfaces in contact [B1]. These two are not considered to
be primary effective, while mechanical, chemical and dispersive effects are important
for tight adhesion.
It is noted that even though the mechanical, chemical and dispersive effects are
fulfilled, adhesion improvement may not be always observed. In such a case,
existence of weak domains or weak boundary layers would induce interfacial failure.
It is important to remove them for tight adhesion [1].
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1.2. Plasma and surface modification effects
A plasma is a fully or partially ionized gas, containing electrons, ions, and radicals
[3]. It usually accompanies ultraviolet (UV) photoemission. At low gas pressures,
non-thermal plasmas can be easily generated, where the electron temperature is
approximately 1 eV (ca. 10,000 K) or higher, which is comparable to binding energy
of molecules. On the other hand, gas temperatures can be as low as a room
temperature. Since it is in a non-equilibrium state, it is reasonable to call it a nonequilibrium plasma, but it is often conventionally called a non-thermal plasma, a low
temperature plasma or a cold plasma. Such kinds of non-thermal plasmas are useful
especially for polymer surface processing, since high electron temperature ensures
production of highly reactive species such as electrons, ions, and radicals which
support the main function of the plasma for its use in chemical processing, while
avoiding damage of bulk properties due to a low gas temperature. Such highly
reactive species can hardly be generated by conventional chemical processing at a
moderate temperature without using a plasma. At low gas pressures, free electrons in
a plasma can be efficiently accelerated and heated in an electric field without frequent
collisions. If the gas pressure increases, however, the inelastic collision frequency of
gas molecules with electrons increases, and gas temperature subsequently increases.
As collision ionization by electron avalanche sustains the plasma, the input energy
must be increased at a higher pressure. Consequently, the discharge is easily evolved
to be a thermal plasma, or an arc, at an equilibrium state. Figure 1.3 gives an idea of
the evolution of a gas discharge plasma.

Figure 1.3. Evolution of a plasma (based on [4]).

Even when a voltage applied to a gas is lower than gas breakdown voltage, a current
is detected due to a charge generation by cosmic rays or the like. Since it is partially
ionized, it is also a plasma. As the applied voltage increases, accelerated free electrons
in the gas cause further ionization, and subsequent electron avalanche. This regime is
called a Townsend regime with a typical current ranging from femto-amperes to
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micro-amperes. When the voltage further increases, in some cases the glow becomes
visible as a 1st glow regime. Then, there is an unstable transition phase with a typical
current in the order of microampere towards a 2nd glow within a typical current up to
1 ampere. A corona discharge corresponds to the transition regime. The 2nd glow
shows strong photoemission. If the plasma is kept on, it will via an abnormal glow
evolve to an arc discharge which can be used only for a thermal processing at an
equilibrium state. A timescale of each step highly depends on a plasma condition such
as gas species and gas pressure [4]. It is indicated in Figure 1.3 that in order to avoid
generation of a thermal plasma, the current should be blocked before the discharge
becomes an arc. Alternatively, if an arc is generated, it should be forcefully quenched,
which will be further described in Section 1.3.4.
A plasma can be generated by introducing an electrical energy to a gas. Figure 1.4
illustrates a schematic diagram of an example of a plasma setup, essentially
comprising an electrical power supply, also called plasma generator, and a gas
handling system. The power supply delivers an electrical power to a gas by direct
current (DC) and/or alternating current (AC) with a variety of waveforms including
sinusoidal, square, and triangle. When the driving frequency is lower than a radio
frequency (RF) (in the range of MHz), electrodes are used. When it is RF, either
electrodes or an inductive coupling can be used. On the other hand, if it is in the range
of microwave (MW) (in the range of GHz), no electrodes are needed, but a special
care for impedance-matching is necessary for example using a waveguide. Another
way of power delivery to generate a plasma is pulsed excitation which can be
considered as DC biased AC, and is often used for avoiding excess heating of a
plasma. A plasma is often surrounded by a chamber so as to separate it from the
ambient air. However, a specimen can be exposed to an open space if a plasma can be
extended in the ambient air. A plasma gas can be appropriately chosen and fed to the
plasma. As chemical properties of gas species are sustained in a non-thermal plasma,
choice of a gas is important for optimizing plasma conditions. In addition, electrical
power, a way of excitation, frequency, voltage, voltage waveform, a gas flowrate,
exposure time, and a specimen can affect treatment effects.

Figure 1.4. A conceptual illustration of a plasma device comprising an electrical
power supply, a gas handling system, and a chamber.
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During plasma treatment of polymer surfaces, etching and surface-chemistry
modification are observed. Depending on the materials and conditions, one of them
may be dominated, but in principle both processes occur simultaneously.
 Etching
Atmospheric pressure non-thermal plasmas are only weakly ionized [3], and
chemical etching by neutral species is usually pronounced compared with
physical etching. In other words, if effects of ions are desired in a process,
atmospheric pressure non-thermal plasma may not be a good choice. Etching
includes removal of organic contaminants called “plasma cleaning” and ablation.
They are both governed by chemically preferential etching and subsequent
gasification of contaminants and weak domains. Here, the weak domains include
amorphous and low-molecular-weight domains as well as organic domains
compared with inorganic ones. Cleaning is primarily important for adhesion
improvement, and often considered to be one of the major reasons of improved
bonding after plasma treatment [5]. Ablation, however, is also important in
eliminating weak domains and increasing surface roughness for improved
mechanical interlocking.
 Surface-chemistry modification
There are two major effects observed. One is to cut C-C and C-H bonds of
polymer surfaces by attachment of electrically excited atoms and molecules, UV
emission [5], and creation of free radicals at the surfaces. If there is flexibility in
movements of the polymer chains, or if the created radicals would migrate on the
polymer chains by thermal fluctuation, there can be recombination, unsaturation,
branching or crosslinking. The crosslinking may improve the mechanical
properties of the surfaces so that resulting fracture energy can be increased. A
helium or argon plasma can enhance this effect if the plasma gas does not contain
certain contaminations, since the activated polymer surface does not react with
species in the plasma but reacts with molecules in the polymer. If a concentration
of the contaminations is high, other effects may dominate due to surface reactions
of species derived from the contaminations. However, care should be taken for
the effect of bond cleavage, since breaking such bonds in a polymer main chain
may result in creation of lower weight molecules (oligomers) so that weak
domains may be created instead.
Another more important chemical effect is functionalization. It can be categorized
according to the functions (e.g. hydrophilization, hydrophobization, adhesability,
printability and paintability), and the chemistry of the process (e.g. oxidation,
nitration and fluorination). They are realized by feeding a specific gas into the
plasma volume.
If a film-forming gas (precursor) is introduced into a plasma volume, a coating
can be synthesized on a polymer surface. This process is called plasma
polymerization [6]. A plasma-polymerized coating adheres to polymer surfaces
tightly [6] since the above mentioned effects of the etching and the
functionalization are expected at the beginning of the plasma process.
In summary, plasma treatment can first remove contaminants and/or weak domains to
roughen a polymer surface, increasing mechanical interlocking when another material
such as an adhesive contacts the plasma treated surface. A plasma at the same time
can add polar components at the surface, improving interaction with the adhesive
typically by a hydrogen bond. In some specific cases, direct covalent bonds can also
be expected. Since the range of the bond strengths is broad, it is difficult to predict
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improvement effect quantitatively. However, a rough estimation of the improvement
effect is possible, and is attempted in Chapter 2.
Figure 1.5 shows a schematic normal traction-separation relationship describing the
fracture process zone in a material when it is fractured [7]. Here, n and n are traction
and separation of the fracture, respectively. no and no are peak traction and critical
separation at complete failure, respectively. It is expected that introduction of polar
functional groups, surface roughening, and surface hardening can primarily increase a
peak traction no, since they are nano-scale interaction.

Figure 1.5. Traction separation relation of the cohesive law, representing fracture
mechanics of a material.

1.3. Atmospheric pressure plasma sources
A variety of atmospheric pressure plasma sources are developed for surface
processing, including a corona discharge (Section 1.3.1), a dielectric barrier discharge
(DBD) (Section 1.3.2), and a gliding arc (Section 1.3.4). In addition, a DBD and other
plasmas can be extended into an ambient air by a gas flow to realize cold plasma
torches (Section 1.3.3). These plasmas are typically weakly ionized [3].
1.3.1. Corona discharge
Corona discharges can be generated when the electric field is significantly nonuniform [8]. They usually appear in a vicinity of sharp edges and thin wires of an
anode or cathode. When it is an anode (cathode), the plasma is called a positive
(negative) corona. They are weakly luminous, filamentary, and unstable at the
transition regime before 2nd glow in Figure 1.3. General configuration of the corona
discharge is schematically illustrated in Figure 1.6. After ignition near a sharp or thin
electrode, if the electrical power is kept introduced to the plasma without a special
care, a corona discharge extends to the remaining gap of the electrodes between which
high voltage is applied, and then in the end transfers to an arc discharge as shown in
Figure 1.3. In order to achieve continual operation of a corona discharge, the
discharge current must be somehow limited, resulting in low speed of the processing.
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It is overcome by applying pulsed high voltages so that the discharge is ignited at the
onset of the high voltage pulse and extinguished before arcing. The corona discharge
is widely used for polymer surface treatment.

Figure 1.6. Typical configuration of a corona discharge.

1.3.2. Dielectric barrier discharge (DBD)

Figure 1.7. Various types of DBDs: volume discharges (a)-(c) and surface discharges
(d)-(f).

Another solution for avoiding arcing is to insert at least one insulator (dielectric)
between the electrodes, and block DC. It is called a dielectric barrier discharge
(DBD), often operated at atmospheric pressure. The DBD is generated between
electrodes by applying an AC high voltage [9, B2-B16]. DBDs have been widely used
for adhesion improvement of materials [9, B2-B9].
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There are two types of basic configuration of DBDs, as shown in Figure 1.7; the first
is a volume discharge where the plasma is generated at the gap between the electrodes
(Figure 1.7 (a)-(c)). For the plasma surface modification, a specimen is usually placed
in the gap and the surface is directly exposed to the DBD. In order to ensure stable
DBD operation of the volume discharge scheme, however, the gap between the
electrodes is typically limited to several millimetres, which restricts the size and shape
of the specimens to be treated. The second is a surface discharge [10]. A typical
configuration of the surface discharge is a dielectric with an electrode on one side of
the dielectric surface and another electrode on its reverse side [B17] (Figure 1.7 (d))
or all electrodes embedded in the dielectric [11] (Figure 1.7 (e)). Another case is that
both electrodes are attached on one side of the dielectric material and the surface
discharge is preferably generated on its reverse side [12, B17] (Figure 1.7 (f)). It is
achieved by feeding specific gas such as helium or argon near the reverse side.
Frequency for operating a DBD is typically chosen between 500 Hz and 500 kHz, but
DBDs driven at 50 Hz or 60 Hz are also reported [13]. As the frequency is lowered,
capacitive impedance increases at a fixed gap, and at a fixed applied voltage the
power is lowered. Therefore, in general, a higher frequency is preferred for high speed
processing. However, as the investment cost for the power supply often dominates the
total cost of atmospheric pressure plasma processing, it is attractive to try the low
frequency regime at 50 or 60 Hz by using grid-connected power [A1].
In most cases, DBDs are non-uniform and consist of numerous filamentary microdischarges distributed in the discharge gap. It is called a filamentary mode in the 2nd
glow regime. Subsequently the plasma surface treatment is not uniform due to heavily
treated regions by the individual filamentary discharge [9]. However, uniform DBDs
can also be generated stably. It is called a homogeneous or glow mode, and such a
discharge is often called atmospheric pressure glow discharge [B18]. In order to
generate a glow discharge at atmospheric pressure the plasma gas should be diluted
with helium [14]. One explanation of the effect of helium gas is that helium has the
metastable state with a long lifetime in the 1st glow regime [14] in Figure 1.3.
It is reported that a filamentary discharge can be avoided even without using noble
gas if a plasma is operated at a high frequency (typically higher than 500 Hz and up to
RF (in the range of MHz)), or short pulses [15]. If the frequency is as high as RF or
higher, or if the pulse width is short enough, in fact, dielectric may be unnecessary
[16]. However, RF operation requires an impedance-matching network in order to
deliver RF energy to the plasma efficiently, usually limiting high voltage outputs.
Here, the impedance-matching network consists of variable or fixed capacitances and
inductances that are tuned to match the impedances of the plasma to the impedancematching network so as to deliver maximum power to be applied to the plasma. Due
to the limitation for the high voltage application, the gap of the electrodes should be
significantly close enough for stable ignition of the discharge. Consequently
introduction of a specimen between the gap significantly affects the impedance
between the gap, and the discharge can be unstable. In this respect, atmospheric
pressure RF plasma is rather preferably developed for cold plasma torches (Section
1.3.3) which do not require insert of a specimen between the electrodes [16].
1.3.3. Cold plasma torches
Plasma torches that can be extended in the ambient air have been developed for
thermal processing, and the plasma in such a case is usually a thermal plasma in an
equilibrium state. A plasma spray is a good example. It is widely used for materials
synthesis by heating with a high current, and thermally melting and spraying materials
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for deposition. However, followed by the recent developments of atmospheric
pressure plasmas, non-thermal atmospheric pressure plasma jets (cold plasma torches)
have also been developed. It is reported that a cold plasma torch can be operated at a
high frequency (in the range of kHz) or RF (in the range of MHz) based on the DBD
configuration [B19, B20]. With a high speed flow of argon gas, the plasma is
extended to the ambient air. It is also demonstrated that a cold plasma torch can be
generated without covering electrodes with the dielectrics [16]. Many different types
of atmospheric pressure cold plasma torches have been developed [A1]. Figure 1.8
illustrates an example of a cold plasma torch. A plasma is generated between powered
and ground electrodes by introducing electric energy, and a gas flow extends the
plasma outside where a specimen to be treated is placed. Cold plasma torches
typically use a noble gas such as helium and argon due to easy ignition and operation.
Inductively coupled RF plasma torch has been used as a thermal plasma for material
synthesis [17], but is not intensively applied for non-thermal processing such as
adhesion improvement.
Atmospheric pressure plasmas can also be generated at microwave (in the order of
GHz) and extended as a plasma jet by a gas flow [18]. The plasma properties of the
atmospheric pressure microwave plasma jet is similar to those of the atmospheric
pressure gliding arcs (see Section 1.3.4); namely the plasma is first significantly
heated to be an arc discharge, and subsequently cooled down by the gas flow to be a
non-thermal plasma in the 2nd glow regime in Figure 1.3.

Figure 1.8. A cold plasma torch.

1.3.4. Gliding arcs
One of the challenges for atmospheric pressure plasma processing is to achieve a
hybrid condition with high chemical selectivity and efficient productivity [19]. Here,
the high chemical selectivity of a plasma is supported by high electron temperature (>
1 eV) at a non-equilibrium state, while the efficient productivity relates to high input
power to ensure high speed processing. It is noted that general non-thermal (nonequilibrium) plasmas as well as thermal (equilibrium) plasmas cannot provide them
simultaneously. Thermal plasmas are at the equilibrium state at high temperature and
cannot demonstrate high selectivity. Thermal plasmas can even affect bulk properties
of materials severely due to high temperature of gases and molecules. On the other
hand, if the input power to a non-thermal plasma is increased, the plasma tends to
evolve to an arc regime. However, a gliding arc can potentially achieve a hybrid
condition [19], and can be regarded as a hybrid plasma. Here, a gliding arc is a plasma
generated between diverging electrodes and extended and quenched by a gas flow
[19,20] as shown in Figure 1.9.
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Figure 1.9. A schematic diagram of a gliding arc (based on [19,20]).

A fast transition into a non-equilibrium state occurs once heat losses from the
discharge column exceed the supplied energy. The gliding arc combines a number of
industrially attractive features of plasma surface treatment: it is an environmentally
clean process; it operates well in air at atmospheric pressure with low costs; and it can
treat surfaces of bulky objects since it allows open air treatment. It is potentially
useful for adhesion improvement of materials [21]. However, the treatment effects of
general gliding arcs are often inefficient. It is reported that gliding arcs are generally
extinguished almost immediately after transition to the non-equilibrium state [19],
suggesting that achieving the hybrid condition may be practically difficult. Typically
the discharge can be extended from the edges of the electrodes up to only 2
centimetres in the ambient air [22]. However, it is due to the fact that the conditions of
the non-equilibrium state and high energy density are not taken into account properly.
More specifically, general gliding arcs typically employ low powers and high gas
flowrates so as to prevent thermal damage of electrodes, resulting in low energy
density and short lifetime of the discharge.
Plasma processing called open air technology “Plasmatreat®” is also a plasma
generated as an arc and extended and quenched by a gas flow, and can also be
regarded as a hybrid plasma. Since high voltage electrode is surrounded and shielded
by a cylindrical ground electrode, both conductive and insulating materials can be
treated [23]. The discharge can be extended up to 1-2 centimetres in the ambient air,
and its performance is similar to general gliding arcs.
A preliminary study of gliding arcs was carried out to clarify issues so as to achieve
hybrid conditions [B21]. Figure 1.10 shows two gliding arc sources used. The first
gliding arc (GA-I) in Figure 1.10 (a) was generated between two 2-mm diameter
stainless steel wire electrodes with a diverging configuration, based on a design
presented in ref. [24]. The second one (GA-II) is a modification of GA-I and was built
with two 1-mm thick stainless steel blade-electrodes with a similar diverging
configuration based on ref. [20] (Figure 1.10 (b)). In both cases the high speed air
flow was fed between the electrodes to extend and quench the discharges. They were
driven by an AC power supply at a frequency of approximately 40 kHz.
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Figure 1.10. Gliding arc sources used for the treatment of polymer plates; GA-I
operated at a flowrate of 25 SLM with 250 W (a) and GA-II operated at a flowrate of
30 SLM with 550 W (b) [B21].

The input power and the flowrate are important system parameters to determine the
properties of the discharges. Generally, when the flowrate is 30 standard litre per
minute (SLM) or lower and at the plasma power of a few hundred W, the gliding arc
discharge can be extended toward the air significantly as shown in Figure 1.10.
However, with the input power of more than 300 W, the temperature of the wire
electrodes of the GA-I increased within 10 s at the flowrate of 25 SLM, recognized by
incandescence of the electrodes. Subsequently the plasma became highly fluctuated
with the occasional generation of unwanted discharges between the powered electrode
and the grounded workbench due to the increase in the electrical resistance of the
electrodes. In order to stabilize a discharge using the GA-I, the input power has to be
less than 300 W. On the other hand, GA-II can be operated at higher input powers
than GA-I possibly due to larger surface areas of the electrodes and easier heat release.
However, even with GA-II, when it was continuously operated for more than several
minutes at 500 W, the plasma became unstable and the electrodes were excessively
heated. Therefore neither of them are practically applicable for high power continuous
operation. The design of the gliding arc should be further considered so as to avoid
excess heating and operate it stably while applying high power to the discharge,
which will be presented in Chapter 2.
1.4. Surface characterization techniques [A1]
Surface characterization is vitally important to understand the surface modification
effects and to optimize them. Surface characterization is also performed for fractured
parts of materials in order to investigate the interfaces and failure mechanisms.
Commonly used techniques include contact angle measurement, Fourier transform
infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectrometry (EDS), and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) for surface chemistry analyses, and atomic force
microscopy (AFM), optical microscopy, and scanning electron microscopy (SEM) for
morphological analyses.
The contact angle measurement appears to be the simplest method to characterize the
surfaces [for example 25]. The measurement relies on the observation of the angle
formed by a liquid at the three-phase boundary where the liquid, gas (usually air), and
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solid intersect. It can be advantageously performed immediately after the treatment. It
is noted that the technique detects the topmost surface property with the analysis
depth of approximately 1 nm or less and is extremely sensitive against its changes.
One drawback of the contact angle measurement method is that if highly wetting
weak domains exist at the material surface, high wettability may not necessarily result
in strong adhesion since the weak domains might be easily separated from the
material. Aging of plasma-treated surfaces is often monitored by the contact angle
measurement. Here, the aging mechanisms include migration of polar functional
groups into the material due to rotation of polymer main chains, removal of the polar
functional groups, and deposition of contaminations. These changes are detectable by
the contact angle measurement, but not necessarily by many other much more
sophisticated and expensive methods. However, it is recommended that an adhesion
test is performed for the confirmation after aging of plasma-treated surfaces. It is
because even if the surface wettability is reduced by the migration or the deposition,
applying an uncured adhesive might induce the recovery of the polar functional
groups that were migrated beneath the material surfaces or the removal of the
contamination by its diffusion into the adhesive, and thus wetting may not directly
indicate adhesion properties. There are two types of contact angles reported in the
literature. The static contact angle is measured by the sessile drop technique while the
dynamic contact angle involves both advancing and receding contact angles. The
advancing angle is measured when the liquid is advanced to an unwetted solid surface
while the receding angle is measured when the liquid is retracted from a previously
wetted surface [26]. The problems of the static contact angle are discussed [26], but
the sessile drop technique is widely used in research works and process monitoring in
the industry due to the simplicity and flexibility of the measurement.
FTIR spectroscopy is also a relatively simple technique, usually operated in
atmospheric pressure air. Photo-absorption in the infrared range is used to identify
chemical functional groups. Many important functional groups created by plasma
treatment are infrared-active. Attenuated total reflection FTIR (ATR-FTIR) is often
used especially when a material to be analyzed itself has strong infrared absorption
that disturbs reliable surface analysis. However, even ATR-FTIR detects the bulk
information of some micrometres from the surface. Plasma surface treatment
generally changes the top layer up to 10 nm or less, and so plasma-treated surfaces are
usually insensitive against the FTIR measurement [B8]. On the other hand, if the
surface is heavily modified or if the surface volume ratio is significantly high (such as
thin fibres or fine powders), the plasma modification effect can be clearly detected
[B6].
XPS, or electron spectroscopy for chemical analysis (ESCA), is a powerful tool for
characterization of polymer material surfaces after plasma treatment. XPS uses a soft
X-ray source for electron emission from the surface at low-gas pressure. The energies
of the emitted electrons are measured, and the binding energies of these electrons are
obtained. The surface sensitivity of XPS is governed by the attenuation length of the
emitted electrons, and XPS typically measures the average surface chemistry up to a
depth of approximately 5 nm. Therefore, XPS is less surface sensitive than the contact
angle measurement. It can quantitatively measure the elemental composition, and
chemical states of elements at a surface. It can also give localized information,
depending on instrumentation and spatial resolutions, and maps by multiple
measurements.
EDS also provides information of elemental composition at the surface. A focused
electron beam bombards a specimen surface to emit an X-ray that can be used for the
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analysis. Since EDS is often attached in SEM, they are often performed at the same
locations of the specimen. In many cases, however, EDS is not equipped for light
elements that are important for polymer surface analysis.
TOF-SIMS uses a short-pulsed ion beam directing the specimen surface causing
secondary ions emission. As all the secondary ions are accelerated to the same kinetic
energy, their time-of-flight for the determined path provides their masses. TOF-SIMS
is destructive but demonstrates high sensitivity (detection limit ppm–ppb, detection
depth < 1 nm). For example, uniform distribution of nitrogen-containing functional
groups after plasma treatment is detected by TOF-SIMS (Chapters 5 and 6). Since
TOF-SIMS measures masses only, a good understanding of the surface chemistry is
necessary for the reasonable characterization.
A morphological property of the surface also significantly affects the adhesion
property. AFM, SEM, and optical microscopy are commonly used for the observation
of the surface morphology. Since plasma treatment usually induces morphological
changes in the range of sub-micrometres, high resolution microscopies such as AFM
and field emission type SEM (FE-SEM) are preferably used.
In addition to the above-mentioned surface characterization techniques, it is reported
that Hansen solubility (cohesive energy) parameter (HSP) can be used for
characterizing the thermodynamic properties of plasma-treated surfaces [27, B5]. It is
particularly useful for characterizing specimens with high surface volume ratios such
as thin fibres and fine particles. The HSP quantitatively describes the physical
interactions among molecules. Similar HSP means solubility, permeation, chemical
attack, adsorption leading to suspension or slow sedimentation of particulates, or other
forms of what might be called positive affinity. Lack of similarity means perhaps only
swelling or no physical effect at all, chemical resistance, high barrier properties, and
rejection from surfaces such as dewetting, high contact angles, and rapid
sedimentation of particulates. The noticeable disadvantage of the XPS is that it is a
localized analysis and does not give information on the uniformity and the overall
character of the surfaces by a single measurement. XPS cannot tell exactly where the
analysis took place, and in order to obtain full understanding, one has to repeat the
expensive and time-consuming analyses and then rely on statistical methods. The
advantage of the HSP method is that it can characterize the surface and give the
macroscopic information. The HSP measurement was tested for characterizing ultra
high molecular weight polyethylene (UHMWPE) fibres before and after atmospheric
pressure DBD treatment [B5]. Since matching the HSP of fibres and a polymer matrix
optimizes physical adhesion, it is important to know the HSP of the oxygenated
surfaces of the UHMWPE fibres. HSP correlations of the interaction of solvents with
untreated and plasma-treated UHMWPE fibres have shown that there are two types of
surfaces. The first is found in both untreated and treated samples and is typical of
polyethylene (PE) and is characteristic of aromatic solvents. The second type of
surface is the result of oxygenated species. Matching these HSP with the HSP of a
polymer matrix, or some entity connected with the polymer matrix will optimize
physical adhesion.
1.5. Aims of the thesis
Realizing atmospheric pressure plasma processing stably with high selectivity and
efficient productivity is a scientific challenge, since it has rarely been achieved. In the
present thesis, two possible approaches to overcome this issue are presented:
development of a hybrid plasma with a high energy density at a highly non-
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equilibrium state, and plasma processing assisted by external energy input, that is,
ultrasonic irradiation.
The overview of the thesis is illustrated in Figure 1.11. The objectives are to
(I). Develop gliding arcs that satisfy a hybrid condition stably,
(II). Develop atmospheric pressure plasma processing with ultrasonic irradiation, and
(III). Combine the gliding arcs with the ultrasonic irradiation.

Figure 1.11. Overview of the topics of the thesis.

Under the objective (I), the sub-objectives are to
(I-1). Design, construct and operate gliding arcs to demonstrate polymer surface
modification and adhesion improvement (Chapter 2),
(I-2). Diagnose the developed gliding arc to understand its properties (Chapter 3), and
(I-3). Investigate stability of the developed gliding arc using an analytical model
(Chapter 4).
Under the objective (II), the sub-objectives are to:
(II-1). Design, construct and operate ultrasound enhanced plasma processing using a
DBD to demonstrate polymer surface modification (Chapter 5), and
Under the objective (III), the sub-objectives are to:
(III-1). Demonstrate the processing by combining gliding arcs and the ultrasonic
irradiation (Chapter 6).
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2. Alternating current (AC) gliding arcs for materials processing [A3-A7]
2.1. Introduction
In order to achieve the condition of the high energy density, high power must be
introduced to the discharge, which inevitably leads to heating of the electrodes.
Subsequently, the resistance of the electrodes increases and joule heating of the
electrodes is enhanced. This is energy-inefficient, and induces unstable operation of
the gliding arc due to the changing electrical impedance of the electrodes.
Furthermore, excess heat irradiation may damage the setup and the materials to be
treated. Therefore, it is desirable to cool the electrodes efficiently. A common and
efficient way of cooling electrodes is internal cooling by flowing coolants, usually
water, through hollow electrodes. Electrodes of gliding arcs are rarely water-cooled,
probably because surface erosion of the water-cooled tubular electrodes has been
observed [28]. However, in the same work it is reported that the lifetime of the
electrodes is not affected by the water-cooling. Therefore, the negative aspect of the
water cooling has to be sincerely reconsidered.

Figure 2.1. Concept of gliding arc sources studied in this chapter.

Based on the results in Section 1.3.4, new gliding arc sources are developed in this
chapter. Figure 2.1 shows a concept of gliding arc sources to be studied in Chapters 2
to 4. In order to achieve high speed treatment, the input power should be high. On the
other hand, the gas flowrate should be not too high in order to avoid lowering the
electron temperature, while not too low so that the plasma can be quenched (low gas
temperature) and that the length of the discharge can be extended. In addition, it is
desirable to efficiently cool the electrodes, and reduce thermal damage and electrical
resistance of the electrodes, as well as thermal irradiation to treating specimens.
Moving specimens during treatment also avoids thermal damage of the specimens.
Furthermore, ignition voltage is desirably low enough so that a power supply can have
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sufficient margin to increase the power. The patent [A3] discloses specific ideas of the
design, in particular, a curvature of the electrodes facing each other. Among them, a
blade welded type (GA-III) and a thin tube type (GA-IV) are presented below.
In this chapter, three different materials, glass fibre reinforced polyester (GFRP)
plates, cellulose nanofibre (CNF) coating on a glass plate, and fluoropolymer coated
alanine (FCA) films are surface-treated with the gliding arcs (GA-III and GA-IV).
Due to their high strength-to-weight ratios and corrosion resistance, GFRP are used
for a variety of applications in civil engineering, wind energy, aerospace and
automobile industry. Adhesives are often required for joining these materials to
components fabricated from similar GFRPs or other types of materials. GFRPs
usually have smooth surfaces composed mainly of the polymer matrix with low
surface energies. Therefore, an adhesive joint usually requires careful surface
preparation. In the case of thermosetting composites such as unsaturated polyester,
vinylester and epoxy resins, mechanical roughening has been applied for the surface
preparation [29]. However, it needs laborious abrasion followed by solvent cleaning
prior to adhesive bonding for achieving high joint strength.
Cellulose, the most abundant biopolymer on earth, is characterized by its
renewability, nontoxicity, and biodegradability. Intensive studies on CNFs have been
stimulated by their high strength, high modulus, high surface area and unique optical
properties [30]. Typical lateral dimensions of the CNFs are approximately 5 – 20 nm,
while the longitudinal dimensions are up to several m [31]. The mechanical
properties of CNFs can be effectively availed when the CNFs are impregnated with a
polymer to create strong, light-weight composite materials [32]. CNF composites can
exhibit optimum mechanical performance when the CNFs are substantially dispersed
and when strong interfacial interactions exist between the CNFs and the polymer
matrix. If these criteria are not met, interfacial defects are created which may result in
non-uniform material properties. In this respect, enhancing the interfacial interaction
by surface modification of CNFs is of great importance [B9].
It is generally believed without careful investigation that plasma treatment can modify
material surfaces while retaining bulk properties (Chapter 1). In this chapter, a bulk
modification effect by GA-IV is measured and compared with a helium DBD.
Calibrated gamma-cells with an established traceability to the international radiation
dose standard are used for calibrating the alanine dosimeters. The main advantage of
the gamma-calibrated alanine-electron paramagnetic resonance (EPR) dosimetry is
that it enables a straightforward link between concentration of radiation damages seen
as polar defects, radicals, and the like, and the amount of absorbed energy or a dose of
radiation. EPR has been used for characterization of polymers after plasma processing
[33]. Here, plasma modification effects are considered to happen at material surfaces
[33] or within less than 1-m thin surface layer [34]. However, in this chapter, plasma
treatment of the FCA films indicated that both fluoropolymer surfaces and the bulk
alanine were modified after the treatment. When plasma processing is used for surface
treatment, changes of bulk properties should be avoided. On the other hand, in some
medical applications such as plasma medicine [35], it is desirable that the bulk
properties can also be affected by plasmas.
First, GFRP plates, also referred to as laminates, are treated with GA-III and GA-IV
for adhesion improvement for adhesive bonding by a vinylester adhesive. Optical
emission spectroscopy (OES) was used to estimate the rotational temperature in the
discharge. The treated surfaces were characterized using contact angle measurement
and XPS. The properties of the interface between the GFRP laminate and an adhesive
layer are characterized in terms of the fracture energy as a function of mode mixity.
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Here, the adhesive layer deforms in peel (Mode I), in shear (Mode II) or in a
combination of peel and shear (mixed mode). The mode-mixity is defined by the
shear portion of the total energy release rate. The interfacial fracture energy of the
plasma treated interface is compared with two other relevant fracture energies: That of
adhesive joints made by the use of a standard peel ply and that of the GFRP laminate
itself undergo delamination. These comparisons are relevant since adhesive bonds
created by applying the adhesive directly to freshly created peel-ply surfaces are
considered to give sufficiently strong adhesive joints [36]. Thus, the fracture energy
of an adhesive joint made from a peel ply represents an acceptable minimum value for
the interfacial fracture energy. Furthermore, the GFRP laminate itself is expected to
have a higher fracture energy. It is because if the adhesive and the adhesive/laminate
interface possess a fracture energy or a peak traction (Figure 1.5) higher than that of
the GFRP laminate, fracture is likely to occur within the GFRP laminate. Thus, the
fracture energy or a peak traction of the adhesive joint made from plasma treated
surfaces should surpass that of the peel ply interface but not necessarily that of the
GFRP laminate. The fracture energy or a peak traction of the GFRP laminate thus
usually represents an upper limit for fracture energy of the adhesive joint.
Second, CNF coatings are treated with GA-IV. The treated surfaces were
characterized by means of contact angle measurements, XPS, and FE-SEM in order to
investigate the treatment effect.
Third, FCA films were treated by a DBD and GA-IV at atmospheric pressure, as well
as gamma irradiation to study surface modification effects, thermal effects and
influence on the bulk properties by the treatments. The treated specimens were
characterized by surface analysis using XPS, and by the values of the absorbed doses
for the bulk alanine.
2.2. Experimental methods
2.2.1. Manufacturing of GFRP, test specimens, GA treatments and characterizations
Four different types of double cantilever beam (DCB) specimens were used as listed
in Table 2.1. Typically “peel ply”, “gliding arc” plasma treated and “crack in glue”
test specimens were all based on 8-mm thick GFRP (it is referred to as GFRP-I) plates
(290 mm  30 mm  8 mm). For testing of the GFRP laminate fracture energy, “crack
in laminate”, a 16-mm thick GFRP laminate with crack initiation in the middle was
manufactured. They were manufactured with symmetric and almost unidirectional
fibre lay-up by resin infusion of orthophthalic polyester. Specimens for surface
characterization were further cut into smaller pieces before plasma treatment for
easier handling.

Table 2.1. Specimens and types of the adhesion test.
Type of test specimen
Adhesive
Peel ply
Vinylester
Gliding arc (GA-III)
Vinylester
Crack in glue
Vinylester
Crack in laminate
None

17

Type of test
Mode I and mixed mode
Mode I and mixed mode
Mode I
Mode I and mixed mode

Figure 2.2. Setup of the GA-III. (a) Schematic diagram, and (b) a photo image
showing the GA-III treatment of GFRP-I.

Figure 2.3. A photo of the GA-IV with water-cooled electrodes.
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The gliding arcs were generated between two diverging stainless steel tubular
electrodes, based on two different designs. In the case of GA-III, cooling water was
fed through the 6-mm diameter tubular electrodes during operation as shown in Figure
2.2. It is noted that without water cooling, the electrodes were heated up and
subsequently the discharge became unstable in a few minutes. Blade-shaped stainless
steel pieces were welded on the tubular electrodes, facing each other. The arc
discharge was ignited between these blade-shaped pieces so that ignition voltage can
be lowered and that a margin for applying high power can be ensured at a moderate
voltage. Here, a power supply usually has a maximum applicable voltage that limits
an eventual maximum applicable power which can be lower than the maximum
applicable power in a specification. Air flow was fed between the electrodes to extend
and quench the discharge.
A potential problem in GA-III is that the blade-shaped stainless steel pieces are not
directly water-cooled and can be heated and damaged during operation. GA-IV was
generated between two diverging 3-mm outer diameter stainless steel tubular
electrodes as shown in Figure 2.3. Cooling water was fed through the electrodes
during operation. Smaller diameter decreases cooling efficiency due to an increase in
flow resistance, but the electrodes are directly cooled, and the ignition voltage can be
lowered compared to larger diameter electrodes without the blades due to the
curvature of the small diameter electrodes. Air flow was fed between the electrodes.
In Chapter 4, optimal design of the electrodes will be further discussed.
In both cases, the gliding arc was driven by an AC power supply at a frequency of
approximately 30-40 kHz. The average power to the gliding arc was obtained by
measuring voltage and current with a high-voltage probe and resistors, respectively.
In order to treat a GFRP-I plate surface, the plate was fixed on a holder which moved
forward and back at a speed of 180 mm s-1.
OES measurements of GA-III and GA-IV were performed without the GFRP-I plate
using an optical fibre and a spectrometer. The rotational temperature, Trot, which is
assumed to be close to the gas temperature, was evaluated by the relative intensity of
two groups of rotational OES lines corresponding to the R and P branches of the OH
A-X (0,0) vibrational band [37]. The OH molecules come from ambient air humidity.
The relation between the rotational temperature, Trot, and the relative intensity of the
R and P branches is given in [37].
The contact angles for deionized water on the GFRP-I surfaces were measured in air
at room temperature using a contact angle measurement system.
XPS was employed to study the changes of the elemental composition at the GFRP-I
surfaces before and after the GA-III treatment.
For crack initiation in the interface between a vinylester adhesive (glue) and GFRP
laminate, a 51-m thin polytetrafluoroethylene (PTFE) release tape was mounted on
the GFRP laminate surface in a position of 70 mm from the tab-end of the beam. On
top of the release tape a 2-mm thick PTFE chamfered spacer was placed close to the
tip of the crack initiation.
DCB specimens for “crack in laminate” measurements were cut directly from the
cured GFRP laminate manufactured from 20 layers of fabric. The crack initiation was
established using a 12.7-m thin ethylene chloro-trifluoroethylene (E-CTFE) film
between the middle two fabric layers. Overall geometry of the DCB test specimens
used and a close up of the three different crack initiations used are shown in Figure
2.4. Pins were placed 70 mm from the specimen end for mounting extensometers to
measure end opening of a crack. The mechanical test was performed by applying even
or uneven pure bending moments to the DCB-specimens. The DCB-loaded-by-
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uneven-bending-moments test configuration provides stable crack growth for
materials having a constant or rising fracture resistance and enables the testing of the
whole mode mixity range from Mode I ( = 0) to Mode II ( = 90) ( being the
mode mixity, defined as the phase angle of the complex stress intensity factor, see
[38]). Here, the fracture resistance and mode mixity were calculated without
accounting for the stiffness and thickness of the adhesive layer, i.e., analyzing the
specimens as being a homogeneous GFRP laminate. The mode mixity,, calculated
in this manner is therefore a nominal mode mixity, nom.

Figure 2.4. Overall geometry of the 290-mm long (L) DCB test specimens illustrated
with mounted tabs and 2-mm thick (h) glue. Crack initiation (l) starts 70mm from the
specimen end where also the pins for mounting of extensometers (not shown) are
positioned. A close-up of the three different crack initiation types: a) interface
between glue and GFRP laminate (corresponding to “Peel ply” and “Gliding arc”
specimens in Table 2.1), b) center of glue (corresponding to “Crack in glue” specimen
in Table 2.1), and c) in the middle of the GFRP laminate (corresponding to “Crack in
laminate” specimen in Table 2.1).
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2.2.2. Manufacturing of CNF coatings, GA treatment and characterizations
CNFs were isolated from carrot residue, bleached and fibrillated by ultrafine grinding
to obtained aqueous CNF suspension (2wt% concentration). It was used to prepare
coatings on glass plates and dried. The coating thickness was estimated to be
approximately 6 m.
GA-IV was used for surface treatment of CNF coatings.
Contact angles and XPS data were measured similarly to Section 2.2.1. The surface
morphology of the CNF coating was observed using FE-SEM. The CNF surfaces
were sputter-coated with approximately 15-nm thick Au before the observation.
2.2.3. FCA films, GA treatment, DBD treatment and characterizations
The fluoropolymer coating of the FCA film is approximately 20m thick and has a
porous structure. FCA films were treated with a DBD and GA-IV.
The DBD was generated between two parallel plane water-cooled electrodes (50 mm
× 50 mm) and driven at a frequency of 40 kHz. The water-cooled bottom electrode is
grounded and covered with an alumina plate as a dielectric barrier. The distance
between the upper powered electrode and the alumina plate was fixed at 5 mm. A
similar setup will be presented in Chapters 5 and 6. Helium was fed into the DBD at a
flowrate of 3 SLM. The FCA film was placed on the alumina plate and exposed to the
DBD at the power of 120 W.
The treatment condition using GA-IV is similar to Sections 2.2.1 and 2.2.2.
The treated surfaces were studied by XPS.
The temperature of the specimen surface was measured immediately after plasma
treatments by using a thermocouple.
FCA films were irradiated with gamma rays, which delivered the absorbed dose rate
of approximately 79 Gy min-1.
The application of the EPR for the plasma treated films is considered as follows;
1. Irradiation of a set of virgin FCA films in a calibrated gamma-cell up to
predetermined doses to prepare calibration films.
2. Measuring EPR spectra of the gamma-irradiated calibration films.
3. Plotting EPR alanine signal amplitudes vs. absorbed doses and fitting them with a
calibration function.
4. Plasma treating another set of virgin FCA films as witnesses of dosages during
plasma processing.
5. Measuring EPR spectra of the plasma treated FCA films.
6. Deriving ”absorbed dose” in the bulk alanine using the calibration function
obtained from step 3, subtracting that of the virgin FCA film as a background.
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2.3. Results and discussion
2.3.1. Treatment of GFRP-I using GA-III
Figure 2.5 shows the rotational temperature Trot and water contact angles after GA-III
treatment at different flowrates. Trot was estimated to be 3800 K at a flowrate of 20
SLM and decreased as the flowrate increased. The contact angle markedly increased
at the flowrate of 30 SLM. At this flowrate, the excess cooling reduced the rotational
temperature as low as approximately 2000 K (see Figure 2.5), resulting in insufficient
treatment effect. In the following experiment in Section 2.3.1 the air flowrate was
fixed at 20 SLM in order to demonstrate efficient adhesion improvement.

Figure 2.5. Measured rotational temperature (a) and water contact angle of GA-III (b)
at different air flowrates and fixed power (720 W), fixed distance to the electrodes (15
mm) and fixed number of exposure (four times).
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The contact angles of the GFRP-I plate surfaces, measured before and after GA-III
treatment at different number of the exposure, are shown in Figure 2.6. The water
contact angles dropped to approximately 20o or lower when the specimen surface was
exposed 4 times or more. The XPS analysis indicated that the GFRP-I surfaces were
mostly dominated by oxygen (O) and carbon (C) atoms. The O/C ratio of the GFRP-I
surfaces before and after the treatment was compared as shown in Figure 2.6. The
oxygen content increased more after the longer treatment, approaching to
approximately 0.45.

Figure 2.6. Water contact angle (a) and O/C ratio (b) of the GFRP-I plates after GAIII treatment at different number of exposure at fixed air flowrate (20 SLM), fixed
power (720 W), and fixed distance to the electrodes (15 mm).
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Since the gliding arc discharge can be extended into air up to several centimetres, it is
interesting to investigate an effective distance of the treatment. Contact angles were
measured after GA-III treatment at different distances from the edges of the electrodes
to the GFRP-I plate surface. The water contact angle and O/C ratio at the GFRP-I
plate surface after GA-III treatment are shown in Figure 2.7. The results indicate that
the GFRP-I plate surface can be substantially oxidized when the distance between the
edges of the electrodes and the GFRP-I surface was up to approximately 6 cm.

Figure 2.7. Water contact angle (a) and O/C ratio (b) of the GFRP-I plates after GAIII treatment at different distances from the edges of the electrodes to the GFRP-I
plate surface at fixed air flowrate (20 SLM), fixed power (720 W), and fixed number
of exposure to GA-III (four times).
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Figure 2.8 shows the initiation fracture energy as a function of mode mixity for crack
growth of the peel ply specimens, GA-III treated specimens and the GFRP laminate.
The value of Mode I cracking growth initiation within the adhesive is also included.
First, the general trend observed in Figure 2.8 is that the fracture energy increases
with increasing mode mixity for configurations (cracking in laminate, adhesive joints
made from peel ply, adhesive joints made from plasma treated surfaces). Such trends
are in good agreement with results of mixed mode interface fracture [39].

Figure 2.8. Mixed mode initiation fracture energy shown as a function of the mode
mixity.
Next, for nominal Mode I (nom = 0.3), the fracture initiation values of the GFRP
laminate and the peel play specimens are comparable, while the fracture initiation
values of GA-III treated specimens are higher than those of the GFRP laminates and
the peel ply specimens but lower than those within the adhesive layer. For higher
values of nom, the results associated with the peel ply specimen, GA-III treated
specimens and the GFRP laminates are clearly different. This suggests that Mode I
testing only may be insufficient for screening and selecting interface treatments.
The most important result from Figure 2.8 is that the fracture energy of GA-III treated
specimens is approximately twice as high as that of the peel ply specimens. Thus, the
plasma treatment results in a significant increase in the fracture energy of the adhesive
joint. The mixed mode fracture energy is, however, not as high as the mixed mode
fracture energy of the pure GFRP laminate, i.e., specimens having no adhesive layer.
If it is assumed that each carbon atom could bond at most one oxygen atom, the O/C
ratio can represent a ratio of carbon atoms which directly bond oxygen atoms. They
can induce hydrogen-bond interactions with the adhesive. The O/C ratio of the
untreated specimen is approximately 0.23, while it increased 1.6 – 2 times after GA25

III treatment as shown in Figure 2.6. It is therefore roughly estimated that GA-III
treatment may increase the fracture energy at the interface by a factor of two.
Although this estimation is based on the simplified assumption, it shows good
agreement with the initiation fracture energy at the mixed modes in Figure 2.8.
2.3.2. Treatment of GFRP-I using GA-IV
Similar experiments were carried out for GA-IV for contact angle measurements, XPS
analysis in terms of input power, gas flowrate, the number of exposure, and
mechanical properties of DCB specimens. The results are similar to those in Section
2.3.1. and thus detailed presentations are omitted in this chapter. In brief, the optimum
treatment was demonstrated at the plasma power of 800 W and gas flowrate of 17.5
SLM. In this condition, the GA-IV treated GFRP-I plates was efficiently oxidized and
showed improved fracture resistance even when the distance between the edge of the
electrodes and the GRFP plate surface is 55 mm.

Figure 2.9. OES at different heights and a side-view of the gliding-arc discharge
operated at an air flowrate of 17.5 SLM and a power of 800W. The height of the
image is approximately 12 cm.

Figure 2.9 shows OES of the GA-IV operated at the air flowrate of 17.5 SLM and the
power of 800 W, including NO, N2 and OH bands. In particular the emission from
OH(A-X) was detected up to a distance of 60 mm from the edges of the electrodes.
Hence increase in the fracture energy of GA-IV treated specimens at distances of 55
mm or shorter is understandable.
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2.3.3. Treatment of CNF coating using GA-IV
In this section, contact angles of deionized water and glycerol were measured. Figure
2.10 shows measured contact angles at different numbers of exposure. Typically 10
measurements were made for each specimen, and their arithmetic mean was
calculated. The contact angles of deionized water and glycerol before GA-IV
treatment, corresponding to 0-time exposure, were typically between 20º - 35º and 70º
- 80º, respectively. The deionized water contact angles tend to decrease as the number
of exposure increases, approaching 0º. The glycerol contact angles also tend to
decrease as the number of exposure increases, approaching approximately 30º.
Enhancement of glycerol wetting is preferable when CNFs are mixed in a composite,
since CNFs are usually dispersed in an organic solvent for mixing it into a polymer
matrix. However, it is noted that after 16-time exposure, contact angles of deionized
water and glycerol is slightly increased.

Figure 2.10. Contact angles of deionized water and glycerol on the CNF coatings at
different times of exposure to GA-IV. The numbers of exposure are 0 (corresponding
to an untreated surface), 2, 4, 8 and 16. Solid triangle: deionized water. Open circle:
glycerol.

XPS measurement was carried out to analyze the elemental composition of the CNF
coatings before and after the GA-IV treatment. The CNF surfaces typically contain C,
O, Ca, and low concentration impurities. The atomic ratios of O/C and Ca/C
calculated using the XPS survey spectra are shown in Figure 2.11 (a). After 2-time
exposure, the O/C ratio significantly increased from 0.59 to approximately 0.72. The
O/C ratio did not significantly increase by further exposure, and eventually decreased
to approximately 0.64 after 16-time exposure. The Ca/C ratio also increased, after the
GA-IV treatment, from 0.02 to 0.03-0.04. The increase in the Ca/C ratio can be
interpreted as preferential etching of organic components in the coatings (see Section
1.2). It is indicated that the Ca/C ratio does not monotonically increase as the increase
in the exposure to the GA-IV, and that the preferential etching of organic component
is not a leading effect of GA-IV treatment.
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Figure 2.11. (a) O/C and Ca/C ratios of the CNF coating surfaces at different times of
exposure to the GA-IV. (b) Contents of peaks obtained by curve-fitting of C1s spectra
of the CNF coating surfaces at different times of exposure to the GA-IV.

Deconvolution of the C1s spectra of CNF coatings before and after GA-IV treatment
was carried out to study functional groups at the CNF coating surface. The result is
shown in Figure 2.11 (b). Peaks at approximately 285 eV, 286.8 eV, and 288.4 eV can
be assigned to C-H/C-C, C-O, and C=O (carbonyl), respectively. Here, a content of
each peak in Figure 2.11 (b) is a ratio of a peak area to a total area of a C1s spectrum.
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A peak corresponding to carboxyl group at approximately 289.5 eV was not detected.
Since general plasma treatment can readily create carboxyl group on polymer surfaces
by oxidation, it is suggested that GA-IV may result in moderate oxidation on CNF
surfaces. After 2-time exposure, the peak corresponding to C-H/C-C decreased, while
the peaks corresponding to C-O and C=O increased. Similar to the O/C ratio, they
may not significantly change by further exposure, and after 16-time exposure, the
peak of C-H/C-C increased and the peaks of C-O and C=O decreased. Therefore, GAIV treatment can oxidize the CNF coating, but further treatment may rather deoxidize
it. It may be the reason why after 16-time exposure, the contact angles slightly
increased in Figure 2.10.

Figure 2.12. FE-SEM images of the CNF coating surfaces.

Discussion of the morphological changes after the gliding arc treatment is possible
only when nano-scale observation is performed, since plasma surface treatment
generally changes the top layer up to 10 nm or less. Figure 2.12 shows FE-SEM
images before and after the GA-IV treatment. Figure 2.12 (a) indicates that the
untreated CNF coating shows assemblies of nano-cellulose fibrils surrounded by an
unstructured phase. 2-time exposure in Figure 2.12 (b) seems to roughen the surface,
most likely due to the preferential etching of the surrounding phase, supported by the
XPS result of the increase in the Ca/C ratio. However, further exposure may not
significantly roughen the CNF coating surfaces in a nano-scale as shown in Figures
2.12 (c) and (d). Instead, these images indicate that the surface becomes smoother in
nanoscale, while a larger scale deformation might occur (Figure 2.12 (d)). A possible
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explanation of this morphological change by the GA-IV treatment is that the CNF
coating surface could be etched and roughened moderately, and that longer exposure
could result in microscale melting at the surface.
In summary, after 2- and 4-time exposures of GA-IV treatment to CNF coating
surfaces, the contact angles were decreased, the O/C content were increased and the
surfaces were roughened. These changes are useful for improving adhesion of the
CNF coatings. However, after 16-time exposure, the contact angles were slightly
increased, the O/C ratio was slightly decreased and the surfaces were melted.
Therefore, there can be an optimal treatment condition for adhesion improvement.
2.3.4. Thermal effect and influence on bulk materials

Figure 2.13. Temperature of the FCA surface after DBD treatment (a) and GA-IV
treatment (b).

FCA films were treated with the DBD and GA-IV. The results of temperature
measurements at the FCA film surfaces are shown in Figure 2.13. As the exposure
time or treatment time increases, heat was accumulated and the temperature was
increased. After 600 s treatment with the DBD, the temperature exceeded 80 °C. On
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the other hand, even after 40 times of exposure by GA-IV, the temperature remained
below 40 °C, indicating that GA-IV treatment can prevent the treated films from
excess thermal damage. Generation of free radicals in alanine is temperature
dependent [40]. Results of alanine/EPR dosimetry therefore depend on the
temperature and thus a correction of the alanine dosimeter response was performed
when the irradiation temperature was different from the calibration temperature.
Elemental compositions of FCA films deduced from the XPS results before and after
each treatment are summarized in Table 2.2. Plasma treatment decreases the fluorine
content and increases the oxygen content. For the present conditions, GA-IV
treatment shows a higher effect in decrease of fluorine and increase of oxygen than
the DBD treatment. Gamma radiation also decreases the fluorine content and
increases the oxygen content, comparable to the GA-IV treatment.

Table 2.2. Elemental composition of FCA surfaces by XPS [%].
Treatment
Untreated
DBD,
GA-IV,
15 s
2 exposures
Elemental
C
48
51
54
composition
F
48
42
33
[at.%]
O
4
5
10
N
0
1
2

Gamma
irradiated
56
32
9
2

Figure 2.14. EPR spectra of identical FCA films subjected to 80-Gy dose of gammaradiation (upper image) and DBD treatment for 600 s (lower image). The background
subtraction was not performed.
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The EPR spectra obtained from gamma irradiated and plasma treated FCA films with
the use of an EPR spectrum analyser are shown in Figure 2.14. Both waveforms in
Figure 2.14 present typical EPR spectra of alanine radicals [41].

Figure 2.15. Absorbed dose deposited in FCA films treated by the DBD (a) and GAIV (b).

The results of absorbed dose measurements for DBD and GA-IV treatments of FCA
films using EPR spectra with temperature corrections are shown in Figure 2.15.
Gamma rays are known to be the most penetrating of the radiations and can pass
through the FCA film. If plasma treatment modifies only the surface layer of the
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materials up to approximately 1 m, the bulk material properties of alanine would be
retained due to the 20-m thick fluoropolymer covering alanine. However, Figures
2.14 and 2.15 indicate that plasma treatments eventually modified the bulk alanine,
and thus the plasma treatments affected not only surfaces but also bulk materials.
Since increase in temperature by the treatment was moderate as shown in Figure 2.13,
the bulk modification in the present study is probably caused by high energy photoemission of the plasmas such as ultraviolet (UV) rays. Penetration depth of UV rays
into polymer materials depends on the materials themselves and the wavelength of
UV [42]. Fluoropolymers are known to be substantially UV transparent even at short
wavelengths [43], while alanine absorbs a broad range of UV [44]. It is therefore
likely that UV rays emitted from the plasma can pass through the fluoropolymer layer
and easily be absorbed by alanine. This indicates that the alanine/EPR dosimetry can
be potentially used as a measure of bulk modification caused by the plasma treatment.
Here, modification effects of the surfaces and the bulk for the two different plasma
treatments are compared. GA-IV treatment decreased the fluorine content and
increased the oxygen content much more than the DBD treatment. On the other hand,
the specific deposited energies of the films after GA-IV and the DBD treatments are
approximately 3 and 14 J kg-1, respectively, as shown in Figure 2.15. These results
indicate that in the specific conditions, GA-IV treatment can modify the material
surface and retain the bulk properties more efficiently than the DBD treatment. In
other words, the gliding arc treatment may be more appropriate for surface
modification while the DBD treatment may be the choice for bulk modification. UV
emission of the gliding arc includes emissions from NO, OH and N2, and its intensity
is lowered in the condition in this section (see Figure 2.9). In addition, the intensity of
the UV emission a few centimeters away from the electrodes, where the specimen can
be exposed, is substantially lower than that in the vicinity of the electrodes in Figure
2.9. On the other hand, the helium DBD typically has strong UV emissions consisting
of N2, N2+ and NO [45]. The difference of the UV emission between the GA-IV and
the helium DBD can be one of the reasons of the higher bulk modification effect of
the DBD.
2.4. Summary
Gliding arc sources were developed based on a new concept of the design. They
demonstrated stable operation with high efficiency in treatment. Surface modification
effects were examined for GFRP-I plates and CNF coatings. In each case, the surface
was oxidized significantly and roughened. These changes are useful for improving
adhesion with adhesives which have polar functional groups. Significant improvement
of adhesion with vinylester was demonstrated for GFRP-I plates. Since the gliding
arcs developed here can efficiently oxidize the material surfaces when the distance
from the edge of the electrodes is up to approximately 6 cm in open air, it can be
advantageously applied to plasma surface modification of bulky objects for adhesion
improvement of materials.
FCA films were treated by the DBD and the gliding arc at atmospheric pressure as
well as gamma irradiation. Each treatment decreased fluorine contents and increased
oxygen contents at the surfaces of the fluoropolymer coatings on the alanine films. On
the other hand, each treatment also modified the bulk alanine films. It is indicated that
the plasma treatments can affect bulk properties, and the changes can be detected by
the EPR technique. In the selected conditions, the gliding arc treatment modified the
surface more and the bulk less than the DBD treatment.
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3. Diagnostics of AC gliding arc [A8-A9]
3.1. Introduction
In this chapter, properties of the gliding arc (GA-IV) are investigated using optical
diagnostics and electric measurements. A typical gliding arc is a plasma column that
extends between two diverging electrodes in a turbulent gas flow. When applying
high electric power in a gas flow, the generated gliding arc is visualized as a blurred
glowing region. The gliding arc of the present thesis reveals its true instantaneous
structure in photographs with short exposure time as the ones shown in Figure 3.1.
The gliding arc is a thin, string-like plasma column that repeatedly ignites in the
closest gap between the diverging electrodes, glides up along the electrodes, and
extinguishes. The large-scale motion of the gliding arc is caused by convection in a
turbulent free jet that stretches an arc into the quenched plasma column connecting the
anchor points on the electrodes. The length of the plasma column increases until its
extinction unless the plasma column short-cuts a long current path with a shorter one.
After the ignition of a new plasma column at the closest gap of the electrodes at 100
s (third image from the left in Figure 3.1), the previous plasma column decays,
indicated by the lower photoemission intensities. At the ignition stage the plasma is
hot but the molecules and ions are quickly cooled, creating non-equilibrium
conditions.
Knowledge of the freely developing gliding arc discharge is useful to understand
more complicated practical situations, such as surface treatment where the gliding arc
interacts with a surface. Free-developing gliding arcs, therefore, have been
investigated in modelling [19, 46] and in experiments [3, 46, 47]. Measurements of
gliding arcs reported were usually done at temporal resolution that did not allow
dynamic processes, such as ignition and small-scale movement, to be tracked.

Figure 3.1. Photographs of GA-IV taken every 50 μs. The exposure time of the
camera was 13.9 μs. A new arc ignites in the third frame (100 μs) after which the
previous discharge above the electrodes extinguishes and the optical emissions
decay.

High speed photography reveals the dynamic processes and tracks GA-IV in time
including ignition, short-cutting events triggered by Townsend breakdown, and
extinction. The framing rate used in this work is up to 420 kHz giving a temporal
resolution up to 2.1 μs, which essentially freezes the motion of the plasma column and
resolves the changes of the emission intensities originating from the AC driving
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power varying at 31.25 kHz (i.e., the half cycle duration is 16 µs). Distributions of
ground-state OH radials generated in the plasma column are visualized.
3.2. Experimental methods

Figure 3.2. Typical voltage (blue) and current (green) waveforms recorded by the
oscilloscope.

The air flowrate was fixed at 17.5 SLM unless otherwise stated. The air velocity was
calculated to be about 40 m s-1 at the nozzle exit providing turbulent flows with a
Reynolds number of about Re = 8000. GA-IV was driven by an AC power supply at a
frequency of 31.25 kHz. The input power to GA-IV was approximately 800 W.
Typical waveforms of the voltage and the current are presented in Figure 3.2. The
current follows the voltage, but the current spikes were occasionally observed.
A high-speed camera was used to capture ignition, propagation and extinction of GAIV.
Planar laser-induced fluorescence (PLIF) was employed to investigate the distribution
of the ground-state OH radicals. The laser beam was shaped into a thin laser sheet to
enable a two-dimensional measurement of OH with high resolution in time and space.
The ICCD camera was synchronized with the pumping laser, and the fluorescence
was collected perpendicular to the laser sheet with an exposure time of 30 ns. The
plasma column was also directly imaged using the ICCD camera through filters (UG5
+ WG295) in order to investigate the spatial distribution. The OH-PLIF signal and the
spontaneous plasma emission can be simultaneously collected using the ICCD with an
exposure time of 2 μs.
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3.3. Results and discussion

Figure 3.3. An example of a short-cutting event recorded at 20 kHz framing rate
using an exposure time of 13.9 μs. The short-cut current path is indicated by the red
arrow at 50 μs where a gas breakdown occurs between the two legs of the plasma
column, forming a new current path.

The motion of GA-IV was recorded with the high-speed camera and the motion of the
plasma column was captured at high temporal resolution to reveal detailed
information on ignition, evolution, short-cutting, pulsation and extinction. An
example of the short-cutting events captured is shown in Figure 3.3. As shown in the
frame for t = 50 μs, the short-cut current path (indicated by the red arrow) exists
simultaneously with the previous, longer current path. After the new current path is
formed, photoemission is still observed (in the dashed box).
Figure 3.4 shows three typical frames of single-shot superimposed OH-PLIF
distributions and photoemission at flowrates of 17.5 SLM and 42 SLM, respectively.
An exposure time of 2 μs was used in order to simultaneously record OH distributions
and plasma column photoemission. The conductive plasma column, illustrated as a
bright string in Figure 3.4, is a 3D thin wrinkling channel that connects the two
electrodes. The 100 μm thick laser sheet crossed the plasma column vertically and
illuminated only part of the plasma column, where OH distributions in the thin crosssection were illustrated in the collected PLIF images. However, the simultaneously
recorded bright string of the hot core was the projection of the whole plasma column.
From the simultaneously recorded plasma emission and the OH-PLIF, one can see the
hollow-shaped OH distribution around the plasma column. The thickness of the
hollow structure is much wider (up to 0.9 cm) than the plasma column (about 0.1 cm)
at low flowrates, while decreases to about 0.3 cm at high flowrates.
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Figure 3.4. Three typical single-shot OH-PLIF images for 2 μs exposure, showing the
OH distributions and plasma-column photoemission at two flowrates (a) 17.5 SLM,
and (b) 42 SLM. The typical thickness of the OH distribution is labelled in the images
with unit of centimetres. The colour bar is in arbitrary units of photoemission intensity.

3.4. Summary
The evolution of a gliding arc discharge has been investigated using the high speed
camera and PLIF. Short-cutting events in the plasma column were observed as well as
the re-ignition of the discharges in the closest gap between the electrodes. This type of
short-cutting events reduces the re-ignition of the gliding arc, hence improves the
efficiency of the production of non-equilibrium plasma generation. Townsend
discharges were observed at the beginning of the short-cutting events. It was found
that the re-ignitions between the electrodes occur while the previous plasma column
still exists. After formation of the new plasma column, the previous plasma column
decays. PLIF was applied to reveal the distribution of the ground-state OH. A hollow
structure was found in the single-shot images of OH, which might be explained by the
ground-state OH formation from the decay of excited OH.
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4. Stability of AC gliding arcs [A10]
4.1. Introduction
A gliding arc is often operated using DC [19, 21], but AC can also be used [48]. The
performance of a gliding arc is studied in terms of energy balance [46], force balance
[49], and electric circuits [19, 50].
It is desirable in many applications that a gliding arc is not blown away in a short time
but stays in a same location for the efficient use of energy introduced to the plasma.
Stability of a DC gliding arc and its implication of the transition from thermal to nonthermal discharge have previously been discussed using a circuit theory [19]. It is
assumed that a specific power dissipated from the discharge per unit length, W, is
constant at a fixed gas flowrate. Experimental data supports this assumption [51].
Neglecting a self-inductance, Ohm’s law can be written in the form [19]
Wl
V  RJ 
J
(1)
and thus

J

V  V 2  4WlR
.
2R

(2)

Here, V is the voltage applied from the power supply, R is the serial resistance, J is the
current, and l is the length along the DC gliding arc discharge column, which is
different from the extension length from the edge of the electrodes. Electrode fall
voltages can be up to approximately 300 V [52], and is thus assumed to be negligible.
When the length of the discharge column l increases and the discriminant of Eq. (2)
reaches zero, the discharge evolution in equilibrium is terminated. This occurs at a
critical length lcrit_dc,
V2
l  lcrit _ dc 
4WR .
(3)
Here, the critical length lcrit_dc is in inverse proportion to the energy dissipation W. If
the length of the DC gliding arc discharge column exceeds the critical value of Eq. (3)
(critical length in the thermal regime), a fast transition from thermal to nonequilibrium state with different discharge parameters takes place [19]. After the
transition, the gas in the DC gliding arc rapidly cools while the electron temperature
increases due to the increase of the electric field strength (non-thermal regime). This
post-transition period after quenching, corresponding to a non-equilibrium state, is
potentially useful, since only in this period the gas temperature is low enough so as to
be applicable in a variety of general material processing. It is reported that after the
transition, the critical length in the non-thermal regime can be approximately three
times larger than the critical length in the thermal regime before the transition, since
the energy dissipation from the DC gliding arc W can be approximately three times
smaller due to the lower gas temperature after the transition [19]. However, this posttransition period could constitute only a small portion of the total DC gliding arc cycle
time, limiting the practical application of DC gliding arc discharges.
On the other hand, introduction of a self-inductance of the circuit L into the DC
gliding circuit decelerates the rate of current decrease and prolongs the evolution time
of the non-equilibrium DC gliding arc [19]. Equation (1) is replaced with
Wl
dJ
V  RJ 
L
.
(4)
J
dt
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The influence on the critical length of the AC gliding arc has not been studied yet.
In this chapter, this simple nonlinear model (Eq. (4)) is used to study the stability and
critical length of an AC gliding arc in a non-thermal regime. The AC gliding arc
presented here is characterized by the length of the plasma column of approximately
20 – 30 cm. It does not extinguish each half period but can survive over hundreds of
AC periods after which the discharge is terminated by a new ignition at the closest
gap between the electrodes (Chapter 3). This AC gliding arc is unique and
significantly useful for surface modification, since three-dimensionally shaped bulky
structures can be easily treated, and the energy consumption of the plasma is mainly
used for sustaining a non-equilibrium plasma instead of arc ignition. As shown in
Figure 3.2, the current waveform can be approximated by a sinusoidal form, which
allows detailed analytical study of the model.
4.2. Stability analysis of an AC gliding arc
In Chapters 2 and 3 it is indicated that the AC gliding arcs (GA-III and GA-IV) driven
at a high frequency (30-40 kHz) can be stably extended from the edges of the
electrodes up to several centimetres in the post-transition period. In this chapter, GAIII and GA-IV were used. The closest gap between the blade-shaped pieces of GA-III
is variable from 2 to 8 mm. GA-III and GA-IV were operated at a frequency of 31.25
kHz. Other conditions are similar to Chapters 2 and 3.

Figure 4.1. Photos of the AC GA-IV at different gas flowrates: (a) 14 SLM, (b) 17.5
SLM, (c) 21 SLM, (d) 31.5 SLM and (e) 42 SLM. The upper images are acquired by a
normal camera using an automatic exposure time, showing how humans perceive the
gliding arc. The lower images are captured by a high-speed camera using an exposure
time of 13.9 s and reveal the plasma column just before extinction.
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It is observed that the behaviour of the gliding arc is affected by the movement of the
gas around the discharge and that the plasma column tends to be longest when blown
upwards in the direction of buoyancy for heated gas. When it is blown downwards
against the direction of buoyancy, mixing of the gas and subsequent cooling of the
plasma are enhanced and thus the plasma column would be shorter. In this chapter,
the gas flow is kept upward. The behaviour of the gliding arc is also affected by the
gas flow. Photos of GA-IV at various gas flowrates are shown in Figure 4.1. The
upper photos were taken by a normal video camera with an automatic exposure time,
corresponding to apparent visual images of a bulky plasma. However, the real
dynamics of the gliding arc can be captured by a high speed camera, represented by a
thin plasma column of the lower row of photos in Figure 4.1. The photos in the lower
row are the last acquired images before extinction of the discharge column. As the
framing rate was 20 kHz, the discharge extinguishes 50 s after the time of these
images or shorter. As the movement of the plasma column is negligible within this
timeframe, these images show the maximum achievable length of the plasma column
at each flowrate. It is seen that the maximum achievable length of the discharge
column tends to decrease as the gas flowrate increases.

(a)

(b)
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(c)

(d)

(e)
Figure 4.2. Typical voltage (black line) and current (red line) waveforms of the GAIV at different gas flowrates: (a) 14 SLM, (b) 17.5 SLM, (c) 21 SLM, (d) 31.5 SLM
and (e) 42 SLM.
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When the gliding arc is generated with an AC power supply at an angular frequency 
= 2 × 31.25 kHz, the measured photoemission intensity from the gliding arc
oscillates at the angular frequency 2 [A8], because the energy dissipated from the
discharge reaches its maximum in each half period.
Figure 4.2 shows typical voltage and current waveforms of the AC driven GA-IV at
different gas flowrates. At the gas flowrates between 17.5 SLM and 21 SLM, they
approximately follow sinusoidal forms apart from occasional small spiky currents
which correspond to arc ignitions or short cutting events. A phase-shift of the
current from the voltage is seen in Figure 4.2. The current waveform indicates that the
spiky current does not appear every half period and that the gliding arc discharge
survives over several hundreds of periods at the lower gas flowrates. This indication
was supported by the observations of the evolution of the discharge columns in
Chapter 3. On the other hand, at the gas flowrates of 31.5 SLM and 42 SLM, the
current waveforms involve sinusoidal-like waveform and frequent intense spiky
current. Due to the intense spiky current, the voltage waveforms are also deformed. It
is indicated that at higher flowrates, the discharge modes tend to fluctuate more
frequently, since the electrical impedance differs significantly at different discharge
modes primarily due to the change of the specific power dissipated from the discharge
per unit length, W.
An electrical scheme of the AC gliding arc is shown in Figure 4.3. It is assumed that
the self-inductance of the circuit L is dominated by that of the discharge column due
to the long extension and significant fluctuation of the discharge column. It is also
assumed that voltage and current waveforms are sinusoidal at the angular frequency
. The deviation from the sinusoidal waveform at higher gas flowrates will be
discussed later. Since the measured photoemission intensity from the gliding arc
oscillates at the angular frequency 2[A8], it is realistic to assume that the specific
power dissipated from the discharge per unit length W of the AC gliding arc is not
constant but oscillates at the angular frequency of 2 .

Figure 4.3. Electrical scheme of the AC gliding arc.
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The supply voltage V at the powered electrode, the current J and the specific power W
dissipated from the discharge per unit length in Eq. (4) can be replaced with
(5)
V  V0 e it ,
J  J 0 ei t   ,

(6)

W  W0 ei 2t   ,

(7)
where V0, J0 and W0 are amplitudes and δ (││</2, and thus cos  > 0) and  are
phase shifts. Substitution of Eqs. (5-7) into Eq. (4) yields
Wl
V0  RJ 0ei  0 ei     iLJoei .
(8)
J0
Hence the phase shift  of the specific power dissipated from the discharge per unit
length is obtained:
V0
sin   R sin 2  L cos 2
J
.
(9)
tan   0
V0
cos   R cos 2  L sin 2
J0
The real part of Eq. (8) is
Wl
V0  RJ 0 cos   0 cos     LJ o sin 
J0
.
(10)
The general solutions of Eq. (10) are

R 

2
 V0  V0  4LW0l cos    tan  
  cos   
L 

J0 
. (11)
R 

2L cos    tan  

L 

For real solutions, the discriminant must be positive or zero. In addition, the
amplitude of the current Jo must be positive.
Three different cases are discussed that depend on the relative values of tan and the
ratio of the characteristic time of the AC power supply -1 and that of the electrical
circuit L/R. Namely tan can be equal to, larger than or smaller than R/L.
(i).
If

tan  

R
,
L

(12)

V0 J 0
.
W0l

(13)

Eq. (10) can be reduced to

cos    
After some calculations,

1

L  2 L2 V0 2 J 0 2   2 L2   2

 2 2  2  1  1
R  R2
W0 l  R
 
tan  
.
2
2
V0 J 0   2 L2 



1

1
2

W0 l 2  R 2
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(14)

(ii).
Further, if

R
,
(15)
L
-1
namely if the ratio of the characteristic time of the AC power supply  to that of the
electrical circuit L/R is smaller than tan then
cos     0
(16)
in order to have a positive solution in Eq. (11). In this case, the discriminant is always
positive, and there exists the following positive solution for J0
tan  

R 

2
 V0  V0  4LW0l cos    tan  
  cos   
L 

J0 
.
R 

2L cos    tan  

L 

Therefore, a critical length does not exist under condition (15).

(17)

(iii).
In the last case, if

R
L ,
(18)
at least one positive solution exists in Eq. (11) as long as the discriminant is positive
or zero.
When
cos     0 ,
(19)
the discriminant is always positive, and there would again be no critical length.
When
cos     0 ,
(20)
tan  

2

l

V0
 lcrit
R


4LW0 cos   
 tan    cos   
 L


(21)

or
2

V0
1
.
(22)
lcrit 4 cos   R  L tan    cos   
A critical length exists under this condition. If the voltage V0 increases or the
resistance R decreases, the critical length will increase. In addition, as the angular
frequency ω increases, the critical length steadily increases as long as condition (18)
is still valid.
The specific power dissipated from the discharge per unit length W0 will increase
when the gas flowrate increases. It is thus predicted from Eqs. (21) and (22) that if the
gas flowrate increases, the critical length will decrease. The maximum projected
length of the gliding arc discharge column lmax was obtained from the twodimensional photos of the gliding arc discharge. This projected length in the twodimensional photo plane is always shorter than the actual length in three dimensions.
Nevertheless, it is reasonable to use the projected length as experimentally accessible
measure as it should be roughly proportional to the actual length. The supply voltage
V0 was measured at the fixed resistance R (1.45 ). The maximum projected length of
W0 
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the gliding arc discharge column lmax and V02/lmax at different air flowrates at a fixed
frequency (31.25 kHz) is shown in Figure 4.4. Here Eq. (22) indicates that V02/lmax is
proportional to W0. Assuming that the maximum projected length of the discharge
column is proportional to a critical length, the measured results suggest that the
critical length tends to decrease and W0 to increase with increasing gas flowrates in
accordance with the predictions based on Eqs. (21) and (22).

Figure 4.4. The maximum projected length of the gliding arc discharge column lmax
(solid square) and V02/lmax (open triangle) at different air flowrates. For a visual aid,
they are connected by a solid line and a broken line, respectively.

Taking the ratio of lcrit in Eq. (21) to lcrit_dc in Eq. (3) and assuming that V and W in
Eq. (3) are equal to V0 and W0 in Eq. (21),
lcrit
1
(23)

1.
lcrit _ dc
 L

cos   1 
tan    cos   
R


Under these assumptions, if a critical length exists for the AC driven gliding arc, it is
always longer than that of a corresponding DC driven gliding arc. This result is
supported by the fact that the DC gliding arcs reported in the literature typically have
shorter extension lengths than the AC gliding arcs [19, 46, 47, B22-B26].
It is observed that the length of the gliding arc is limited by two mechanisms: either
the plasma current suddenly finds a shorter path in short-cutting events (Chapter 3) or
the next discharge ignites at the closest gap g of the electrodes. It is observed that the
magnitude of the voltage V0 increases as the length of the discharge column l
increases [53]. Once the voltage reaches the value at which the next gas breakdown
occurs at the closest gap, the extended gliding arc will be extinguished [54]. It is
therefore possible that the measured maximum length might be shorter than the
achievable length predicted by Eq. (21). If the width of the closest gap increases at a
fixed gas flowrate, the model suggests that the ignition voltage also increases so that
the gliding arc can be further extended. However, depending on a specification of a
high voltage power supply, there is a limitation of achievable maximum voltage at or
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below which initial gas breakdown should occur in order to generate a gliding arc.
Therefore an optimum gap gopt exists practically. If g > gopt, the initial gas breakdown
cannot occur. If g < gopt, arc discharge can be more easily ignited at the closest gap so
that the extended gliding arc can be extinguished. By tuning the width of the closest
gap, the discharge length l might be further increased. In order to verify the concept of
the optimum gap experimentally, the gap between the electrodes of GA-III was varied
from 2 to 8 mm. Figure 4.5 shows photos of GA-III taken by the normal video camera
with an exposure time of 33.3 ms. The driving frequency was 31.25 kHz, the gas
flowrate was 14 SLM, and power was approximately 800 W.

Figure 4.5. Photos of GA-III for the gaps of 2, 4, 6 and 8 mm taken by the normal
video camera with an automatic exposure time. Frequency: 31.25 kHz, gas flowrate:
14 SLM, power: approximately 800 W.

Figure 4.6. Measured projected length of the plasma column for the electrode gaps of
2, 4, 6 and 8 mm. The projected length is measured using the images taken by a
normal video camera.
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The projected length of the discharge column at different gaps was measured using
the images taken by the normal video camera, as shown in Figure 4.6. As the gap
increases, the gliding arc tends to be longer and the projected length approaches to a
saturated value of approximately 110 mm, while the photoemission decreases in the
region between the electrodes.

Figure 4.7. OES of GA-III for the gaps of 2, 4, 6 and 8 mm.
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Measurements of OES were performed using an optical fibre, a spectrometer and a
CCD. The photoemission of the GA-III at several cm above the edge of the electrodes
was collected as shown in Figure 4.7. The OES includes NO, OH and N2 bands. The
photoemission intensity increases as the gap increases, whereas the relative intensities
of the emission from these different bands are approximately the same. The chemical
composition of the photo-emitting species is therefore independent of the gap width.
These results in Figures 4.5, 4.6 and 4.7 mean that smaller gaps favour arc ignition but
suppress extension of the plasma column. On the other hand, when the gap is too
large, the discharge would not ignite. It is therefore experimentally concluded that an
optimal gap exists to efficiently extend the gliding arc.
4.3. Summary
A stability analysis of the AC driven GA-III and GA-IV was carried out. The
condition of the critical length of the gliding arc can be discriminated by the relation
between the phase shift of the discharge current to the ratio of the characteristic time
of the AC power supply to that of the electrical circuit. The calculation indicates that
the AC gliding arcs can be preferably extended when the AC frequency increases, the
serial resistance decreases and the gas flowrate is lowered. The suggested dependence
of the maximum achievable discharge extension on the flowrate is demonstrated
experimentally. Furthermore it is found that the critical length of an AC gliding arc
would be longer than that of a corresponding DC gliding arc. It is indicated that the
length of the gliding arc can be further extended by tuning the gas breakdown
condition at the closest gap between the electrodes.
In order to fully determine the difference between the critical length and the
maximum length of the gliding arc before extinction, parameters such as gas flow
dynamics, gas temperature, geometrical aspects, and electrode materials need to be
further considered.
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5. Development of ultrasound enhanced plasma processing [A11-A16]
5.1 Introduction
In this chapter, the concept of the ultrasound enhanced plasma is introduced, and the
application to surface modification is presented using a DBD.
Atmospheric pressure plasma surface modification is generally performed by feeding
a process gas into the plasma. A boundary gas layer normally sticks at the material
surface through which reactive species generated in the plasma are diffused for
reaction with the surface. Due to the short lifetime of these species, only a small
fraction of them can reach the surface. It is reported that ultrasonic waves with a
sound power level (SPL) above 140 dB can reduce the thickness of the boundary gas
layer [55]. It is therefore interesting to combine the techniques of plasma processing
with ultrasound to reduce thickness of the boundary gas layer and to increase a
probability of accessing generated reactive species toward material surfaces.
Combinations of a plasma and ultrasonic waves have been investigated for
understanding the interaction between plasma and ultrasound [56], electrical
discharge machining [57], plasma etching [58], ozone generation [59], decomposition
of volatile organic compounds [60], and improvement of charging performance of
corona chargers [61]. Ultrasonic waves at a material surface are often generated by
vibrating the material using a piezoelectric or other solid state electro-acoustic
transducer. However, due to the significant difference in acoustic impedances
between a solid and a gas, that is, acoustic impedance mismatch, most of the
generated acoustic power by such a transducer cannot be emitted into the surrounding
gas. Subsequently it is converted into thermal energy to heat materials. Therefore,
ultrasound generated by such a transducer cannot efficiently reduce the thickness of
the boundary gas layer at a material surface. On the other hand, a high-power gas-jet
ultrasonic generator generates acoustic waves directly in a gas without acoustic
impedance mismatch [55].
In this chapter, first, enhanced treatment effect for GFRP plates is demonstrated in a
helium DBD driven at a frequency of 12 kHz and ca. 40 kHz with ultrasonic
irradiation (Section 5.3.1). However, 50/60 Hz operation of a DBD is advantageous
due to its simplicity and avoiding a radiation hazard related with high frequency
operation, and 50 Hz plasma processing at atmospheric pressure is extensively
investigated [13,62]. Section 5.3.1 also presents a 50 Hz helium DBD with ultrasonic
irradiation. However, as the use of helium gas is costly, it is of great interest to use air
as a process gas. GFRP plates were also treated using a DBD in air with and without
ultrasonic irradiation (Section 5.3.2). Furthermore, CNF coatings were treated using a
helium DBD with and without ultrasonic irradiation (Section 5.3.3).
5.2 Experimental methods
Commercially available 2-mm thick GFRP plates were used as specimens (it is
referred to as GFRP-II). They were cleaned and degreased with acetone and methanol.
CNF coatings were prepared in a same manner as presented in Section 2.2.2.
The DBD was generated between two parallel plane electrodes (50 mm × 50 mm,
gap: 5 mm) and driven by AC power supplies at frequencies of between 30 kHz and
ca. 40 kHz, 12 kHz, and 50 Hz. When the DBD was generated at a frequency of 50 Hz
with a step-up transformer, the peak-to-peak voltage was set to 30 kV, and the power
measured in this way was lower than 0.5 W. It is distinctly different from a normal
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DBD operated at a frequency of several kHz or higher, where the input power can be
typically 100-1000 times higher. Figure 5.1 shows a schematic diagram of the DBD
setup. Voltage and current were measured similarly to the previous chapters. A highpower gas-jet ultrasonic generator was placed near the top of the waveguide which is
connected to the powered mesh electrode.

Figure 5.1. Diagram of the DBD setup with a high-power gas-jet ultrasonic generator.

Figure 5.2. The acoustic spectrum transmitted through the mesh electrode.
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The frequency range of the ultrasound was between 20 kHz and 40 kHz, and the SPL
was approximately 150 dB at a material surface. Figure 5.2 shows an acoustic
spectrum from the ultrasonic generator transmitted through the mesh electrode
measured using a capacitive microphone and a sound analyzing system. The spectral
band between 20 kHz and 40 kHz highlighted with the grey bar in Figure 5.2 was
used for the calculation of the SPL by the acoustic generator. This band carries about
75% of total emitted acoustic energy and the corresponding SPL is approximately 154
dB relative to 20 Pa reference level. The plasma gas and ambient air were separated
using a thin polyethylene film clamped in the waveguide. Helium or air was fed into
the plasma at a flowrate of 3 SLM.
OES measurements were performed using an optical fibre and a 0.75 m spectrometer
similarly to Chapters 2 and 4. Contact angles and XPS were measured similarly to
Chapter 2. AFM was used to observe the surface and evaluate the roughness.
5.3 Results and discussion
5.3.1. Helium DBD

Figure 5.3. Voltage (black) and current (red) waveforms for a helium DBD operated
at ca. 40 kHz at 100 W without (a) and with (b) ultrasonic irradiation.
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The waveforms of voltage and current in the helium DBD without ultrasonic
irradiation are shown in Figure 5.3 (a). The current waveform shows a few narrow
spikes in each excitation, indicating that a homogeneous glow discharge was
generated [B18]. When the ultrasound was irradiated to the DBD, a higher voltage
was required to sustain the plasma at the same power than the plasma without
ultrasonic irradiation. In addition, a filamentary micro-discharge was formed with
ultrasonic irradiation, identified with complex spiky current waveforms of microdischarges as shown in Figure 5.3 (b).
The current waveform at 50 Hz generally looks rather spiky due to the significant
difference between the current pulse width and a period of the sinusoidal voltage
waveform as shown in Figure 5.4 (a). The current pulse width of the helium DBD at
50 Hz without ultrasonic irradiation was approximately 1 s (Figure 5.4 (a)).
Ultrasonic irradiation decreases the current pulse width strongly, while it increases the
height of the current several times as shown in Figure 5.4 (b). This result corresponds
to the fact that the current waveform of the helium DBD driven at ca. 40 kHz changed
from glow to filamentary with ultrasonic irradiation.

Figure 5.4. Typical current waveforms of the DBD. Without (a) and with (b)
ultrasonic irradiation.
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Figure 5.5. Water contact angle before and after DBD treatment operated at ca. 40
kHz (a), 12 kHz (b) and 50 Hz (c) with (solid) and without (open) ultrasonic
irradiation.

Water contact angles of the GFRP-II plates were measured before and after the
atmospheric pressure DBD treatment in helium at different frequencies (ca. 40 kHz,
12 kHz and 50 Hz) with and without ultrasonic irradiation. The results are shown in
Figure 5.5. When the helium DBD was operated at ca. 40 kHz or 12 kHz, the water
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contact angle dropped and the wettability improved significantly after the treatment
for 10 s without ultrasonic irradiation, and longer treatment moderately improved the
wettability. The ultrasonic irradiation consistently and moderately decreased the
contact angle and improved the wettability as shown in Figure 5.5 (a) and Figure 5.5
(b). It is a significant contrast from the 50 Hz DBD treatment as shown in Figure 5.5
(c). The treatment did not significantly change the wettability even when they were
treated for up to five minutes. It can be attributed to the low input energy introduced
to the 50 Hz DBD in the present study. However, when the ultrasound was irradiated
to the 50 Hz DBD, water contact angles markedly decreased.
AFM was used to measure the surface roughness of the GFRP-II plates before and
after helium DBD treatment at ca. 40 kHz with and without ultrasonic irradiation,
taking a fixed area of 2 m2 m. The average roughness of the untreated surface
was approximately 1.7 – 4 nm. The GFRP-II plates were treated with the helium DBD
at ca. 40 kHz with and without ultrasonic irradiation for 30 s. The roughness slightly
increased to approximately 2 – 7 nm and 2 – 10 nm after the DBD treatment at ca. 40
kHz with and without ultrasonic irradiation, respectively. It is therefore unlikely that
ultrasonic irradiation significantly enhances surface roughening during the helium
DBD treatment at ca. 40 kHz.
On the other hand, after helium DBD treatment at 50 Hz with and without ultrasonic
irradiation, no significant difference in roughness was observed. It is possibly because
the energy applied to the DBD was too low for the efficient surface roughening.

Table 5.1. Elemental composition [at. %] and O/C ratio at the GFRP-II surfaces
characterized by XPS. Treatment times for DBD at ca. 40 kHz and 50 Hz are 30 and
60 s, respectively.
treatment untreated
DBD
untreated
DBD
Frequency
40 kHz
50 Hz
ultrasound
√
√
Elemental
C
76.5
71.5
68.3
81.1
81.8
79.8
composition
O
22.6
27.5
30.5
18.5
17.9
19.9
[at.%]
N
0.6
0.5
0.2
0.4
0.3
0.3
O/C ratio
0.30
0.39
0.45
0.23
0.22
0.25

The results of the XPS analysis are summarized in Table 5.1. After the DBD
treatment at 40 kHz without ultrasonic irradiation, the O/C ratio increased by 0.09,
indicating the introduction of oxygen containing polar functional groups on the
surfaces. Ultrasonic irradiation further enhanced oxidation at the surface. The result
agrees with the water contact angles shown in Figure 5.5 (a).
On the other hand, the O/C ratio remained almost unchanged after the DBD treatment
at 50 Hz without ultrasonic irradiation, while it slightly increased from 0.23 to 0.25
after the plasma treatment with ultrasonic irradiation. An increase in the O/C ratio
indicates that oxygen-containing polar functional groups are introduced at the
surfaces, improving the wettability. This result shows an agreement with that of the
contact angles in Figure 5.5 (c). No clear change was seen in the nitrogen content
before/after the helium DBD treatment at 50 Hz with/without ultrasonic irradiation.
Figure 5.6 shows TOF-SIMS ion images of the surfaces before and after the 50 Hz
DBD treatments with and without ultrasonic irradiation. Oxygen containing species
were homogeneously distributed in all cases. The homogeneous distribution of
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nitrogen species was observed only on the specimen surface after the 50 Hz DBD
treatment with ultrasonic irradiation. It is suggested that nitrogen from ambient air
reacted with the sample surfaces during the plasma treatment with ultrasonic
irradiation. XPS detects similar amounts of traces of nitrogen on all the surfaces,
while TOF-SIMS detects more intense nitrogen species on the surfaces treated with
ultrasonic irradiation. This difference can be explained from the fact that TOF-SIMS
is more surface sensitive (~1 nm) compared to XPS (5–10 nm).

Figure 5.6. TOF-SIMS ion images (500 μm × 500 μm) showing the intensity
distribution of CxHyOz and CxHyNz markers on the GFRP-II surfaces, corresponding
to oxygen- and nitrogen-containing functional groups, respectively: (a) untreated, (b)
DBD treated at 50 Hz for 60 s, and (c) DBD treated at 50 Hz for 60 s with ultrasonic
irradiation. Brown corresponds to no intensity and white to 100% intensity.

5.3.2. Air DBD
It is presented that the helium DBD changed from a homogeneous glow discharge to
filamentary micro-discharges with ultrasonic irradiation in Section 5.3.1 accompanied
with a change of current waveforms as shown in Figure 5.3. However, air DBD
without ultrasonic irradiation is filamentary, identified from the presence of complex
spiky current waveforms of micro-discharges as shown in Figure 5.7 (a). Ultrasonic
irradiation does not change the complex spiky current waveforms of the air DBD as
shown in Figure 5.7 (b).
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Figure 5.7. Voltage (black) and current (red) waveforms for an air DBD operated at ca.
40 kHz at 100 W without (a) and with (b) ultrasonic irradiation.

Figure 5.8. OES of the air DBD with (above) and without (below) ultrasonic
irradiation.
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OES was measured to identify excited species in the DBD. Figure 5.8 shows OES of
the air DBD with and without ultrasonic irradiation, including N2 and N2+ bands [37].
Ultrasonic irradiation did not change the OES significantly.

Figure 5.9. Water contact angle before and after plasma treatment with (circle) and
without (triangle) ultrasonic irradiation.

The treatment drastically changed the GFRP-II surface wettability. The water contact
angle on the GFRP-II plate was ~84° before the air DBD treatment, dropped markedly
to around 35° after 2-s treatment without ultrasonic irradiation, and further decreased
after longer treatments as shown in Figure 5.9. Ultrasonic irradiation during the air
DBD treatment tended to decrease the contact angle moderately.
XPS survey analysis was carried out in order to analyze the elemental composition of
the GFRP-II surfaces before and after the treatments for 5 and 30 s with and without
ultrasonic irradiation. The results are summarized in Table 5.2. After the treatment for
5 s without ultrasonic irradiation, the O/C ratio increased from 0.23 to 0.29. The O/C
ratio further increased after the treatment for 30 s. An increase in the O/C ratio
indicates that oxygen containing polar functional groups are introduced onto the
surfaces. Ultrasonic irradiation further enhanced oxidation at the surface. No clear
change was seen in the nitrogen content before/after the treatments.
Table 5.2 also summarizes de-convolution of C1s spectra of the GFRP-II surfaces
before and after the treatments for 30 s with and without ultrasonic irradiation. Peaks
at approximately 285.0 eV, 286.5 eV, 288.0 eV, and 289.5 eV can be assigned to CH/C-C, C-O-C/C-OH, C=O (carbonyl), and COO (carboxyl), respectively. The C1s
component peak of (carboxyl) increased after longer treatment or with ultrasonic
irradiation.
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Table 5.2. Elemental composition [at. %], O/C ratio, and C1s peak components of the
GFRP-II surfaces before and after the treatments characterized by XPS.
Untreated
Air DBD
Time [s]
5
30
5
30
Ultrasound
√
√
Elemental
C
81.0
77.1
72.2
70.7
70.8
composition
O
18.5
22.5
27.3
28.4
28.7
[at.%]
N
0.4
0.4
0.5
0.9
0.5
O/C ratio
0.23
0.29
0.38
0.40
0.41
C-C, C-H (285.0 eV)
59
54
52
46
50
Deconvolution
C-O (286.5 eV)
24
27
22
29
21
of C1s [%]
C=O (288.0 eV)
7
11
15
11
15
COO (289.5 eV)
10
8
10
14
14

Figure 5.10. GFRP-II plates (ca. 18 mm × 40 mm) treated by the air DBD with (right)
and without (left) ultrasonic irradiation [B27]. The damaged locations are indicated
by red circles.

During the DBD treatment in air without ultrasonic irradiation, occasional arcing was
observed. Consequently, the GFRP-II plate surface was partly damaged, as shown in
Figure 5.10 (left). It was found that the arc ignition was suppressed during the air
DBD treatment by the ultrasonic irradiation, preventing the GFRP-II plate from
damaging (Figure 5.10 right).
Randomly distributed oxidized spots were observed in the TOF-SIMS ion image at
the GFRP-II plate surface after the air DBD treatment without ultrasonic irradiation as
shown in Figure 5.11 (b). Such spots were not seen at the surface after the air DBD
treatment with ultrasonic irradiation (Figure 5.11 (c)). This indicates that ultrasonic
irradiation can not only suppress arcing but also improve uniformity of the treatment.
The homogeneous distribution of nitrogen species on only the treated sample surfaces
suggests that nitrogen from ambient air reacted with the sample surfaces during
treatment with/without ultrasonic irradiation.
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Figure 5.11. TOF-SIMS ion images (500 m 500 m) showing the lateral intensity
distribution of CxHyOz+ and CxHyNz+ markers corresponding to oxygen- and nitrogencontaining functional groups, respectively, on the GFRP-II surfaces: (a) untreated, (b)
30-s plasma treated, and (c) 30-s plasma treated with ultrasonic irradiation. Black
corresponds to no intensity, grey to some intensity, and white to 100 % intensity.

AFM was used to measure the surface roughness of the GFRP-II plates. The average
surface roughness of the untreated surface was 1.6 ± 0.2 nm. The GFRP-II plates were
treated with the air DBD with and without ultrasonic irradiation for 30 s. The
roughness increased to 3.3 ± 0.4 nm and 3.6 ± 0.6 nm after the plasma treatment with
and without ultrasonic irradiation, respectively. It is therefore concluded that air DBD
treatment significantly increase the surface roughness, but additional ultrasonic
irradiation do not change the surface roughness to any detectable degree.
5.3.3. Treatment of CNF coatings
Deionized water and glycerol were used as test liquids for the contact angle
measurement. Values of contact angles were scattered substantially, and thus the
measurements were repeated for some treatment conditions. Possible causes of the
scatter include uniformity and reproducibility of the CNF coating and the DBD
treatment. Difference of the contact angles for the untreated CNF coatings was
observed between two sets of the measurements as shown in Figure 5.12 (solid
square), and thus influence of the specimen uniformity is not negligible. On the other
hand, using the same setup of the DBD with and without ultrasonic irradiation for
treating GFRP-II plates, less significant scatters of the contact angles were presented
in Sections 5.3.1-5.3.2. A major cause of the significant deviation of the measured
contact angles might be the process of coating application.
The water contact angle before the plasma treatment was typically 20º - 25º, and
decreased to 12º-20º after the plasma treatment as shown in Figure 5.12 (a).
Ultrasonic irradiation during the plasma treatment further decreased the water contact
angle to below 10°. With ultrasonic irradiation, the reactive species in a plasma can
approach the material surface more frequently, thereby enhancing the plasma
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treatment effect. However, it can be seen that increasing the plasma power does not
affect the water contact angle significantly especially without ultrasonic irradiation. It
is reported that plasma treatment could often introduce polar functional groups on the
surfaces in a short time, while the surface roughness could gradually increase as the
increase in the treatment time [B6]. Therefore, at a fixed treatment time, higher
plasma power would be needed for significant etching. Figure 5.12 (a) shows that the
water contact angle further decreased at the power of 100 W when ultrasound was
irradiated, indicating that ultrasonic irradiation would efficiently improve etching.

Figure 5.12. Contact angles of CNF coatings before and after helium DBD treatment
for 30 s with varying plasma power, and with and without ultrasonic irradiation. Test
liquids: (a) deionized water and (b) glycerol.
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In the case of glycerol, as shown in Figure 5.12 (b), the contact angle before the
plasma treatment was 75º-85º, which then markedly decreased to 20º - 50º after the
plasma treatment. Ultrasonic irradiation further lowered the contact angle, while the
influence of increasing plasma power was insignificant. The enhancement in glycerol
wetting through the plasma treatment is beneficial since CNFs are usually dispersed in
an organic solvent before being mixed into an organic polymer matrix during the
composite manufacturing. The enhancement in glycerol wetting will thus potentially
improve the processability and mechanical properties of the CNF composites.

Figure 5.13. FE-SEM images of CNF coatings: (a,b) untreated, (c,d) plasma treated
(100 W, 30 s), and (e, f) plasma treated (100 W, 30 s) with ultrasonic irradiation.

Figure 5.13 shows the FE-SEM images of the CNF coatings before and after the DBD
treatment. Before the DBD treatment, the CNF coatings had a relatively smooth
surface, seen in Figure 5.13 (a and b). Figure 5.13 (c) shows that the CNF surface
became rougher following the DBD treatment, as indicated by the appearance of
skeleton-like structures. This type of surface roughening is caused by selective
plasma-chemical etching of weaker domains such as low-molecular weight domains
and amorphous phases. As shown in Figure 5.13 (d), which is a different location on
the same specimen as was used for Figure 5.13 (c), the majority of the surface area is
less severely etched. This indicates that the plasma treatment etches the surface
unevenly, as observed at micrometre scale. On the other hand, as shown in Figure
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5.13 (e and f), when ultrasonic irradiation was combined with the DBD treatment, the
surfaces were uniformly modified, and the nanoscale skeleton-like structures seen in
Figure 5.13 (c) were hardly seen. Section 5.3.2 presented that uniformity of DBD
treatment was improved by ultrasonic irradiation; however, it was at a different length
scale than it is in this section. Highly oxidized spots were randomly distributed on a
polyester surface at a sub-millimetre range by DBD treatment in air, whilst the surface
was uniformly oxidized without such spots under ultrasonic irradiation as discussed in
Section 5.3.2. The results of this section indicate that the DBD treatment can roughen
the CNF surface by selective etching of weaker domains, while ultrasonic irradiation
can improve the uniformity of the roughening at micrometre level. From the
perspective of CNF composites, an increased roughness indicates a larger surface area
of the CNFs, which increases its interaction with the polymer matrix through a
possibly improved physical interlocking at the fibre/matrix interface.

Table 5.3. Elemental composition and curve-fitted spectral data of C1s of the CNF
coatings before and after plasma treatment (100 W, 30 s).
Untreated DBD DBD & ultrasound
Elemental

C

60.1

49.7

47.3

composition

O

36.9

43.3

45.6

[at.%]

N

0.9

1.5

0.9

Ca

1.5

4.8

5.1

C-C, C-H (285.0 eV)

36

27

18

C-O (286.5 eV)

48

44

40

C=O (288.0 eV)

16

21

25

COO (289.5 eV)

0

8

17

Deconvolution
of C1s [%]

XPS measurements were carried out to analyze the elemental composition of the CNF
coatings, summarized in Table 5.3. The oxygen content increased from 37 at.% (O/C
ratio: 0.61) to 43 at.% (O/C ratio: 0.87) due to the DBD treatment, while the calcium
content increased from 1.5 at.% to 4.8 at.%. The increase in the calcium content can
be interpreted as preferential etching of the organic components. Furthermore,
ultrasonic irradiation enhanced the oxidation (O/C ratio: 0.96). The trends of the XPS
survey analysis correspond to those of the contact angle measurements.
Deconvolution of C1s spectra was performed to study the functional groups on the
CNF coatings, as shown in Table 5.3. C-C, C-H and C-O (single bond) contents
decreased, while C=O (carbonyl) and COO (carboxyl) contents increased following
the DBD treatment. Ultrasonic irradiation further enhanced these effects. The increase
in C=O and COO contents on the CNFs surfaces can improve its compatibility with
organic solvents of medium polarity such as acetone, which is a commonly used
solvent for dispersion of CNFs. In addition, increase in C=O and COO contents can
improve the interaction of CNF with polymer matrix during processing. It is therefore
indicated that the DBD treatment and the simultaneous ultrasonic irradiation can
improve the dispersion level of CNFs, and their adhesion with the matrix.
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It has been reported that the O/C ratio of the cellulose fibres before processing is
approximately 0.66, as characterized by XPS [63], which is in good agreement with
that of the untreated CNFs in the present study (Table 5.3). Corona treatment oxidized
the cellulose fibre surfaces, but the reported achievable COO content of less than 7 %
is significantly lower than that achieved in the present study (17 %).
A similar assessment on CNFs was carried out using GA-IV plasma at atmospheric
pressure in Section 2.3.3. GA-IV treatment enhanced the oxidation and roughness of
the CNF surface; however, longer treatment time weakened these effects. In addition,
the level of oxidation of the GA-IV treated CNFs based on XPS C1s analysis (Section
2.3.3) was comparable to that of the corona treated cellulose [63]. It is therefore
concluded that the atmospheric pressure DBD treatment with ultrasonic irradiation
can oxidize the cellulose surfaces more efficiently than corona or GA-IV treatment.
5.4. Summary
A helium DBD in a glow mode changed to a filamentary discharge by the ultrasonic
irradiation. Plasma treatment of the GFRP-II surfaces improved the wettability, and
increased the roughness. The principal effect of ultrasonic irradiation can be attributed
to enhanced surface oxidation during plasma treatment.
A 50-Hz DBD plasma treatment can be an economical method for surface
modification, but without ultrasonic irradiation it did not change the surface properties
of the GFRP-II plates significantly under the present tested conditions. The surface
roughness remained almost unchanged after the plasma treatments with and without
ultrasonic irradiation. Ultrasonic irradiation to the 50-Hz DBD enhanced the treatment
efficiency markedly so that a certain amount of polar functional groups were
introduced at the GFRP-II surfaces. This is in marked contrast to the 40-kHz DBD
where the ultrasonic irradiation enhanced treatment efficiency only moderately.
A DBD in air was also used to treat GFRP-II surfaces. Ultrasonic irradiation during
the plasma treatment suppressed arcing, but did not change the OES significantly. The
polar component of the surface energy, the oxygen content, and the content of
carboxyl group at the GFRP-II surface increased markedly after plasma treatment.
Longer treatment or adding ultrasonic irradiation during the treatment tended to
increase them furthermore. Oxygen and nitrogen containing functional groups were
uniformly attached at the surfaces by the treatment with ultrasonic irradiation. On the
other hand, randomly distributed oxidized spots were found at the surfaces after the
treatment without ultrasonic irradiation, possibly with relevance to occasional arcing.
The principal effect of ultrasonic irradiation on the surface can be again attributed to
enhanced surface oxidation during plasma treatment.
DBD treatment of CNF coatings enhances the wettability by water and glycerol. The
DBD treatment oxidized the coating surface and etched it unevenly. Ultrasonic
irradiation enhanced the oxidation of the coating and the uniformity of the treatment.
The said modifications are advantageous in enhancing the interaction of CNFs with a
general organic solvent to improve their dispersion, and to ameliorate their adhesion
with the polymer matrix during the manufacturing of CNF polymer composites. It is
thus demonstrated that a DBD plasma treatment with ultrasonic irradiation is a
promising technique to modify GFRP and CNF surfaces before composite processing.
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6. Ultrasound enhanced gliding arcs [A17, A18]
6.1. Introduction
It is demonstrated in Chapter 5 that effects of DBD can be enhanced by the ultrasonic
irradiation. In this chapter, gliding arcs are chosen as plasma sources and effects of
ultrasonic irradiation are investigated. GFRP-II plates are treated with the gliding arc
with and without ultrasonic irradiation. OES was used for plasma diagnostics. The
treated surfaces are characterized using contact angle measurement, XPS, TOF-SIMS
and AFM. In addition, a gliding arc (GA-IV) with and without ultrasonic irradiation is
observed by using a high-speed camera.
6.2. Experimental methods
Commercially available 2-mm thick GFRP-II plates were used as specimens. They
were cleaned and degreased with acetone and methanol.
GA-II and GA-IV were used in this chapter. The air flowrates of GA-II and GA-IV
were 20 and 17.5 SLM, respectively. For the observation of the gliding arc with a
high-speed camera, GA-IV was used. For the treatment of GFRP-II plate surface, GAII was used. The operation conditions are similar to those presented in Chapters 1-4,
except that they were tilted at a grazing angle of approximately 30º. Figure 6.1 shows
a schematic diagram of a side view of the setup. Figure 6.2 shows photos of GA-II
with/without ultrasonic irradiation. A specimen was fixed on a holder which moved
forward and back at a speed of 180 mm s-1, similarly to the treatment in Chapter 2.
Ultrasonic waves were introduced to the gliding arc similarly to Chapter 5. The OES
measurements were performed using an optical fibre. XPS and TOF-SIMS analyses
were carried out and AFM imaging of GFRP-II plates was performed. The GFRP-II
plates for TOF-SÌMS and AFM were treated using GA-II at 490 and 540 W with and
without ultrasonic irradiation, respectively.

Figure 6.1. A side view of the gliding arc setup with a high-power gas-jet ultrasonic
generator.
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Figure 6.2. GA-II (a) without and (b) with ultrasonic irradiation [B27].

6.3. Results and discussion
The performance of GA-IV surface treatment was investigated using a high speed
camera. Ultrasonic irradiation to GA-IV reduced the thickness of the boundary gas
layer, as shown in Figure 6.3, indicating improvement of surface treatment effect.
The OES of GA-II was measured to identify excited species in the discharge and to
evaluate the rotational temperature. A typical OES includes the emissions from N2,
N2+, NO, OH. The OH comes from ambient air humidity. The intensity of optical
emission, including OH, NO, N2 and N2+ bands, significantly decreased with
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ultrasonic irradiation. The rotational temperatures in the discharge with and without
ultrasonic irradiation were 3200 and 3500 K, respectively. The difference in the
rotational temperatures of a plasma with and without ultrasound was discussed in
[64]. It is reported that an increase in the acoustic wave intensity can lead to a growth
in the plasma column diameter and the generation of a uniform non-contracted
discharge at high gas pressures. Consequently, an acoustic wave can reduce the gas
temperature of a plasma at high pressure. This can be a reason of slightly reduced
temperature of the gliding arc with ultrasonic irradiation compared to the gliding arc
without ultrasound.

Figure 6.3. Average of 10 000 images of tilted GA-IV at gas flow-rate of 17.5 SLM
(b) with and (a) without ultrasonic irradiation.

GA-II treatment drastically changed the GFRP-II surface wettability. The water
contact angle on GFRP-II plate was approximately 72° before the treatment, dropped
markedly to below 20° and tended to be lowered at high power to the plasma or with
ultrasonic irradiation as shown in Figure 6.4.
XPS analysis was carried out to compare the elemental composition of the GFRP-II
surfaces before and after the treatment. Carbon, oxygen and a small amount of
nitrogen were detected. The nitrogen content was 0.4 at. % before treatment, and from
1 to 2 at. % after the treatment. Figure 6.4 shows the O/C ratio at GFRP-II surfaces
before and after the treatment with and without ultrasonic irradiation. After the
treatment without ultrasonic irradiation, the O/C ratio increased from 0.23 to
approximately 0.36. When the input power was 370 W or higher with ultrasonic
irradiation, the O/C ratio was as high as approximately 0.4. The results indicate that
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ultrasonic irradiation can enhance oxidation at the GFRP-II surfaces. On the other
hand, the O/C ratio was only 0.35 at the surface treated at the input power of 260 W
with ultrasonic irradiation. A possible explanation of this rather low O/C ratio is that
the input power might not be high enough to sustain a stable discharge, since
ultrasonic irradiation enhances observed fluctuations of the discharge.

Figure 6.4. Water contact angle (scircle) and O/C ratio (triangle) of GFRP-II before
and after GA-II treatment with (solid) and without (open) ultrasonic irradiation.

Table 6.1. C1s peak components of the GFRP surfaces before and after the treatments
characterized by XPS.
Untreated
GA-II
Power [W]
300 420 540 260 374 489
Ultrasound
√
√
√
C-C, C-H (285.0 eV)
59
50 48 46 51 47 46
DeC-O (286.5 eV)
24
29 27 31 24 31 28
convolution
C=O (288.0 eV)
10
9
12 12 13 11 10
of C1s [%]
8
12 13 12 13 12 15
COO (289.5 eV)

The deconvolution of C1s spectra of the GFRP-II surfaces before and after the
treatment with and without ultrasonic irradiation is summarized in Table 6.1. The C1s
component peaks of C-O-C/C-OH, C=O (carbonyl), COO (carboxyl), increased after
GA-II treatment with and without ultrasonic irradiation. The C1 peak of carboxyl
group seems to increase slightly with ultrasonic irradiation.
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Figure 6.5. TOF-SIMS ion images (500 μm ×500 μm) showing the lateral intensity
distribution of CxHyOz+ (upper images) and CxHyNz+ (middle images) markers, and
AFM images (10 μm ×10 μm) (lower images) of the GFRP-II surfaces: (a) untreated,
(b) GA-II treated without ultrasonic irradiation, and (c) GA-II treated with ultrasonic
irradiation. Black corresponds to no intensity, brown to some intensity, and white to
100% intensity in the TOF-SIMS ion images.
Figure 6.5 (upper and middle images) shows TOF-SIMS ion images (500 m 500
m) of the GFRP-II surfaces before and after the treatments. Both oxygen and
nitrogen are homogeneously distributed after GA-II treatment with and without
ultrasonic irradiation. These results contrast to that of DBD treatment in air in Section
5.3.2, where significantly oxidized spots were randomly created without ultrasonic
irradiation, while uniformly treated with ultrasonic irradiation. These results indicate
that a gliding arc can treat surfaces uniformly even without ultrasonic irradiation.
Surface roughening is also useful for adhesion improvement because of the increased
surface area and mechanical interaction with the adhesive. AFM was used to measure
the surface roughness of the GFRP-II plates over 10 μm  10 m surface areas. Figure
6.5 (lower images) shows the AFM images of the GFRP-II plates before the
treatment, and after GA-II treatment with/without ultrasonic irradiation. The average
surface roughness of the untreated surface was 1.2 ± 0.2 nm (Figure 6.5 (a) (lower
image)). The roughness increased to 1.9 ± 0.2 nm (Figure 6.5 (b) (lower image)) and
2.3 ± 0.6 nm (Figure 6.5 (c)) (lower image)) after GA-II treatment without and with
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ultrasonic irradiation, respectively. It is therefore concluded that the treatment
increases the surface roughness, but ultrasonic irradiation does not change the surface
roughness to any detectable degree.
6.4. Summary
Observation using a high speed camera indicated that ultrasonic irradiation to GA-IV
reduced the thickness of the boundary gas layer, indicating improvement of surface
treatment effect. It is noted that the effect of the thickness reduction by the ultrasonic
irradiation, which has been predicted in Chapter 5, was directly observed.
GFRP-II plates were treated by GA-II with and without ultrasonic irradiation.
Ultrasonic irradiation reduced the rotational temperature of the discharge. The O/C
ratio at the GFRP-II surface increased markedly after GA-II treatment without
ultrasonic irradiation. Ultrasonic irradiation during the treatment tended to increase
them furthermore. Oxygen and nitrogen containing functional groups were uniformly
attached at the surfaces by the treatment with and without ultrasonic irradiation. The
surfaces were roughened by the treatments, but the simultaneous ultrasonic irradiation
did not significantly improve surface roughening.
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7. Perspectives of future developments
7.1. Theoretical understandings of the plasma processes
There are already several reports on theoretical studies of gliding arcs as discussed in
Chapter 4. They are however devoted to the conventional gliding arcs that are
characterized by their short lifetimes in the non-equilibrium state. Chapter 4 initiated a
theoretical study based on a simple analytical model, proposing possible approaches
in further extending the length of the plasma column. This study does not include a
turbulent flow and chemistry in the theory. In particular, gas phase reactions and
interactions of the plasma column and the surrounding gas are interesting topics that
can clarify the reaction mechanisms of the gliding arc. Furthermore, the gliding arc in
the thesis focuses on air as a feeding gas. Other gases, such as inert gases for studying
ignition and propagation of discharges, methane for natural gas conversion, ammonia
and volatile organic compounds for toxic gas removal, can be investigated for deeper
understanding of the gliding arc and exploring broader scopes of applications.
Ultrasound enhanced plasma processing using a gas-jet ultrasonic generator has been
studied experimentally, and there are no theoretical studies attempted. There are two
issues in the theoretical study to start with. One is the thickness-reduction mechanism
of the boundary gas layer with ultrasonic irradiation. This includes aerodynamic
modelling of the gas flow, combined with molecular reactions in the plasma and its
surroundings. The other is surface-modification studies linked to the above model. It
has been believed that the occurrence of the filamentary micro-discharge would be the
cause of the uneven spotty treatment in an air DBD [9]. The phenomenon was also
observed in Chapter 5. However, with ultrasonic irradiation, polymer surfaces were
uniformly treated even though the discharge remained filamentary. This finding
presented in Chapter 5 contradicts with the generally observed uneven spotty
treatment in literature [9]. Therefore, the theoretical study of plasma surface
modification mechanisms with ultrasonic irradiation will likely trigger a new concept
of the uniform plasma surface treatment.
7.2. Applications
Composites constitute a polymer matrix with fibres. Design of interfaces between
dissimilar materials significantly affects the mechanical performance of the
composites. Therefore, there are potentially many applications of plasma processing,
including adhesion improvement, surface cleaning, surface activation, chemical
etching and coatings.
As the application of the gliding arc, adhesion improvement is promising, especially
with experimental evidences of the gliding arcs presented in Chapter 2. It can be used
for pre-treatment of fibre reinforced composites before assembly or application of
coating, such as manufacture and repair of blades. For a practical use of the gliding
arc, cost reduction is a crucial issue. Cost estimation, which is not included in the
thesis, indicates that the investment for a plasma generator (power supply) dominates
the expense, based on a simple assumption that a commercially available plasma
generator which is not specifically designed for the developed gliding arc would be
used per one gliding arc. In addition, commercially available plasma generators are
usually sensitive to relatively high current pulses, recognize them as arcs and tend to
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block the electrical power, with subsequent extinction of the gliding arc discharge.
This limits efficient extension of the plasma column and shortens the lifetime of the
discharge. It is therefore suggested that development of an economical, robust plasma
generator which is optimized for the developed gliding arc and can operate a plurality
of gliding arcs simultaneously would be advantageous.
Ultrasound enhanced plasma processing can potentially open new areas of materials
processing and materials synthesis. For example, atmospheric pressure plasmas are
believed to be rather unsuitable for synthesis of protective coatings which typically
require ion bombardment at low gas pressure for achieving sufficient mechanical
strength of the coatings. However, ultrasonic irradiation might enable new reaction
paths and additional excitation at material surfaces so as to synthesize new materials.
Potential applications include leading edge protection for wind turbine blades and gas
barrier coatings.
Treatment of fibres and powders is also an interesting application. It is expected that
ultrasonic irradiation can induce vibration and oscillation of fine filaments of fibres
and fine particles so that a probability of surface exposure in a plasma can be
increased. The technique can be applied for pre-treatment of fibres or powders as
reinforcement, and subsequent manufacture of composites.
Plasma gases investigated in the thesis include helium, argon, and air. However,
recent investigation using ammonia or oxygen (O2) confirms that plasma treatment
effect can be improved by ultrasonic irradiation, indicating that ultrasonic irradiation
can enhance a variety of plasma treatments [B28-B30]. That is, existing plasma
processing has a potential to improve its performance by ultrasonic irradiation.
One interesting observation is the demonstration of surface modification with
ultrasonic irradiation at significantly low plasma power as presented in Chapter 5. It is
particularly useful for applications in which low electrical power is demanded.
Examples include “plasma medicine” for therapy where damage to human bodies
should be avoided, and outdoor use where strictly safe operation is needed, such as
repair of wind turbine blades onsite.
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8. Summary
This chapter summarizes the major contents and results of the present thesis,
following the order of the chapters.
8.1. Adhesion and atmospheric pressure plasmas





Fundamental concepts of polymer adhesion and its improvement are
presented.
The state of art of the atmospheric pressure plasma processing is presented.
Importance of plasma processing such as hybrid plasmas and ultrasound
enhanced plasmas are noted.
Objectives of the thesis are defined.

8.2. AC gliding arcs for materials processing












Scheme for designing gliding arcs is proposed in terms of high input power,
suitable gas glow, and cooling electrodes.
The gliding arcs were designed and constructed, showing stable operation with
high treatment efficiency.
Highly oxidative agents, ground-state and excited OH (hydroxyl) radicals,
were generated by the gliding arcs.
OH radicals were detected up to approximately 6 cm away from the edge of
the electrodes in the air.
GFRP plates and CNF coatings were treated by the gliding arcs, indicating
oxidation and roughening of the surfaces.
DCB specimens of GFRP/(vinylester resin)/GFRP were manufactured.
DCB specimens comprising the GFRP plates treated by the gliding arcs
showed higher fracture energy than those with a conventional mechanical
treatment.
Alanine dosimeter films (fluoropolymer coated alanine (FCA) films) were
used for investigating treatment effects of the gliding arc, a DBD, and gamma
irradiation on surfaces and bulks of materials.
After each treatment, the fluorine content decreased and the oxygen content
increased at the FCA surface, while the alkyl free radicals were created in the
bulk alanine.
The bulk modification by the gliding arc and DBD treatments can be attributed
to UV radiation during the treatments.
In the selected conditions, the gliding arc treatment modified the surface more,
and the bulk less than the DBD treatment.

8.3. Diagnostics of AC gliding arc



Electrical measurements and optical diagnostics were carried out to study the
gliding arc.
In optimized conditions, the plasma column extends ca. 20 cm in length (total
length of the plasma column), corresponding to approximately 6 cm extension
of the gliding arc from the edges of the electrodes, and does not extinguish
over a plurality of the AC period.
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After the re-ignition occurs in the nearest gap between the electrodes, the
existing plasma column starts to decay for extinction.
Short-cutting events in the plasma column occurred more often than the reignition.
A hollow structure of the ground state OH radicals around the plasma column
was formed, probably as a result of the decay of excited OH radicals generated
in the plasma column.

8.4. Stability of AC gliding arcs








A non-linear analytical model was proposed to study a stability of AC gliding
arcs.
The model indicates that the phase shift of the current waveform from the
voltage waveform is independent of the plasma column length, and the
specific power dissipated from the discharge per unit length.
The condition of the critical length can be discriminated by the relation
between the phase shift to the ratio of the characteristic time of the AC power
supply to that of the electrical circuit.
The theory predicts that AC gliding arcs can be preferably extended when the
AC frequency increases, the serial resistance decreases and the gas flowrate is
lowered.
The suggested dependence of the maximum achievable discharge extension on
the flowrate is demonstrated experimentally.
The critical length of an AC gliding arc would be longer than that of a
corresponding DC gliding arc.
The length of the gliding arc discharge can be further extended by tuning the
gas breakdown condition at the closest gap between the electrodes.

8.5. Development of ultrasound enhanced plasma processing











A device of the ultrasound enhanced plasma processing was designed and
constructed, combining a DBD and a high power gas-jet ultrasonic generator.
A glow type helium DBD changed to a filamentary discharge by the ultrasonic
irradiation.
DBD treatment of GFRP in helium or air increased oxidation of specimen
surfaces, and ultrasonic irradiation enhanced the effects.
Ultrasonic irradiation during the air DBD treatment suppressed arcing.
The air DBD treatment without ultrasound created randomly distributed
oxidized spots (in millimetre scale or smaller) at the surfaces.
Oxygen and nitrogen containing functional groups were uniformly attached at
the surfaces by the air DBD treatment with ultrasonic irradiation.
A 50-Hz DBD treatment without ultrasonic irradiation did not change the
GFRP surface properties significantly under the tested conditions.
Ultrasonic irradiation to the 50-Hz DBD enhanced the treatment effect
markedly.
Helium DBD treatment oxidized and roughened the CNF coating surfaces
unevenly, and enhanced the wettability by deionized water and glycerol.
Ultrasonic irradiation enhanced the oxidation of the coating and the uniformity
of the treatment (sub-micro scale).
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8.6. Ultrasound enhanced gliding arcs





The gliding arcs presented in Chapters 1 to 4 were tilted to the material
surface, enabling an introduction of ultrasound perpendicular to the surface.
GFRP plates were treated by GA-II with and without ultrasonic irradiation.
The oxygen content at the GFRP surface increased markedly after GA-II
treatment, and ultrasonic irradiation increased the effect furthermore, similarly
to the DBD treatment with and without ultrasonic irradiation.
Observation using a high speed camera indicated that ultrasonic irradiation
reduced the thickness of the boundary gas layer, indicating improvement of
surface treatment effect.
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9. Conclusions
1. Novel plasma processing of gliding arcs and ultrasound enhanced plasmas was
proposed, and developed.
2. Various characterization techniques were employed to study the plasma,
plasma treated surfaces and bulks, and mechanical properties of composites
comprising the plasma treated substances.
3. Plasma treatment increased wettability and roughness of the treated surfaces,
and subsequently increased interfacial fracture energy when assembled as
composites.
4. Plasma treatment can affect not only material surfaces but also bulks,
attributed to UV irradiation from the plasma.
5. Theoretical approach for the gliding arc indicates that the plasma column can
be further prolonged.
6. Ultrasonic irradiation to the plasma enhances the plasma treatment effects, and
can suppress arcing and improve treatment uniformity in millimetre- and submicrometre-scales.
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Atmospheric pressure plasma processing has attracted significant
interests over decades due to its usefulness and a variety of applications. Adhesion improvement of polymer surfaces is among the most
important applications of atmospheric pressure plasma treatment.
Reflecting recent significant development of the atmospheric
pressure plasma processing, this work presents its fundamental
aspects, applications, and characterization techniques relevant to
adhesion.
KEYWORDS Plasma; Polymers; Substrates and surfaces; Surface
treatment by exited gases (e.g., flame, corona, plasma)

1. INTRODUCTION
Polymeric materials exhibit various useful properties so that they are widely
used in engineering and industrial applications. They are generally selected
according to their bulk properties for their specific uses. They are often used
as components of composites and laminates, as well as substrates of printings, paintings, and coatings. They usually demonstrate best performances
when their adhesion with other materials is good enough. However, most
polymer surfaces are chemically inert and difficult to adhere with other
materials, and thus proper surface modification is desirable before joining.
Plasma treatment is attractive for this application because it is a
environmental-friendly process and highly reactive to the material surface
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to be treated while retaining the bulk properties of the material [1]. Plasma
treatment is widely used for adhesion improvement of polymers, and its
equipment are commercially available. The relevant techniques are reviewed
and studied for example among
.
.
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.

Polymer surface modification techniques for adhesion improvement (not
necessarily using plasma processing) [2–4]
Plasma surface modification techniques of polymers (not necessarily for
adhesion) [5–7]
Exclusively plasma surface modification for adhesion improvement of
polymers (low-pressure plasmas) [8–11]

Plasma processing is often performed at low pressures, and review
articles often refer to low-pressure plasma processing only. The plasma
treatments at low pressures, however, require expensive vacuum systems,
and methods are well-developed only for batch or semi-batch treatments.
However, plasmas can also be generated at atmospheric pressure [12],
obviating vacuum equipment and permitting the treatment of large objects
[13–15] and continuous treatment [16,17]. It has been shown that a variety
of surface treatment methods performed in low-pressure plasmas are achievable at atmospheric pressure [12,18]. Reflecting recent significant interests
and development of atmospheric pressure plasma processing, several important review articles are published [12,19–28]. In this paper, atmospheric
pressure plasma processing for adhesion improvement of polymers is critically reviewed in terms of plasma sources, applications, and surface characterization techniques after the plasma treatment. Since there are too many
publications in the relevant areas, this review will not try to cover everything,
but will attempt to present updated, useful, and practical information for
researchers working in adhesion, as well as atmospheric pressure plasma
processing.

2. PLASMA AND SURFACE MODIFICATION EFFECTS
A plasma is a fully or partially ionized gas, containing electrons, ions,
high-energy neutrals and radicals. It usually accompanies ultraviolet (UV)
photoemission. At low-gas pressures, non-thermal plasmas, or a cold plasma,
can be easily generated where the electron temperature is approximately
1 eV (ca. 10,000 K) or more, while gas temperatures can be as low as room
temperature. Therefore, it is reasonable to call it a non-equilibrium plasma,
but it is often conventionally called a non-thermal plasma or a cold plasma.
Such kinds of non-thermal plasmas are useful especially for polymer surface
processing since high electron temperature ensures production of highly
reactive species, which support the main function of the plasma for its use
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while avoiding damage of bulk properties due to low-gas temperature. At
low-gas pressures, free electrons in a plasma can be efficiently accelerated
and heated in an electric field without frequent collisions. If the gas pressure
increases, however, the inelastic collision frequency of gas molecules with
electron increases and gas temperature subsequently increases. As collision
ionization by electron avalanche sustains the plasma, the input energy must
be increased at a higher pressure. Consequently, the discharge is ready to be
a thermal plasma or an arc at the equilibrium state. Figure 1 gives an idea of
the evolution of a gas discharge. A timescale of each step highly depends on
a plasma condition such as gas species and pressure [29]. It is indicated in
Fig. 1 that in order to avoid generation of a thermal plasma the current
should be blocked before the discharge becomes an arc. Different types of
atmospheric pressure non-thermal plasmas will be discussed in the later
sections referring to Fig. 1.
During plasma treatment of polymer surfaces, physical and chemical
etching, and surface-chemistry modification are observed. Depending on
the materials and conditions, one of them may be dominated, but in principle
all these processes occur simultaneously.
.

Etching
Since atmospheric pressure non-thermal plasmas are only weakly ionized,
chemical etching by neutral species is usually pronounced compared with
physical etching. In other words, if effects of ions are desired in a process,
atmospheric pressure non-thermal plasma may not be a good choice. Etching includes surface cleaning (removing organic contamination) and
ablation. They are both governed by chemically preferential etching and
subsequent gasification of contaminants and weak domains. Here, the
weak domains include amorphous and low-molecular-weight domains,
as well as organic domains compared with inorganic ones [30]. Cleaning
is primarily important for adhesion improvement and is often considered
to be one of the major reasons of improved bonding after plasma

FIGURE 1 Evolution of a gas discharge.
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treatment [8]. Ablation, however, is also important in eliminating weak
domains and increasing surface roughness [31].
Surface-chemistry modification
There are two major effects observed. First, to cut C–C and C–H bonds of
polymer surfaces by attachment of electrically excited atoms and molecules,
UV emission [8], and creation of free radicals at the surfaces. If there is flexibility in the polymer chains, or if the created radicals would migrate on the
chains, there can be recombination, unsaturation, branching, or
cross-linking. The cross-linking may improve the cohesive strength of the
surfaces so that the resulting bond strength can be increased. It is known that
helium or argon plasma can enhance this effect as long as the plasma gas
does not contain certain contaminations. If a concentration of the contamination is high, other effects may dominate. However, special care should be
taken for the effect of bond secession since breaking such bonds may result
in creation of lower weight molecules (oligomers) so that weak domains
may be created instead. An elastomer is a good example (see Section 4.4).

The second chemical effect is functionalization. It can be categorized
according to the functions (e.g., hydrophilization, hydrophobization, adhesability, printability, and paintability) and the chemistry of the process (e.g.,
oxidation, nitration, and fluorination). They are realized by feeding a specific
gas into the plasma volume.
If a film-forming gas (precursor) is introduced into a plasma volume, a
coating can be synthesised on a polymer surface. This process is called
plasma polymerization [32]. It is believed that adhesion of plasmapolymerized coating to polymeric material surfaces is generally good since
the above-mentioned effects of etching and functionalization are expected
at the beginning of the process. Plasma-polymerized coatings can be relevant
to the adhesion improvement in two different manners. First, the
plasma-polymerized coating serves as a final surface finish. Second, the coating serves as the glue or improves adhesion properties. The advantage of
plasma polymerization is that suitable materials can be synthesised whose
properties can be independent of the polymeric materials on which the coating is deposited. However, the plasma polymerization process is more complicated than non-film-forming plasma treatment. In addition, since the
coating can be deposited not only on the polymeric material surfaces but also
electrodes and walls of the process chamber, frequent cleaning of the system
is necessary, limiting this process to be industrialized.

3. ATMOSPHERIC PRESSURE PLASMA SOURCES
A variety of atmospheric pressure plasma sources are developed for surface
processing, including a corona discharge, a dielectric barrier discharge
(DBD), a cold plasma torch, and a gliding arc.
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3.1. Corona Discharge
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Corona discharges can be generated when the electric field is significantly
non-uniform [33]. They usually appear in a vicinity of sharp edges and thin
wires of electrodes at atmospheric pressure. They are weakly luminous
and essentially non-uniform [33]. A general configuration of the corona discharge is schematically illustrated in Fig. 2. After ignition near a sharp or thin
electrode, a corona discharge extends to the remaining gap of the electrodes
between which high voltage is applied and then transfers to a thermal plasma
(arc discharge) as shown in Fig. 1. In order to achieve a continuous corona
discharge, the discharge current must be somehow limited, resulting in low
speed of the processing. It is overcome by applying pulsed high voltages so
that the discharge is ignited at the onset of the high-voltage pulse and
extinguished before arcing. The corona discharge is widely used for polymer
surface treatment [34–38].

3.2. Dielectric Barrier Discharge (DBD)
Another solution for avoiding arcing is to insert at least one insulator (dielectric) between the electrodes, and block a direct current. It is called a dielectric
barrier discharge (DBD) or a silent discharge, often operated at atmospheric
pressure. The DBD is generated between electrodes covered with dielectrics
by applying an alternating current (AC) high voltage [39–51]. DBDs have
been widely used for adhesion improvement of materials [3,16,17,30,31,52–
76]. In many cases, commercially available ‘corona’ discharge setups are in
fact DBDs [5]. This misuse of the technical term may be due to the fact that
the name ‘corona’ is believed to be more appealing to customers than ‘DBD’.
Since the term ‘corona’ is widely misused even in journal papers, one has to
pay an attention when the difference of these discharges is important.

FIGURE 2 A typical configuration of a corona discharge.
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FIGURE 3 Various types of DBDs: volume discharges (a)–(c) and surface discharges (d)–(f).

There are two types of basic configuration of DBDs, as shown in Fig. 3;
the first is a volume discharge where the plasma is generated at the gap
between the electrodes (Fig. 3(a)–(c)). For the plasma surface modification,
a specimen is usually placed between the gap and the surface is directly
exposed to the DBD. In order to ensure stable DBD operation of the volume
discharge scheme, however, the gap between the electrodes is typically
limited to several millimetres, which restricts the size and shape of the specimens to be treated. The second is a surface discharge [77]. A typical configuration of the surface discharge is a dielectric with an electrode on one side of
the dielectric surface and another electrode on its reverse side [78,79]
(Fig. 3(d)) or all electrodes embedded in the dielectric [80–83] (Fig. 3(e)).
Another case is that both electrodes are attached on one side of the dielectric
material and the surface discharge is preferably generated on its reverse side
[84] (Fig. 3(f)). This is achieved by feeding specific gas such as helium or
argon near the reverse side.
The frequency for operating a DBD is typically chosen between 500 Hz
and 500 kHz [12], but DBDs driven at 50 or 60 Hz are reported [85]. As the
frequency is lowered, the capacitance decreases at a fixed gap and the applicable power is lowered. Therefore, in general, higher frequency is preferred
for high-speed processing. However, as the investment cost for the power
supply often dominates the total cost of atmospheric pressure plasma processing, it is attractive to try the low-frequency regime at 50 or 60 Hz by using
grid-connected power.
In most cases, DBDs are non-uniform and consist of numerous filamentary micro-discharges distributed in the discharge gap. This is called a
filamentary mode. Subsequently, the plasma surface treatment is not uniform
due to heavily treated regions by the individual filamentary micro-discharge
[39]. In some conditions, however, uniform DBDs can be generated stably.
This is often called a homogeneous or glow mode, and such a discharge is
often called atmospheric pressure glow discharge [18,86–91]. It is indicated
that in order to generate a glow discharge at atmospheric pressure, the
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plasma gas should be diluted with helium in a DBD [92]. One explanation of
the effect of helium gas is that helium has the metastable state with an extraordinary long lifetime and thus a long timescale of a glow phase in Fig. 1.
Later, various different approaches are reported to realize the atmospheric
pressure glow discharge plasmas. One example is to use ketone diluted with
argon gas [93] that can reduce the cost since argon gas is much cheaper than
helium. It is indicated in Fig. 1 that filamentary discharge can be avoided
even without using noble gas if plasma is operated at high frequency (as high
as radio frequencies (RFs)), or very short pulses. If the frequency is as high as
RF or more, or if the pulse width is short enough, in fact, dielectric may not
be necessary [94–97] when the power is not very high. However, the RF discharge transfers to the c mode at high power, and it is difficult to sustain a
uniform discharge between the gap of the uncovered electrodes [98–100].
In addition, RF operation requires a matching network in order to deliver
RF energy to the plasma efficiently, usually limiting high-voltage outputs.
Accordingly, the gap of the electrodes should be significantly close enough
for stable ignition of the discharge. Consequently, introduction of a specimen
between the gap significantly affects the impedance between the gap due to
the high capacitance and frequency, and the discharge can be unstable.
Therefore, atmospheric pressure RF plasma is rather preferably investigated
and developed for cold plasma torches (Section 3.3).
In many cases, the DBD is operated at the first or second glow mode in
Fig. 1, but another approach is to block the current at the Townsend discharge mode [101]. Although Townsend discharge is not spatially uniformly
distributed, it can avoid the filamentary phase. It is thus suggested that the
specimen is moved for uniform treatment.

3.3. Cold Plasma Torches, Plasma Jets, and Plasma Pens
Plasma torches that can be extended in the ambient air have been developed
for thermal processing, and the plasma in such a case is usually in an equilibrium state (thermal plasma). A plasma spray is a good example. It is widely
used for materials synthesis, relying on a thermal process by heating in a
plasma with a high current, and melting and spraying materials for deposition. However, followed by the recent developments of atmospheric pressure plasma processing, a variety of non-thermal atmospheric pressure plasma
jets (cold plasma torches) have been developed [25,94,102,103]. It is reported
that a cold plasma torch can be operated at a high- or radio frequency based
on the DBD configuration [94,104–106]. With a high speed flow of argon gas,
the plasma is extended to the ambient air. It is also demonstrated that a cold
plasma torch can be generated without covering electrodes with the dielectrics [98–100]. Many different types of atmospheric pressure cold plasma
torches have been developed [107–116]. Figure 4 shows an example of cold
plasma torches based on a DBD configuration reported in the 1990s [105].
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FIGURE 4 A cold plasma torch based on a DBD configuration [105].

Since they typically use noble gases such as helium and argon, the operation cost must be a certain concern for practical applications. In addition,
the extension length in the ambient air must be further elongated to treat
3D-shaped bulky materials in order to obtain further attention from different
industrial sectors.
Inductively coupled RF plasma torch has been intensively used for gas
analysis, but it is not intensively applied to adhesion improvement.
Atmospheric pressure plasmas can also be generated at microwave and
extended as a plasma jet by a gas flow [117]. The plasma properties of the
atmospheric pressure microwave plasma jet are similar to those of the
atmospheric pressure gliding arcs (see Section 3.4), namely, the plasma is
first significantly heated and subsequently cooled down by the gas flow to
be a non-thermal plasma.

3.4. Gliding Arcs
One of the challenges of atmospheric pressure plasma processing is to
achieve a hybrid condition with high reactivity and efficient productivity
[118]. Here, the reactivity of a plasma corresponds to the non-equilibrium
condition, while the efficient productivity relates to high-energy density. It
is noted that general non-thermal (non-equilibrium) plasmas as well as thermal (equilibrium) plasmas cannot provide them simultaneously. However, a
gliding arc can potentially achieve a hybrid condition [118]. A gliding arc is a
discharge plasma generated between diverging electrodes and extended and
quenched by a gas flow [118,119]. It is sometimes known in the industry as
‘corona’ or alike and not ‘gliding arc’. Such a misuse should be avoided since
they are completely different types of discharges.
A fast transition into a non-equilibrium state occurs once heat losses
from the discharge column exceed the supplied energy. The gliding arc
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combines a number of industrially attractive features of plasma-based surface
treatment: it is an environmentally clean process, it operates well in air at
atmospheric pressure with low costs, it can treat surfaces of bulky objects,
and it allows fast processing. It is indicated that the gliding arc setup is more
economical than microwave plasma [118]. They are useful for adhesion
improvement of materials in industrial and engineering processing
[120–122]. However, the treatment effects of commercially available gliding
arcs are often disappointing, possibly due to the fact that the conditions of
the non-equilibrium state and high-energy density are not taken into account
properly. In fact, it is reported that gliding arcs are generally extinguished
almost immediately after transition to the non-equilibrium state [118],
suggesting that achieving hybrid condition may be practically difficult.
It is however reported that an AC gliding arc discharge can be extended
in the ambient air for several centimetres stably and useful for surface
treatment of bulky materials [13–15,123–125]. Figure 5 shows a photo of
the gliding arc discharge elongated in the ambient air. This unique gliding
arc is characterized by the long lifetime of the discharge over several AC periods without extinction [124,125]. It is suggested based on an analytical calculation that in order to realize such a condition, it should be driven at
high AC power, serial low resistance should be connected, and the gas flow
should be low [125]. Recently detailed optical diagnostics is performed to
understand the physics and chemistry of the gliding arc discharges, indicating
that OH excited state radicals exists up to approximately 60 mm from the
edge of the electrodes [124,125] and that OH ground state radicals are
detected in the vicinity of the discharge column [124].
Plasma processing, called open air technology ‘Plasmatreat1’, is also a
plasma generated as an arc and extended and quenched by a gas flow,
and can also be regarded as a hybrid plasma. Since high-voltage electrode
is surrounded and shielded by a cylindrical ground electrode, both conductive and insulating materials can be treated [126–134]. The discharge can
be extended up to 1–2 cm in the ambient air [135]. Optical emission

FIGURE 5 A photo of an AC gliding arc discharge.
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spectroscopy indicates that major photoemission lines are assigned to NOx
and N2 [135].
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3.5. Ultrasound Processing
Atmospheric pressure plasma surface modification is generally performed by
feeding a process gas into the plasma. A boundary gas layer normally sticks
at the material surface through which reactive species generated in the
plasma are diffused for reaction with the surface. Due to the short lifetime
of these species, only a small fraction of them can reach the surface. It is
reported that powerful ultrasonic waves with a sound power level (SPL)
above approximately 140 dB can reduce the thickness of the boundary gas
layer. It is also demonstrated that the treatment efficiency of atmospheric
pressure plasma can be highly enhanced by simultaneous high-power
ultrasonic irradiation onto the treating surface [136–142]. Figure 6 shows a
schematic diagram of an ultrasound enhanced DBD.
It is found that ultrasonic irradiation can also prevent arcing and
improve uniformity of the DBD treatment in air [139]. Figure 7 shows ion
images of time-of-flight secondary ion mass spectrometry (TOF-SIMS) of
glass fiber-reinforced polyester (GFRP) surfaces before and after atmospheric
pressure DBD treatment in air. The existence of Cx Hy Oþ
z markers indicates
oxygen-containing functional groups at the GFRP surfaces. It is seen that
oxygen uniformly distributes at the untreated GFRP surface (left panel). After
the plasma treatment without ultrasonic irradiation, heavily oxidized spots
are randomly distributed all over the surface (central panel). However, after

FIGURE 6 A schematic diagram of the ultrasound enhanced DBD.
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FIGURE 7 TOF-SIMS ion images (500 mm  500 mm) showing the lateral intensity distribution
of Cx Hy Oþ
z markers on the GFRP surfaces: untreated, 30-s air-plasma treated, and 30-s
air-plasma treated with ultrasonic irradiation. Black corresponds to no intensity, grey to some
intensity, and white to 100% intensity [139].

the plasma treatment with ultrasonic irradiation, the GFRP surface gets
uniformly oxidized (right panel).
The improvement by ultrasonic irradiation is rather moderate when
plasma is driven at approximately 12 and 40 kHz but is significantly
pronounced at 50 Hz [141,142]. In addition to the improvement of plasma
treatment efficiency, gas phase reactions can also be enhanced by ultrasonic
irradiation [143,144].

3.6. Triboplasma
A triboplasma is a gas discharge induced by tribological stimulation [145]. A
triboplasma induced by triboelectrification has been experimentally detected
around a sliding contact [146]. The detailed mechanism in triboelectrification
is unknown, but empirical ‘triboelectric series’ and Cohen’s law [147] can be
helpful in predicting the ordering of the tendency for charge acquisition in
rubbing. Like other discharge plasmas, a triboplasma can be potentially useful for surface modification such as adhesion improvement of certain surfaces
[148]. The method is potentially attractive since the generation of a
triboplasma is simple, its treatment effect is expected to be similar to that
of normal process plasmas, and simultaneous mechanical rubbing can
enhance the treatment effect.

4. APPLICATIONS
4.1. Treatment of Films, Textiles, and Thin Plates
Films, textiles, and thin plates can be easily treated by atmospheric pressure
plasmas in order to improve bondability, printability, dyeability, and paintability, which are relevant to adhesion improvement. The DBDs are the
most commonly used atmospheric pressure plasma processing for these
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applications [3,12,16,17,20,22,30,31,51–76,85,93]. In most cases, oxygencontaining polar functional groups are introduced by the plasma treatment
so that the adhesive properties of the surfaces are improved. However, when
the glue has low-surface energy, it is important to reduce the surface energy
to achieve a high degree of interaction with the glue [52].
The DBD setup can be easily integrated for continuous treatment of large
surfaces, and commercial DBD systems are already available [12,39]. Cold
plasma torches are also used for adhesion improvement of thin plates. Recent
literature using cold plasma torches is often devoted to the fundamental study
of adhesion, but industrially available setups also exist [94].
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4.2. Treatment of Bulky Materials
When a bulky material is plasma-treated for adhesion improvement, it is often
potentially aimed at the construction of mechanical structures [113–115].
DBDs are used to demonstrate adhesion improvement of fiber-reinforced
polymers [30]. However, since the gap of the electrodes of the DBD is typically
limited within at most several centimetres, the application of the DBD for the
treatment of bulky substances is not practical. Instead, it has been recently
reported that gliding arcs can efficiently improve the adhesion of FRPs [13–
15]. The gliding arc treatment increased the density of oxygen-containing
polar functional groups at the surfaces and bond strength with the vinyl ester
adhesive. At optimized conditions, the gliding arc discharge can be elongated
to the ambient air several centimetres stably so that 3D-shaped bulky
structures can be readily treated.

4.3. Treatment of Fibers and Powders
One of the obvious advantages of the atmospheric pressure plasma processing is that air-to-air continuous treatment system can be easily designed and
constructed. However, the first report to treat carbon fiber by atmospheric
pressure plasma is not a continuous processing [3]. On the other hand, the
continuous surface treatment by a helium DBD shows that adhesion with
epoxy can be significantly improved in a short time, as short as 1–2 s [16].
Since the number of functional groups introduced onto the fiber surfaces
by the conventional electrochemical oxidation is too small to have a significant effect [149], plasma treatment is very attractive for this application. In
a same way, continuous DBD treatment of ultra-high-molecular-weight
polyethylene (UHMWPE) fibers is also demonstrated [17].
Plasma processing is often used for the production of fine powers, but is
rarely used for the surface treatment of powders since it is difficult to carry
out. Although low-pressure plasmas can easily extend their volumes so that
large surface areas of the powder can be potentially treated, the powders can
be easily transported to the downstream and can seriously contaminate the
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vacuum system. The use of atmospheric pressure would reduce this problem
to some extent. Kogoma et al. invented a setup with which fine powders can
be circulated through the plasma volume at atmospheric pressure, and their
surfaces can be treated without serious segregations [12,150].
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4.4. Treatment of Elastomers
It is known that plasma treatment might create low-molecular-weight oligomers at an elastomer surface. This is one of the possible reasons why
adhesive properties may not always improve after plasma treatment.
Atmospheric pressure plasma has been performed for treating elastomers [105,151–153]. One attempt is to use halogen-containing gases in the
atmospheric pressure plasma so as to heavily oxidize and halogenate the
elastomer surfaces. It is reported that the adhesive properties of rubber compounds consisting of styrene-butadiene rubber (SBR) and natural rubber
(NR) are significantly improved by DBD treatment in He, O2, and halogencontaining gases [154].

4.5. Bio-Applications
‘Plasma medicine’ is a new area of research and development relevant to
atmospheric pressure plasma processing [155,156]. This can be divided into
three topics:
.
.
.

Atmospheric pressure plasma for medical therapy
Plasma-assisted modification of bio-relevant surfaces
Plasma-based bio-decontamination and sterilization

Among these topics, the second topic of the plasma treatment of
bio-relevant surfaces is relevant to adhesion improvement [157,158] since
improved attachment of cells after treatment is expected by the plasma treatment.

5. SURFACE CHARACTERIZATION
Surface characterization is vitally important to understand the surface modification effects and to optimize the processes. Surface characterization is also
performed for fractured parts of composites materials in order to investigate
the interfaces and failure mechanisms. Commonly used techniques include
contact angle measurement, Fourier transform infrared (FTIR) spectroscopy,
x-ray photoelectron spectroscopy (XPS), energy dispersive x-ray spectrometry (EDS), and TOF-SIMS for surface chemistry analyses, and atomic
force microscopy (AFM), optical microscopy, and scanning electron
microscopy (SEM) for morphological analyses.
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The contact angle measurement appears to be the simplest method to
characterize the surfaces [159–163]. The measurement relies on the observation of the angle formed by a liquid at the three-phase boundary where
the liquid, gas (usually air), and solid intersect. It can be performed immediately after the treatment. It is noted that the technique detects the topmost
surface property with the analysis depth of approximately 1 nm or less and
is extremely sensitive against its changes. One drawback of the contact angle
measurement method is that if highly wetting weak domains exist at the
material surface, high wettability may not necessarily result in strong
adhesion since the weak domains might be easily separated from the
material. Ageing of plasma-treated surfaces is often monitored by the contact
angle measurement. Here, the ageing mechanisms include migration of polar
functional groups into the material due to rotation of polymer main chains,
removal of the polar functional groups, and deposition of contaminations.
These changes are detectable by the contact angle measurement, but not
necessarily by many other much more sophisticated and expensive methods.
However, it is recommended that an adhesion test is performed for the
confirmation after ageing of plasma-treated surfaces. It is because even if
the surface wettability is reduced by the migration or the deposition, applying uncured adhesive might induce the recovery of the polar functional
groups that were migrated beneath the material surfaces or the removal of
the contamination by its diffusion into the adhesive, and thus wetting may
not directly indicate adhesion properties. There are two types of contact
angles reported in the literature. The static contact angle is measured by
the sessile drop technique while the dynamic contact angle involves both
advancing and receding contact angles. The advancing angle is measured
when the liquid is advanced to an unwetted solid surface while the receding
angle is measured when the liquid is retracted from a previously wetted surface. The problems of the static contact angle are seriously discussed [164–
166], but the sessile drop technique is widely used in research works and
process monitoring in the industry due to the simplicity and flexibility of
the measurement.
FTIR spectroscopy is also a relatively simple technique, usually operated
at atmospheric pressure. Photoabsorption in the infrared range is used to
identify chemical functional groups. Many important functional groups
created by plasma treatment are infrared-active. Attenuated total reflection
FTIR (ATR-FTIR) is often used especially when a material to be analyzed
has strong infrared absorption that disturbs reliable analysis. However, even
ATR-FTIR detects the bulk information of some micrometres from the surface. Plasma surface treatment generally changes the top layer up to 10 nm
or less, and so plasma-treated surfaces are usually insensitive against the FTIR
measurement [30]. On the other hand, if the surface is heavily modified or if
the surface volume ratio is significantly high (such as thin fibers or fine
powders), the plasma modification effect can be clearly detected [17].
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XPS, or electron spectroscopy for chemical analysis (ESCA), has
appeared to be a powerful tool for surface characterization of polymeric
materials surfaces after plasma treatment. XPS uses a soft x-ray source for
electron emission from the surface at low-gas pressure. The energies of the
emitted electrons are measured, and the binding energies of these electrons
are obtained. The surface sensitivity of XPS is governed by the attenuation
length of the emitted electrons, and XPS typically measures the average surface chemistry up to a depth of approximately 5 nm. Therefore, XPS is less
surface sensitive than the contact angle measurement. It can quantitatively
measure the elemental composition, atomic concentration, and chemical
states of elements at a surface. It can also give localized information, depending on instrumentation and spatial resolutions, and maps by multiple measurements.
EDS also provides information of elemental composition at the surface.
A focused electron beam bombards a specimen surface to emit an x-ray that
can be used for the analysis. Since EDS is often attached in SEM, they are
often performed at the same locations of the specimen. In many cases,
however, EDS is not equipped for light elements that are important for
polymer surface analysis.
TOF-SIMS uses a short-pulsed ion beam directing the specimen surface
causing secondary ions emission. As all the secondary ions are accelerated to
the same kinetic energy, their time-of-flight for the determined path provides
their masses. TOF-SIMS is destructive but demonstrates high sensitivity
(detection limit ppm–ppb, detection depth < 1 nm). For example, uniform
distribution of nitrogen-containing functional groups after plasma treatment
is detected by TOF-SIMS, as shown in Fig. 7 [139], but it is below the detection limit for XPS. Since TOF-SIMS measure masses only, a good understanding of the surface chemistry is necessary for the reasonable characterization.
A morphological property of the surface also significantly affects the
adhesion property. AFM, SEM, and optical microscopy are commonly used
for the observation of the surface morphology.
In addition to the above-mentioned surface characterization techniques,
it is reported that Hansen solubility (cohesive energy) parameter (HSP) can
be preferably used for characterizing the thermodynamic properties of
plasma-treated surfaces [167,168]. It is particularly useful for characterizing
specimens with high surface volume ratios such as thin fibers and fine particles. The HSP quantitatively describes the physical interactions among molecules. Similar HSP means solubility, permeation, chemical attack, adsorption
leading to suspension or slow sedimentation of particulates, or other forms of
what might be called positive affinity. Lack of similarity means perhaps only
swelling or no physical effect at all, chemical resistance, good barrier properties, and rejection from surfaces such as dewetting, high contact angles, and
rapid sedimentation of particulates. The noticeable disadvantage of the XPS
is that it is a localized analysis and does not give information on the
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uniformity and the overall character of the surfaces by a single measurement.
XPS cannot tell exactly where the analysis took place, and in order to obtain
full understanding, one has to repeat the expensive and time-consuming
analyses and then rely on statistical methods. The advantage of the HSP
method is that it can characterize the surface and give the macroscopic information. The HSP measurement was tested for characterizing UHMWPE fibers
before and after atmospheric pressure DBD treatment [168]. Since matching
the HSP of fibers and matrix polymer optimizes physical adhesion, it is
important to know the HSP of the oxygenated surfaces of the UHMWPE
fibers. HSP correlations of the interaction of solvents with untreated and
plasma-treated UHMWPE fibers have shown that there are two types of surfaces. The first is found in both untreated and treated samples and is typical
of polyethylene (PE) and is characteristic of aromatic solvents. The second
type of surface is the result of oxygenated species. Matching these HSP with
the HSP of a matrix polymer, or some entity connected with the matrix polymer, such as a tie polymer or suitable segment thereof, will optimize physical
adhesion. HSP is found to be useful for characterizing plasma-treated polymer surfaces since a variety of functional groups introduced by the treatment
sensitively affects HSP [168].

5. CONCLUSIONS
Atmospheric pressure plasma appears to be useful for adhesion improvement of polymer surfaces. In addition to the conventional atmospheric pressure plasma sources such as the corona discharge and the DBD, various types
of plasma sources have been developed, showing their promising future in
this application. In particular, plasmas that can be extended into the ambient
air are attractive due to their applicability to practical industrial and engineering processing. Ultrasound-assisted plasma processing can stimulate
additional future development and applications since efficiencies of the
processing can be enhanced. Development of a triboplasma is interesting
as potentially economical processing. Various different applications are listed
in this paper as examples that might inspire further development of
atmospheric pressure plasma processing.
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[52] Siró, I., Kusano, Y., Norrman, K., Goutianos, S., and Plackett, D., J. Adhes. Sci.
Technol. 27 (3), 294–308 (2013).
[53] Hwang, Y. J., Qiu, Y., Zhang, C., Jarrard, B., Stedeford, R., Tsai, J., Park, Y. C.,
and McCord, M., J. Adhes. Sci. Technol. 17, 847–860 (2003).
[54] Chirokov, A., Gutsol, A., and Fridman, A., Pure Appl. Chem. 77, 487–495
(2005).
[55] Borcia, G., Dumitrascu, N., and Popa, G., Surf. Coat. Technol. 197, 316–321
(2005).
[56] Borcia, G., Anderson, C. A., and Brown, N. M. D., Appl. Surf. Sci. 221, 203–214
(2004).

Downloaded by [DTU Library] at 00:51 21 May 2014

Atmospheric Pressure Plasma for Polymer Adhesion

773

[57] Dumitrascu, N., Topala, I., and Popa, G., IEEE Trans. Plasma Sci. 33, 1710–
1714 (2005).
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Yukihiro Kusano

Plasma surface modification at atmospheric pressure
A plasma is an ionized gas. Ions, electrons, high-energy neutrals, radicals and ultra violet photons
are generated in a plasma and these high-energy species can be used for modification of material
surfaces. Surface modifications with non-thermal plasmas are attractive because of environmental
compatibility, high treatment efficiency due to the non-equilibrium state at high electron
temperature, and retained bulk properties of materials. They are often employed at low gas
pressures, but require expensive vacuum systems, and are well-developed only for batch or semibatch treatments. To overcome these drawbacks, plasma processing at atmospheric pressure has
been developed,1 obviating vacuum equipment and permitting the treatment of large objects and
continuous treatment.2 For example, a corona discharge and a dielectric barrier discharge (DBD)
at atmospheric pressure have long been used for treatment of film surfaces. As they are temporally
and spatially inhomogeneous at low electron temperatures, they were often thought to be
unsuitable for efficient surface treatments or thin film synthesis. Therefore low pressure plasmas
have commonly been used in such cases despite their drawbacks. However, Okazaki, Kogoma
and their group in Sophia University reported at the 8th International Symposium on Plasma
Chemistry (ISPC-8) in 1987 that even at atmospheric pressure a defusing glow discharge plasma,
which is similar to a discharge obtainable at low pressures, can be generated by pulse excitation in
a DBD of a noble gas such as helium.3 It has subsequently been shown that a variety of surface
treatments performed in low pressure plasmas are achievable at atmospheric pressure.4,5 This
technique has already been commercially applied. Some examples include surface treatment of
plastic films for adhesion improvement, surface cleaning, and treatment of powders.
There are several review articles available in the topic.6–9 Among them ref.9 is a first review book
focusing on recent development of atmospheric pressure plasmas. The book deals with generation
and applications of atmospheric pressure plasmas, including the basics of the technique, and uses
in electronics, surface cleaning, improvement of wetting, adhesion improvement, micro-plasmas,
etching of Si and SiO2, sterilization, and plasma enhanced chemical vapour deposition for
synthesis of carbon nano-tubes, amorphous carbons, a-Si and oxides, surface modification and
synthesis of powders, and ultra-precision machining. This book is written in Japanese, and the
English version is now under preparation.
One of the challenges for atmospheric pressure plasma processing is to achieve high chemical
selectivity and efficient productivity simultaneously. Selective chemical processes can be expected
with a high non-equilibrium state in plasma so as to influence chemical bonding of the molecules in
the plasma and/or at the material surfaces to be treated, and efficient productivity of plasma
reactors can be demonstrated with high energy densities. However, general non-thermal plasmas
as well as thermal plasmas cannot provide high non-equilibrium states and high energy densities
simultaneously. In the present article, two possible approaches to overcome this issue are
suggested: development of a hybrid plasma with a high energy density at a highly non-equilibrium
state, and plasma processing assisted by external energy input.
The use of the transient type of c- and arc discharges can be a promising route to create a hybrid
plasma. A c-discharge is a discharge sustained by secondary electron emission from electrode
surfaces,10 created by the breakdown of a low energy density discharge which is sustained by bulk
ionization. Due to its low impedance a high energy density can be achieved in a c-discharge. The
problem of a c-discharge is its poor controllability,11 preventing it from practical use. In order to
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avoid uncontrollability and instability of the discharge, plasma torches with high energy densities are
usually operated at low pressures.12 However, development of hybrid plasma sources with a
controllable c-discharge at atmospheric pressure would significantly impact plasma-chemical
applications, considering optimized electrodes and efficient transition to non-equilibrium states.
Another example of a hybrid plasma is a gliding arc generated between diverging electrodes in a fast
gas flow. A fast transition into a non-equilibrium state occurs once heat losses from the discharge
column exceed the supplied energy. Up to 80 % of the electrical energy may be directly absorbed by
endothermic chemical reactions.7 Although a similar effect is expected for microwave plasmas, a
gliding arc system is less expensive than microwave plasma devices.13 It is indicated that a gliding
arc can be preferably applied in large scale exhaust gas cleaning, pollution control, fuel conversion,
hydrogen production and surface modification. In particular, the gliding arc combines a number of
industrially attractive features of plasma based surface treatments: it is environmentally much
cleaner than mechanical or wet chemical processes, it operates well in air at atmospheric pressure
with low costs; being a torch-like plasma source, it can treat surfaces of bulky objects, and it allows
fast processing. Therefore it is useful in many industrial applications that involve coating, painting,
printing, dying, and adhesion.14 However, gliding arcs often degenerate heat sensitive materials by
thermal irradiation from the electrodes. In addition, commercially available gliding arcs often result in
poor performance due to insufficient non-equilibrium conditions and/or low input energy density
applied practically.15 Therefore it is of great interest to develop advanced gliding arcs with a higher
level of non-equilibrium states and higher energy densities.
Plasma processing can be also improved by additional energy input in to plasma. Among possible
techniques, ultrasound irradiation is attractive due to its simple setup, easy up-scaling, and high
efficiency. During plasma surface modification, reactive species of ions, electrons, high-energy
neutrals and radicals are generated in a plasma, diffuse through a boundary gas layer between the
plasma and a material surface, and subsequently react with the surface. Due to the short lifetimes
of these reactive species, only a small amount of them can reach the surface, limiting efficient, high
speed treatment. Since ultrasonic waves can efficiently reduce the thickness of the boundary gas
layer, surface modification efficiency can be enhanced by ultrasonic irradiation onto the surfaces
during plasma treatment.16
It is concluded that plasma surface modification at atmospheric pressure is useful and already
applied industrially, and can be improved by further development of the processing.

References:
1. G. Borcia, C. A. Anderson and N. M. D. Brown: Appl. Surf. Sci., 2004, 221, 203–214
2. Y. Kusano, T. L. Andersen and P. K. Michelsen: J. Phys. Conf. Series., 2008, 100, 012002
3. S. Kanazawa, M. Kogoma, T. Moriwaki and S. Okazaki: S. Proc. Int. Symp. Plasma Chem. (ISPC-8 (Tokyo)).
1987, 3, 1839–1844
4. K. Tanaka, T. Inomata and M. Kogoma: Plasma and Polym., 1999, 4, 269–281
5. Y. Sawada, S. Ogawa and M. Kogoma: J. Phys. D App. Phys., 1995, 28, 1661–1669
6. A. Bogaerts, E. Neyts, R. Gijbels and J. van der Mullen: Spectrochimica, 2002, B 57, 609–658
7. A. Fridman, A. Chirokov and A. Gutsol, J. Phys. D Appl. Phys., 2005, 38, R1–R24
8. C. Tendero, C. Tixier, P. Tristant, J. Desmaison and P. Leprince: Spectrochimica, 2006, B 61, 2–30
(Taikiatsu plasma no seisei seigyo to ouyou gijutsu – Generation
9. ‘
and application of atmospheric pressure plasmas)’ ed. M. Kogoma, 2006, Science & Technology
10. X. Yang, M. Moravej, G. R. Nowling, S. E. Babayan, J. Panelon, J. P. Chang and R. F. Hicks: Plasm. Sources.
Sci. Technol. 2005, 14, 314–320
11. J. Laimer, S. Haslinger, W. Meissl, J. Hell and H. Störi: Vacuum, 2005, 79, 209–214
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Description
Field of the invention
[0001] The invention relates to an apparatus for treating a surface with at least one gliding arc source. The
invention further relates to a corresponding method and
system.

5

Background of the invention

10

[0002] Non-equilibrium plasmas are preferably used
for surface treatment in industry. In order to increase efficiency of the surface treatment, a gliding arc may be
utilized whereby the power of the plasma may be increased by keeping the non-equilibrium condition, see
e,g. A. Fridman et al., "Gliding arc discharge", Progress
in Energy and Combustion Science 25, (1999), pages
211 - 231, or Kusano et al.: "Gliding are discharge: application for adhesion improvement of fibre reinforced
polyester composites", Surface and Coatings Technology, vol, 202, 22-23 (2008), pages 5579-5582.
[0003] Existing gliding arcs yield a problem that the
advantages of gliding arcs are not effectively used, and
thereby the resulting surface treatment effect is insufficient. For example, the extension (or length) of the discharge of prior art gliding arcs is very limited which reduces their applicability for the object with a variety of
sizes and shapes.
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has a curvature with a radius of curvature less than 3mm.
For example, the tubular portion may define said longitudinal direction. Said portion of the outer surface may
thus be curved in a plane normal to said longitudinal direction and have a radius of curvature smaller than 3mm,
preferably smaller than 2mm.
[0007] For example the electrode may be formed as a
tube having a radius no larger than 3mm. Alternatively,
the electrode may comprise a tubular portion, e.g. a tubular portion with a radius no less than 3mm, and a protrusion extending radially from the tubular portion where
the protrusion has a radially outward edge portion. The
edge portion may be curved in a plane normal to said
longitudinal direction and have a radius of curvature
smaller than 3mm, preferably smaller than 2mm.
[0008] According to another aspect, disclosed herein
is an apparatus for treating a surface with at least one
gliding arc source comprising
-

25

-

30
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at least one gas flow controlling unit and a set of
electrodes for providing a plasma;
a cooling unit for supplying a cooling fluid;
a high voltage power supply for generating a discharge
a control unit adapted to control at least the cooling
unit;
a sensor adapted to measure a parameter indicative
of the resistance of at least one of the electrodes,
a computational unit communicatively coupled to the
sensor;

Summary of the invention
[0004] According to one aspect, disclosed herein is an
apparatus for treating a surface with at least one gliding
arc source comprising
j at least one gas flow controlling unit and a set of
electrodes for providing a plasma;
j a cooling unit for providing a cooling fluid, and
j a high voltage power supply for generating a discharge;
wherein at least one of the electrodes comprises a tubular
portion fluidly coupled to the cooling unit, and wherein
the tubular portion comprises, at least along a portion of
its outer surface, a protrusion configured to lower the
voltage applied to the electrodes required to ignite the
plasma.
[0005] Hence, an efficient cooling of the electrodes is
provided while ensuring an efficient plasma generation.
[0006] Alternatively or additionally to provide a protrusion, at least one of the electrodes may comprise a tubular portion fluidly coupled to the cooling unit 201,
wherein the electrode further comprises an outer surface
comprising at least one portion facing the other one of
the electrodes; wherein an intersection of said at least
one portion of the outer surface of the electrode with a
plane normal to a longitudinal direction of the electrode
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wherein the computational unit is adapted to calculate a
feedback signal based on the measured parameter; and
wherein the control unit is adapted to control the power
supply and/or the cooling unit responsive to the calculated feed back signal. The computational unit may be an
integral part of the control unit or it may be embodied as
a separate unit. Accordingly, the computational unit may
be communicatively coupled to the control unit, e.g. via
an internal communication such as a bus of the control
unit and/or via an external communications interface between the computational unit and the control unit. In some
embodiments, the computational unit and/or the control
unit may further be communicatively coupled to the power supply. It will generally be appreciated that some or
all of the various units of the apparatus described herein,
e.g. the control unit, the computational unit, the sensor,
the gas flow controlling unit, the cooling unit, etc. may be
integrated into a single unit, suitably communicatively interconnected by internal communications means of the
integrated unit.
[0009] Hence, an efficient control of the electrodes is
provided while ensuring an efficient plasma generation.
[0010] According to yet another aspect, disclosed
herein is an apparatus for treating a surface with at least
one gliding arc source comprising at least one gas flow
controlling unit for each gliding arc source; and a set of
electrodes; wherein the at least one gas flow controlling
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unit and the set of electrodes are controlled to provide a
plasma comprising a rotational temperature at the point
of arc ignition above approximately 2000K and more preferably above 3000K.
[0011] Thereby is achieved a plasma with an optimal
or substantially optimal plasma for treating surfaces of
samples.
[0012] Embodiments of the present invention also relates to a method corresponding to embodiments of the
device.
[0013] More specifically, according to one aspect, the
invention relates to a method of treating a surface with
at least one gliding arc source comprising controlling at
least one gas flow controlling unit and controlling a set
of electrodes; and providing a plasma via the at least one
gas flow controlling unit and the set of electrodes; and
controlling the plasma to comprise a rotational temperature at the point of arc ignition above approximately
2000K and more preferably 3000K.
[0014] The method and embodiments thereof correspond to the device and embodiments thereof and have
the same advantages for the same reasons.
[0015] Embodiments of the present invention also relate to a system corresponding to embodiments of the
device.
[0016] More specifically, the invention relates to a system for treating a surface with at least one gliding arc
source comprising an apparatus according to an embodiment of the invention and a sample, wherein the apparatus is adapted to provide a plasma to treat the sample
surface.
[0017] In some embodiments, at least one of the electrodes comprises a tube having a first end and a second
end wherein the tube is configured to receive, during operation a coolant at said first end and discharge the coolant at said second end, wherein the centre of the crosssection of the tube at the first end is displaced relative to
the centre of the cross-section of the tube at the second
end.
[0018] The cross section of the tube may have any
shape such as round or rectangular. The cross section
of the tube may have a width between 1 mm and 50 cm,
between 0.5 cm and 20 cm, between 1 cm and 10 cm or
between 2 cm and 8 cm. The cross section of the tube
includes a portion facing the other electrode and the plasma. At least a part of this portion may be curved with a
radius of curvature less than 3mm, e.g. les than 2mm.
Both electrodes may comprise a tube.
[0019] The tube may have approximately a U shape
where the first end and the second end are positioned at
the upper part of the U approximately at the same height.
[0020] Consequently, an electrode is provided capable
of being efficiently cooled by circulating coolant. The flow
resistance is lowered allowing an even better cooling by
designing the electrode as a tube with a larger inner diameter.
[0021] In some embodiments, at least one of the electrodes comprises a tubular portion wherein the tubular
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portion, at least along a portion of its outer surface, comprises a protrusion configured to lower the needed voltage applied to the electrodes to ignite the plasma, relatively to the needed voltage when the at least one electrode does not comprise said protrusion.
[0022] The protrusion may be an elongated, flat, e.g.
blade-shaped, element elongated along the longitudinal
direction of the electrode and having a width at an end
distal to the electrode, which width is smaller than its
longitudinal dimension and smaller than the height of the
protrusion. Generally, the protrusion may extend along
at least a portion of the outer surface of the tubular portion. The protrusion may project from the outer surface
of the tubular portion towards the other electrode and the
plasma, thus defining at least one edge portion facing
the other electrode. The edge portion may be round and
have a radius of curvature less than 3mm, e.g. less than
2mm. The radius of curvature may be measured in an
intersection of the protrusion with a cross-sectional plane
of the electrode normal to the longitudinal direction of the
electrode.
[0023] The electrode protrusion e.g. electrode attachment, may protrude in a direction approximately towards
the other electrode. The electrode protrusion may protrude with a height of at least 1 mm, 2 mm, 5 mm, 1 cm,
2 cm, 5 cm, or 10 cm. The electrode attachment may
protrude with a height no more than 20 cm, 10 cm, 5 cm,
2 cm, 1 cm, or 5 mm.
[0024] The electrode protrusion may have a shape
such that the intensity of the electric field around the part
of the electrode comprising the protrusion is increased
relatively to the intensity of electrical field of the same
part of the electrode if the protrusion where removed,
when a voltage is applied, whereby the voltage needed
to ignite the plasma is lowered.
[0025] The electrode protrusion may be attached to
the tubular portion after the tubular portion is formed or
the tubular portion and the attachment may be formed
as an integral body. It will further be appreciated that
more than one protrusion, e.g. more than one attachment, may be provided at each electrode.
[0026] In some embodiments, the attachment, the
blades and/or the protrusion may be directly cooled by
circulating fluid.
In some embodiments, a cross section of the tubular portion being perpendicular to the longitudinal direction of
the tubular portion, comprising a part of the electrode
protrusion, may have a shape such that a first surface
area defined between a first line and a second line originating in the centre of said cross section is at least a
factor A larger than a second surface area defined between said second line and a third line originating in said
centre, wherein the angle between said first and said
second line, and said second line and said third line is
B, wherein the first and the second line is positioned so
that the first surface area comprises the electrode protrusion, and the third line is positioned so that the first
surface area and the second surface area do not overlap.
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[0027] A may be chosen from approximately 1.1, 1.5,
2, 3, 4, 5, or 10, and B may be chosen from approximately
180 degrees, 135 degrees, 90 degrees, 45 degrees, 30
degrees, 20, degrees, 10 degrees, or 5 degrees.
[0028] In some embodiments, the apparatus further
comprises a computational unit communicatively coupled to the control unit via a first communication link and
to a sensor via a second communication link, wherein
said sensor is adapted to measure a parameter indicative
of the resistance of at least one of the electrodes, and
where the computational unit is adapted to calculate a
feedback signal based on the measured parameter
wherein the computational unit is further adapted to
transmit the feedback signal to the control unit wherein
the control unit is adapted to control the cooling unit responsive to the received feed back signal such that the
cooling unit is controllable via a feedback loop. Additionally or alternatively, the computational unit may be adapted to calculate a feedback signal based on the measured
parameter wherein the computational unit is further
adapted to feed the feedback signal to the control unit
wherein the control unit is adapted to control the power
supply responsive to the received feedback signal such
that the power supply is controllable via a feedback loop.
[0029] The parameter may be the temperature of the
electrode, or the resistance of the electrode. The temperature of the electrode may be measured by attaching
a temperature sensor to the electrode and/or measuring
the Infra red and/or visible radiation from the electrode.
The temperature of the electrodes may also be estimated
by the temperatures of the fluid (coolant) before and after
cooling the electrodes, or by measuring the temperature
of the sample 112. The feedback signal may be generated securing that the resistance of the electrode is maintained below a predetermined value e.g. two or three
times larger resistance than the resistance at room temperature, if the temperature of the electrode increases
the feedback signal may secure that cooling unit cools
the electrode more e.g. by increasing the flow rate of the
coolant and/or decreasing the temperature of the coolant.
Correspondingly, if the temperature of electrode decreases the feedback signal may cause the cooling unit
to cool the electrode less e.g. by decreasing the flow rate
of the coolant and/or increasing the temperature of the
coolant. As the resistance and the temperature of an electrode normally have an approximately linear relationship
the feedback signal may be generated securing that the
temperature of the bulk part of the electrode is not raised
with more than 3/α from room temperature (e.g. from 20
degrees Celsius), where α is the temperature coefficient
of the linear relationship between the resistance and temperature. For copper and aluminium 3/α is approximately
769 degrees Celsius, and for tungsten it is 667 degrees
Celsius. The feedback signal may be generated securing
that the temperature of the electrode is not raised with
more than 2/α from room temperature, where α is the
temperature coefficient of the linear relationship between
the resistance and temperature. For copper and alumin-
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ium 2/α is approximately 513 degrees Celsius, for tungsten it is 444 degrees Celsius, and for stainless steel it
is 2000 degrees Celsius. The feedback signal may be
generated securing that the temperature of the electrode
is not raised with more than 1/α from room temperature,
where α is the temperature coefficient of the linear relationship between the resistance and temperature. For
copper and aluminium 1/α is approximately 256 degrees
Celsius, for tungsten it is 222 degrees Celsius, and for
stainless steel it is 1000 degrees Celsius.
Brief description of the drawings
[0030]
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Figure 1 shows an embodiment of a device for generating at least one gliding arc plasma.
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Figure 2 shows an embodiment of a device for generating at least one gliding arc plasma and comprising a cooling unit.
Figure 3 shows an embodiment of a device for generating at least one gliding arc plasma comprising a
control unit.
Figure 4 shows an embodiment of a set of electrodes
in which the electrodes are formed as hollow tubes.
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35

Figure 5 shows an embodiment of a set of electrodes
comprising hollow tube electrodes with blades.
Figure 6 shows the O/C ratio at the surface of a polyester sample after plasma treatment for a number
of devices.
Figure 7 shows how parameters controlled by the
device affect parameters of the plasma and a sample
treated by the plasma.

40

Figure 8 shows an embodiment of a device 600 comprising a feedback loop for optimizing control of a
plasma 107.
45

50

Figure 9 shows the polar component of the surface
energy of a polyester sample versus the flow rate of
the gas (air) supplied by the device to the plasma.
Figure 10 shows a definition of axial and circumferential curvatures.
Figure 11a-b shows a set of electrodes comprising
electrode protrusions.

55

Figure 12a-d shows different tube and electrode protrusion designs.
Figure 13 shows an electrode comprising a tube hav-
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ing and electrode protrusion.
Figure 14 shows a part of an apparatus for treating
a surface with a gliding arc according to an embodiment of the present invention.

5

Figure 15 shows an embodiment of a device for generating at least one gliding arc plasma.
Detailed description of the drawings
[0031] Figure 1 shows an embodiment of a device 100
for generating at least one gliding arc plasma 107 such
as one gliding arc plasma or a plurality of gliding arc plasmas. The device 100 may comprise a gas flow controlling
unit 104, a set of electrodes 102 and a power supply 101.
[0032] The gas flow controlling unit 104 may be exemplified as a needle valve, which is able to regulate the
flow, or a float type flow meter, which is able to regulate
the flow and measure the flow, or a mass flow controller,
which is able to regulate the flow via an external electric
signal and to measure the flow.
[0033] In an embodiment, the gas flow controlling unit
104 may comprise a plurality of flow meters such as a
flow meter for each gas component in a multiple component gas mixture. For example, the gas flow controlling
unit 104 may comprise two flow meters when providing
a two component gas mixture to the plasma 107, one
flow meter for each component in a two component gas
mixture.
[0034] The gas flow controlling unit and the power supply may be electrically coupled to the electric grid e.g.
via respective electric wires. Thereby the electric grid
may provide power to the gas flow controlling unit and to
the power supply 101.
[0035] The power supply 101 may be electrically connected to the set of electrodes 102 e.g. via electrical wires
113. Generally, the voltage required may depend on e.g.
the gap between the electrodes. If the gap is smaller, the
ignition voltage is also smaller. In some embodiments
the power supply may be configured to supply a voltage
between 300 V and 40 kV. The operation of the arc requires normally requires much lower voltages than the
ignition of the plasma.
[0036] Via the electrical wires 113, the power supply
101 may provide (electric) energy to the set of electrodes
102. For example, the power supply 101 may be connected to the electrical grid from where the power supply
101 may receive electric energy. Additionally, the power
supply 101 may transform the power, e.g. alternating current, received from the electric grid into a format suitable
for the set of electrodes, e.g. direct current or alternating
current. Thereby, the set of electrodes 102 may generate
a gliding arc using either direct current (DC) or alternating
current (AC). The driving frequency of the alternating current may be between 5 Hz and 2 MHz, preferably between 50 Hz and 500 kHz.
[0037] The power supply 101 may additionally control
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the surface temperature of a sample 112 to be treated
by the at least one gliding arc plasma 107. By increasing
the power from the power supply 101 to the set of electrodes 102, the surface temperature of the sample may
be increased.
[0038] The gas flow controlling unit 104 may inject gas
into a plasma 107 contained in a volume. Alternatively,
a plasma may be created in the volume. In the above
and below, a plasma 107 may be characterized as a partially ionized gas, in which a certain proportion of electrons are free rather than being bound to an atom or a
molecule in the gas. The ability of positive and negative
charges to move somewhat independently makes the
plasma electrically conductive so that it responds strongly to electromagnetic fields. Examples of suitable gases
to be fed to the discharge for use in embodiments of an
apparatus described herein include air, N2, O2, Ar, He,
Ne, CO2, H2O, hydro-carbons (such as methane, ethane,
propane, butane, alcohols, etc.), etc. or mixtures of the
above.
[0039] For example, the gas flow controlling unit 104
may inject a gas into the plasma as indicated by the arrow
194. The volume containing the plasma may be partly or
wholly expanded by the set of electrodes 102 and the
gas flow 194.
[0040] The gas flow controlling unit 104 may be controlled manually by a person setting the flow rate of the
gas injected into the plasma 107.
[0041] The set of electrodes 102 may, for example,
comprise two electrodes having a radius of axial curvature. For example, the radius of axial curvature 901 may
be at least approximately 20 mm (more preferably > 40
mm). Alternatively, the set of electrodes may comprise
two straight electrodes. Further, the two electrodes may
be positioned with a distance between approximately 0.2
mm and 20 mm (preferably 0.2 mm and 10 mm) between
them at the point of minimal distance. Generally, the point
of minimum distance between the electrodes corresponds to the point of ignition. However, if there is a
sharply edged part of the electrode with a slightly larger
gap, this may be the point of ignition. The ignition generally occurs only if the electric field is strong enough,
i.e. the point of ignition is generally a location along the
electrode where the electrical field between the electrodes is sufficiently strong.
[0042] In an embodiment, the set of electrodes 102
may comprise more than two electrodes e.g. three or four
electrodes.
[0043] Large voltage differences (e.g.1-40 kV) between the electrodes induce ignition of an arc discharge.
The arc discharge is extended by a high speed gas flow
from the gas flow controlling unit 104. The input power,
provided by the power supply 101, of the arc can be high
e.g. in the order of 0,2 - 5 kW per one gliding arc. Thereby,
the input power to the at least one gliding arc plasma
may be controlled such that electrons in the at least one
gliding arc have high temperature, e.g. above 0.5 eV.
[0044] Figure 2 shows an embodiment of a device 200
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for generating at least one gliding arc plasma 107 such
as one gliding arc plasma or a plurality of gliding arc plasmas. The device 200 may comprise the technical features of figure 1.
[0045] In the device 200, each electrode in the set of
electrodes may be hollow enabling passage of a fluid
through the set of electrodes.
[0046] Additionally, the device 200 may comprise a
cooling unit 201. The cooling unit may be fluidly coupled
to the set of electrodes 102 e.g. via a tube 202 or the like.
Thereby, the cooling unit 201 may cool the set of electrodes 102 e.g. by pumping a coolant through the set of
electrodes 102 via the tube 202.
[0047] The cooling unit 201 may be electrically coupled
to the power supply 101 via an electric wire 204 or to an
electric grid (not shown).
[0048] In an embodiment, the device 200 may further
comprise an actuator 110 adapted to translate a sample
112 through the plasma 107. For example, the actuator
110 may comprise an X-Y-table. The actuator 110 may
be controlled manually by an operator.
[0049] Optionally, the X-Y-table of the actuator 110
may be hollow enabling a fluid to pass through the actuator 110. In this case, the cooling unit 201 may be fluidly
coupled to the actuator 110 e.g. via a tube 203 or the
like. Thereby, the cooling unit 201 is able to cool the actuator 110 by pumping a coolant such as water through
the actuator 110.
[0050] As in figure 1, the device 200 is able to generate
a plasma 107 and to surface treat a sample 112.
[0051] Figure 3 shows an embodiment of a device 300
for generating at least one gliding arc plasma 107 such
as one gliding arc plasma or a plurality of gliding arc plasmas. The device 300 may comprise a power supply 101,
a control unit 103, at least one gas flow controlling unit
104 (e.g. one gas flow controlling unit) and a set of electrodes 102.
[0052] The power supply 101 may be electrically communicated with the control unit 103 e.g. via an electrical
wire 105, such that the control unit 103 may control the
power supply 101.
[0053] The control unit 103 may control the power provided to the at least one gas flow controlling unit 104 e.g.
via electric wire 113.
[0054] For example, the set of electrodes 102 may be
electrically coupled to the power supply 101 via e.g. an
electric wire 106, and communicatively coupled to the
control unit 103 via a wireless and/or wired communication link 106. The communication link may be established
via e.g. an electrical wire and/or Bluetooth. Thereby, via
the electric wire 105, the control unit 103 may control the
frequency and/or the amplitude of the power supplied to
the set of electrodes 102, and via the electric wire 106,
the power supply may provide power to the set of electrodes 102.
[0055] Additionally, the control unit 103 may control
the at least one gas flow controlling unit 104. The at least
one gas flow controlling unit 104 may be communicatively
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coupled to the control unit 103 e.g. by a wireless and/or
wired communication link 113. The communication link
may be established via an electrical wire and/or Bluetooth. Thereby, the control unit 103 may control the
amount of gas and/or the flow rate of gas injected by the
at least one gas flow controlling unit 104. Thereby, the
control unit 103 may comprise controlling flow of the gas
used in the plasma 107 and thus, for example, the gas
in the plasma may be cooled while the electron temperature is substantially maintained e.g. within +/- 30 %.
[0056] The at least one gas flow controlling unit 104
may inject gas into a plasma 107 contained in a volume
via the set of electrodes 102. Alternatively, a plasma may
be created in the volume. In the above and below, a plasma 107 may be characterized as a partially ionized gas,
in which a certain proportion of electrons are free rather
than being bound to an atom or a molecule in the gas.
The ability of positive and negative charges to move
somewhat independently makes the plasma electrically
conductive so that it responds strongly to electromagnetic fields.
[0057] The set of electrodes 102 may, for example,
comprise two or more electrodes having a radius of axial
curvature. For example, the radius of axial curvature (see
901 in figure 10 for a definition of axial curvature) may
be approximately more than 20mm (preferably > 40 mm).
Alternatively, the set of electrodes may comprise two
straight electrodes. Further, the two electrodes may be
positioned with a distance between approximately 0,2
mm and 20 mm (preferably 0.2 mm and 10 mm) between
them at the point of minimal distance.
[0058] Large voltage differences (e.g. 1-40 kV) between the electrodes induces ignition of an arc discharge.
The arc discharge is extended by a high speed gas flow.
The input power of the arc can be high e.g. in the order
of 0,2 - 5 kW per one gliding arc. Thereby, the input power
to the at least one gliding arc plasma may be controlled
such that electrons in the at least one gliding arc have
high temperature, e.g. above 0,5 eV. Thereby, the control
unit 103 may be adapted to control the input power to
the at least one gliding arc plasma via the set of electrodes 102 such that electrons in the at least one gliding
arc have high temperature, e.g. above 0,5 eV, and such
that the energy density in the at least one gliding arc is
high (typically at least 200 W, preferably at least 400 W).
[0059] In an embodiment, the device 300 may further
comprise a cooling unit 201 which may be controlled by
the control unit 103. For example, the cooling unit 201
may be communicatively coupled to the control unit 103
e.g. by a wireless and/or wired communication link 109
such as an electrical wire and/or Bluetooth.
[0060] The cooling unit 201 may be fluidly connected
to the set of electrodes 102 via e.g. a tube 202 or the like.
The electrodes 102 may be hollow to enable a fluid to
pass through them. Thereby, the cooling unit 201 may
be adapted to provide a coolant to the set of electrodes
102. The coolant may, for example, be water, oil or air.
Generally, the coolant may be an insulating fluid and/or
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a fluid with high resistance. Generally, in some embodiments a gas may be fed through the tubes of the electrodes for cooling, and all or a part of the gas may subsequently be fed to the plasma.
[0061] The cooling unit 201 may optionally be fluidly
connected to the X-Y table 110 via a tube 203.
[0062] In an embodiment, the device 300 may further
comprise an actuator 110 adapted to translate a sample
112 through the plasma 107. For example, the actuator
110 may comprise an X-Y-table. The actuator 110 may
be communicatively coupled to the control unit 103 e.g.
by a wireless and/or wired communication link 111 such
as an electrical wire and/or Bluetooth. Thereby, the control unit 103 is adapted to control the actuator 110 such
as for example the speed by which the sample 112 is
translated through the plasma 107.
[0063] Figure 4 shows an embodiment of a set of electrodes 102 in which the electrodes 102 are formed as
hollow tubes enabling a fluid to circulate within them. The
hollow electrodes 102 may be fluidly connected to the
cooling unit 201 so as to enable the coolant to be circulated in the electrodes 102. Thereby, the control unit 103
of figure 3 may be adapted to control the temperature of
the electrodes by circulating the coolant in the hollow set
of electrodes 102.
[0064] In an embodiment, the hollow tubes of the electrodes 102 may be thin, for example having an outer diameter of 3 mm and an inner diameter of 2 mm. Thin
electrodes may provide a more efficient use of the power
supplied from the power supply 101 to the electrodes
because if the point of arc ignition is sharply edged, the
intensity of the electric field generated by the electrodes
is higher, and a discharge, ignited by the electrodes, is
ignited with a lower voltage. Generally the radius of curvature of the portion of the surface (measured in a plane
normal to the longitudinal direction of the electrode, also
referred to as circumferential curvature) at the point of
arc ignition should be no more than 3mm.
[0065] Alternatively or additionally, if the circumferential curvature (see 902 in figure 10 for a definition of circumferential curvature) of the electrodes is small, the intensity of the electric field generated by the electrodes is
also higher, and the discharge, ignited by the electrodes,
is ignited with a lower voltage.
[0066] Generally, a power supply 101 may provide a
higher power if the required voltage is lower. Therefore,
by using thin electrodes, a given power supply 101 may
provide a higher power than if thick electrodes are used.
[0067] Additionally, as the cost of a power supply 101
increases with the maximum deliverable power in the
specification, it may be desirable to reduce the required
voltage which may be achieved using thin electrodes.
[0068] In an embodiment, the hollow tubes of the electrodes 102 may be thick, for example having an outer
diameter of 6 mm and an inner diameter of 4 mm. Increasing the inner diameter of the hollow set of electrodes
102 may enable more efficient cooling due to the possibility of using a higher coolant flow rate in a tube with a
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larger inner diameter. More efficient cooling enables a
higher electric energy to be delivered to the plasma than
the thinner electrodes because the resistance of the electrodes increases with temperature, and thus the resistance of the thick electrodes, which are better cooled, is
smaller than the thin electrodes. When the resistance is
higher, more electrical energy is consumed for heating.
Thereby, a higher plasma energy may be achieved which
may result in better surface treatment.
[0069] In an embodiment, one electrode may be thick
and one electrode may be thin.
[0070] Figure 5 shows an embodiment of a set of electrodes 102 comprising attachments 301. The attachments 301 may, for example, be blade-shaped. By including attachments 301 in the electrodes 102, the voltage required for generating the plasma may be reduced
as disclosed above under thin electrodes. Thus, the voltage required for generating a plasma using thick electrodes may be lowered by including attachments 301.
[0071] In an embodiment, the attachments are rigidly
coupled to the electrodes e.g. via welding or the like.
[0072] The blades 301 may be made of the same material as the electrodes 102 e.g. copper or aluminum,
stainless steel, tungsten or the like. The blades 401 may
be welded to the electrodes 102 or the electrodes 102
and blades 301 may be cast into a single piece. Alternatively, the blades may be made of a different material
than the electrodes.
[0073] In an embodiment, the blades 301 may be included in a hollow set of electrodes i.e. electrodes
through which the coolant may be circulated. Optionally,
the blades 301 may also be hollow and fluidly connected
to the hollow set of electrodes 102, e.g. via one or more
holes, thereby enabling coolant to circulate through the
blades and thus enabling cooling of the blades 301.
[0074] Generally, the blades 301 may be designed
such that they enable a lowering of the ignition voltage
for the plasma, whereby a condition comprising a high
electron temperature (e.g. greater than 0,5 eV) and a
high input power to at least one gliding arc (e.g. greater
than 0,2 kW and below 5 kW) may be established. The
design of the attachments may include using sharp
edged blades and/or blades with a small radius of curvature (i.e. small diameter no more than 4 mm (if radius
no more than 2 mm)) so that high electric field can be
generated at the electrodes 301.
[0075] Additionally or alternatively, the electrodes may
be designed to include sharp edged and/or a small radius
of curvature (i.e. small diameter) so that a high electric
field can be generated at the electrodes 102.
[0076] The sharp edges of the attachments 301 and/or
the electrodes may ensure a low ignition voltage, thereby
enabling a high energy input to the plasma 107.
[0077] Figure 6 shows the atomic composition at the
surface of a polyester sample 112 after treatment with a
prior art device represented by solid diamonds, a device
according to Figure 4 comprising thin tubes (in order to
achieve a low ignition voltage) represented by open
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squares, and a device according to figure 4, thick tubes
and blades (in order to achieve a low ignition voltage and
a low resistance in the electrodes) represented by solid
triangles, measured by means of x-ray photoelectron
spectroscopy. When the oxygen to carbon ratio (O/C ratio) increases, it is an indication of better performance of
a device due to more oxygen from the plasma having
reacted with the plastic of the sample 112. Thus, from
figure 6 it is seen that the gliding arc plasma system with
blades is most efficient in oxidizing the polyester surfaces
of the plastic sample 112. Further, it is seen that the gliding arc plasma system comprising cooled electrodes is
more efficient than the prior art device.
[0078] Figure 7 shows how parameters controlled by
the device 100, 200, 300 affects parameters of the plasma 107 and a sample 112 treated by the plasma.
[0079] For example, if the control unit 103 increases
the power applied to the electrodes 102, then the energy
density of the plasma 107 increases and therefore, the
device 100, 200, 300 is able to increase the speed of
translating the sample 112 through the plasma 107 in
order to treat the sample 112.
[0080] Further, increasing the power applied to the
electrodes 102 provides for a higher electron temperature in the plasma and higher plasma density and thereby
a faster treatment of the sample 112 surface.
[0081] If the at least one gas flow controlling unit 104
is able to provide a suitable gas flow to the plasma 107,
the device 100, 200, 300 may provide a higher electron
temperature and a lower gas temperature in the plasma
107. When the flow rate is increased, the gas and electrons are cooled more at and around the arc ignition point
e.g. within a perimeter of e.g. a radius of 20 mm around
the arc ignition point. The electron temperature may remain substantially (e.g. within 30 %) unchanged beyond
this perimeter, while the gas temperature decreases furthermore beyond the perimeter.
[0082] Additionally, by having the at least one gas flow
controlling unit 104 providing a suitable gas flow, the device 100, 200, 300 may increase the discharge length of
the plasma. If the flow rate is too low, it cannot extend
(blow out) the discharge well and thus the extension of
the discharge is short. If the flow rate is too high, the
plasma (gas and electrons) are cooled down too much
to extend the discharge. Therefore, a suitable gas flow
exists which may provide a discharge length of an appropriate size.
[0083] The gas flow rate has to be low enough to sustain a high temperature of the arc discharge. Further, by
providing a high gas flow, corrosion of the electrodes may
be impeded or prevented.
[0084] If the cooling unit 201 increases cooling of the
electrodes 102, then the electrical resistance of the electrodes decreases. Thereby is achieved that a higher power may be applied to the electrodes 102 without risking
damaging the electrodes 102. Further, lower resistance
results in lower power loss.
[0085] Further, by cooling the electrodes 102, the sur-
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face temperature of the sample 112 may be controlled.
By cooling the electrodes 102, low thermal damage to
the sample 112 being treated is achieved because thermal radiation from the electrodes to the sample 112 is
reduced.
[0086] The actuator 110 may control the surface temperature of the sample 112. If the actuator 110 increases
the speed of the sample 112 through the plasma 107,
low thermal damage to the sample 112 may be achieved
because an irradiated part of the sample 112 may cool
down while another part of the sample 112 subsequently
becomes irradiated.
[0087] The surface temperature of the sample 112 may
be controlled by changing the distance between the sample and the at least one gliding arc source.
[0088] The temperature of the sample 112 may be decreased by placing the sample on a cooled sample holder.
[0089] Figure 8 shows an embodiment of a device 600
comprising a feedback loop for optimizing control of a
plasma 107.
[0090] The temperature of the gas in the plasma 107
may be estimated using the rotational temperature obtained from optical emission (e.g. OH emission) in the
gas e.g. as disclosed in C. O. Laux, T. G. Spence, C. H.
Kruger, and R. N. Zare, "Optical diagnostics of atmospheric pressure air plasmas", Plasm. Source Sci. Technol. 12 (2003), p 125-138.
[0091] The rotational temperature may be detected by
an optical detector 602 by observing the optical emission
from the plasma 107.
[0092] In an embodiment, the device 600 comprises a
computational unit 605 adapted to analyze the rotational
spectrum.
[0093] The computational unit 605 may be communicatively connected to the optical detector 602 and the
control unit 103 of the device 200 via respective wired
and/or wireless communication links 606, 607 such as
electrical wires and/or Bluetooth communication links.
[0094] The computational unit 605 may receive a rotational spectrum from the optical detector 602 via connection 606, e.g. via an electrical wire. Based on the rotational spectrum received, the computational unit 605
may estimate a rotational temperature.
[0095] The rotational temperature may be representative of the molecule/gas temperature in the plasma 107,
and thus, the computational unit 605 may be adapted to
determine a temperature of the gas (ions and/or molecules) in the plasma based on the rotational temperature.
[0096] Based on the estimated gas temperature in the
plasma, the computational unit 605 may be adapted to
transmit a feedback signal to the control unit 103 of the
device 200 via communication link 607 in order to e.g.
have the control unit 103 to increase the gas flow to the
plasma 107 via the at least one gas flow controlling unit
104 and/or to increase the electric current in the electrodes, etc., in order to optimize the plasma 107 according to predetermined plasma values stored in the com-
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putational unit 107 e.g. a rotational temperature of 2000K
at a flow rate of 30 L/min (corresponding to a gas velocity
of 81 m/s +/-10%).
[0097] Further, the rotational temperature may be representative of the electron temperature at the arc of the
electrodes and therefore, the computational unit 605 may
be adapted to determine the electron temperature at the
arc of the electrodes based on the rotational temperature.
[0098] Figure 9 shows the surface energy of a sample
112 versus the flow rate of the gas supplied by the device
200, 600 to the plasma 107. In figure 9, the distance
between the sample and the location of the arc ignition
was 65 mm. The higher the polar component of the surface energy of the sample 112 the better for adhesion,
because more amounts of polar functional groups are
created, which efficiently interact with adhesives. Thus,
from figure 9 it is seen that a flow-rate of approximately
20 - 25 L/min (corresponding to a gas velocity of approximately 58 - 68 m/s +/-10%) is optimal for this type of
device. A flow-rate of 15 - 30 L/min (corresponding to a
gas velocity of approximately 41 - 81 m/s +/- 10%) corresponds to a rotational temperature of 2000 - 5000K,
and therefore such a rotational temperature may be optimal. Therefore, a rotational temperature above approximately 2000K (i.e. 3000K +/ 10%), corresponding to a
flow rate below 30 L/min (corresponding to a gas velocity
of approximately 81 m/s +/- 10%), may be seen as optimal. Further, it is noted that a flow rate of approximately
40 L/min (corresponding to a gas velocity of approximately 108 m/s +/-10%) corresponds to a rotational temperature of approximately 1800K.
[0099] Besides the flow rate, other parameters which
may be controlled are the input power to the gliding arc
and temperature of the set of electrodes. These parameters (flow rate, input power and temperature) may affect
the parameters shown in figure 6. Examples of values of
the controlled parameters may be input power above 0.4
kW, flow rate/gas velocity lower than 81 m/s +/-10 %.
Additionally, the temperature of the bulk part of the electrode may be defined using the temperature coefficient
α of the electrode material, Assuming that maximum acceptable resistance of the bulk part of the electrodes is
2 times that of room temperature, the maximum acceptable temperature is approximately 1/α degree. For example, if the electrode is made of copper, α = 0.393 %
per degree C and thus the maximum acceptable temperature is approximately 254 degree C.
[0100] In an embodiment, the gliding arc may be perpendicular to the sample surface to be treated.
[0101] In an embodiment, the gliding arc generated by
the electrodes 102 may be tilted with respect to the sample surface such that the gliding arc plasma is at a nonperpendicular angle to the sample 112. For example, the
gliding arc plasma 107 may be tilted an angle between
0 and 90° (preferably no less than 5 °) with respect to the
sample 112 surface to be treated. This may for example
be achieved by angling the set of electrodes with respect
to the sample 112 surface to be treated. Thereby, the
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sample surface area treated increases thus increasing
effectiveness of the device 100, 200, 300.
[0102] In general, any of the technical features and/or
embodiments described above and/or below may be
combined into one embodiment. Alternatively or additionally any of the technical features and/or embodiments
described above and/or below may be in separate embodiments. Alternatively or additionally any of the technical features and/or embodiments described above
and/or below may be combined with any number of other
technical features and/or embodiments described above
and/or below to yield any number of embodiments.
[0103] Figure 11a-b shows a set of electrodes comprising electrode protrusions. Each electrode 1101 1102
comprises a tube having an approximately U shape.
Each tube comprises a first end 1107 1109 where a coolant enters the electrode and a second end 1108 1110
where the cooling exits the electrode, where the centre
of the cross section at the first end is displaced relative
to the centre of the cross section at the second end. Each
electrode comprises an electrode protrusion 1103 1104
protruding from the surface of the tubes. Each electrode
protrusion 1103 1104 protrudes approximately towards
the other electrode and/or towards the other electrode
protrusion. Fig 11b shows a cross-section of the electrode 1102 at the plane 1105. The electrode 1102 comprises a circular tube having an inner shape 1106 and
an outer shape 1102. The electrode protrusion 1103 is
blade shaped. The electrode protrusion 1103 protrudes
with a height H in the direction towards the other electrode
1101. The electrode protrusion 1103 has a width W in
the direction perpendicular to the height in the cross section 1105. In fig. 11 b the protrusion has two rounded
edges each having a radius of curvature of less than
3mm.
[0104] The electrode protrusion e.g. electrode attachment, may protrude with a height of at least 1 mm, 2 mm,
5 mm, 1 cm, 2 cm or 5 cm. The electrode attachment
may protrude with a height no more than 10 cm, 5 cm, 2
cm, 1 cm, or 5 mm.
[0105] The electrode protrusion e.g. electrode attachment, may have a width of at least 0.1 mm, 0.2 mm, 0.5
mm, 1 mm, 1 cm or 2 cm. The electrode protrusion may
have a width of no more than 10 cm, 5 cm, 2 cm, 1 cm,
5 mm, 2 mm, or 1 mm.
[0106] Figure 12a-d shows different tube and electrode
protrusion designs.
[0107] Figure 13 shows an electrode comprising a tube
having and electrode protrusion. Shown is a cross section of the tube being perpendicular to the longitudinal
direction of the tube, at a part of the tube comprising the
electrode protrusion, where the electrode protrusion has
a shape such that a first surface area defined between
a first line 1303 and a second line 1304 originating in the
centre 1308 of said cross section is at least a factor A
larger than a second surface area defined between said
second line 1304 and a third line 1305 originating in said
centre 1308 , wherein the angle 1306 between said first
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and said second line 1303 1304, and said second line
1304 and said third line 1305 is B, wherein the first and
the second lines 1303 1304 are positioned so that the
first surface area comprises the electrode protrusion
1302, and the third line 1305 is positioned so that the first
surface area and the second surface area does not overlap.
[0108] A may be chosen from approximately 1.1, 1.5,
2, 3, 4, 5, or 10, and B may be chosen from approximately
180 degrees, 135 degrees, 90 degrees, 45 degrees, 30
degrees, 20, degrees, 10 degrees, or 5 degrees.
[0109] Figure 14 shows a part of an apparatus for treating a surface with a gliding arc according to an embodiment of the present invention. The apparatus comprises
a computational unit 1401 communicatively coupled to
the control unit 1403 via a first communication link 1406
and to a sensor 1402 via a second communication link
1405, wherein said sensor 1402 is adapted to measure
a parameter indicative of the resistance of at least one
of the electrodes, and where the computational unit 1401
is adapted to calculate a feedback signal based on the
measured parameter wherein the computational unit
1401 is further adapted to transmit the feedback signal
to the control unit 1403 wherein the control unit 1403 is
adapted to control the cooling unit 1404 responsive to
the received feed back signal such that the cooling unit
1404 is controllable via a feedback loop.
[0110] Fig. 15 illustrates operation of an embodiment
of a device for generating at least one gliding arc plasma.The shape and size of the electrodes 1502 facing the
plasma are interesting features of the apparatus. At the
point of discharge ignition 1508, the electrodes 1502
should, at least at their side facing the respective other
electrode, be thin enough and/or have a radius of curvature (in a plane normal to the longitudinal direction of the
electrode) small enough, and the gap between the electrodes should be small enough to ignite a discharge with
low voltage. In the region 1509 different from the ignition
region 1508 (also referred to as region of discharge extension), the gap between the electrodes gradually increases. As long as the discharge bridges the electrodes,
the current flows in the plasma, which increases the energy. As the gap size increases with increasing distance
from the point of ignition, when a certain gap size is
reached, the discharge cannot sustain the arc (equilibrium) condition and changes to a non-equilibrium plasma
1511, which is used for the processing.
[0111] Fig. 16 illustrates a different embodiment of a
device for generating at least one gliding arc plasma with
electrodes 1602 having a convex shape.
[0112] It will be appreciated that, in some embodiments
of the apparatus described herein, the properties and/or
the shape of the gliding arc plasma may be further modified by applying magnetic field and/or any other known
technologies for any specific applications.
[0113] Although some embodiments have been described and shown in detail, the invention is not restricted
to them, but may also be embodied in other ways within
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the scope of the subject matter defined in the following
claims. In particular, it is to be understood that other embodiments may be utilised and structural and functional
modifications may be made without departing from the
scope of the present invention.
[0114] In device claims enumerating several means,
several of these means can be embodied by one and the
same item of hardware. The mere fact that certain measures are recited in mutually different dependent claims
or described in different embodiments does not indicate
that a combination of these measures cannot be used to
advantage.
[0115] It should be emphasized that the term "comprises/comprising" when used in this specification is taken
to specify the presence of stated features, integers, steps
or components but does not preclude the presence or
addition of one or more other features, integers, steps,
components or groups thereof.
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Claims
1.

An apparatus for treating a surface with a at least
one gliding arc source comprising

25

j a at least one gas flow controlling unit (104)
and a set of elongated electrodes (102) for providing a plasma;
j a cooling unit (201) for providing a cooling
fluid, and
j a high voltage power supply (101) for generating a discharge

30

wherein at least one of the electrodes (102) comprises a tubular portion fluidly coupled to the cooling unit
(201) wherein the tubular portion defines a longitudinal direction of the electrode, wherein the electrode
(102) further comprises an outer surface comprising
a portion facing the other one of the electrodes (102)
said portion of the outer surface being curved in a
plane normal to said longitudinal direction.

35

40

2.

An apparatus according to claim 1, wherein said portion of the outer surface being curved in a plane normal to said longitudinal direction is having a radius
of curvature less than 3mm.

3.

An apparatus according to claim 1 or 2, wherein the
tubular portion comprises, at least along a portion of
its outer surface, a protrusion configured to lower the
voltage applied to the electrodes (102) required to
ignite the plasma, said protrusion comprising said
portion of the outer surface.

4.

An apparatus according to claim 3, wherein each
electrode of the set of electrodes (102) comprises a
protrusion.
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5.

An apparatus according to claim 3 or 4, wherein the
protrusion is blade-shaped.

6.

An apparatus according to anyone of claims 3 to 5,
wherein the protrusion is hollow and fluidly coupled
to the cooling unit (201) via the said tubular portion.

7.

8.

9.

An apparatus according to anyone of claims 1 to 6,
wherein at least one of the electrodes (102) comprises a tubular portion having a first end and a second
end wherein the tubular portion is configured to receive, during operation, a coolant at said first end
and discharge the coolant at said second end,
wherein the centre of the cross-section of the tube
at the first end is displaced relative to the centre of
the cross-section of the tube at the second end.
An apparatus according to anyone of claims 1 to 7,
further comprising a control unit (103) adapted to
control at least the cooling unit.
An apparatus according to claim 8, wherein the apparatus further comprises a computational unit communicatively coupled to the control unit and to a sensor, wherein said sensor is adapted to measure a
parameter indicative of the resistance of at least one
of the electrodes, and where the computational unit
is adapted to calculate a feedback signal based on
the measured parameter; and wherein the control
unit is adapted to control the cooling unit responsive
to the calculated feed back signal.
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12. An apparatus according to any one of the preceding
claims, wherein the at least one gas flow controlling
unit (104) and the set of electrodes (102) are controllable to provide a plasma comprising a rotational
temperature at the point of arc ignition above approximately 2000 K.
13. An apparatus according to any one of claims 6
through 12, wherein the control unit (103) is communicatively coupled to the gas flow controlling unit
(104) and to the set of electrodes (102) via respective
communication links (106, 113) such that the control
unit (103) is adapted to control the gas flow controlling unit (104) and the set of electrodes (102) via said
respective communication links.
14. An apparatus according to anyone of the preceding
claims wherein the cooling unit (201) is communicatively coupled to the control unit (103) via a communication link (109) such that the control unit (103) is
adapted to control the cooling unit (201).

Patentansprüche
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wherein the computational unit is adapted to calculate a feedback signal based on the measured parameter; and wherein the control unit (103) is adapted to control the cooling unit responsive to the calculated feed back signal.
11. An apparatus according to claim 10, wherein the
computational unit is adapted to calculate the feedback signal so as to control a maximum temperature
of a bulk part of the electrodes (102) to not exceed
a room temperature by more than a predetermined
multiple of an inverse of a temperature coefficient
indicative of a linear relationship between the resistance of the electrode (102) and the temperature.

wobei mindestens eine der Elektroden (102) einen
rohrförmigen mit der Kühleinheit (201) in einer flüssigen Verbindung stehenden Teil umfasst, wobei der
rohrförmige Teil eine Längsrichtung der Elektrode
definiert, wobei die Elektrode (102) zusätzlich eine
Außenfläche umfasst, umfassend einen der anderen
der Elektroden (102) zugewandten Teil, wobei der
Teil der Außenfläche in einer Ebene senkrecht zur
Längsrichtung gekrümmt ist.
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2.

Vorrichtung nach Anspruch 1, wobei der Teil der Außenfläche, der in einer Ebene senkrecht zur Längsrichtung gekrümmt ist, einen Krümmungsradius weniger als 3 mm aufweist.

3.

Vorrichtung nach Anspruch 1 oder 2, wobei der rohrförmige Teil, mindestens entlang eines Teils seiner
Außenfläche, einen Vorsprung umfasst, der dazu
ausgelegt ist, die Spannung zu mindern, die an die
Elektroden (102) angelegt wird, welche für das Zünden des Plasmas notwendig sind, wobei der Vor-
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Vorrichtung zur Behandlung einer Oberfläche mit
mindestens einer Gleitlichtbogen-Quelle, umfassend
j mindestens eine Gasströmungssteuereinheit
(104) und einen Satz von länglichen Elektroden
(102) zum Bereitstellen eines Plasmas;
j eine Kühleinheit (201) zum Bereitstellen einer
Kühlflüssigkeit und
j eine Hochspannungsstromversorgung (101)
zum Erzeugen einer Entladung,

30

10. An apparatus according to claim 1, further comprising
j a control unit (103) adapted to control at least
the cooling unit (201),
j a sensor (1402) adapted to measure a parameter indicative of the resistance of at least
one of the electrodes (102),
j a computational unit communicatively coupled to the control unit (103) and to the sensor;
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(103) dazu eingerichtet ist, als Antwort auf das berechnete Rückführsignal die Kühleinheit zu steuern.

sprung den Teil der Außenfläche umfasst.
4.

Vorrichtung nach Anspruch 3, wobei jede Elektrode
des Satzes von Elektroden (102) einen Vorsprung
umfasst.

5

5.

Vorrichtung nach Anspruch 3 oder 4, wobei der Vorsprung klingenförmig ist.

6.

Vorrichtung nach irgendeinem der Ansprüche 3 bis
5, wobei der Vorsprung hohl ist und über den rohrförmigen Teil mit der Kühleinheit (201) in flüssiger
Verbindung steht.

10

7.

Vorrichtung nach irgendeinem der Ansprüche 1 bis
6, wobei mindestens eine der Elektroden (102) einen
rohrförmigen Teil mit einem ersten Ende und einem
zweiten Ende umfasst, wobei der rohrförmige Teil
dazu ausgelegt ist, während des Betriebs ein Kühlmittel am ersten Ende zu erhalten, und das Kühlmittel am zweiten Ende auszutragen, wobei die Mitte
des Querschnitts des Rohrs am ersten Ende im Verhältnis zur Mitte des Querschnitts des Rohrs am
zweiten Ende versetzt ist.
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8.

Vorrichtung nach irgendeinem der Ansprüche 1 bis
7, zusätzlich umfassend eine Steuereinheit (103),
die dazu eingerichtet ist, mindestens die Kühleinheit
zu steuern.

9.

Vorrichtung nach Anspruch 8, wobei die Vorrichtung
zusätzlich eine mit der Steuereinheit und mit einem
Sensor kommunikativ gekoppelte Recheneinheit
umfasst, wobei der Sensor dazu eingerichtet ist, einen den Widerstand mindestens einer der Elektroden anzeigenden Parameter zu messen, und wobei
die Recheneinheit dazu eingerichtet ist, beruhend
auf dem gemessenen Parameter ein Rückführsignal
zu berechnen; und wobei die Steuereinheit dazu eingerichtet ist, als Antwort auf das berechnete Rückführsignal die Kühleinheit zu steuern.
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11. Vorrichtung nach Anspruch 10, wobei die Recheneinheit dazu eingerichtet ist, das Rückführsignal zu
berechnen, um ein Maximaltemperatur eines Mengenteils der Elektroden (102) zu steuern, damit sie
eine Raumtemperatur nicht um mehr als ein vorbestimmtes Mehrfache einer Inverse eines Temperaturkoeffizienten übersteigt, der eine lineare Beziehung zwischen dem Widerstand der Elektrode (102)
und der Temperatur anzeigt.
12. Vorrichtung nach irgendeinem der vorhergehenden
Ansprüche, wobei die mindestens eine Gasströmungssteuereinheit (104) und der Satz von Elektroden (102) steuerbar sind, um ein Plasma bereitzustellen, umfassend eine Rotationstemperatur am
Zeitpunkt der Lichtbogenzündung oberhalb von etwa 2000 K.
13. Vorrichtung nach irgendeinem der Ansprüche 6 bis
12, wobei die Steuereinheit (103) über jeweilige
Kommunikationsverbindungen (106, 113) mit der
Gasströmungssteuereinheit (104) und mit dem Satz
von Elektroden (102) kommunikativ gekoppelt ist, so
dass die Steuereinheit (103) dazu eingerichtet ist,
über die jeweiligen Kommunikationsverbindungen
die Gasströmungssteuereinheit (104) und den Satz
von Elektroden (102) zu steuern.
14. Vorrichtung nach irgendeinem der vorhergehenden
Ansprüche, wobei die Kühleinheit (201) über eine
Kommunikationsverbindung (109) mit der Steuereinheit (103) kommunikativ verbunden ist, so dass
die Steuereinheit (103) dazu eingerichtet ist, die
Kühleinheit (201) zu steuern.

Revendications
1.

10. Vorrichtung nach Anspruch 1, zusätzlich umfassend
j eine Steuereinheit (103), die dazu eingerichtet ist, mindestens die Kühleinheit (201) zu steuern;
j einen Sensor (1402), der dazu eingerichtet
ist, einen den Widerstand mindestens einer der
Elektroden (102) anzeigenden Parameter zu
messen,
j eine mit der Steuereinheit (103) und mit dem
Sensor kommunikativ gekoppelte Recheneinheit;
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wobei die Recheneinheit dazu eingerichtet ist, beruhend auf dem gemessenen Parameter ein Rückführsignal zu berechnen; und wobei die Steuereinheit

12

Appareil pour traiter une surface avec au moins une
source à arc glissant, comprenant
j au moins une unité de commande d’écoulement gazeux (104) et un ensemble d’électrodes
allongées (102) pour fournir un plasma;
j une unité de refroidissement (201) pour fournir un fluide de refroidissement, et
j une alimentation d’électricité à haute tension
(101) pour générer une décharge
au moins l’une des électrodes (102) comprenant une
partie tubulaire en liaison fluidique avec l’unité de
refroidissement (201), la partie tubulaire définissant
une direction longitudinale de l’électrode, l’électrode
(102) comprenant en outre une surface extérieure
comprenant une portion faisant face à l’autre des
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10. Appareil selon la revendication 1, comprenant en
outre

électrodes (102), ladite portion de la surface extérieure étant courbée dans un plan normal à ladite
direction longitudinale.
2.

Appareil selon la revendication 1, dans lequel ladite
portion de la surface extérieure étant courbée dans
un plan normal à ladite direction longitudinale présente un rayon de courbure inférieur à 3 mm.

5

3.

Appareil selon la revendication 1 ou 2, dans lequel
ladite partie tubulaire comprend, au moins au long
d’une portion de sa surface extérieure, une protubérance configurée pour abaisser la tension appliquée
aux électrodes (102) nécessaires pour allumer le
plasma, ladite protubérance comprenant ladite portion de la surface extérieure.

10

4.

Appareil selon la revendication 3, dans lequel chaque électrode de l’ensemble d’électrodes (102) comprend une protubérance.

15

20

5.

Appareil selon la revendication 3 ou 4, dans lequel
la protubérance est en forme de lame.

6.

Appareil selon l’une quelconque des revendications
3 à 5, dans lequel la protubérance est creuse et en
liaison fluidique avec l’unité de refroidissement (201)
par l’intermédiaire de ladite partie tubulaire.

25

7.

Appareil selon l’une quelconque des revendications
1 à 6, dans lequel au moins l’une des électrodes
(102) comprend une partie tubulaire ayant une première extrémité et une deuxième extrémité, la partie
tubulaire étant configurée à recevoir, pendant le
fonctionnement, un fluide de refroidissement au niveau de ladite première extrémité et à décharger le
fluide de refroidissement au niveau de ladite deuxième extrémité, le centre de la section transversale du
tube au niveau de la première extrémité étant déplacé par rapport au centre de la section transversale
du tube au niveau de la deuxième extrémité.

30

8.

9.

Appareil selon l’une quelconque des revendications
1 à 7, comprenant en outre une unité de commande
(103) adaptée à commander au moins l’unité de
commande.
Appareil selon la revendication 8, dans lequel l’appareil en outre comprend une unité computationnelle
couplée de manière communicative à l’unité de commande et à un capteur, ledit capteur étant adapté
pour mesurer un paramètre indicatif de la résistance
d’au moins l’une des électrodes, et l’unité computationnelle étant adaptée pour calculer un signal de
rétroaction sur la base du paramètre mesuré; et l’unité de commande étant adaptée pour commander
l’unité de refroidissement en réponse au signal de
rétroaction calculé.
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13

j une unité de commande (103) adaptée pour
commander au moins l’unité de refroidissement
(201);
j un capteur (1402) adapté pour mesurer un
paramètre indicatif de la résistance d’au moins
l’une des électrodes (102),
j une unité computationnelle couplée de manière communicative à l’unité de commande
(103) et au capteur;
l’unité computationnelle étant adaptée pour calculer
un signal de rétroaction sur la base du paramètre
mesuré; et l’unité de commande (103) étant adaptée
pour commander l’unité de refroidissement en réponse au signal de rétroaction calculé.
11. Appareil selon la revendication 10, dans lequel l’unité computationnelle est adaptée pour calculer le signal de rétroaction en vue de commander une température maximale d’une majeure partie des électrodes (102) de ne pas dépasser une température
ambiante de plus d’un multiple prédéterminé d’un
inverse d’un coefficient de température indicatif d’un
rapport linéaire entre la résistance de l’électrode
(102) et la température.
12. Appareil selon l’une quelconque des revendications
précédentes, dans lequel l’au moins une unité de
commande d’écoulement gazeux (104) et l’ensemble d’électrodes (102) peuvent être commandés
pour fournir un plasma comprenant une température
de rotation au point d’allumage d’arc supérieure à
environ 2000 K.
13. Appareil selon l’une quelconque des revendications
6 à 12, dans lequel l’unité de commande (103) est
couplée de manière communicative à l’unité de commande d’écoulement gazeux (104) et à l’ensemble
d’électrodes (102) par l’intermédiaire de liaisons de
communication respectives (106, 113) si bien que
l’unité de commande (103) est adaptée pour commander l’unité de commande d’écoulement gazeux
(104) et l’ensemble d’électrodes (102) par l’intermédiaire desdites liaisons de communication respectives.
14. Appareil selon l’une quelconque des revendications
précédentes, dans lequel l’unité de refroidissement
(201) est couplée de manière communicative à l’unité de commande (103) par l’intermédiaire d’une
liaison de communication (109) si bien que l’unité de
commande (103) est adaptée pour commander l’unité de refroidissement (201).
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A gliding arc is a plasma that can be operated at atmospheric
pressure and applied for plasma surface treatment for adhesion
improvement. In the present work, glass-fibre-reinforced polyester
plates were treated using an atmospheric pressure gliding arc discharge with an air flow to improve adhesion with a vinylester
adhesive. The treatment improved wettability and increased the
polar component of the surface energy and the density of oxygencontaining polar functional groups at the surfaces. Double
cantilever beam specimens were prepared for fracture mechanics
characterisation (fracture resistance as a function of nominal
mode mixity) of the laminate adhesive interface. It was found that
gliding arc treatment significantly increases the interfacial fracture energy and fracture resistance in comparison with a standard
peel ply treatment, although the mixed mode fracture energy of
the gliding arc treated specimen was not as high as that of the
laminate itself.
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1 INTRODUCTION
Fibre-reinforced polymer (FRP) materials have high strength-to-weight ratios
and corrosion resistance and are, therefore, used for a variety of applications
in civil engineering, wind energy, the ship, aerospace, and automobile industries [1–5]. Adhesives are often required for joining these materials to components fabricated from similar FRPs or other types of materials. FRPs usually
have smooth surfaces that mainly consist of the polymer matrix materials
with low surface energies. In addition, they often have a wide range of contaminants on the surfaces, that can form a weak boundary layer in an
adhesive bond [6]. Therefore, an adhesive joint usually requires careful surface preparation. In the case of conventional FRPs based on thermoplastic
polymeric matrices a treatment employing abrasion followed by solvent
cleaning is inadequate to obtain high joint strength [7]. Examples of thermoplastic polymeric matrices include poly(ether-ether ketone) (PEEK), polyamide copolymer, poly(ether imide), polyimide, and poly(phenylene sulphide).
Instead of abrasion, various surface treatment techniques have been investigated, including flame treatment [8], corona treatment [8–12], plasma treatment [8,9], excimer laser treatment [8], acid etching [8,11,12], and primer
treatment [8]. On the other hand, in the case of thermosetting composites
such as unsaturated polyester, vinylester, and epoxy resins, mechanical treatment has been applied for surface preparation [13,14]. Peel plying is a prime
example of a mechanical treatment used for adhesion improvement [15] since
it provides a ready-to-bond surface that may not require further surface
cleaning before bonding. Another example is mechanical roughening that
needs laborious abrasion followed by solvent cleaning before adhesive
bonding in order to achieve high joint strength [13].
Plasma treatment is attractive for this application due to its environmental friendliness and high reactivity to the surface to be bonded while retaining
the bulk properties of the material [16]. During the plasma treatment, polymer surfaces interact with radicals, ions, and electrons, and are irradiated
with ultraviolet light [17]. Plasma processing is often performed at low pressures. The plasma treatments at low pressures, however, require expensive
vacuum systems, and methods are well-developed only for batch or semibatch treatments. On the other hand, an atmospheric pressure plasma treatment can not only avoid the need for vacuum equipment but also permit
both the treatment of large objects and continuous treatment on production
lines [18–26]. A dielectric barrier discharge (DBD) is often operated at atmospheric pressure, generated between electrodes covered with dielectrics by
applying a time-varying voltage [27–34]. DBDs have been used for adhesion
improvement of FRPs [35–39]. In order to ensure stable DBD operation, however, the gap between the electrodes is limited to a few millimetres, which
restricts the size and shape of the specimens to be treated.
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Gliding arc discharges can also be generated at atmospheric pressure.
They can potentially provide a high degree of non-equilibrium, high electron
temperature, and high electron density simultaneously and thus enable high
reactivity with high productivity [40–42]. They are generated between divergent electrodes and are extended by a gas flow. A fast transition into a
non-equilibrium state occurs once heat losses from the discharge column
exceed the supplied energy. The gliding arc combines a number of industrially attractive features of plasma based surface treatment [43]: it is environmentally much cleaner than mechanical or wet chemical processes; it
operates well in air at atmospheric pressure with low costs; being a torch-like
plasma source, it can treat surfaces of bulky objects; and it allows fast processing. Therefore, it is useful in many industrial applications that involve coating, painting, printing, dyeing, and adhesion. It has recently been reported
that gliding arcs can efficiently improve adhesion of FRPs [44–46]. The gliding
arc treatment increased the polar component of the surface energy, the density of oxygen-containing polar functional groups at the surfaces, and bond
strength with the vinylester adhesive.
The mechanical strength of adhesive joints can be characterised in terms
of the fracture energy of an interface crack. Crack growth along an interface
between two dissimilar materials always occurs in mixed mode [47]. Experiments have shown that the fracture energy of interface cracks depends on
the mode mixity: the fracture energy is usually lowest in peel (Mode I)
and increases with increasing amount of shear (Mode II) [48,49]. The increase
in the macroscopic fracture energy has been attributed to a frictional contact
between crack faces at the crack tip and to different development of the
crack tip plastic zone.
In the present work, glass-fibre-reinforced polyester (GFRP) laminates
are surface-treated with a gliding arc in air at atmospheric pressure for
adhesion improvement for adhesive bonding by a vinylester adhesive.
Optical emission spectra (OES) are measured to estimate the rotational temperature in the discharge [50]. The treated surfaces are characterised using
contact angle measurement and x-ray photoelectron spectroscopy (XPS).
The properties of the laminate=adhesive interface are characterised in terms
of the fracture energy as a function of mode mixity. The interfacial fracture
energy of the plasma treated interface is compared with two other relevant
fracture energies: that of adhesive joints made by the use of a standard peel
ply and that of the glass fibre laminate itself undergoing delamination. These
comparisons are relevant since adhesive bonds created by applying the
adhesive directly to freshly created peel-ply surfaces are considered to give
sufficiently strong adhesive joints [15]. Thus, the fracture energy of an
adhesive joint made from a peel ply represents an acceptable minimum value
for the interfacial fracture energy. Furthermore, the laminate itself is expected
to have a higher fracture energy. If the adhesive and the adhesive=laminate

436

Y. Kusano et al.

interface possess a fracture energy that is higher than that of the laminate,
fracture is likely to occur within the laminate. Thus, the fracture energy of
the adhesive joint made from plasma-treated surfaces should surpass that
of the peel ply interface but not necessarily the fracture energy of the laminate itself. The fracture energy of the laminate thus usually represents an
upper limit for fracture energy of the adhesive joint.
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2. EXPERIMENTAL METHODS
Four different types of double cantilever beam (DCB) test specimens were
used in the present work as listed in Table 1. Typically ‘‘peel ply,’’ ‘‘gliding
arc’’ plasma-treated, and ‘‘crack in glue’’ test specimens were all based on
two bonded rods cut from manufactured GFRP panels each having a thickness of 8 mm. For testing of the laminate fracture energy, ‘‘crack in laminate,’’
a 16-mm thick laminate with crack initiation in the middle was manufactured.
GFRP panels (600  600  8 mm) were manufactured by resin infusion.
The symmetric and almost unidirectional fibre lay-up was established using
ten layers of fabric. The first and last layers in the lay-up were a biaxial
(45 ) 450-g=m2 layer (DB 450-E05, Devold AMT, Langevåg, Norway). The
middle eight layers were a mat (L1200=G50-E07, Devold AMT, Langevåg,
Norway) containing 1152-g=m2 unidirectional (0 ), 52-g=m2 transverse
(90 ), and 50-g=m2 chopped strand glass. The orthophthalic polyester matrix
was a mixture of Polylite1 413-575 resin and 2-wt% Norpol PeroxideTM 19
(Reichhold Danmark A=S, Kolding, Denmark). The support materials used
for the vacuum bagging and resin infusion were a peel ply layer (Stitch
PLY ATM, AIRTECH Europe Saarl, Differdange, Luxembourg) directly on
top of the lay-up, followed by a perforated release foil (Halar1, Aerovac Systems, Keighley, UK), distribution net (Green Flow 75, AIRTECH Europe Saarl,
Differdange, Luxembourg), 6-mm diameter inlet and 10-mm diameter outlet
tubes, tape for fixation of lay-up and support materials (Micropore, 3-MTM,
Copenhagen, Denmark), vacuum bag (WC8500, AIRTECH Europe Saarl,
Differdange, Luxembourg), and a sealant tape (GS 43 MR, AIRTECH Europe
Saarl, Differdange, Luxembourg).
Panels were cured at room temperature for 16 h and post-cured at 60 C
for 24 h. After post-curing, rods (290  30  8 mm) were cut from the GFRP
TABLE 1 Specimens and Types of the Adhesion Test
Type of test specimen

Adhesive

Peel ply
Gliding arc
Crack in glue
Crack in laminate

Vinylester
Vinylester
Vinylester
None

Type of test
Mode
Mode
Mode
Mode

I and mixed mode
I and mixed mode
I
I and mixed mode
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laminate panel with the main fibre orientation parallel to the long side of the
rods. Two countersunk nuts (M5 BN224, Bossard, Skovlunde, Denmark), for
later screwing of specially formed tabs allowing pure moment loading at the
specimens, were mounted in one end of each rod. Nuts were fixed with rapid
curing glue (Scotch WeldTM DP100, 3 M, Copenhagen, Denmark). The
advantage of using the nuts is the possibility of removing and reusing the
specially formed tabs. Peel-ply was not removed from the laminate during
the cutting and mounting of nuts in order to be able to maintain a clean surface before gliding arc treatment. Just before the plasma treatment, the
peel-ply was unwrapped and subsequently the surfaces were gently cleaned
and degreased with methanol and acetone in order to ensure a reproducible
surface condition.
Specimens for surface characterization were further cut into smaller
pieces for easier handling. For XPS analysis, specimens were ultrasonically
cleaned in acetone (purity >99%) for 5 minutes twice and in methanol
(purity >99.5%) for 5 minutes before gliding arc treatment. It is assumed that
this solvent pre-treatment does not affect the adhesive property of the GFRP
surface significantly. In fact, a preliminary experiment indicated that the
plasma-treated GFRP beams demonstrated similar fracture characteristics in
an adhesion test independently of the solvent pre-treatment or lack thereof.
The gliding arc was generated between two diverging stainless steel
tubular electrodes as shown in Fig. 1 [46]. Cooling water was fed through
the 6-mm diameter tubular electrodes during operation. Blade-shaped stainless steel pieces were welded on the tubular electrodes, facing each other.
The arc discharge was ignited between these blade-shaped pieces. A similar
configuration is presented in detail in [44]. Air flow was fed between the electrodes to extend the discharge. It was driven by an alternating current (AC)
power supply at a frequency of approximately 30 kHz (Generator 6030,
SOFTAL Electronic GmbH, Hamburg, Germany). The average power input
was obtained by measuring voltage and current with a high-voltage probe
and a current viewing resistor, respectively. In order to treat a GFRP rod surface, the rod was fixed on a holder which moved forward and back at a
speed of 180 mm=s. The distance between the specimen surface exposed
to the discharge and the edge of the electrode was fixed during the treatment. The air flow rate was 20 L=min, the distance between the specimen surface and the edge of the electrode was 15 mm, and the number of exposures
was four, unless mentioned otherwise. The input power to the gliding arc
was fixed at 720 W.
OES measurements of the gliding arc were performed without the GFRP
rod using an optical fibre and a 0.75-m spectrometer equipped with a grating
with 3600 grooves=mm and a charge-coupled device (CCD) camera
(PI-MA  1024, Princeton Instruments, Uppsala, Sweden). The OES of the
discharge approximately 55 mm below the arc ignition point was measured
using the optical fibre. The three nearest points approximation method
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FIGURE 1 Setup of the gliding arc discharge. (a) Schematic diagram, and (b) a photo image
showing the gliding arc treatment of GFRP (color figure available online).

was applied for smoothing the OES. The rotational temperature, Trot, which
is assumed to be close to the gas temperature, was evaluated by the relative
intensity of two groups of rotational OES lines corresponding to the R and P
branches of the OH A-X (0,0) vibrational band [44]. The OH molecules come
from ambient air humidity. The relation between the rotational temperature,
Trot, and the relative intensity of the R and P branches is given in [50].
The contact angles for deionized water and glycerol on the GFRP surfaces were measured in air at room temperature for calculation of the estimated surface energy using a contact angle measurement system (CAM
100, Crelab Instruments AB, Billdal, Sweden). The polar component of the
surface energy of the GFRP plates was obtained by the two-liquid geometric
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method [31]. The standard deviations of the measured contact angle and the
polar component of surface energy were typically less than approximately 5
and 15 mJ=m2, respectively.
XPS (Sage 100, SPECS, Berlin, Germany) was employed to study the
changes of the elemental composition at the GFRP surfaces. Atomic concentrations of each element were calculated by determining the relevant integral
peak intensities using a linear background [35], and the O=C ratio was
obtained.
DCB specimens for crack in laminate measurements were cut directly
from the cured laminate manufactured from 20 layers of fabric. The crack
initiation was established using a 12.7-mm thin E-CTFE film (WL4900,
AIRTECH Europe Saarl, Differdange, Luxembourg) between the middle
two fabric layers. Tabs were mounted with both screws and glue (Scotch
Weld DP360, 3 M, Copenhagen, Denmark). Overall geometry of the DCB test
specimens used and a close up of the three different crack initiations used are
shown in Fig. 2.
For crack initiation in the interface between glue and laminate, used for
peel-ply and gliding arc test specimens, a 51-mm thin polytetrafluoroethylene
(PTFE) release tape (Teflease MG2, AIRTECH Europe Saarl, Differdange,
Luxembourg) was mounted on the laminate surface in a position of 70 mm
from the tab-end of the rod, as illustrated in Fig. 2. On top of the release tape
was a 2-mm thick PTFE chamfered spacer placed close to the tip of the crack
initiation. Another 2-mm thick spacer was mounted in the other end of the
rod ensuring a uniform glue thickness, h. Crack initiation in the centre of
the glue line was established using two 1-mm thick chamfered PTFE spacers
and in between a thin release film to make the crack tip as thin and sharp as
possible. The release film was the 51-mm PTFE tape (Teflease MGZ). During
application of the bonding paste, special attention was paid to the release
film, which should not be bent accidentally, and the crack initiation position
at 70 mm from the rod end was obtained. The GFRP rods were bonded using
a vinylester adhesive (0555 Oldopal1 VE Bonding paste, Monofiber A=S,
Herlev, Denmark) [44]. Excess paste was removed from the edge of the
DCB specimen. The bonded specimens were cured at 40 C for 16 h. Holes
for mounting of steel pins facilitating the mounting of an extensometer were
drilled in the laminate at the crack initiation position at 70 mm from the rod
end. Extensometers measured the crack opening during the test.
The adhesion test was performed by applying uneven pure bending
moments to the DCB-specimens [51,52]. The DCB loaded by uneven bending
moments (DCB-UBM) test configuration provides stable crack growth for
materials having a constant (or rising) fracture resistance and enables the testing of the whole mode mixity range from Mode I (w ¼ 0 ) to Mode II
(w ¼ 90 ) (w being the mode mixity, defined as the phase angle of the complex stress intensity factor, see [53]). In the present study, the fracture resistance and mode mixity were calculated without accounting for the stiffness
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FIGURE 2 Overall geometry of the 290-mm long (L) DCB test specimens illustrated with
mounted tabs and 2-mm (h) glue thickness. Crack initiation (l) starts 70 mm from the specimen
end where also the pins for mounting of extensometers are positioned. A close-up of the three
different crack initiation types: a) interface between glue, and laminate, b) center of glue, and
c) in the middle of the laminate. The crack initiation is established with a thin release film and
chamfered spacers support the release film and control the glue thickness.

and thickness of the adhesive layer, i.e., analysing the specimens as being a
homogeneous laminate. The mode mixity, w, calculated in this manner is
therefore a nominal mode mixity, wnom. Table 1 shows the types of the specimens used and types of the tests applied in the present work.
The fracture experiments were conducted using a special test configuration based on wires and rollers. The test configuration of the fracture experiments is described elsewhere [52]. The experiments were conducted at a
constant displacement rate of 10 mm=min. The load was measured using
two 5-kN static load cells. The DCB specimens were instrumented with an
extensometer to record the end-opening, d , at the tip of the crack initiation.
Fracture mechanical characterisation was conducted for four different
nominal mode mixities. For the Mode I experiment a small mode mixity
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(nominal Mode I: wnom ¼ 0.3 ) was used in order to prevent the crack from
kinking into the mid-plane of the specimen, i.e., inside the middle of the
adhesive layer (thus leaving the adhesive=laminate interface). The other
mode mixity values were chosen to be wnom ¼ 41 , 58 , and 83 . The latter
is close to Mode II. Mode II was avoided in order to minimize effects of crack
face friction possibly evolving if crack faces were in sliding contact. Six DCB
specimens were tested for each loading configuration. An acoustic emission
(AE) sensor (PAC DiSP-16, Physical Acoustics Ltd., Cambridgeshire, UK) was
mounted at the specimen to assist in the detection of crack growth.
The fracture resistance was calculated from a J integral analysis for the
isotropic DCB-UBM [50] (plane stress):


21 M12 þ M22  6M1 M2
J ¼
4B2 H 3 E

jM1 j < M2 ;

ð1Þ

where M1 and M2 are the two applied moments, B is the specimen width, H
the specimen height, and E is the Young’s modulus. The nominal mode
mixity, wnom can be obtained as [52]
pﬃﬃﬃ

3 M1 þ M2
1
wnom ¼ tan
ð2Þ
jM1 j < M2 :
2 M2  M1
The fracture resistance, JR, was calculated for the homogenous DCB specimen using the elastic properties of the glass=polyester composite (Young’s
modulus E ¼ 37 GPa).

3. RESULTS
3.1. Rotational Temperature and Surface Characterization
Trot was estimated to be 3800 K at a flow rate of 20 L=min and decreased as
the flow rate increased. Figure 3 shows the rotational temperature at different
flow rates.
The contact angles and the polar component of the surface energy after
the gliding arc treatment at different air flow rates are shown in Fig. 4. It is
seen that the wettability markedly dropped down at the flow rate of
30 L=min. At this flow rate, the excess cooling reduced the rotational temperature as low as approximately 2000 K (see Figure 3), resulting in an insufficient treatment effect. The tendency of the wettability and the rotational
temperature shows good agreement with earlier results [44].
In the following experiment the air flow rate was fixed at 20 L=min in
order to demonstrate efficient adhesion improvement. The contact angle
and the polar component of surface energy of the GFRP plate surfaces,
measured before and after the gliding arc treatment at different numbers of
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FIGURE 3 Rotational temperature of the gliding arc at different air flow rates and fixed power
(720 W).

exposure, are shown in Fig. 5. The water contact angles dropped to approximately 20o and the polar component of the surface energy increased to
approximately 80 mJ=m2 when the specimen surface was exposed in the
gliding arc four times or more.
The XPS analysis indicated that the GFRP surfaces were mostly
dominated by oxygen (O) and carbon (C) atoms. The O=C ratio of the GFRP

FIGURE 4 Water contact angle (~) and the polar component of surface energy (.) of the
GFRP plates after the gliding arc treatment at different air flow rates and fixed power (720 W).
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FIGURE 5 Water contact angle (~) and the polar component of surface energy (.) of the
GFRP plates after the gliding arc treatment at different number of exposures at fixed air flow
rate (20 L=min) and fixed power (720 W).

surfaces before and after the treatment was compared as shown in Fig. 6. The
oxygen content increased more after the longer treatment, approaching
approximately 0.42.
Since the gliding arc discharge can be extended into the ambient air up
to several centimeters, it is interesting to investigate an effective distance of
the treatment. Contact angles were measured after the gliding arc treatment
at different distances from the edges of the electrodes to the GFRP plate surface. The water contact angle and the polar component of surface energy and
O=C ratio at the GFRP plate surface after the gliding arc treatment are shown
in Figs. 7 and 8, respectively. The results indicate that the GFRP plate surface
can be efficiently oxidized when the distance between the edges of the electrodes and the GFRP surface was up to approximately 6 cm.

3.2. Fracture Properties of Peel Ply Joints
During the Mode I fracture mechanical tests of the DCB specimens prepared
from peel ply only (i.e., no plasma treatment), crack propagation occurred
smoothly along the laminate=adhesive interface with no visible fibre bridging, see Fig. 9.
Measured fracture resistance data, the fracture resistance (the value of the
J integral during crack propagation) as a function of end-opening, are shown
in Fig. 10. No or very little opening occurs before the initiation of crack
growth, which takes place at a fracture resistance value of around
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FIGURE 6 O=C ratio of the GFRP plates after the gliding arc treatment at different number of
exposures at fixed air flow rate (20 L=min) and fixed power (720 W).

140–160 J=m2. Thereafter, as the crack propagates, the end-opening increases.
The crack propagation occurs at a near-constant, but slightly lower, fracture
resistance value (110–140 J=m2).

FIGURE 7 Water contact angle (~) and the polar component of surface energy (.) of the
GFRP plates after the gliding arc treatment at different distances from the edges of the electrodes to the GFRP plate surface at fixed air flow rate (20 L=min), fixed power (720 W), and fixed
number of exposures to the gliding arc (four times).
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FIGURE 8 O=C ratio of the GFRP plates after the gliding arc treatment at different distances
from the edges of the electrodes to the GFRP surface at fixed air flow rate (20 L=min), fixed
power (720 W), and fixed number of exposures to the gliding arc (four times).

FIGURE 9 Example of crack growth along the laminate=adhesive interface for nominal Mode
I (wnom ¼ 0.3 ) for standard peel ply without plasma treatment (color figure available online).

Downloaded by [DTU Library] at 01:27 06 March 2013

446

Y. Kusano et al.

FIGURE 10 Measured nominal Mode I (wnom ¼ 0.3 ) fracture resistance curves (the fracture
resistance as a function of the end-opening) for standard peel ply (no treatment) (color figure
available online).

For standard peel ply specimens tested under wnom ¼ 41 and 58 , cracking also occurred along the adhesive=laminate interface without fibre
bridging. However, for dominant Mode II (wnom ¼ 83 ), most specimens
experienced cracking smoothly along the adhesive=laminate interface, but
one DCB specimen showed some fibre bridging. Furthermore, for most specimens, a few shear cracks were observed to develop in the adhesive layer,
see Fig. 11.
Fracture resistance data for wnom ¼ 83 are shown in Fig. 12. The value
of fracture resistance corresponding to initiation of crack growth is in the
range of 520–620 J=m2. The fracture resistance corresponding to crack propagation is approximately constant for each specimen, but there is a large
specimen-to-specimen variation. Thus, for wnom ¼ 83 , the fracture energy
associated with crack propagation is in the range of 320–660 J=m2.
Average values of the fracture energies of the various mode mixities
were calculated from the fracture resistance data for 1 mm < d < 5 mm,
1 mm < d < 3 mm, 1 mm < d < 3 mm, and 0.5 mm < d < 1.5 mm for wnom ¼
0 , 41 , 58 , and 83 , respectively, and summarized in Section 4.2. Only
values from specimens showing smooth interface fracture were included,
and, thus, the effect of fibre bridging is excluded.

3.3. Fracture Properties of Plasma Treated Joints
The fracture resistance behaviour of plasma treated specimens is now
described. For some specimens tested under nominal Mode I (wnom ¼ 0.3 ),
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FIGURE 11 Example of crack growth along laminate=adhesive interface for dominant Mode
II (wnom ¼ 83 ) for standard peel ply (no treatment). A few shear cracks can be seen in the
adhesive layer (color figure available online).

the cracking occurred cleanly along the interface without fibre bridging (e.g.,
#02 and #04), one specimen showed a little bit of crack bridging (#03), one
some bridging (#04), while for others (specimens #01 and #06) the fracture
process zone consisted of cracking that had occurred along two layers, one
inside the laminate (the leading crack tip) and one along the adhesive=laminate interface. Both cracking planes exhibited fibre bridging, see
Fig. 13.

FIGURE 12 Fracture resistance curves for standard peel ply (no treatment) subjected to
wnom ¼ 83 (color figure available online).
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FIGURE 13 Example of crack growth along laminate=adhesive interface for nominal Mode I
(wnom ¼ 0.3 ) for plasma treatment. This specimen shows smooth crack propagation (close to
the slip foil) and the formation of a large-scale fracture process zone in the form of two parallel
cracks (one inside the laminate, running further down along the laminate than the one that
runs along the laminate=adhesive interface) (color figure available online).

The associated fracture resistance data for wnom ¼ 0.3 are shown in
Fig. 14. As for the failure modes described above, there is a large
specimen-to-specimen variation in the fracture resistance. Initiation of cracking occurs at a JR value of about 210–345 J=m2. For some specimens (#02 and
#04)—the ones that did not show crack bridging—the fracture resistance
remains at that level with further crack propagation. For the other specimens

FIGURE 14 Measured nominal Mode I (wnom ¼ 0.3 ), fracture resistance curves (the fracture
resistance as a function of the end-opening) for plasma treatment. The steeply rising fracture
resistance is associated with fibre bridging (color figure available online).
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(#01, #05, and #06), the fracture resistance increases sharply with increasing end-opening. One specimen (#03) shows a mixed behaviour, having
initially a near-constant fracture energy until an end-opening of about 2 mm.
For larger opening, the fracture resistance of that specimen increases sharply.
Figure 15 shows the fracture process zone of plasma-treated specimens
under dominant Mode II (wnom ¼ 83 ). The fracture process zone is long (larger than 5 cm) and consists of two parallel cracks: one of the cracks extends
inside the laminate and the other (the shorter one) extends along the laminate=
adhesive interface. Both cracking planes experience crack bridging by fibres.
The fracture resistance of the adhesive joints prepared with plasma
treatment is shown as a function of the end-opening in Fig. 16. Crack
initiation occurs at a J value of about 650–900 J=m2, rising rapidly to an
approximately maximum (not quite steady-state) value of 1.8–2.2 kJ=m2 for
an end-opening of about 3 mm.

3.4. Fracture Properties of Laminate
Figure 17 shows a pure laminate subjected to pure Mode I testing. A (4 cm)
long crack bridging zone has formed between the slip foil (initial crack tip
position) and the actual crack tip. The associated fracture resistance is shown
as a function of the end-opening in Fig. 18. Initiation of crack growth takes
place at a J value of about 125–150 J=m2. With increasing end-opening
(increasing crack length and, thus, increasing the bridging zone) the fracture
resistance increases rather smoothly to a steady-state value of 850–1050 J=m2.
Note that the specimen-to-specimen variation is rather small.
Figure 19 shows a laminate subjected to dominant Mode II loading
(wnom ¼ 83 ). The crack seems to be closed the first few centimetres from

FIGURE 15 Development of the fracture process zone under dominant Mode II (wnom ¼ 83 )
for plasma treatment. Note the development of two cracking planes: one inside the laminate
(the leading crack tip) and one along the laminate=adhesive interface (color figure available
online).
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FIGURE 16 Measured dominant Mode II (wnom ¼ 83 ) fracture resistance curves (the fracture
resistance as a function of the end-opening) for plasma treatment (color figure available
online).

the crack tip (i.e., undergoing predominantly tangential crack face displacements) but shows an increasing normal opening further away from the crack
tip. There appears to be crack bridging along most of the crack.
The associated fracture resistance data are shown in Fig. 20. Initiation of
cracking takes place at a fracture resistance value of about 1.1–1.3 kJ=m2.
Within an increasing end-opening of 0.2 mm, the fracture resistance increases
to a near-constant value of 1.6–2.0 kJ=m2.

FIGURE 17 Example of crack growth for nominal Mode I (wnom ¼ 0.3 ) for the laminates.
Note the presence of a large-scale crack bridging zone (color figure available online).
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FIGURE 18 Measured nominal Mode I (wnom ¼ 0.3 ) fracture resistance curves (the fracture
resistance as a function of the end-opening) for the laminate (color figure available online).

3.5. Fracture Properties of the Adhesive
Each specimen having an adhesive layer subjected to pure Mode I loading
(wnom ¼ 0 ) developed crack propagation along the specimen mid-plane,
i.e., within the adhesive layer. The value of J at the initiation of crack growth
was 450–500 J=m2. Once crack growth has initiated, the crack grew unstably.
It was, thus, not possible to determine a fracture energy corresponding to
stable crack growth.

FIGURE 19 Laminate undergoing delamination due to dominant Mode II loading
(wnom ¼ 83 ) (color figure available online).
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FIGURE 20 Measured dominant Mode II (wnom ¼ 83 ) fracture resistance curves (the fracture
resistance as a function of the end-opening) for the laminates (color figure available online).

4. DISCUSSION
4.1. Plasma Surface Modification by the Gliding Arc Treatment
It is shown in the present work (Figs. 4–8) that the gliding arc treatment can
improve wettability and increase the polar component of the surface energy,
the oxygen content at the GFRP surface and, subsequently, bond strength
with a vinylester adhesive. Since the major bond mechanism with vinylester
adhesive is non-specific interaction [54], the effect of the gliding arc treatment
can be primarily attributed to the introduction of a certain amount of polar
functional groups at the surfaces and better wetting by the uncured liquid
vinylester adhesive prior to hardening. Namely, these polar functional
groups can preferably interact with the vinylester adhesive that contains similar polar functional groups. In addition, gliding arc treatment can create
reactive free radicals at the GFRP surface. There is a chance that these radicals can directly react with the reactive sites of the vinylester resin, forming
covalent bonds and further improving bond strength.

4.2. Comparison of Fracture Energies
Figure 21 shows the initiation fracture energy as a function of mode mixity
for crack growth of the peel ply specimens, the plasma-treated specimens,
and crack growth in the laminate (delamination). The value of Mode I cracking growth initiation within the adhesive is also included.
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FIGURE 21 Mixed mode interfacial fracture energy shown as a function of the mode mixity
(color figure available online).

First, the general trend observed in Fig. 21 is that the fracture energy
increases with increasing mode mixity. Such trends are in good agreement
with results of earlier studies of mixed mode interface fracture [48,49].
Next, for nominal Mode I (wnom ¼ 0.3 ), the fracture initiation values of
the laminate and the peel ply specimens are comparable, while the fracture
initiation values of the plasma-treated specimens are higher than those of the
laminates and the peel ply specimens but lower than those within the
adhesive layer. For higher values of wnom, the results associated with the peel
ply specimen, the plasma-treated specimens and the laminates are clearly
different. This suggests that Mode I testing only may not be sufficient for
screening and selecting interface treatments.
The most important result from Fig. 21 is that the fracture energy data
associated with the plasma-treated specimens are significantly higher than
those of the peel ply specimens. Thus, the plasma treatment results in a significant increase in the fracture energy of the adhesive joint. The mixed mode
fracture energy is, however, not as high as the mixed mode fracture energy of
the pure laminate, i.e., specimens having no adhesive layer.
If we assume that each carbon atom could bond at most one oxygen
atom, the O=C ratio can represent a ratio of carbon atoms that directly bond
oxygen atoms. They can induce ionic or hydrogen-bond interactions with the
adhesive. The O=C ratio of the untreated specimen is approximately 0.23,
while it increased 1.6  2 times after the plasma treatment as shown in
Fig. 6. It is, therefore, roughly estimated that the plasma treatment may
increase the adhesive strength at the interface upto a factor of two. Although
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this estimation is based on the simplified assumption, it shows good
agreement with the initiation fracture energy at the mixed modes in Fig. 21.

Downloaded by [DTU Library] at 01:27 06 March 2013

4.3. Fracture Resistance and Failure=Cracking Modes
As noted in Section 3.5, crack growth within the adhesive layer in Mode I
occurred unstably. This suggests that the fracture resistance of the adhesive
depends on the crack growth velocity. Such a phenomenon, denoted slipstick behaviour, is not uncommon for adhesives [55].
It is interesting to note that shear cracks were observed in the adhesive
layer for the peel ply specimens under dominant Mode II loading
(wnom ¼ 83 ), Fig. 11, but not for the plasma-treated specimens tested under
the same loading condition (wnom ¼ 83 ) (Fig. 15), even though the latter
show a much higher fracture resistance during crack propagation (Fig. 16).
A major difference in the cracking mode of the two series is that for the peel
ply specimens, the crack propagates as a single crack tip, whereas the
plasma-treated specimens develop a fracture process zone consisting of
two crack tips and two long crack bridging zones. Apparently, a single sharp
crack tip causes a higher stress in the adhesive layer than the longer fracture
process zone, causing the development of shear cracks.
As observed for the plasma-treated specimens subjected to Mode I
(wnom ¼ 0.3 , Fig. 13), the fracture resistance of adhesive joints depends
strongly on the exact cracking modes. Cracking by an unbridged crack
propagating along the adhesive=laminate interface resulted in a fracture
resistance value of the order of 200 J=m2 while the development of a fracture
process zone with two bridged cracks resulted in a significant increase in the
fracture resistance with increasing end-opening. There is, thus, a consistent
relationship between constant fracture resistance and growth of an unbridged crack and increasing fracture resistance in connection with the formation
of a large-scale crack bridging zone. This observation confirms earlier work
on toughening by crack bridging [52,56].

4.4. Origin of Increase in Fracture Resistance from Plasma
Treatment
A modern view of fracture is to consider fracture properties in terms of
cohesive laws [57]. That is, a fracture process zone—being small (e.g., in
the case of failure by a single sharp crack) or being large (e.g., in the case
of a large scale bridging zone)—can be represented by a traction-separation
law that possesses both a peak traction value, r^ (strength), and the work of
separation, Jss (fracture energy), see Fig. 22a. Now consider the situation
encountered in the present study. Fracture can occur along two planes: along
the adhesive=laminate interface and=or along a plane just a small distance
within the laminate below the surface layer (delamination). Now imagine
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FIGURE 22 a) Representation of a fracture process zone in terms of a cohesive law (tractionseparation relationship) that possesses a strength, r^, and a fracture energy, Jss. b) The cohesive
law of the adhesive=laminate interface is assumed to be different from the cohesive law associated with cracking inside the laminate (delamination) (color figure available online).

that fracture of each potential cracking plane is represented by a cohesive
law. As indicated in Fig. 22b, the cohesive laws of the two different cracking
planes are different, since the mechanical properties of the two cracking
planes differ. If the thickness that separates the two cracking planes, t, is
small, the stresses cannot be redistributed much so that the stresses in the
two fracture process zones must be the same. Consequently, the separation
will occur along the plane that possesses the lower peak traction value. If the
strength of the adhesive=laminate interface, r^i , is lower than that of the laminate, r^d , cracking will occur along the adhesive=laminate interface. Conversely, if r^i is raised so that r^i > r^d , cracking will occur as delamination
in the laminate. Returning to the experimental results, we then conclude that
for the peel ply specimens—that fail by the propagation of a single crack
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along the adhesive=laminate interface—the peak traction value of the cohesive law of the adhesive=laminate interface, r^i , must be lower than that of the
laminate, r^d , ðr^i < r^d Þ However, for the plasma treated specimens—for
which the primary cracking occurred by crack propagation within the laminate—the peak traction of the cohesive law of the adhesive=laminate interface must be higher than the peak traction value of the laminate ðr^i > r^d Þ.
It is reasonable to assume that the cohesive laws (and thus r^d ) of the laminates are identical, since the plasma treatment affects only the very surface
layers. This hypothesis, thus, suggests that the plasma treatment increases
the strength of the adhesive=laminate interface r^i . However, for nominal
Mode I (wnom ¼ 0.3 ), it is seen that the fracture initiation values of the
plasma-treated specimens are higher than those of the laminates. Further
investigation will be necessary for deep understanding of this phenomenon.

5. CONCLUSION
Gliding arc treatment of laminate surfaces of glass-fibre-reinforced polymers
(GFRP) increased wettability, the polar component of the surface energy, and
the oxygen content at the GFRP surfaces. The fracture energy of an interface
between laminates and a vinylester adhesive was significantly higher than
that from interfaces made by conventional peel plying. The increased mixed
mode fracture resistance was attributed to the formation of two cracking
planes (one along the adhesive=laminate interface and another within the
laminate) both displaying crack bridging. The change in failure mechanism
(the formation of the crack within the laminate) was most likely induced
by a plasma treatment enhancement of the cohesive strength of the adhesive=laminate interface.
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Abstract
A non-equilibrium quenched plasma is prepared using a gliding-arc discharge generated
between diverging electrodes and extended by a gas flow. It can be operated at atmospheric
pressure and applied to plasma surface treatment to improve adhesion properties of material
surfaces. In this work, glass-fibre-reinforced polyester plates were treated using an
atmospheric pressure gliding-arc discharge with air flow to improve adhesion with a vinylester
adhesive. The electrodes were water-cooled so as to operate the gliding arc continually. The
treatment improved wettability and increased the density of oxygen-containing polar
functional groups on the surfaces. Double cantilever beam specimens were prepared for
fracture mechanic characterization of the laminate adhesive interface. It was found that
gliding-arc treatment significantly increases the fracture resistance in comparison with a
standard peel-ply treatment.
(Some figures may appear in colour only in the online journal)

processing [4–7]. They can potentially provide a high
degree of non-equilibrium at high electron temperature and
at quasi-ambient gas temperature and a high energy density
simultaneously and thus enable high reactivity with high
productivity. However, the treatment effects of commercially
available gliding arcs are often disappointing, possibly due to
the fact that the conditions of the non-equilibrium state and
high energy density are not taken into account properly.
In order to achieve the condition of the high energy
density, high power must be introduced to the discharge, which
inevitably leads to heating up the electrodes. Subsequently,
the resistance of the electrodes increases and Joule heating
of the electrodes is enhanced. This is not only energyinefficient, but it also induces unstable operation of the gliding
arc due to the changing electrical impedance of the electrodes.

1. Introduction
Plasma treatment is useful for adhesion improvement of
material surfaces, because it readily improves the surfaces to
be bonded due the high chemical reactivity of the plasma,
while it retains the bulk properties of the material and it
is an environmentally friendly process. Plasma processing
is generally performed at low gas pressures, but often
atmospheric pressure would be preferable [1]. A gliding
arc is a plasma generated between diverging electrodes and
extended and quenched by a gas flow [2, 3]. Gliding
arcs can be operated in air at atmospheric pressure and
thus advantageously and economically used for large-scale
processing. They can treat surfaces of bulky objects and are
useful for adhesion improvement of materials in industrial
0022-3727/13/135203+07$33.00
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Furthermore, excess heat irradiation may damage the setup
and materials to be treated. Therefore, it is desirable to cool
the electrode efficiently. One common and efficient way of
cooling electrodes in other applications than the gliding arc is
internal cooling by flowing coolants, usually water, through
the hollow electrodes. Interestingly, electrodes of gliding arcs
are rarely water-cooled, probably because surface erosion of
the water-cooled electrodes has been observed [8]. However,
in the same work it is reported that the lifetime of the electrodes
is not affected by the water cooling.
Glass-fibre-reinforced polymer (GFRP) materials exhibit
high strength-to-weight ratios and corrosion resistance and are
therefore used for a variety of applications in wind energy,
ship, aerospace and automobile industry [9–13]. These GFRP
materials are usually assembled together with other materials
and jointed using adhesives. Such adhesive joints require
careful surface preparation of GFRPs. When a thermosetting
polymer such as unsaturated polyester, vinylester and an epoxy
resin is used as a matrix of composites, mechanical treatment
has been applied for the surface preparation [14, 15]. Peelplying is a prime example of mechanical treatment used
for adhesion improvement [16] since it provides a ready-tobond surface that may not require further surface cleaning
before bonding. Another example is mechanical roughening
that needs laborious abrasion followed by solvent cleaning
before adhesive bonding for achieving high joint strength
[14]. Plasma treatment has also been investigated to improve
adhesive bonding of GFRPs [4–6, 17–22]. It generally
increases the polar component of the surface energy, the density
of oxygen-containing polar functional groups at the GFRP
surfaces, and bond strength with the vinylester adhesive.
In this work, GFRP laminates are treated with a gliding
arc in air at atmospheric pressure to improve the adhesive
bonding by a vinylester adhesive. Tubular electrodes with
an external diameter of 3 mm are water-cooled so that the
gliding arc can be operated continuously and stably. Optical
emission spectroscopy (OES) is used for plasma diagnostics
at different locations of the gliding arc. The treated surfaces
are characterized using contact angle measurements and x-ray
photoelectron spectroscopy (XPS). The mechanical properties
of the laminate/adhesive interface are characterized in terms
of the fracture energy. The interfacial fracture energy of the
gliding-arc treated interface is compared with that of adhesive
joints made by a standard peel-ply. This comparison is relevant
since adhesive bonds created by applying the adhesive directly
to freshly created peel-ply surfaces are considered to give
sufficiently strong adhesive joints [16]. The fracture energy
of an adhesive joint made from a peel-ply thus represents an
acceptable minimum value for the interfacial fracture energy.

infusion. The symmetric and almost unidirectional fibre layup was established using ten layers of fabric. The first
and last layers in the lay-up were biaxial (±45◦ ) 450 g m−2
layers (DB 450-E05, Devold AMT, Norway). The middle
eight layers comprised a mat (L1200/G50-E07, Devold AMT,
Norway) containing 1152 g m−2 unidirectional (0◦ ), 52 g m−2
transverse (90◦ ) and 50 g m−2 chopped strand glass. The
orthophalic polyester matrix was a mixture of Polylite 413575 resin and 2 wt% Norpol Peroxide 19 (Reichold Danmark
A/S, Denmark). The support materials used for the vacuum
bagging and resin infusion were a peel-ply layer (Stitch
PLY A, AIRTECH Europe, Luxembourg) directly on top
of the lay-up; a perforated release foil (Halar, Aerovac
Systems, UK); distribution net (Green Flow 75, AIRTECH
Europe, Luxembourg); 6 mm diameter inlet and 10 mm
diameter outlet tubes; a tape for fixation of lay-up and
support materials (Micropore, 3M, Denmark); a vacuum bag
(WC8500, AIRTECH Europe, Luxembourg); and a sealant
tape (GS 43 MR, AIRTECH Europe, Luxembourg) [22].
Panels were cured at room temperature for 16 h and postcured at 60 ◦ C for 24 h. After post-curing, beams (290 mm ×
30 mm × 8 mm) were cut from the GFRP laminate panel with
the main fibre orientation parallel to the long side of the beams.
Two countersunk nuts (M5 BN224, Bossard, Denmark), for
later screwing of specially formed tabs allowing pure moment
loading at the specimens, were mounted at one end of each
beam. Nuts were fixed with rapid curing glue (Scotch Weld
DP100, 3M, Denmark). Using the nuts enables removal
and reuse of the specially formed tabs. Peel-ply was not
removed from the laminate during the cutting and mounting
of nuts in order to maintain a clean surface before glidingarc treatment. Just before the gliding-arc treatment, the peelply was unwrapped and subsequently the surfaces were gently
cleaned and degreased with methanol and acetone in order to
ensure a reproducible surface condition.
Specimens for surface characterization were further cut
into smaller pieces for easier handling. For the XPS analysis,
specimens were ultrasonically cleaned in acetone for 2×5 min
and in methanol for 5 min before gliding-arc treatment. It
is assumed that this solvent pre-treatment does not affect the
adhesive property of the GFRP surface significantly. In fact a
preliminary experiment indicated that the gliding-arc treated
GFRP beams demonstrated similar fracture characteristics in
an adhesion test independently of the solvent pre-treatment or
lack thereof.
The gliding arc was generated between two diverging
stainless steel tubular electrodes as shown in figure 1. The
outer diameter of the tubular electrodes is 3 mm. Cooling
water was fed through the electrodes during operation. It is
noted that without water cooling, the electrodes were heated
up and subsequently the discharge became unstable in a few
minutes. Similar configurations with blade-shaped electrodes
are presented in detail in [5–7, 22]. Air flow was fed between
the electrodes to extend the discharge. The gliding arc
was driven by an alternating current (ac) power supply at a
frequency of 31.25 kHz (Generator 6030, SOFTAL Electronic
GmbH, Germany). The average power to the gliding arc was
obtained by measuring voltage and current with a high-voltage

2. Experimental methods
Two types of double cantilever beam (DCB) specimens [22]
were tested in this work. Peel-ply and gliding-arc plasma
treated test specimens were based on two bonded beams cut
from manufactured 8 mm thick GFRP panels. GFRP panels
(600 mm × 600 mm × 8 mm) were manufactured by resin
2
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XPS data were collected using a micro-focused,
monochromatic Al Kα x-ray source (1486.6 eV) with a lateral
resolution of 30 µm (K-alpha, ThermoFischer Scientific, UK)
to study the changes of the elemental composition at the
GFRP surfaces. Atomic concentrations of each element
were calculated by determining the relevant integral peak
intensities subtracting a linear background, and the O/C ratio
was obtained.
For crack initiation at the interface between glue and
laminate, a 51 µm thin polytetrafluoroethylene (PTFE) release
tape (Teflease MG2, Air-Tech A/S, Denmark) was mounted on
the laminate surface at a position of 70 mm from the tab-end
of the beam. On top of the release tape was a 2 mm thick
PTFE chamfered spacer placed close to the tip of the crack
initiation. Another 2 mm thick spacer was mounted at the other
end of the beam ensuring a uniform glue thickness. Crack
initiation at the centre of the glue line was established using
two 1 mm thick chamfered PTFE spacers and in between a thin
release film to make the crack tip as thin and sharp as possible.
The release film was the 51 µm PTFE tape (Teflease MG2,
AIRTECH Europe, Luxembourg). During application of the
bonding paste, special care was taken not to bend the release
film accidentally and to obtain the crack initiation position
at 70 mm from the beam end. The GFRP beams were bonded
using a vinylester adhesive (0555 Oldopal® VE Bonding paste,
Monofiber A/S, Denmark) [5]. Excess paste was removed from
the edge of the DCB specimen. The bonded specimens were
cured at 40 ◦ C for 16 h. Holes for mounting of steel pins were
drilled in the laminate at the crack initiation position at 70 mm
from the tab-end of the beam. Extensometers mounted on the
steel pine measured the crack opening during the test.
The adhesion test was performed by applying uneven
pure bending moments to the DCB specimens [23, 24]. The
DCB-loaded-by-uneven-bending-moments (DCB-UBM) test
configuration provides stable crack growth for materials having
a constant or rising fracture resistance. In this study, the
fracture resistance was calculated without accounting for the
stiffness and thickness of the adhesive layer, i.e. analysing
the specimens as being homogeneous laminates. The fracture
experiments were conducted using a special test configuration
based on wires and rollers. The detailed test configuration
of the fracture experiments is described elsewhere [24]. The
experiments were conducted at a constant displacement rate of
10 mm min−1 . The load was measured using two 5 kN static
load cells. As mentioned above, the DCB specimens were
instrumented with an extensometer to record the end-opening,
δ ∗ , at the tip of the crack initiation.

Figure 1. A photo of the gliding-arc discharge with water-cooled
electrodes.

probe and resistors, respectively. In order to treat a GFRP plate
surface without excess thermal damage from the gliding arc,
the plate was fixed on a holder which moved forwards and
backwards at a speed of 180 mm s−1 . Since the length of the
GFRP plate is 290 mm, the residence time of a specimen is
approximately 1.6 s per one exposure. The air humidity was
not controlled during the treatment. The distance between the
specimen surface exposed to the gliding arc and the edges of
the electrodes was fixed at 15, 35, 55, 65 or 75 mm during the
treatment.
OES measurements of the gliding arc were performed
without the GFRP plate using an optical fibre and a
spectrometer (USB2000, Ocean Optics, USA).
The contact angles for de-ionized water on the GFRP
surfaces were measured in air at room temperature using
a contact angle measurement system (CAM100. Crelab
Instruments AB, Sweden). A typical drop size was 1 µl.
The contact angle was measured within 5 s after the drop
was attached onto the surface. The standard deviation
of the measured contact angle was typically less than
approximately 5◦ .

3. Results
The water contact angles of the GFRP plate surfaces measured
before and after the gliding-arc treatment at different number
of exposures are shown in figure 2. The water contact angle
before the gliding-arc treatment was approximately 80◦ . The
water contact angle dropped to approximately 25◦ when the
specimen surface was exposed in the gliding arc four times.
When the surfaces were exposed more often, the water contact
angles decreased only gradually.
3
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Figure 4. Water contact angle (solid circle) and the O/C ratio (open
triangle) of the GFRP plates after the gliding-arc treatment at
different distances from the edges of the electrodes to the GFRP
plate surface at a fixed air flow rate (17.5 SLM), fixed power
(800 W) and fixed number of exposures to the gliding arc (4 times).

Figure 2. Water contact angle (solid circle) and O/C ratio (open
triangle) of the GFRP plate surfaces before and after the gliding-arc
treatment at different number of exposures at a fixed air flow rate
(17.5 SLM), fixed power (800 W) and fixed distance between the
specimen surface and the edge of the electrodes (15 mm).

angle was observed when the air flow rate was 17.5 SLM
(standard litre per minute). In the following experiment the
air flow rate was fixed at 17.5 SLM in order to demonstrate
high treatment efficiency for adhesion improvement. When the
water contact angle is lower, it is expected that the interaction
between general adhesives and the surface increases and that
the subsequent adhesion property increases.
Since the gliding-arc discharge can be extended into
the ambient air up to several centimetres, it is interesting
to investigate at what distances the gliding-arc treatment is
effective. Water contact angles were measured after the
gliding-arc treatment at different distances from the edges of
the electrodes to the GFRP plate surface. The water contact
angle and the O/C ratio at the GFRP plate surface after the
gliding-arc treatment are shown in figure 4. The results
indicate that the GFRP plate surface can be efficiently oxidized
when the distance between the edges of the electrodes and the
GFRP surface was up to approximately 60 mm.
Figure 5 shows OES of the gliding-arc discharge operated
at the air flow rate of 17.5 SLM and the power of 800 W,
including NO, N2 and OH bands. In particular the emission
from OH(A–X) was detected up to a distance of 60 mm from
the edges of the electrodes.
During the fracture tests of the DCB specimens prepared
from peel-ply only (i.e. no gliding-arc treatment), crack
propagation occurred smoothly along the laminate/adhesive
interface with no visible fibre bridging [22]. Measured fracture
resistance data, the fracture resistance (the value of the J
integral during crack propagation [24]) as a function of endopening δ ∗ , are shown in figure 6(a). No or very little
end-opening occurs before the initiation of crack growth,
which took place at a fracture resistance value of around
140–160 J m−2 . Thereafter, as the crack propagates, the
end-opening increases. The crack propagation occurs at
a near-constant, but slightly lower fracture resistance value
(110–140 J m−2 ) than the fracture resistance value at the crack
initiation.

Figure 3. Input power to the gliding-arc discharge (open triangle)
and water contact angle of the GFRP plates after the gliding-arc
treatment (solid circle) at different flow rates. The distance between
the specimen surface and the edges of the electrodes was 15 mm,
and the specimen surface was exposed to the gliding arc four times.

The XPS analysis indicated that the GFRP surfaces were
mostly dominated by oxygen (O) and carbon (C) atoms with
less than a few per cent of nitrogen atoms. No noticable
change in the nitrogen content was observed after the treatment.
The O/C ratios of the GFRP surfaces before and after the
gliding-arc treatment are compared in figure 2. The O/C ratio
before the gliding-arc treatment was below 0.25, and increased
with the number of exposures to the gliding arc, approaching
approximately 0.5. It indicates that oxidizing effects are the
major chemical reactions by the treatment.
The air flow rate plays an important role in the nature
of the gliding arc. The input power and the water contact
angle of GFRP plates after the gliding-arc treatment (4 times
exposure) at different flow rates are shown in figure 3.
As the flow rate increases, the input power increases and
approaches approximately 1.1 kW. Although it is reported
that higher power input to a plasma generally shows better
plasma treatment effect [5, 25], a minimum water contact
4
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Figure 5. OES at different heights and a side-view of the gliding-arc discharge operated at an air flow rate of 17.5 SLM and a power of
800 W. The height of the image is approximately 12 cm.

The fracture resistance is increased with significantly
larger variations after the gliding-arc treatment at a fixed air
flow rate (17.5 SLM) and fixed power (800 W) as shown in
figures 6(b)–(e). When the distance from the edges of the
electrodes to the GFRP plate surface was 15 mm and the surface
was exposed to the gliding arc once, the initial fracture took
place at the fracture resistance value of around 150–250 J m−2
in five cases, while the fracture resistance value almost steadily
increased in one case as shown in figure 6(b). When the number
of exposures was increased, the initial fracture resistance
values were further increased to around 260–330 J m−2 and
around 220–490 J m−2 at 4 and 32 exposures, respectively
(figures 6(c) and (d)).
Figure 6(e) shows that the gliding-arc treatment is still
effective even when the distance from the edges of the
electrodes to the GFRP plate surface is 55 mm. After four
exposures, the initial fracture resistance value was around
170–230 J m−2 which is comparable to that of the GFRP plates
treated with one exposure at a distance of 15 mm (figure 6(b)).

fluctuation of the discharge was pronounced, and the GFRP
surfaces were not appropriately exposed to the discharge. As
a result the optimum flow rate of 17.5 SLM was observed in
figure 3.
The uniformity of the treatment is the important issue
for the industrial application. The measured contact angles
scattered significantly when the surface was exposed twice
(figure 2) and when the distance to the GFRP surface was
65 mm (figure 4), indicating poor uniformity of the treatment.
It is therefore suggested that in order to ensure a certain
uniformity of the treatment the surface should be exposed more
than twice and the distance should be less than 65 mm.
Since the major bond mechanism with vinylester adhesive
is a non-specific interaction [25], the effect of the gliding-arc
treatment can be primarily attributed to the introduction of a
certain amount of polar functional groups at the surfaces and
better wetting with the uncured liquid vinylester adhesive prior
to hardening. These polar functional groups can preferably
interact with the vinylester adhesive which contains similar
polar functional groups.
At a distance of 55 mm between the edges of the electrodes
and the GFRP surface, the GFRP surface can be efficiently
oxidized as shown in figure 4, OH emission is detected
(figure 5), and the fracture energy is increased (figure 6(e)).
It is noted that the intensity of the optical emission drops at a
distance <40 mm, indicating low concentrations of excited OH
radicals above this distance. However, the OES was performed
on a freely developing gliding arc, whereas in the surface

4. Discussion
It is shown in this work (figures 2–4 and 6) that the glidingarc treatment can improve wettability and increase the oxygen
content at the GFRP surface, and subsequently fracture energy
with vinylester adhesive. When the flow rate increases, the
discharge is cooled down more and becomes less reactive [5].
On the other hand, at the lowest flow rate of 14 SLM the
5
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(a)

(b)

(c)

(d)

(e)

Figure 6. Measured fracture resistance curves (the fracture resistance as a function of the end-opening δ ∗ ) for standard peel-ply (a) and
gliding-arc treatment (b)–(e) at a fixed air flow rate (17.5 SLM) and fixed power (800 W) but at varying distance from the edges of the
electrodes to the GFRP plate surface and number of exposures. (b) 1 exposure at 15 mm distance; (c) 4 exposures at 15 mm distance; (d) 32
exposures at 15 mm distance; (e) 4 exposures at 55 mm distance.

than the excited state OH. Hence the good performance of
surface treatment and improvement of the fracture energy at
distances as long as 55 mm are understandable.
Table 1 summarizes the O/C ratio of the GFRP plate
surfaces and the typical fracture resistance values in figure 6.
The O/C ratio of the untreated specimen is approximately

treatment the discharge and the gas flow field are altered due
to the presence of the GFRP surface. In particular, when the
gas approaches the surface, it is slowed down, and this will
increase the radical concentration. Furthermore, the ground
state OH, that can also contribute to the surface treatment but
cannot be detected by OES, would have much longer lifetime
6
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Table 1. Comparison of O/C ratio and fracture resistance values
under various treatment conditions.
Distance between the
electrodes and
the surface (mm)

Number
of
exposures

O/C
ratio

Fracture
resistance
(J m−2 )

—
15
15
15
55

—
1
4
32
4

0.22
0.27
0.37
0.49
0.27

110–140
150–250
260–330
220–490
170–230
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0.22, while it increased after the gliding-arc treatment. If it is
assumed that each carbon atom at the GFRP surface can bond
at most one oxygen atom, the O/C ratio can represent a fraction
of carbon atoms directly bonding oxygen atoms, because the
number of oxygen atoms can be approximately equal to that of
carbon atoms directly bonding oxygen atoms. They can induce
ionic or hydrogen-bond interactions with the adhesive. Since
the O/C ratio increases from 0.22 to 0.49 (table 1) and thus by a
factor of up to 2–2.5, it is roughly estimated that the gliding-arc
treatment may increase the adhesive strength at the interface
by a factor of 2–2.5. This rough estimation shows good
agreement with the measured values of the fracture energy in
table 1.

5. Conclusions
The stable gliding-arc discharge was demonstrated by effective
water cooling of the electrodes. Gliding-arc treatment of
GFRP surfaces increased wettability and the oxygen content
at the GFRP surfaces, and subsequently improved the fracture
resistance at the adhesive joints. Since the gliding arc can
efficiently oxidize the GFRP plate surfaces when the distance
from the edge of the electrodes is up to approximately 6 cm in
open air, it can be advantageously applied to plasma surface
modification of bulky objects for adhesion improvement of
materials in industrial processing.
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Abstract. Surfaces of carrot nanofibre coatings were modified by a gliding arc in atmospheric
pressure air. The treatment strengthened wetting of deionized water and glycerol, increased an
oxygen content, C-O and C=O, and moderately roughened the surfaces. In the perspective of
composite materials, these changes to the nanofibres can potentially improve their
processability when they are to be impregnated with a polymeric matrix. However, longer
exposure to the gliding arc reduced oxidation and roughness of the surface, and thus there
exists an optimum condition to achieve good wetting to solvents.

1. Introduction
Non-thermal plasma processing at atmospheric pressure is widely used for surface modification [1, 2].
Its applications include surface cleaning [3], decontamination and sterilization [4,5], deposition of
functional coatings [6], and improvement of adhesion, wetting and paintability [7-15].
One of the challenges in non-thermal plasma processing at atmospheric pressure is to achieve high
reactivity and high productivity simultaneously [16]. Here, high reactivity is ensured by a high
electron temperature in a non-equilibrium plasma so as to change chemical bonding of molecules in
the plasma or the plasma-treated surfaces. Meanwhile, high productivity can be demonstrated using
high energy densities. However, most plasmas can hardly sustain a non-equilibrium state at high
energy densities. One possible approach to overcome this issue is to develop a hybrid plasma with a
high energy density in a non-equilibrium state.
A gliding arc is one of the hybrid plasmas [17], generated between diverging electrodes as a lowimpedance thermal arc discharge, extended by a gas flow and quenched to a non-thermal condition
[18]. It can be operated in atmospheric pressure air and thus advantageously used for large-scale
processing [19-26]. An alternating current (AC) gliding arc has a long lifetime extending over
hundreds of AC periods without extinction. The plasma column can be elongated to approximately 20
– 30 cm [21-29]. The AC gliding arc is useful for adhesion improvement of glass fibre reinforced
polyesters (GFRPs) [22,23], efficiently oxidizing GFRP surfaces when the distance between the edge
of the electrodes and the GFRP surface is up to 6 cm in open air. It is also demonstrated that optical
techniques are promising for non-instructive diagnostics of the AC gliding arc [24-29]. In particular,
the dynamics of the gliding arc is observed by using a high-speed camera. In addition, excited and
ground-state hydroxyl radicals are observed in the plasma column and its vicinity, respectively. It is
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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noted that the hydroxyl radical has a high oxidation potential, next to fluorine and higher than ozone
and chlorine. Therefore, the hydroxyl radicals generated by the gliding arc can play an important role
in surface modification.
Cellulose is renewable, nontoxic, and biodegradable, and is known to be the most abundant
biopolymer on earth [30]. It has been extensively studied in terms of biological, chemical, and
mechanical properties. In particular, nano-celluloses (NCs) have attracted significant interests due to
their high strength, high modulus, high surface area and unique optical properties. Typical lateral
dimensions are approximately 5 – 20 nm, while longitudinal dimensions are from tens of nm to several
m [31]. Acid hydrolysis of cellulose will remove the amorphous part of cellulose and lead to highly
crystalline and rigid nanoparticles called cellulose nanocrystals or cellulose nanowhiskers [32]. On the
other hand, cellulose nanofibres (CNF) can be produced by ultrafine grinding, microfluidization or
high pressure homogenization through delamination of fibre cell walls and subsequent liberation of
nano-sized fibrils [33].
Promising application for demonstrating mechanical properties of NCs is to mix NCs to impregnate
a nanofibre network with a polymer and create strong, light-weight and transparent composite [34]. Its
application includes packaging [35,36], vehicles and aeronautical applications. For demonstrating the
best performance of NC composites, it is important to achieve substantial dispersion of NCs and
strong interfacial interaction between the NC and the polymer matrix. In this respect, surface
modification of NCs has attracted significant interests [37,38].
However, surface modification of NCs is not an easy task even using a plasma. For example, when
NC is dispersed in a liquid, a plasma as a gas phase does not have a direct contact with NC surfaces.
On the other hand, when NCs are dried without a liquid, they are easily aggregated, disturbing uniform
surface treatment. There are some studies presented in literature to solve or tackle with these handling
problems [1].
In the present work, as a feasibility study, effects of plasma treatment on NC are investigated in a
simplified form of NC so as to avoid the above handling problems. That is, nanofibre coatings are
treated by a plasma not because of the application for coatings, but because of a simplified specimen
feature. More specifically, nanofibres were separated from a carrot residue, dispersed in water, painted
on a glass plate, and dried. The subsequent coating surfaces were treated using a gliding arc in
atmospheric pressure air. The treated surfaces were characterized by means of contact angle
measurements, x-ray photoelectron spectroscopy (XPS), and field emission scanning electron
microscopy (FE-SEM) in order to investigate the treatment effect.
2. Experimental methods
2.1 Materials
Carrot nanofibres were isolated from carrot residue supplied by Brämhults Juice AB, Sweden. This
raw material is a by-product from carrot juice production. A chemical purification was carried out
prior to the fibrillation following the procedure described by Siqueira et al. (2016) [31]. The residue
was first washed with distilled water at 85°C, alkali-treated (2% NaOH) at 80°C for 2h, and
subsequently bleached with NaClO2 (1.7 %) in an acetic buffer (pH 4.5) at 80°C for 2h for lignin
removal. Finally the material was washed until a neutral pH was reached.
This bleached residue was fibrillated by ultrafine grinding using a supermass colloider (MKZA1020J, Masuko Sangyo, Japan), at consistency of 2%. Prior to the grinding, the suspension was dispersed
using a shear mixer (Silverson L4RT Silverson Machine Ltd., England). The grinding was operated at
a rotor speed of 1,500 rpm and the grinding stones were gradually adjusted to 100 µm (negative). The
total processing time was 40 min. The obtained aqueous carrot nanofibre suspension (2wt%
concentration) was used to prepare coatings on glass plates (CORNING® 2947-75x25), and dried at
room temperature in atmospheric pressure air for a couple of days. The coating thickness was
estimated to be approximately 6 m.
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2.2 Plasma treatment
The gliding arc was generated between two diverging stainless steel tubular electrodes as shown in
Figure 1. The outer diameter of the tubular electrodes is 3 mm. Cooling water was fed through the
electrodes during operation [22-29]. An air flow was fed between the electrodes with a flow rate of
17.5 standard litres per minutes (SLM). The gliding arc was driven by an AC power supply at a
frequency of 31.25 kHz (Generator 6030, SOFTAL Electronic GmbH). The electric power applied to
the gliding arc was approximately 700 W. In order to treat the nanofibre coating surface without
excess thermal damage from the gliding arc, a poly(methyl-methacrylate) holder was moved forward
and backward at a speed of 180 mm/s on which the coated glass plate was fixed. The angle between
the gas flow direction and the specimen surface is approximately 90º when the surface is treated. The
closest distance between the coating surface and the edges of the electrodes was 15 mm.

Figure 1. A photo of the gliding arc with water cooled electrodes.

2.3 Surface characterization
Surface characterization is vitally important to understand the surface modification effects and to
optimize the process conditions.
Contact angles were measured with deionized water and glycerol in air at room temperature both
before and after the gliding arc treatment using a contact angle measurement system (CAM100, Crelab
Instruments AB, Sweden). A typical drop size was 1μL. The contact angle was measured within 5 s
after the drop was attached onto the surface. Typically 10 measurements were made for each
specimen, and their arithmetic mean was calculated.
XPS data were collected using a micro-focused, monochromatic Al K X-ray source (1486.6 eV)
with a lateral resolution of 30 m (K-alpha, ThermoFischer Scientific, UK). Atomic concentrations of
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all elements were calculated by determining the relevant integral peak intensities using the Shirley
background. The K-alpha was also used for a high resolution analysis on the carbon 1s (C1s) spectra
acquired over 30 scans. The binding energies were referred to the hydrocarbon component (C-H, C-C)
at 285 eV. The spectra were de-convoluted through curve fitting, taking purely Gaussian components
with linear background subtraction. The full-width at half-maximum (FWHM) for all peaks of C1s
was constrained to 1.5 eV.
The surface morphology of the nanofibre coating was observed by using an FE-SEM (Zeiss
SUPRA 35, Germany). The NFC surfaces were sputter-coated with approximately 15-nm thick Au
before the observation.
3. Results and discussion
The contact angles of the nanofibre coating were measured before and after the gliding arc treatment.
Typical images of the deionized water- and glycerol-drops on the nanofibre coatings are shown in
Figure 2.

Deionized water. Untreated.

Deionized water. 8-time exposure.

Glycerol. Untreated.

Glycerol. 8-time exposure.

Figure 2. Typical photo images of deionized water-drops and glycerol-drops on the nanofibre
coatings.
Figure 3 shows measured contact angles of deionized water and glycerol at different numbers of
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exposure. The contact angles of deionized water and glycerol before the gliding arc treatment,
corresponding to 0-time exposure, were typically between 20º - 35º and 70º - 80º, respectively. The
deionized water contact angles tend to decrease as the number of exposure increases, approaching 0º.
The glycerol contact angles also tend to decrease as the number of exposure increases, approaching
approximately 30º. Enhancement of glycerol wetting is preferable when nanofibres are mixed in a
composite, since nanofibres are usually dispersed in an organic solvent for mixing it into a polymeric
matrix, potentially improving processability and mechanical properties of the composite. However, it
is noted that after 16-time exposure, contact angles of deionized water and glycerol slightly increased.

Figure 3. Contact angles of the nanofibre coatings at different times of exposure to the gliding arc.
The numbers of exposure are 0 (corresponding to an untreated surface), 2, 4, 8 and 16. Solid triangle:
deionized water. Open circle: glycerol.

XPS measurement was carried out to analyze the elemental composition of the nanofibre coatings
before and after the gliding arc treatment. The nanofibre surfaces typically contain C, O, Ca, and low
concentration impurities. The atomic ratios of O/C and Ca/C calculated using the XPS survey spectra
are shown in Figure 4 (a). After 2-time exposure, the O/C ratio increased from 0.59 to approximately
0.72. The O/C ratio may not significantly increase by further exposure, and eventually decreased to
approximately 0.64 after 16-time exposure. The Ca/C ratio also increased, after the gliding arc
treatment, from 0.02 to 0.03-0.04. The increase in the calcium content can be interpreted as
preferential etching of organic components in the coatings. It is indicated that the Ca/C ratio does not
monotonically increase as the increase in the exposure to the gliding arc, and that the preferential
etching of organic component is not a leading effect of the gliding arc treatment.
Deconvolution of the C1s spectra of the nanofibre coatings before and after the gliding arc
treatment was carried out. The result is shown in Figure 4 (b). Peaks at approximately 285 eV, 286.8
eV, and 288.4 eV can be assigned to C-H/C-C, C-O, and C=O (carbonyl). A peak corresponding to
carboxy group at approximately 289.5 eV was not detected. Since general plasma treatment can
readily create carboxy group on polymer surfaces by oxidation [11], it is suggested that the gliding arc
may result in moderate oxidation on polymer surfaces. After 2-time exposure, the peak corresponding
to C-H/C-C decreased, while then peaks corresponding to C-O and C=O increased. Similar to the O/C
ratio, they may not significantly change by further exposure, and after 16-time exposure, the peak of
C-H/C-C increased and the peaks of C-O and C=O decreased.
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(a)

(b)

Figure 4. (a) O/C and Ca/C ratios of the nanofibre coating surfaces at different times of exposure to
the gliding arc. (b) Contents of peaks obtained by curve-fitting of C1s spectra of the nanofibre coating
surfaces at different times of exposure to the gliding arc.

400 nm

400 nm

(a) 0-time exposure (untreated).

(b) 2-time exposure.
400 nm

400 nm

(c) 4-time exposure.

(d) 16-time exposure.

Figure 5. FE-SEM images of the nanofibre coating surfaces.
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The morphological changes after the gliding arc treatment is possible only when nano-scale
observation is performed, since plasma surface treatment generally changes the top layer up to 10 nm
or less [11]. Figure 5 shows FE-SEM images before and after the gliding arc treatment. Figure 5 (a)
indicates that the untreated nanofibre coating shows assemblies of nano-cellulose fibrils surrounded by
an unstructured phase. 2-time exposure in Figure 5 (b) seems to roughen the surface, most likely due
to the preferential etching of the surrounding phase, supported by the XPS result of the increase in the
Ca/C ratio. However, further exposure may not significantly roughen the nanofibre coating surfaces in
a nano-scale as shown in Figure 5 (c) and (d). Instead, these images indicate that the surface become
smoother in nanoscale, while a larger scale deformation might occur (Figure (d)). A possible
explanation of this morphological change by the gliding arc treatment is that the nanofibre coating
surface could be etched and roughened moderately, and that longer exposure could result in
microscale melting at the surface. A similar phenomenon was observed for the gliding arc treatment of
glass-fibre reinforced polyester plates [19].
In next steps, treatment optimisation and treatment of larger amounts of nanofibres will be
investigated so as to be feasible for production of carrot nanofibre composites with desired properties.
4. Conclusion
Gliding arc treatment can oxidize and roughen the carrot nanofibre surface and strengthen the wetting
of deionized water and glycerol, and thus can be potentially useful for surface modification of the
carrot nanofibres when they are mixed in a composite since the treatment can potentially improve
processability and mechanical properties of the composite.
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Fluoropolymer coated alanine films are treated by a dielectric barrier discharge and a
gliding arc at atmospheric pressure as well as with gamma irradiation. The film
surfaces and the underlying bulk materials are characterized before and after each
treatment. The fluorine content decreases and the oxygen content increases at the
fluoropolymer surfaces, while deposition of specific plasma energies in
the alanine films is detected by
electron

paramagnetic

reso-

nance spectroscopy, indicating
that not only the fluoropolymer
surfaces but also the bulk alanine materials are modified.
Differences of surface and
bulk modification effects between the two plasma treatments are discussed in detail.

KEYWORDS
alanine, atmospheric pressure plasma, fluoropolymer, gamma irradiation, ion bombardment

1 | INTRODUCTION
Electron paramagnetic resonance (EPR, also called electron
spin resonance [ESR]) spectroscopy is a method to study the
presence and properties of unpaired electrons in atoms or
molecules. In other words, EPR can detect radicals and
electronic defects in a material. Alanine-EPR dosimetry for
various kinds of ionizing radiation is well-documented and
standardized.[1–3] Alanine is found to be a convenient material
for establishing a quantitative link between an absorbed dose
of radiation and DNA modification − or microbiological
decontamination − caused by ionizing radiation, since the
amination of an alanine molecule produces a stable alkyl free
radical, CH3CHCOO−. For the application in radiation
dosimetry, tablets or films of alanine-comprising compounds
Plasma Process Polym. 2017;e1700131.
https://doi.org/10.1002/ppap.201700131
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are used as calibrated witness dosimeters. Figure 1 shows
examples of commercial alanine films laminated on paper
strips used for Alanine-EPR dosimetry. They are typically
coated with a fluoropolymer resin.
Calibrated gamma-cells with an established traceability to
the international radiation dose standard are used for
calibration of the alanine dosimeters. Specifically, the
calibration procedure includes irradiation of alanine dosimeters in the gamma-cell by predetermined systematically
increasing doses of gamma-radiation in a certain range of
absorbed dose values. Here, the range is representative for
further comparative experiments where alanine dosimeters
from the same manufacturing batch are used. Thus, the main
advantage of the gamma-calibrated alanine-EPR dosimetry
is that it enables a very straightforward link between
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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FIGURE 1

Alanine dosimeter films comprising composites
laminated on the left (non-engraved-) side of the paper strips

concentration of radiation damages seen as concentrations
of polar defects, radicals, and the like, and the amount
of absorbed energy of radiation, or simply absorbed dose of
radiation.
Non-thermal plasma processing is useful for surface
modification of certain materials due to its environmental
friendliness and high reactivity with the surface.[4,5] It is
generally believed that plasma treatment can modify material
surfaces while retaining bulk properties. High electron
temperatures ensure efficient production of reactive species
in a non-thermal plasma, which establishes the useful
function of such a plasma in surface processing. Meanwhile
a thermal plasma such as an arc at its equilibrium conditions
should be avoided for surface processing to prevent the
treated materials from thermal damages. It is indicated that to
avoid generation of a thermal plasma the current should be
blocked before the transition to an arc occurs.[6] This type of
plasma processing is often employed at low pressures.
Unfortunately, plasma treatments at low pressures require
expensive vacuum systems, and suitable methods are
generally only well-developed for batch or semi-batch
treatments. However, useful plasmas can also be generated
at atmospheric pressure,[7] obviating vacuum equipment and
permitting the treatment of large objects[8–20] and continuous
processing of surfaces.[21,22] It has been shown that in many
cases surface treatment effects demonstrated with lowpressure plasmas are achievable at atmospheric pressure as
well.[7]
A variety of atmospheric pressure plasma sources have
been developed for surface processing, including a corona
discharge, a dielectric barrier discharge (DBD), a cold plasma
torch, and a gliding arc plasma.[6] DBDs or “silent”
discharges are non-equilibrium gas discharges which can
be operated at atmospheric pressure.[23] DBD processes
demonstrate great flexibility with respect to geometry,
working gas composition, and other operational parameters.[24–26] The DBD is also characterized by the presence of
at least one insulating (dielectric) layer in the discharge gap
between two metal electrodes. To ensure stable DBD
operation, however, the gap between the electrodes is
typically limited to a few millimeters, which restricts the
size and shape of the active area on the specimens to be
treated.
Gliding arc discharges can also be generated at
atmospheric pressure. They are quenched plasmas, which
can simultaneously provide a high degree of non-equilibrium,
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high electron temperature, and high electron density and thus
enable high reactivity and high productivity.[8–19] They are
generated between diverging electrodes and are extended by a
gas flow. A fast transition into a non-equilibrium state occurs
once heat losses from the discharge column exceed the
supplied energy. The gliding arc combines a number of
industrially attractive features of plasma based surface
treatment: it is environmentally much cleaner than mechanical or wet chemical processes; it operates well in air at
atmospheric pressure with low costs; being a torch-like
plasma source, it can treat surfaces of bulky objects; and it
allows fast processing. Therefore, it is useful in many
automated industrial applications that involve coating,
painting, printing, dyeing, and adhesion. It has recently
been reported that gliding arcs can efficiently improve
adhesion of fibre reinforced polymers.[6,11,13,16,19] It is
demonstrated that the gliding arc treatment can improve
surface wettability for polar liquids, and increase the density
of oxygen-containing polar functional groups at the surfaces
and the bond strength with adhesives.
EPR (ESR) has been used for characterization of
polymeric materials after plasma processing.[27–32] Here,
plasma modification effects are considered to happen at
material surfaces[27,29] or within a thin surface layer of less
than 1 μm depth.[32] However, in the present work, preliminary experiments for plasma treatment of the fluoropolymer
coated alanine (FCA) films indicated that both fluoropolymer
surfaces and the bulk alanine were modified after the
treatment. When plasma processing is used for surface
treatment, changes of bulk properties should be avoided. On
the other hand, in some medical applications such as plasma
medicine,[33,34] it is desirable that the bulk properties can also
be affected by plasmas. Motivated by the above argumentations, FCA films were studied as treated by a DBD and a
gliding arc at atmospheric pressure, and after gamma
irradiation and ion bombardment. The treated specimens
were characterized by surface analysis using X-ray photoelectron spectroscopy (XPS), and by the values of the
absorbed doses for the bulk alanine. The treatment effects are
compared and based on the comparison of the results,
applications for plasma medicine are suggested.

2 | EXPERIMENTAL SECTION
FCA films (Figure 1) manufactured by Kodak in accordance
with Bruker BioSpin Corporation Specifications, Reference
Number ES-200-2112B 6140500, LOT#0311, CAT
8748220, were used in the experiment. The fluoropolymer
coating has a porous structure with a thickness of approximately 20 μm.
An atmospheric pressure DBD was generated between
two parallel plane water-cooled electrodes (50 mm × 50 mm)
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and driven by an alternating current power supply at a
frequency of 40 kHz (Generator 6030, SOFTAL Electronic
GmbH, Germany). The water-cooled bottom electrode is
grounded and covered with an alumina plate as a dielectric
barrier. The distance between the upper powered electrode
and the alumina plate was fixed at 5 mm. A similar setup was
used and presented previously.[36–40] Helium was fed into the
DBD at a flow rate of 3 L min−1. The FCA film was placed on
the alumina plate and exposed to the DBD at the power of
120 W. The average power to the DBD was obtained by
measuring voltage and current with a high-voltage probe and
resistors, respectively. The FCA films were treated for 2, 5,
10, 20, 30, 60, 120, 300, and 600 s.
The gliding arc was generated between two diverging
stainless steel tubular electrodes. The outer diameter of the
tubular electrodes is 3 mm. Cooling water was fed through
the electrodes during operation. Similar configurations are
presented in detail in Refs.[10–19] An air flow was fed between
the electrodes to extend the discharge. The gliding arc was
driven by an alternating current power supply at a frequency
of 31.25 kHz at the power of 600 W (Generator 6030,
SOFTAL). To treat an FCA film surface without excess
thermal damage from the gliding arc, the plate was fixed on a
holder which continuously moved forwards and backwards at
a speed of approximately 180 mm s−1. Since the length of the
FCA film is 40 mm and the specimen was moved in the length
direction, the residence time of a specimen is approximately
0.2 s per one exposure. The specimen surfaces were exposed
to the discharge twice in 5 s, and the number of exposures was
2, 4, 10, 20, 30, and 40.
The treated surfaces were studied by XPS. Data were
collected using a double anode (Mg Al−1) source, and for the
present measurements, the Mg Kα line with an energy of
1253.6 eV was used, with a lateral resolution of 2 mm
diameter of the analyzed spot to study the changes in
elemental compositions and the functional groups on the FCA
surfaces. Atomic concentrations of all elements were
estimated from the integral peak intensities subtracting a
“smooth” type background from the wide-scan spectra, which
were recorded at 50 eV pass energy, using the CasaXPS
software. A higher-resolution study was performed of the
carbon 1s (C1s) peak region (at a pass energy of 25 eV)
acquired over three scans. These spectra were deconvoluted
to study the bonding of carbon in the samples, also using the
CasaXPS software and in this case with a Shirley type
background for the peaks. An untreated sample was depth
profiled with bombardment of 1 keV Ar ions, down to an
estimated depth of about 40 nm, using wide scan recordings
of the XPS spectra. As it turned out, this measurement
revealed damage of the sample in combination with sputter
etching.
The temperature of the specimen surface was measured
immediately after plasma treatments by using a thermocouple.

3 of 10

FCA films were irradiated with gamma rays in a 60Co
Gammacell 220 Excel (MDS Nordion, Canada) at Risø
High Dose Reference Laboratory of the Center for Nuclear
Technologies of Technical University of Denmark, which
delivered the absorbed dose rate of approximately 79 Gy min−1.
The expected range of absorbed dose for the calibration was
chosen from 10 Gy to 250 Gy.
The application of the EPR for the plasma treated films is
considered in the following way.
1. Irradiation of a set of virgin FCA films in a calibrated gammacell up to predetermined doses to prepare calibration films.
2. Measuring EPR spectra of the gamma-irradiated calibration films.
3. Plotting EPR alanine signal amplitudes (sweeps from main
minimum to main maximum of the alanine spectra) vs.
absorbed doses and fitting them with a calibration function.
4. Plasma treating another set of virgin FCA films as
witnesses during plasma processing.
5. Measuring EPR spectra of the plasma treated FCA films.
6. Deriving “absorbed dose” of absorbed energy in the bulk
alanine using the calibration function obtained from step 3,
subtracting that of the virgin FCA film as a background.

3 | RESULTS AND DISCUSSION
A wide energy scan XPS spectrum of an untreated sample is
shown in Figure 2. The surface is dominated by carbon,
fluorine, oxygen and nitrogen atoms. An attempt to measure a
depth profile of the untreated FCA film is shown in Figure 3.
The bombardment of the surface with 1 keV Ar ions causes
sputter etching of the surface, but also chemical decompositions due to the impact of the ion beam, which affects a
depth of 2–3 nm below the surface. Thus, the obtained profile
is a combination of these effects, and not just a picture of the
in-depth composition of the sample. The sputter rate is
estimated with the program SRIM for a Teflon sample, but
does not take into account the chemical modifications of the
surface under the Ar bombardment. The initial surface is
dominated by substantially equal concentrations of carbon
and fluorine atoms. The carbon content increases while the
fluorine content decreases during continued bombardment.
The concentration changes seen in Figure 3 are relatively well
fitted with smooth sigmoidal functions, indicative of the
dynamics of the effects of ion bombardment, and the control
of the parameters in the sputtering process. The total sputter
time for this experiment was 488 min.
Elemental compositions of FCA films deduced from the
XPS results, before and after each treatment, are summarized
in Table 1. Plasma treatment decreases the fluorine content
and increases the oxygen content. For the present conditions,
the gliding arc treatment shows a higher effect in decrease of
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TABLE 1 Elemental composition of FCA surfaces by XPS [%]

FIGURE 2

XPS wide scan of the untreated FCA film

fluorine and increase of oxygen than the DBD treatment.
Gamma radiation also decreases the fluorine content and
increases the oxygen content, comparable to the gliding arc
treatment.
Higher-resolution C 1s spectra are shown in Figure 4
with deconvolutions of the main peaks. Figure 4a–d shows
the C1s spectral region of the FCA films before and after
each treatment. Two major peaks are immediately identified
in each spectrum, one corresponding to C─C and C─H
bonds with an average central energy at 284 eV and the
other for C─F related bonds at an average central energy of
289 eV. However, the C─C/C─H peak is clearly wider than
the C─F peak. This indicates that there could be an
additional C─O component in the wider peak, although it
was not possible to get an acceptable fit with any additional

FIGURE 3
XPS

Depth profile of an untreated FCA film measured by

Elements

C

F

O

N

Untreated

48

48

4

0

DBD, 15 s

51

42

5

1

Gliding arc, 2 exposures

54

33

10

2

Gamma-irradiated

56

32

9

2

and smaller peak inside the wider peak, so the indication of
the relative areas of these two peaks in the experiments
could underestimate the number of C─F bonds in relation to
the number of C─C and C─H bonds. Using the wide scan
spectra as a guide, the C─C to C─F signals from the
untreated sample is around 1:1, and the changes with the
treatments seen in the C 1s spectra should be related to this
ratio from the start. After each treatment, the number of
C─F bonds has decreased. A similar effect was observed for
thermal decomposition of alanine on a Ni (111) surface.[41]
It is confirmed that the gliding arc treatment shows a higher
effect of reducing fluorine (C─F) than the DBD treatment,
as was found in the XPS survey analysis. In addition,
gamma radiation decreases the number of C─F bonds,
comparable to the gliding arc treatment. The results of the C
1s analysis are summarized in Table 2.
The results of temperature measurements at the FCA film
surfaces are shown in Figure 5. As the exposure time or
treatment time increases, heat was accumulated and the
temperature increased. After 600 s treatment with the DBD,
the temperature exceeded 80 °C. On the other hand, even after
40 exposures by the gliding arc, the temperature remained
below 40 °C, indicating that the treatment process of the
gliding arc in the present work can prevent the treated films
from excess thermal damage.
The EPR spectra obtained from gamma irradiated and
plasma treated FCA films with the use of Bruker EMS104
EPR spectrum analyzer are shown in Figure 6. Both
waveforms shown in Figure 6 present typical ESR spectra
of alanine radicals, as described in Refs.[1–3] Fluoropolymer
as well as the untreated alanine does not have significant
amounts of free radicals and thus the resultant EPR signal of
fluoropolymer is weak. After each treatment, detectable
amounts of the stable alkyl free radical in alanine are
created, shown as a fingerprint in Figure 6.[1–3] On the other
hand, XPS analysis shows that such an alkyl radical is not
created on the FCA surfaces after each treatment. Other free
radicals created by each treatment at the surfaces are, if any,
typically unstable, and show different and weak EPR
spectra. Examples of EPR spectra of untreated and
irradiated fluoropolymer can be found in literature.[42]
Since they are different and weak compared to the EPR of
alanine, they do not disturb the dosimetry study using the
FCA films.
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FIGURE 4

5 of 10

C 1s spectra of the FCA films. Untreated (a), DBD for 15s (b), gliding arc 2 exposures (c), and after gamma irradiation

In other words, the films subjected to gamma irradiation and
plasma treatment have indistinguishable EPR spectra if the
absorbed dose of radiation and the plasma processing dose are
chosen appropriately. Moreover, the preliminary experiment
indicated that the plasma processing during reasonable time of a
few minutes results in an alanine EPR response comparable to
TABLE 2 Relative compositions in C 1s spectra [%]
Elements

C─C + C─H at
284 eV

C─F at
289 eV

Untreated

62

48

DBD, 15 s

66

34

Gliding arc, 2
exposures

70

30

Gamma-irradiated

71

29

one caused by absorbed dose of ionizing radiation of 10–100 Gy
(10–100 J kg−1). Corresponding amplitudes of EPR waveforms
are 5.6 a.u. for gamma irradiation and 5.3 a.u. for DBD
processing in Figure 6. These are comparatively low doses
resulting in low-amplitude EPR response that is difficult to
measure using a relatively insensitive spectrometer as the Bruker
EMS104 EPR. Thus, a more sensitive instrument, Bruker EMXmicro EPR, was used in the systematic experiments for the
plasma treatments.
The basic calibration was carried out for a broad range of
doses from 10 to 1000 Gy in ascending order, and the tri-serial
irradiation for each absorbed dose value (i.e., each dose was
deposited in three films simultaneously) was made. The EPR
responses, each derived from the average values obtained
from three films, were put versus pre-set doses in Figure 7.
The data obtained from irradiation to doses from 100 to 1,000
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Temperature of the FCA surface after the DBD treatment (a) and the gliding arc treatment (b)

Gy was processed in accordance with the standard.[1] They
allowed a simple linear regression whose residuals in regard
of the pre-set absorbed dose values were less than 2%, as
shown in Figure 7 (right). The intercept of the fitted line in
Figure 7 (left) is 1.7 × 105 which is close to the measured EPR
response of the untreated film at 1.4 × 105. It is approximately
10 times smaller than the EPR values obtained for the
irradiated FCA films, and thus the EPR signal of the untreated
FCA film is weak, showing good agreements of the measured
EPR signals of untreated alanine in literature.[3]
As for the low doses from 4 to 100 Gy, an improved method
of processing alanine-EPR data proposed in Ref.[3] was used.
This method enables measurements of low doses of 4–10 Gy
with the uncertainty of 30 mGy. The procedure is based upon
comparison of slopes of lines connecting main minima and
maxima of the EPR spectra, resulting from irradiation by known
(reference) and unknown (measured) doses of radiation.
Typically, a higher dose response is chosen for deriving a
reference slope to have a reasonably high signal-to-noise ratio.
In these experiments, the reference slope was derived as an
average of the slopes from EPR signals of three FCA films
irradiated to 160 Gy. Example of an unknown EPR response

FIGURE 6

ET AL.

versus the average response to 160 Gy within the magnetic field
range from main maximum to main minimum of an EPR
waveform is shown in Figure 8. The unknown dose is then found
as a product of 160 Gy and the dimensionless slope of the linear
approximation line in the graph in Figure 8. For example, if the
slope is 0.1612, the unknown dose is 160 Gy · 0.1612 = 25.8 Gy.
Generation of free radicals (paramagnetic centers) in alanine
is temperature dependent: the higher the temperature is, the
easier it becomes to break molecular bonds and form radicals.[41]
Results of alanine/EPR dosimetry are therefore dependent on the
temperature and a correction of the alanine dosimeter response is
necessary when the irradiation temperature is different from the
calibration temperature. The implementation of the temperature
correction is based on the experimentally-confirmed assumption
about a linear dependence of the alanine/EPR dosimeter system
response on the irradiation temperature.[35] The correction is
therefore given by following expression
Rτi ¼ R½1 þ κτ ðτi  τc Þ
where R is the measured EPR response of an alanine dosimeter,
Rτi is the response value corrected to the processing temperature

EPR spectra of identical FCA films subjected to 80-Gy dose of gamma-radiation (left image) and DBD treatment for 600 s (right
image). The background subtraction was not performed
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FIGURE 7

Gamma-calibration of FCA films in the dose range from 100 to 1000 Gy: EMX-Micro EPR responses (ordinaltes, a.u.) (left graph),
and the absorbed dose residuals (ordinates,%) (right graph). The background subtraction was not performed

τi , and τc is the temperature of calibration of alanine dosimeters.
The temperature coefficient κτ is determined for each new batch
of alanine dosimeters. The dosimeters are usually calibrated at
the temperature τc ¼ 25 °C. The temperature coefficient κτ for
the films specified above was measured to be 0.0011 °C−1. It was
also shown that the temperature correction that takes into account
maximum temperature achieved during the irradiation (processing) is the most reliable for alanine film dosimeters. Obviously,
the maximum temperatures of FCA films were achieved in the
end of the plasma treatments as shown in Figure 5.
Finally, the results of absorbed dose (specific deposited
energy) measurements for DBD and gliding arc treatments
of FCA films using EPR spectra processing with temperature corrections are shown in Figure 9. Here, gamma rays
are known to be the most penetrating of the radiations and
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20000
0
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-400000

-200000
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200000

400000

600000

-20000
-40000
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FIGURE 8

Example of implementation of low-dose response
measurements algorithm suggested in Ref.[3] The graph shows EPR
response to unknown dose versus response to 160 Gy in the magnetic
field range from ∼3504 G to ∼3512 G between main maximum and
main minimum of the alanine response

can pass through the FCA film. If plasma treatment
modifies only the surface layer of the materials[5] up to
approximately 1 μm,[32] the bulk material properties of
alanine would be retained due to the 20 μm thick
fluoropolymer covering alanine. However, Figures 6
and 9 indicate that plasma treatments eventually modified
the bulk alanine, and thus the plasma treatments affected not
only surfaces but also bulk materials. Since increase in
temperature by the treatment was moderate as shown in
Figure 5, the bulk modification in the present study is
probably caused by high energy photo-emission of the
plasmas such as ultraviolet (UV) rays. Penetration depth of
UV rays into polymeric materials depends on the materials
themselves and the wavelength of UV.[43] Fluoropolymers
are known to be substantially UV transparent even at short
wavelengths,[44] while alanine absorbs a broad range of
UV.[45] It is therefore likely that UV rays emitted from the
plasma can pass through the fluoropolymer layer and easily
be absorbed by alanine. This in turn indicates that the
alanine dosimetry can be potentially used as a measure of
bulk modification caused by the plasma treatment. For the
general plasma treatment of materials, modification of bulk
properties is unexpected and often undesirable, since the
plasma treatment typically aims at modifying surface layers
only. However, in some specific applications such as
plasma medicine, the treatment eventually aims at modifying or affecting textures of bulk substances. In plasma
medicine, a liquid phase reaction initiated by a plasma is
thought to be the major mechanism for clinical effects.[34]
On the other hand, the bulk modification in the present work
does not include a liquid phase. It is therefore suggested that
understanding of clinical effects in plasma medicine might
be further matured by considering the bulk modification in a
solid phase as well as a liquid phase.
It is interesting to compare the modification effects of the
surfaces and the bulk for the two different plasma treatments.
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Specific energy deposited in FCA films treated by the DBD (a) and the gliding arc (b)

The gliding arc treatment decreased the fluorine content and
increased the oxygen content much more than the DBD
treatment. On the other hand, the specific deposited energies
of the films after the gliding arc and the DBD treatments
whose C 1s spectra are shown in Figure 4b and c are
approximately 3 and 14 J kg−1, respectively, as shown in
Figure 9. These results indicate that in the specific conditions,
the gliding arc treatment can modify the material surface and
retain the bulk properties more efficiently than the DBD
treatment. In other words, the gliding arc treatment may be
more appropriate for surface modification while the DBD
treatment may be the choice for bulk modification in the
application of, for example, plasma medicine.
UV emission of the gliding arc includes emissions from
NO, OH, and N2, and its intensity is lowered in an optimal
condition for surface treatment,[46] corresponding to the
condition of the present work. In addition, the intensity of the
UV emission a few centimeters away from the electrodes,
where the specimen can be exposed, is much weaker than that
in the vicinity of the electrodes, characterized by less spiky
UV lines with broad emission toward a visible range.[12] On
the other hand, the helium DBD typically has strong UV
[47]
The difference of
emissions consisting of N2, Nþ
2 , and NO.
the UV emission between the gliding arc and the helium DBD
can be one of the reasons of the higher bulk modification
effect of the DBD. However, further investigation will
be necessary for better understanding of the observed
phenomena.

4 | CONCLUSION
FCA films were treated by the DBD and the gliding arc at
atmospheric pressure as well as gamma irradiation. Each
treatment decreased fluorine contents and increased oxygen
contents at the surfaces of the fluoropolymer coatings on the
alanine films. On the other hand, each treatment also modified

the bulk alanine films. It is indicated that the plasma
treatments can affect bulk properties, and the changes can be
detected by the EPR technique. In the selected conditions, the
gliding arc treatment modified the surface more and the bulk
less than the DBD treatment.
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Abstract: Dynamic processes in a gliding arc plasma generated between
two diverging electrodes in ambient air driven by 31.25 kHz AC voltage
were investigated using spatially and temporally resolved optical
techniques. The life cycles of the gliding arc were tracked in fast movies
using a high-speed camera with framing rates of tens to hundreds of kHz,
showing details of ignition, motion, pulsation, short-cutting, and extinction
of the plasma column. The ignition of a new discharge occurs before the
extinction of the previous discharge. The developed, moving plasma column
often short-cuts its current path triggered by Townsend breakdown between
the two legs of the gliding arc. The emission from the plasma column is
shown to pulsate at a frequency of 62.5 kHz, i.e., twice the frequency of the
AC power supply. Optical emission spectra of the plasma radiation show the
presence of excited N2, NO and OH radicals generated in the plasma and the
dependence of their relative intensities on both the distance relative to the
electrodes and the phase of the driving AC power. Planar laser-induced
fluorescence of the ground-state OH radicals shows high intensity outside
the plasma column rather than in the center suggesting that ground-state OH
is not formed in the plasma column but in its vicinity.
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1. Introduction
Atmospheric pressure non-equilibrium plasma has found many applications in different fields
such as surface treatment [1-3], combustion enhancement [4-9], bacterial inactivation [10-14]
and pollutant reduction [15-17]. Some other applications are reviewed in references [18-21].
As a non-equilibrium plasma generator, a gliding arc is technically of particular interest since
it can be used to produce, with high efficiency, large plasma volumes at highly nonequilibrium conditions characterized by hot electrons and colder ions [18, 22, 23]. This opens
up chemical pathways not available under equilibrium conditions [19]. A typical gliding arc is
a plasma column that extends between two diverging electrodes in a turbulent gas flow. When
applying high electric power in a gas flow, the generated gliding arc is visualized as a blurred
glowing region, as shown in Fig. 1. The gliding arc reveals its true instantaneous structure in
photographs with short exposure time as the ones shown in Fig. 2. The gliding arc is a thin,
string-like plasma column that repeatedly ignites in the narrowest gap between the diverging
electrodes, glides up along the electrodes, and extinguishes. The large-scale motion of the
gliding arc is caused by convection in a turbulent free jet that stretches the cold plasma
column to form an arc connecting the anchor points on the electrodes. The length of the
plasma column increases until its extinction unless the plasma column short-cuts a long
current path with a shorter one. Figure 2 shows an ignition event of a new plasma column
between the electrodes. After the ignition of a new plasma column, the previous plasma
column decays. At the ignition stage the plasma is hot but the ions are quickly cooled,
creating non-equilibrium conditions that are attractive for industrial applications, as referred
above.
In spite of the widely established applications, detailed mechanisms of plasma treatment
especially with gliding arcs at atmospheric pressure are still unclear. Knowledge of the freely
developing gliding arc discharge is a pre-requisite to understand more complicated practical
situations, such as surface treatment where the gliding arc interacts with a surface. Freedeveloping gliding arcs, therefore, have been investigated in modeling [19, 22, 24-29] and in
experiments [22, 24, 26-32]. Existing measurements of gliding arcs were usually done at
temporal resolution that did not allow the fastest dynamic processes, such as ignition and
small-scale movement, to be tracked. The temporal resolution of spontaneous emission
measurements of species concentrations was typically longer than the period of the supplied
voltage and hence dependences on the phase of the AC drive could not be demonstrated.

Fig. 1. Photograph of an ambient-air gliding arc discharge taken with a digital camera (Cannon
350D) using an exposure time of 33 ms.

Fig. 2. Photographs of an ambient-air gliding arc discharge taken every 50 μs. The exposure
time of the digital camera was 13.9 μs. A new plasma column ignites in the third frame after
which the previous discharge extinguishes and the optical emissions decay.

Recent advances in optical diagnostic make it possible to do spectrally resolved
measurements of the gliding arc discharge with unprecedented temporal and spatial resolution
even simultaneously. In the present work, we seek an understanding of the dynamics and
chemistry of a gliding arc discharge in ambient air, and this work is focused on the dynamics
of the gliding arc discharge on time scales accessible with the new optical diagnostic
equipment. High speed photography reveals the dynamic processes and tracks the position of
the gliding arc in time including ignition, short-cutting events triggered by Townsend
breakdown, and extinction. The framing rate used in this work is up to 420 kHz giving a
temporal resolution up to 2.1 μs, which essentially freezes the motion of the plasma column
and resolves the changes of the emission intensities originating from the alternating current
(AC) driving power varying at 31.25 kHz (i.e., the half cycle duration is 16 µs). High-speed
Schlieren photography is employed to visualize the flow fields and the temperature gradient
generated by the gliding arc. Optical emission spectroscopy is utilized to characterize the
chemical composition of the plasma column, demonstrating the spatial distribution of the
dominant radiating species OH, NO and N2 and the time-dependent emission during the AC
voltage cycles. Instantaneous distributions of ground-state OH radials generated in the plasma
column are visualized using planar laser-induced fluorescence (PLIF).

The setup of the gliding arc and the optical diagnostics techniques are described in section
2, measurement results are reported in section 3 and a summary and concluding remarks are
given in section 4.
2. Experimental setup
2.1 Gliding arc discharge setup
The gliding arc plasma is generated between two diverging electrodes constructed with
stainless steel tubes with an outer diameter of 3 mm that are cooled internally with water. A
similar configuration is presented in detail in [3, 33]. Air flow was fed in through a hole with
3 mm diameter between the electrodes (see Fig. 1) to convect the plasma column and create
the gliding motion. The air flow rate can be adjusted, but in this work it was fixed at 17.5
standard liters per minute (SLM). The air velocity was calculated to be about 40 m/s at the
nozzle exit providing turbulent flows with a Reynolds number of about Re = 8000. The
plasma discharge was driven by an AC power supply at a frequency of 31.25 kHz (Generator
6030, SOFTAL Electronic GmbH, Germany). The electrical circuit driving the gliding arc
plasma is presented in Fig. 3. The input power to the gliding arc was approximately 800 W.
The average input power was monitored by measuring the voltage and current with a highvoltage probe and a resistor, respectively. Typical waveforms of the voltage and the current
are presented in Fig. 4. Generally the current follows the voltage, but spikes in the current
were occasionally observed. The gliding arc plasma was placed in a shielding metal box in
order to reduce the electromagnetic noise radiated from the discharge and for safety reasons.
The optical access was provided by three windows, one for the laser beam, one for the
emission to the cameras or spectrometers, and the third for the Schlieren setup.

Fig. 3. The electrical scheme and the timing-controller system for the gliding arc discharge.
HV, high-voltage power supply; SG, signal generator; DG, time delay generator and ICCD,
intensified CCD camera. A digital oscilloscope was employed to monitor and record the
current and voltage wave forms, the time-gating of the ICCD, laser pulses and the trigger signal
from the SG.

The gliding arc investigated in this work can be run in two modes, i.e., the burst mode and
the continuous mode. In most practical applications, the gliding arc was driven by a
continuous AC voltage. However, in this mode it is difficult to synchronize the data
acquisition with the plasma ignition events since they occur at seemingly random times. By
programming the signal generator, the AC high voltage can be supplied to the electrodes with
a predefined duration and repetition rates, like a burst. The gliding arc can be ignited and fully
developed in each burst, provided the burst has a sufficiently long duration and the break time
between consecutive bursts is enough to allow the plasma to extinguish fully. This
arrangement gives the possibility to synchronize the optical detection system not only to the

selected phase of the AC driving power but also to the ignition process, so that the exact
location of the plasma column during the time of data acquisition can be predicted
approximately. In the burst mode, the data acquisition is triggered after the delay time TD+Td
(see Fig. 5). TD is counted by the number of full periods of the 31.25 kHz AC voltage, which
can be used to predict the position of the plasma column downstream from the ignition point.
An additional delay time, Td, is added to lock the phase of the AC voltage for data
acquisition. The timing relation between the gliding arc plasma and the detection system (TD
and Td) is controlled by using a time delay generator (DG). The exposure time of the
intensified CCD (ICDD) camera is Tg. The duration of the plasma discharge burst duration Tp
was set to 20 ms. The timing relations are sketched in Fig. 5, and the timing relation between
plasma and ICCD gate was monitored by a 200 MHz digital oscilloscope.

Fig. 4. Typical voltage and current waveforms recorded by the oscilloscope.

Fig. 5. Electronic waveform and timing notations. In the burst mode, the gliding arc was driven
by a 10 Hz repetitive burst of 31.25 kHz AC powder with a burst duration Tp of 20 ms. TD:
delay time to the desired half cycle in which data ass taken; Td: the phase delay time of data
acquisition; Tg: the ICCD exposure or gate time. In the case of continuous mode, Td and Tg
keep the same meaning as in the burst mode.

2.2. Optical measurements
2.2.1 High-speed photography
High-speed photography has been applied to investigate gliding arc throughout recent years
[22, 29, 32, 34, 35]. Usually the data acquisition was not synchronized with the plasma timecontrol in those works. Moreover, the relatively low framing rate adopted in the previous

results was not sufficient to fully reveal the details propagation of the gliding arc plasma
column or the emission evolution in an electrical cycle. In the present work, a high-speed
CMOS camera (Photron Fastcam SA5) was used to capture the ignition, propagation and
extinction of the gliding arc. The high-speed camera was operated at 20, 50 and 420 kHz in
measurements to meet different requirements. The camera was equipped with a Nikon lens (f
= 50 mm, F/N = 1.2) collecting radiation from 380 nm to 980 nm. A high-speed movie
showing the dynamics of the gliding arc discharge is attached in Media 1 as supplementary
material. Events captured in this movie will be discussed in section 3.1. Beside of direct view,
Schlieren visualization of the propagating gliding arc was also captured using the same highspeed camera. Schlieren visualization is based on the deflection of light by a refractive index
gradient. The plasma column has a higher temperature than the surroundings. Hence the flow
field and the plasma column can be visualized by the Schlieren technique. An example
Schlieren movie is shown in supplementary as Media 2.
2.2.2 Optical emission spectroscopy
Optical emission spectroscopy has been commonly used to find dominant excited species in
gliding arcs [7, 25, 29, 30, 36, 37] and other plasmas [38]. Two different setups have been
adopted in this work to monitor the optical emission. A fiber coupled spectrometer
(OceanOptics, USB2000) was employed to collect the emission from the gliding arc plasma at
different heights. A collimating lens (diameter = 5 mm) was installed before the fiber to
enhance the signal collection. In the measurements, the gliding arc was imaged on the
collimating lens which was adjusted vertically to achieve space-resolved measurements. For
high temporal and spatial resolution, an ICCD based imaging spectrometer (SP-2300i) was
employed to catch the plasma emission during its evolution in time and space. In this second
setup, the input slit of the spectrometer was set parallel to the direction of the gas flow, and
the spontaneous emission from plasma column can be time-resolved in a half cycle (16 μs).
The position of the plasma column during the data acquisition could also be controlled as
discussed in section 2.1. A 150 groves/mm grating was installed in the spectrometer and a
spectral range of 170 nm was imaged by the ICCD camera. A Deuterium lamp was used to
calibrate the spectral response of the system in the range of 220 – 390 nm.
2.2.3 Planar laser-induced fluorescence
Planar laser-induced fluorescence (PLIF) was employed to investigate the distribution of the
ground-state OH radicals. PLIF is a common technique for OH detection in gas-phase
environments like in combustion [39] and in plasma [7, 9, 40]. The laser beam was generally
shaped into a thin laser sheet to enable a two-dimensional measurement of OH with high
resolution in time and space. In this work, the Q2(5) line of the OH X 2П – A 2Σ+ (0, 1) band at
283.268 nm was excited using the second harmonic radiation from a dye laser (Continuum
ND60, with Rhodamine 590 dye) pumped by a pulsed Nd:YAG (Brilliant B) laser. The
fluorescence emission from the X 2П – A 2Σ+ (0, 0) and (1, 1) bands around 308 nm was
collected by an ICCD camera through a filter combination (UG5 + WG295) that has a bandpass of 290 – 405 nm. The laser energy was around 8 mJ/pulse. The ICCD camera was
synchronized with the pumping laser, and the fluorescence was collected perpendicular to the
laser sheet with an exposure time of 30 ns.
The plasma column was also directly imaged using the ICCD camera through filters (UG5
+ WG295) in order to investigate the spatial distribution of the plasma column. In this case, an
exposure time of 2 μs was adopted. The OH-PLIF signal and the spontaneous plasma
emission can be simultaneously collected using the ICCD with an exposure time of 2 μs.

3. Results
3.1 High-speed photography of the gliding arc
The motion of the gliding arc plasma was recorded with the high-speed camera and the
gliding motion of the plasma column was captured at high temporal resolution to reveal
detailed information on ignition, evolution, short-cutting, pulsation and extinction. Media 1 is
a video image of the gliding arc plasma at 17.5 SLM air flow. The frame rate of the highspeed camera was 50,000 frames/s, and the exposure time was 16.3 μs. This movie covers 21
ms in real time, during this period the phenomena of an ignition of the gliding arc, the
evolution in the convection flow and especially a short-cut of the plasma column can be
observed. Note that the images shown in Media 1 are line-of-sight signals.
Phenomenologically, the following features can be observed:
1.

2.

3.

At t = 1.74 ms, a new ignition is observed in the smallest gap between the two
electrodes, where strong radiation is emitted. The emission from the previous plasma
column is still visible for a short time (~ 500 μs). The plasma column is attached to
both electrodes (bright points) and is convected in the gas flow while the anchor points
of the plasma column glide up along the electrodes. Before t = 10 ms, the plasma
column short-cuts several times leading to a sudden decrease of the plasma column
length. Similar short-cut events were observed in [31]. At about 10 ms, the anchor
points of plasma column become stationary on the electrodes (also see the photograph
in Fig. 2). After t = 10 ms, the length of the plasma column increases while the anchor
points remain approximately at the same locations.
At t = 12.64, 13.94 and 19.58 ms, short-cutting of the plasma column happens when
suddenly a new, shorter current path forms after Townsend breakdown. Townsend
breakdown is described for example in [41]. In every short-cutting process, before the
real current path is formed, for example at t = 13.94 ms, a Townsend discharge is
already evident at t = 13.68 ms.
When the plasma column is above the electrodes, there is a blurred emission signal
around the plasma column. These emitting species help to form a new current path and
then induce a short-cut event. (Especially see from t = 18 ms to 19.6 ms).

An example of the short-cut events captured in the fast movies is shown in Fig. 6. As
shown in the frame for t = 50 μs, the short-cut current path (indicated by the red arrow) exists
simultaneously with the previous, longer current path. After the new current path is formed,
emission is still observed (in the dashed box). Its intensity slowly decays with time, as shown
by the curve in Fig. 6. The decay time scale is on the order of 500 μs. The brightness of the
plasma column seems homogeneous apart from strongly emitting regions appearing when the
plasma column is oriented in the direction along the line-of-sight. It is notable that there is a
blurred signal around the thin bright plasma column visible in Fig. 6.
Figure 7 shows the projected length of the plasma column in 10,000 continuous frames
representing 200 ms recoding time. The number of CCD pixels illuminated by the plasma
column was used to track the projected length of the plasma column. The shortest possible
length of the plasma column is the gap width between the electrodes. This length is attained
only at re-ignition which occurs three times in Fig. 7. The projected length of the plasma
column generally increases with time but there are sudden drops at short-cutting events. In
contrast to the re-ignition at the narrowest gap, the short-cutting events happen about 30 times.
In other words, the period of new ignition was around tens to hundreds of milliseconds, while
that of short-cutting events is less than 10 ms. The rates of new ignition and short-cutting
events are strongly dependent on air flow rate, which will be reported elsewhere. It may be
necessary to model short-cutting events if the ignition frequency of a gliding arc is to be
predicted (e.g. [42]).

Fig. 6. An example of a short-cut event recorded at 20 kHz framing rate using an exposure time
of 13.9 μs. The short-cut current path is indicated by the arrow in the frame of t = 50 μs where
a Townsend breakdown occurs between the two legs of the plasma column, and a new current
path forms. The integrated emission intensities of the plasma column (the part in the dashed
box) are shown as a function of time to the right. A 50 kHz movie revealing the plasma
evolution can be found in the supplements (Media 1).

Fig. 7. The projected length of the plasma column in 10,000 continuously recorded frames.
New ignition happened in tens to hundreds of ms while the time between two subsequent shortcutting events (only part of which were marked by the red arrow) was always less than 10 ms.

Figure 8 shows the integrated signal intensity (for wavelengths above 380 nm) as a
function of the projected lengths reported in Fig. 7. The blue bar B denotes the shortest
lengths of the plasma columns anchored at the top stationary points of the electrodes. The
shorter lengths, i.e. to the left of the blue bar B, belong to plasma columns that glide up the
electrodes from the ignition points to the stationary anchor points on the electrodes. The
averaged emission intensity per unit length (proportional to the slope of every point with
respect to the origin) varies with the length of the plasma column, and it decreases from K1 to
K2 when the plasma column length increases. The emission per unit length shortly after the
ignition (K1) was much stronger than that when the plasma column was well developed in
non-equilibrium conditions. After the anchor points of the plasma column stabilized on the
top of the electrodes, the unit length emission decreased much slower as the length of the
plasma column increased compared with the region before bar B.

Fig. 8. The relation between integrated emission signal intensity and the projected length of the
plasma column. Before the bar B, the anchor points of the plasma column were gliding up
along the electrodes, and after that the anchor points were stationary on the top of the
electrodes.

Using a framing rate of 420 kHz and an exposure time of 2.1 μs, the emission intensity
variance in a half cycle of the 31.25 kHz power supply was temporally resolved. Fig. 9(a)
shows sequential images of part of the plasma column. At the framing rate of 420 kHz, the
camera observation region is limited to 64×128 pixels. Therefore only part of the plasma
column was recorded. The emission intensity varied with time, i.e., with the supplied voltage
within a half cycle while the shape of the plasma column was almost frozen during such a
short period. The emission intensity of every frame as a function of time is shown in Fig. 9(b),
where one can see a periodic change of the emission intensity with a quick increasing slope
and a slower decaying slope. The intensity does not decay to zero, meaning the plasma
column does always emit radiation. A Fourier transform of the emission intensity varied with
time for 17,000 frames indicating that the dominant frequency was 62.5 kHz as the frequency
of supplied power, i.e., twice the voltage driving frequency at 31.25 kHz. Since the high
framing speed camera was not synchronized with the gliding arc timing system, the phase
relation between the emission intensity and the supplied voltage was not measured.
The spatial location of the plasma column was investigated by statistically analyzing
17,000 images taken with 20 kHz framing rate. The plasma column position for every frame
was obtained through image binary-conversion, and then the probability of spatial distribution
was found by averaging all the frames, as shown in Fig. 10(a). The distribution probability is
large near the top of the electrodes. The anchor points of the gliding arc on the electrodes
move up to these positions and then stay there until the gliding arc extinguishes. Shown in Fig.
10(b) are examples of plasma column reaching this state in six consequent frames. The low
part of the plasma column near the anchor points is rather stationary while the top part moves
with the flow, which was also observed in the Schlieren movie, i.e., Media 2.
Since
sequential images of the plasma column were captured, projected velocities can be estimated.
The velocity in the imaging plane was around 8 m/s for the top part of the plasma column,
indicated by the red arrows, which is consistent with the nozzle exit velocity of about 40 m/s
as the jet velocity has slowed down to such magnitudes at this location.

Fig. 9. (a) Sequential images of part of the plasma column. (b) The integrated emission
intensity varying with time. (c) Fast Fourier transform for the curve in (b) for 17,000 frames.

Fig. 10. (a) Distribution possibility of plasma column at 17.5 SLM air flow. (b) The estimated
velocity of the plasma column using high frame rate images. The scaling velocity of 20 m/s is
indicated showing that the upper part of the plasma column moves at about 8 m/s. High-speed
Schlieren movie can be found in the supplements (Media 2).

High-speed Schlieren photography was intended for visualization of the flow fields and
the temperature gradient generated by the gliding arc. The result is shown as Media 2.
Compared with the thin and clearly structured filament in direct-view photographs (as shown
in Media 1 and Fig. 6), Schlieren photography did not show any sharp structure of the gliding
arc column. This indicates that the ions are not much hotter than the surrounding air leading to
small temperature gradients. The gas flow along the central axis moves fast while the outside
part is rather stationary, which is consistent with the results shown in Fig. 10(b).

3.2 Optical emission spectroscopy
Spatially resolved emission spectra of the gliding arc running in continuous mode are shown
in Fig. 11. The spectra were recorded by imaging different parts of the plasma plum to the
input fiber tip of the spectrometer. The exposure time was 50 ms. The spectra at two different
heights, a and b, are shown at the top of Fig. 11. Below H = 4.5 cm (the height of electrodes
as shown in Fig. 1) N2* rotational bands dominate the spectra, while above this position OH*
rotational bands dominate and decrease at larger heights. NO emission exists at all heights,
and the maximum intensity appears at around H = 5 cm. The OH bands belonging to the X 2П
– A 2Σ+ transition at around 308 nm are partially overlapped with some N2* bands, which
hinders the possibility of imaging the OH* spontaneous emission with spectral filters. Note
that a broadband background appears above the electrodes. Two spectral structures at 592 nm
and 780.5 nm were not identified, but will be investigated.

Fig. 11. Optical emission spectra of the gliding arc plasma recorded at different heights using a
fiber-coupled spectrometer. The spectra at heights (a) and (b) are shown in curves to visualize
the corresponding species.

Time-resolved optical emission spectra were recorded using the ICCD based imaging
spectrometer. In this measurement, the gliding arc plasma was operated in the burst mode (10
Hz and Tp = 20 ms). The delay time between the gliding arc and the ICCD gate was adjusted
using the time delay generator (for the cycle delay time TD) and the delay function in the
ICCD software (for the phase delay time Td). The exposure time Tg of the ICCD was 5.3 μs
enabling the resolve of a half period of the AC power. Figure 12 shows the emission spectra
averaged over 100 frames at two different height ranges. The signals imaged on the ICCD
were binned along the direction of the entrance slit. Therefore the two spectra shown in Fig.
12 were actually accumulated in the ranges of 0.4 – 1.8 cm (the middle height H = 1.1 cm)
and 4.8 – 6.2 cm (the middle height H = 5.5 cm), respectively.

Fig. 12. Phase-resolved optical emission spectra of the plasma column at height ranges (a) 4.8 –
6.2 cm and (b) 0.4 -1.8 cm with the center at H = 5.5 cm and 1.1 cm, respectively. The gliding
arc was operated in burst mode at 10 Hz. The camera exposure time was 5.3 μs and three Td
values (0, 5, and 10 μs) were adopted, i.e., the emission in a half cycle was temporally resolved
in a resolution of 5.3 μs. The spectra shown were averaged over 100 frames, and the intensity
had been modified by the instrumental spectral response. Note the different intensity scales
adopted in (a) and (b).

Figure 12 verifies the conclusion that emissions from NO*, OH* and N2* vary with
heights. N2* bands dominate the emission source at lower positions (below the electrode top)
while NO* and OH emissions dominate the positions above the electrodes. Besides the
variation in space, the emission also varies within the voltage half cycle. In the newly ignited
plasma column (TD = 0.144 ms, H=1.1 cm), OH* emission intensity decreased slightly with
time as shown in the Fig. 12(b). Note that the magnitude and form of the line intensity
variation depend on the particular band. The band emissions above 350 nm kept constant from
Td = 0 μs to Td = 5 μs and decreased significantly from Td = 5 μs to Td = 10 μs. The band
around 335 nm, however, acted in the opposite way. It might be explained by the changes of
vibrational temperature of N2 in a half cycle. The spectral structure below 290 nm in Fig. 12(b)
could not be clearly assigned to any species. Nevertheless, two band peaks of NO* around
225 and 235 nm were identified.
When the plasma column moved up to H = 5.5 cm (above the electrodes) at TD = 4.992
ms, the OH and NO spectral structures were clearly identified besides that of N2*. At this
height, within half cycles the N2* emission decreased with time while the emissions from
NO* and OH* increased first and then decreased. The spectral structure of NO* did not vary
with time indicating that the ambient temperature did not change much over the half cycles at
this height where the plasma column is in a non-equilibrium condition.
The above results of phase-resolved emissions indicate that the characteristics of the
plasma column vary within a half cycle, i.e., they follow the supplied AC voltage. Also the
variance of the plasma column characteristics within every half cycle depends on the height of
plasma column. Lastly, we note that these dependencies also greatly depend on the flow rate
of air, which will be reported elsewhere.

3.3 PLIF of ground-state OH radicals
The ground-state OH radicals were measured using PLIF. The laser beam sheet was sent
vertically through the two electrodes containing the central line of the jet and crossed the
plane defined by the two electrodes at 45 degrees. The laser pulse duration was about 6 ns,
and the effective OH fluorescence lifetime is less than a couple of nanoseconds, meaning most
OH-PLIF signal was captured by the ICCD using a short gating time (30 ns in this work).
Using a longer gating time (2 μs in this work) the OH-PLIF and the optical emission from the
plasma column can be simultaneously captured. Note that, due to the filters (UG5 + WG295)
installed in front of the ICCD objective, the emission from the plasma column comes from
OH* and part of N2* (see Fig. 11), which differs from the images recorded by the high-speed
camera.
Figure 13 shows two PLIF images recorded at two different ICCD gate times, 30 ns and 2
μs, respectively. The OH-PLIF shows a hollow structure, indicating that ground-state OH
surrounds the plasma column containing excited OH and N2. This is verified in the image (the
red arrow) recorded with 2 μs gating time in Fig. 13 where the plasma column was recorded
as well by optical emissions. The ground-state OH is transported from the plasma column and
its spatial structure is thicker than the plasma column. As shown by the white arrow in Fig. 13,
OH radicals still survive even after local extinction of the plasma column (the current path)
during short-cutting events. A zoom-in of the OH hollow structure is shown in Fig. 14. The
thickness of ground-state OH layer was about 3 mm, and the hollow structure is clearly shown.
At the center of the hollow structure, the PLIF signal intensity is almost at background level.

Fig. 13. Single-shot OH PLIF images captured using the ICCD with two gate times, (left) 30 ns
for only capturing PLIF signal of ground-state OH and (right) 2 μs for capturing both OH-PLIF
signal and plasma column emission. Ground-state OH is located around the plasma column (the
red arrow), therefore a hollow structure appears in the OH-PLIF image to the right. Even when
the current path is extinct, the ground-state OH still survives (the white arrow). The laser beam
sheet contained the central line of the jet between the two electrodes and crossed the plane
defined by the electrodes at an angle of 45 degrees.

One may speculate that the hollow structure in the OH PLIF was due to the high
temperature in the center of the plasma column which caused the volume number density of
OH to become too low to be imaged. This explanation would require hot ions on the order of
1eV, but the ions in our experiments were much colder. A reasonable explanation might be
that the ground-state OH is formed from OH* by energy release and the formation happens
during the species transport. In the single-shot spatially resolved spectra of the plasma column,
as shown in Fig. 15, OH* is located in the inner part of the plasma column with a thickness of
around 4 mm. It is very likely that the OH* is mainly generated by electron impact
dissociation of H2O [43]. However, the reasons for OH hollow profile should be further
investigated using a kinetic model.

Fig. 14. OH PLIF image collected above the electrodes. The laser beam sheet contained the
central line the jet between the two electrodes and perpendicularly crossed with the plane
defined by the two electrodes. Vertical and horizontal cross sections of OH PLIF distribution
show the thickness of OH radical in this case.

Fig. 15. (upper) Spectrally and spatially resolved, single-shot image of the plasma column in
the VU spectral region recorded by an imaging spectrometer (gate time = 5.3 μs). (upper right)
cross section in the area between two blue dash line. (lower) the spectra integrated in the area
between two red dash lines.

Besides detailed structure investigation from single-shot OH PLIF, phase-averaged PLIF
images can show ground-state OH global distribution in space and in time. The variance of
OH PLIF signal intensity in a half cycle of the AC driving power was investigated when the
gliding arc worked in continuous mode. The result based on the average of 100 frames is
shown in Fig. 16(a). OH PLIF signal intensity is clearly independent of time and hence the
supplied voltage. This is explained by the long lifetime of the ground-state OH radicals. After
the ground-state OH radical is formed in the outer layer of plasma column, it survives more
than a half cycle (16μs). Since the ambient temperature was relatively constant, Fig. 16(a) also
indicates the concentration of OH is constant with time. Compared with PLIF signal, emission

intensities vary clearly with time, as shown in Fig. 16(b). Around the middle of the half cycle,
i.e., at t = 8 µs, the emission intensity increases significantly which is consistent with Fig. 9(a).
Note that emission from excited N2 also contributed to the intensity level in Fig. 16(b).

Fig. 16. (a) OH PLIF signal intensity as a function of time in a half cycle. (b) The emission
intensity of plasma column (290 nm – 405 nm) in a half cycle. The averaged signals were
based on 100 frames and the plasma column length had been counted. The zero point in the
time scales indicated the beginning of a half cycle, when V(voltage) = 0. The gliding arc was
synchronized with the laser and the ICCD camera.

Fig. 17. The evolution of ground-state OH global distribution by accumulating 120 shots of
OH-PLIF. The gliding arc discharge was run in the burst mode, and the phase delay time Td
was kept at 8 μs. The plasma delay times TD are shown above the images.

The evolution of the ground-state OH global distribution was investigated by running the
gliding arc plasma discharge in the burst mode. While keeping the phase delay time Td = 8 μs,
the global distribution of OH radicals was captured by imaging accumulations, as shown in
Fig. 17. Besides the expansion of OH distribution with the delay time TD, the signal intensity
of OH PLIF also increased. The integrated OH PLIF signal intensity and the top height of the
plasma column are plotted in Fig. 18 as a function of the delay time TD. It shows that with
increase of the delay time, OH radicals distribute to a wider and higher region and the
integrated signal intensity increased significantly. The velocity of the plasma column is
estimated by the differentiation of the polynomial fit of plasma height, and the result of
around 10 m/s above the electrodes (i.e. TD = 2.5 - 5 ms) is consistent with that shown in Fig.
10(b). In the early stage (i.e. for small TD values, 0 – 1 ms), the OH radical distribution
changed with a high speed of around 25 m/s, which is consistent with the nozzle exit velocity
of about 40 m/s.

Fig. 18. Integrated signal intensity of OH PLIF and the height of the GA plasma column as a
function of time TD shown as filled circles and squares, respectively, and the solid lines are the
polynomial fits. The velocity of the gliding arc plasma evolution is estimated by differentiating
the polynomial fit (the blue solid line) of plasma height.

4. Conclusions
The evolution of a gliding arc discharge has been investigated using multi-kHz high-speed
movies and Schlieren images, spatial and temporally resolved optical emission spectroscopy,
and PLIF. Short-cut events in the plasma column were tracked and shown to occur about ten
times more often than the re-ignition of the discharges in the narrowest gap between the
electrodes. This type of short-cut events reduces the re-ignition of the gliding arc, hence
improves the efficiency of the production of non-equilibrium plasma generation. Townsend
discharges were observed at the beginning of the short-cut events. It was found that the reignitions between the electrodes occur while the previous plasma column still exists. After
formation of the new plasma column, the previous plasma column decays. In the direct optical
emission measurements, it was found that excited N2 dominated upstream near the electrodes
whereas OH and NO were the main emitting species downstream. The emission intensity
varied within a half cycle of the AC voltage (16 μs). Especially, N2 emission had a different
variance compared with NO and OH. The emission intensity per unit length of plasma column
becomes weaker during the evolution of the gliding arc discharge, but the changes become
smaller when the gliding arc develops. From high-speed images, the emission intensity
variance of the plasma column within a half cycle was clearly observed with a time resolution
of 2 μs. Moreover, PLIF was applied to reveal the distribution of the ground-state OH. A
hollow structure was found in the single-shot images of OH, which might be explained by the
ground-state OH formation from the decay of excited OH. The exploration of further details
of the complicated processes in a gliding arc will challenge more advanced techniques such as
quantitative PLIF measurements of key radicals with up to multi-kHz framing rate.
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Abstract

We demonstrate a plasma discharge which is generated between two diverging electrodes and
extended into a gliding arc in non-equilibrium condition by an air flow at atmospheric pressure.
Effects of the air flow rates on the dynamics, ground-state OH distributions and spectral
characterization of UV emission of the gliding arc were investigated by optical methods.
High-speed photography was utilized to reveal flow-rate dependent dynamics such as ignitions,
propagation, short-cutting events, extinctions and conversions of the discharge from glowtype
to spark-type. Short-cutting events and ignitions occur more frequently at higher flow rates.
The anchor points of the gliding arc are mostly steady at the top of the electrodes at lower flow
rates whereas at higher flow rates they glide up along the electrodes most of the time. The
afterglow of fully developed gliding arcs is observed to decay over hundreds of microseconds
after being electronically short-cut by a newly ignited arc. The extinction time decreases with
the increase of the flow rate. The frequency of the conversion of a discharge from glow-type to
spark-type increases with the flow rate. Additionally, spatial distributions of ground-state OH
were investigated using planar laser-induced fluorescence. The results show that the shape,
height, intensity and thickness of ground-state OH distribution vary significantly with air flow
rates. Finally, UV emission of the gliding arc is measured using optical emission spectroscopy
and it is found that the emission intensity of NO γ (A-X), OH (A-X) and N2 (C-B) increase
with the flow rates showing more characteristics of spark-type arcs. The observed phenomena
indicate the significance of the interaction between local turbulence and the gliding arc.
Keywords: plasma diagnostics, gliding arc, nonthermal plasma
(Some figures may appear in colour only in the online journal)

along the electrodes by a gas flow to form a gliding arc [1].
Buoyant forces can also produce a gliding arc, but they are
much smaller than the aerodynamic forces in the presence of a
high flow rate gas jet [2]. A gliding arc is able to achieve a nonequilibrium state characterized by high electron temperature
and low gas temperature [3, 4]. Furthermore, a gliding arc

1. Introduction

A gliding arc discharge can be an excellent source of nonequilibrium plasma. Driven by a high voltage, ionized gas
initially forms a plasma column at the closest gap between two
diverging electrodes. The plasma column is blown to glide
0022-3727/14/295203+11$33.00
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potentially has high electron densities and can be operated at
atmospheric pressure [5], which makes it stand out from most
non-equilibrium plasmas, and widely usable in combustion
enhancement [6, 7], surface treatment [8–13], airflow control
[14], gas conversion and decontamination [15–18]. In these
applications, it has been found that the gas flow rate is a crucial
parameter affecting lifetimes of excited species [4], treatment
efficiency for adhesion improvement [9] and conversion rates
of foul gases [17]. Moreover, previous studies reported
that flow rates primarily affected breakdown voltage [19]
and transitions between thermal and non-thermal properties
of a gliding arc [20]. However, in spite of the significant
influence of flow rates on operating a gliding arc, there are few
experimental results that have systematically investigated the
effect of flow rates. This kind of experimental data is required
for understanding the fundamental mechanisms of a gliding
arc with effective turbulence–discharge interactions.
The experimental results recorded on different types
of gliding arcs are often limited to electrical diagnostics,
e.g. current–voltage characteristics [5, 19, 20], whereas
optical diagnostics, especially laser-based diagnostics, have
traditionally seldom been used to investigate gliding arcs. It
has been shown that high-speed photography is an effective
way to capture evolution processes of a gliding arc and to
investigate the arc dynamics [21, 22]. Spectrally resolved
emission spectra of excited species, e.g. N∗2 , OH* and
NO*, provide the corresponding rotational and vibrational
temperatures that reveal the thermal evolution of excited
species [23, 24].
However, spontaneous emission was
typically recorded with low temporal or spatial resolution.
Furthermore, some reactive species may also be in the
ground state and hence be invisible to optical emission
spectroscopy. Planar laser-induced fluorescence (PLIF) is
a powerful technique for visualization of the distribution of
the ground-state species [25]. These three optical methods,
i.e. high-speed photography, optical emission spectroscopy
and OH-PLIF imaging have been successfully applied to
characterize a gliding arc operated at a fixed gas flow rate in
one of our previous works [26]. It was found that the flow rate
strongly affects the performance of the gliding arc, which is
also shown in figure 1.
Therefore, the present work focuses on the effects of
the gas flow rate on the behaviour of the gliding arc using
optical methods. High-speed photography was employed
to investigate effects of flow rates on the dynamics of the
gliding arc including ignitions, propagation, short-cutting
events, extinctions and conversions. OH-PLIF was performed
to measure spatial distributions of OH radicals in their groundstate. Optical emission spectroscopy was applied to study UV
emission from the gliding arc.

Figure 1. Photos of gliding arcs operated at flow rates of (a) 14
SLM (standard litres per minute) and (b) 42 SLM. The exposure
time was 1/30 s.
Table 1. Experimental flow rates, exit velocities, Kolmogorov
lengths, Reynolds numbers and ac input powers.

Flow rate
(SLM)

Vexit
(m s−1 )

η
(µm)

Re

Power
(kW)

14
17.5
21
31.5
42

33
41
50
74
99

1000
851
436
97
60

6400
8000
9600
14 400
19 200

0.65
0.78
0.98
1.08
1.10

our previous work [26], only a brief description of these
components is given here. The electrodes are made of stainless
steel and fixed on a Teflon plate (see figure 1). The hollow
tubular electrodes with an outer diameter of 3 mm are internally
water-cooled. One of the electrodes is connected to the high
voltage power supply and acts as a powered electrode while
the other serves as a ground electrode.
The air flow from an air compressor was supplied through
a 3 mm diameter hole in the Teflon plate between the two
electrodes. The relative humidity of the compressed air was
measured to be 36% using a humidity monitor and the amount
of the water vapour was estimated to be 8 g m−3 . Flow rates
used in the present experiments were controlled by a mass
flow controller (MFC) and are summarized in table 1, where
the corresponding exit velocities and Reynolds (Re) numbers
at the different flow rates are also given. The Reynolds number
can be written as Re = ρνDµ−1 , where ρ = 1.16 kg m−3 is
the air density, ν is the exit velocity, D = 3 mm is the hole
diameter in the Teflon plate, and µ = 1.8 × 10−5 kg m−1 s−1
is the dynamic viscosity of air. The Re numbers were larger
than 6000 and hence the flows were turbulent at all flow rates.
Based on the experimental data of jet flow velocity in the selfsimilar region [27], an estimation of the Kolmogorov length
(η) is given in table 1, assuming that the translational gas
temperature in the vicinity of the gliding arc is 1500 K [28].
The Kolmogorov length is the smallest size of turbulence

2. Experimental setup
2.1. Gliding arc discharge system

The gliding arc discharge system established in open air
consists of three primary components: electrodes, an air flow
and a power supply. Since a similar system was used in
2
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Figure 2. Experimental setup for OH-PLIF measurements. SHG,
second harmonic generator; PB, Pellin-Broca prism; HR, high
reflection mirror; CL, cylindrical lens; SL, spherical lens; GA,
gliding arc. The two dots represent the electrodes seen from the top
and the laser sheet passes through the middle between the electrodes
and forms an angle of 45◦ with the plane containing the electrodes.

Figure 3. Propagation of a gliding arc at an air flow rate of 17.5
SLM revealed with instantaneous images recorded at (a) t = 1 ms,
(b) t = 2 ms and (c) t = 3 ms after ignition. The exposure time
of the camera was 13.9 µs. The definitions of head height and foot
height are also shown.

0.25

eddies, which can be expressed as η = ν 3  −1
, where
 is the average dissipation rate of turbulent kinetic energy per
unit mass, and ν is the kinematic viscosity of the fluid. The
Kolmogorov length ranges from 1 mm (for the 14 SLM case)
to 60 µm (for the 42 SLM case). Typical photos of gliding arcs
operated at two different air flow rates are shown in figure 1.
The power of the discharge system is provided by a high
voltage alternating current (ac) power supply (Generator 6030,
SOFTAL Electronic GmbH, Germany). The ac power supply
is operated at a frequency of 31.25 kHz and it delivers the
input power to the gliding arc, which increases from 0.65 to
1.1 kW as the flow rates increases [9], as shown in table 1.
The power supply can be operated both in a continuous or a
burst mode by programming a signal generator [26]. In the
burst mode, the gliding arc runs at a 10 Hz repetition rate with
burst duration of 20 ms. The purpose of operating the gliding
arc in the burst mode is to facilitate the synchronization of the
ac voltage phase with the detection systems. The continuous
mode was employed for diagnosing dynamics of the gliding
arc and spatial distributions of ground-state OH radicals while
the burst mode was employed in the spectroscopic study of the
UV emission.

containing the two electrodes at an angle of 45◦ . The laser sheet
excited the OH transition and fluorescence at around 308 nm
was detected by an intensified charge-coupled device (ICCD)
camera (Princeton PI-MAX II). Filters (UG5+WG295) were
placed in front of the ICCD camera to suppress scattered laser
light. The transmittance curve of the filters was measured
using a spectrophotometer (T60 UV/VIS) and is shown in the
figure 14. Two different exposure times were adopted: 30 ns
was used to reduce the spontaneous emission of the gliding arc
and to capture the relatively pure ground-state OH PLIF signal;
2 µs was employed to record the spatial distributions of both
the ground-state OH and the arc emission simultaneously.
An imaging spectrometer (SP-2300i,
with a
150 groves/mm grating) equipped with an ICCD camera
(Princeton PI-MAX III) was used to record the UV emission
at 220–390 nm. The spectral response of the spectrometer was
calibrated using a deuterium lamp. The slit of the spectrometer
was vertically oriented, allowing the ICCD camera to observe
a spatially resolved height range of 1.4 cm. Emission spectra
centred at a height of 5.5 cm were acquired. The ICCD camera,
with an exposure time of 5.3 µs, was synchronized precisely
to the gliding arc in each burst of discharges, capturing spectra
not only at the chosen phase of the ac driving power but also
roughly in the same location in every cycle. The camera gate
was set to acquire the initial stage of a half period (16 µs) of
the ac driving voltage.

2.2. Optical diagnostic system

A high-speed camera (Photron Fastcam SA5) with a frame rate
of 20 kHz and an exposure time of 13.9 µs was employed to
record instantaneous images of the gliding arc. The spatial
resolution of the high-speed camera is about 0.2 mm. The
emission of the gliding arc in the range 380–980 nm was
collected with a Nikon glass lens (f = 50 mm).
The experimental setup of OH-PLIF imaging is illustrated
in figure 2. A frequency-doubled Nd : YAG laser (Quantel,
Brilliant B) providing a 532 nm beam was used to pump
a dye laser (Continuum ND60). The dye laser, running
with Rhodamine 590 as dye, was tuned to 566.536 nm and
frequency-doubled using a second harmonic generation (SHG)
crystal. The laser beam at 283.268 nm was separated from
the fundamental wavelength in a Pellin-Broca (PB) prism and
then directed into a cylindrical lens (CL, f = −40 mm) and
spherical lens (SL, f = 500 mm) by a high reflection mirror
(HR) and formed into a vertically oriented laser sheet. The
laser sheet passed between the electrodes and cut the plane

3. Results and discussion
3.1. Effects of flow rate on the gliding arc dynamics

The gliding arc forms a conductive channel presented
as a visible string connecting the two electrodes.
Its
dynamics include ignitions, propagation, short-cutting events,
extinctions and conversions of the conductive, visible string.
3.1.1.

Propagation, short-cutting events and ignitions.

Propagation of the gliding arc is shown in figure 3, where
the time delay between the sequential frames was 1 ms.
The gliding arc generated between the electrodes propagated
3
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Figure 4. Typical images of the gliding arc taken by a high-speed
camera showing (a) a short-cutting event (circle) and (b) an ignition
(arrow) at an air flow rate of 17.5 SLM. Emission (marked by the
rectangle) from the fully developed arc is still visible right after the
ignition.

upwards with the gas flow. As illustrated in figure 3(a), the
head height and foot height are defined as the distances from the
top of the gliding arc and the anchor point on the electrode to the
bottom, respectively. Both the head height and the foot height
gradually increase as the gliding arc propagates, as shown in
figures 3(a)–(c).
Apart from propagation of the gliding arc, short-cutting
events and ignitions are also observed during the evolution of
the gliding arc. Figure 4(a) shows a typical short-cutting event
of the gliding arc, where a new current path forms (marked by
a circle). When the short-cutting event takes place, the head
height decreases, but the foot height is maintained. Figure 4(b)
shows an ignition event of the gliding arc where a new arc is
ignited at the smallest gap between the two electrodes (marked
by an arrow). Compared to the short-cutting event, where only
the head height is reduced, the ignition reduces both the head
height and the foot height. Therefore, the head height and
foot height can be used to identify the short-cutting events and
ignitions in analyzing a large number of images taken by the
high-speed camera. Short-cutting events and ignitions were
also observed in [29, 30]. Additionally, figure 4(b) shows that
emission (marked by a rectangle) from the fully developed arc
is still visible right after the ignition. These dynamic processes
are found to be strongly affected by flow rates, which will be
discussed in the following sections.
As discussed earlier, a short-cutting event only decreases
the head height of the gliding arc, while an ignition
significantly reduces both the head height and the foot height.
Statistics were performed based on 10 000 sequential images.
Figure 5 shows the identified short-cutting events and ignitions
by compiling statistics on the head height and the foot height at
different air flow rates. In order to clearly show the fluctuations
of the head height and the foot height, only 2000 sampling
points covering a time interval of 100 ms are displayed in
figures 5(a)–(c) and 400 sampling points covering a time
interval of 20 ms are displayed in figures 5(d)–(e). The
occurrences of typical short-cutting events and ignitions are
marked in figure 5 by circles and arrows, respectively.

Figure 5. Identified short-cutting events and ignitions by statistical
analysis of the head height and the foot height of the high-speed
photography within 100 ms for flow rates at (a) 14 SLM; (b) 17.5
SLM; (c) 21 SLM; and within 20 ms for (d) 31.5 SLM; (e) 42 SLM.
Ignitions are marked by arrows and a typical short-cutting event is
marked by circle.

The short-cutting events and ignitions take place more
frequently with increasing flow rates. Furthermore, a striking
difference in the foot heights can be observed at different flow
rates. For lower flow rates, e.g. 14, 17.5 and 21 SLM, the foot
heights are almost constant at about 4 cm for a large fraction of
the time. The head height often reaches approximately 11 cm.
For higher flow rates, e.g. 31.5 and 42 SLM, the gliding arc
spends most of the time gliding up the electrodes. When the
foot height reaches the top position at 4 cm, the plasma column
extinguishes rapidly and a new plasma column is formed at
4
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Figure 6. Rates of short-cutting events and ignitions at different air
flow rates. Each data point is based on statistics from 10 000 images.

the closest gap between the electrodes, resulting in a short
extension length of the plasma channel as observed in figure 1.
These results partly explain the better performance observed
at lower flow rates for surface treatment applications [9–11].
Figure 6 shows rates of the short-cutting events and the
ignitions at different flow rates. The rate is defined as the
number of short-cutting events or ignitions per second. The
occurrence of short-cutting events and ignitions are identified
using the ratio of head heights in two sequential images. Higher
ratios (ratios > 2.1) suggesting a significant height decrease
of the gliding arc correspond to ignitions while lower ratios
(2.1 > ratios > 1.05) suggesting a less significant height
drop correspond to short-cutting events. The total number of
ignitions and short-cutting events is recognized using the ratio
method and then the corresponding rates are calculated. As
shown in figure 6, an ignition of the gliding arc at a flow rate
of 14 SLM takes place rarely, while the number of ignitions
rises significantly with increasing gas flow rate. The number of
short-cutting events also increases when air flow rates increase
from 14 to 42 SLM. The increasing rate of short-cutting events
at higher flow rates has also been observed for the gliding arc
in helium and argon [30].
More frequently occurring ignitions at higher flow rates
are due to the stronger turbulent convection cooling. At
higher flow rates, a larger fraction of energy provided by
a power generator will be transferred to heat loss due to
stronger turbulent convection cooling, and then less electrical
energy will be used to create ions and electrons. Therefore,
the conductive channel at a higher flow rate is thinner and
the corresponding resistance tends to be larger. The larger
resistance of the conductive channel at a high flow rate easily
promotes the increase of the voltage drop on the arc. When
the voltage drop is as large as the breakdown voltage, a
new ignition at the narrowest gap between the electrodes
is more likely to occur. The higher rate of short-cutting
events at higher flow rates can be explained by the stronger
turbulence intensity. The turbulence intensities at different
flow rates are characterized by the Re numbers, which are
summarized in table 1. Higher gas flow rates generate stronger

Figure 7. Extinction processes of a fully developed arc at different
air flow rates (a) 14 SLM; (b) 21 SLM and (c) 42 SLM. The
extinction process is shown in the dashed rectangles. At t = 0 ms,
the gliding arc is fully developed, and then it gradually extinguishes
in the following frames when a new arc ignites at the bottom. The
emission taken by the high-speed camera is at a wavelength range of
380–980 nm.

turbulent eddies and vortices, which irregularly stretch the
gliding arc and lead to more frequent short-cutting events of
the gliding arc.
3.1.2. Extinction time. The emission intensity from a fully
developed gliding arc is decaying exponentially in time after
a new gliding arc is ignited. Figure 7 shows the extinction
processes of the fully developed gliding arc within 0.2 ms after
the ignition of a new gliding arc. At t =0 ms, the gliding arc
is fully developed and then a new ignition occurs in the next
frame. After that, the emission of the fully developed gliding
arc starts to gradually diminish. The diminishing gliding arc
tends to fade more quickly with increased air flow rates, as
illustrated in figure 7.
The intensity of the fading emission, as displayed in the
dashed rectangle in figure 7, is integrated in each frame to
provide a quantitative decay rate of the afterglow. These
decay curves are normalized and displayed in figure 8. An
exponential function I = I0 e−t/τ is used to fit the intensity–
time dependence, and the extinction time is defined as the time
when the ratio of the intensity is reduced to e−1 . It can be seen
that the extinction time is significantly reduced with increasing
air flow rates. Specifically, the gliding arc at 14 SLM has the
longest extinction time of 0.9 ms while it falls to 0.5 ms at 21
SLM and further decreases to 0.15 ms at 42 SLM. The emission
from the fading gliding arc can be attributed to the presence of
residual excited species. Faster extinction time at higher flow
rates is expected due to larger convective transport rates and
subsequent dissipation of the excited species.
5
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Figure 8. Extinction time of the fading gliding arcs at three
different air flow rates. The circle, triangle and square markers show
the experimental results while the solid lines indicate the
corresponding fittings. The normalized average intensity is obtained
by integrating the emission intensity of the fading gliding arc shown
in each rectangle of figure 7.

Figure 9 shows
statistics of the integrated arc emission intensity against
projected arc length measured over 10 000 images for different
flow rates. Each point represents an image taken by the highspeed camera where the lengths of the arc projections on the
image plane are recorded. In figures 9(a)–(c), the gliding arcs
at 14, 17.5 and 21 SLM can expand to a projected length of
16–18 cm while the gliding arcs at 31.5 and 42 SLM are limited
to just 6–7 cm.
The brightness of the gliding arc can be regarded as the
integrated arc emission intensity per unit length, and therefore
the slope of the line connecting the point to the origin represents
the brightness of the gliding arc. At a flow rate of 14 SLM and
17.5 SLM as shown in figures 9(a) and (b), most of the points
follow the red lines with a slope of 1.81 and 1.44, respectively,
indicating almost constant brightness of the plasma column
while it becomes longer. However, for a flow rate of 21 SLM,
as shown in figure 9(c), there are some points distributed far
from the red line, showing stronger plasma column intensity
and higher brightness. As the flow rate further increases, as
shown in figures 9(d) and (e), the points with much higher
brightness become more frequent or even dominate.
One can already find from photos shown in figure 1 that
the gliding arc appears as a diffusive glow-type discharge
for low flow rates and bright spark-type filaments for higher
flow rates. Through analysing the instantaneous plasma
column images shown in figure 10(a), one can find that some
much brighter plasma columns exist among their neighbouring
images, which might indicate a prompt conversion of glowtype discharge to spark-type discharge. A similar phenomenon
has been previously observed and described in [31]. With
increasing flow rate, turbulent convection causes intermittent
energy dissipation from the plasma column and consequently
a tendency toward conversions from glow-type discharge to
spark-type. If the power supply could provide enough energy

3.1.3. Glow-type to spark-type conversions.

Figure 9. Statistics of the projected arc length and the integrated
emission intensity for different flow rates: (a) 14 SLM; (b) 17.5
SLM; (c) 21 SLM; (d) 31.5 SLM and (e) 42 SLM. The brightness
can be represented by the integrated emission intensity per unit
length, i.e. the slope of the red lines.

[28], the spark-type discharge would become a stable arc
discharge. However, the power limit in our system restricted
further development of the spark-type discharge to only a short
bright spark (as short as tens of nanoseconds as indicated
by [31]). Figure 10(b) shows the full width at half maximum
6
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Figure 10. (a) Three sequential frames of gliding arc images
recorded by the high-speed camera, showing the conversion from a
glow-type discharge to a much brighter spark-type discharge. The
frame rate was 20 kHz and the exposure time was 13.9 µs; (b) the
full width at half maximum (FWHM) of the spark-type and
glow-type discharge integrated in the region as marked in (a). The
intensity of the glow-type discharge was multiplied by 10.

(FWHM) of the spark-type and glow-type discharge shown
in figure 10(a). The cross-section of intensity marked by a
rectangle in figure 10(a) was obtained and fitted by a Gaussian
function. The FWHM of the spark-type discharge is about
0.6 mm while that of the glow-type discharge is about 1 mm.
It is noted that only a few data points are available for the fitting
limited by the spatial resolution of the high-speed camera
(about 0.2 mm per pixel). In this case, the uncertainty of
FWHM is believed to be at least the same order of magnitude
of 0.2 mm.
This observation indicates that it is possible to manipulate
the gliding arc conversion from glow-type to spark-type by
controlling the local turbulence and a current restriction of the
ac power supply.

Figure 11. Average and single-shot OH-PLIF spatial distributions
in the gliding arc at different air flow rates (a) 14 SLM; (b) 17.5
SLM; (c) 21 SLM; (d) 31.5 SLM and (e) 42 SLM. The left panel
display average images while single-shot images are shown in the
right panel. The single-shot images are obtained using an exposure
time of 30 ns. The colour bar is in arbitrary units.

3.2. Effects of flow rate on OH distributions

presents both average and single-shot PLIF images of groundstate OH recorded at five different air flow rates. The average
images in the left panel are obtained by averaging 500 PLIF
images for each case. The exposure time of the ICCD camera
was set to 30 ns to suppress the gliding arc emission.
It is seen from the average images that the height, shape
and intensity of the ground-state OH vary as the flow rate
increases from 14 to 42 SLM. When the flow rate is lower than
21 SLM, ground-state OH can be detected in large quantities
even at a height of about 9 cm. However, when the flow rate

OH is believed to be produced in the gliding arc primarily due
to electron-induced dissociation of water vapour in the open
air [32, 33].
H2 O + e → OH + H + e
OH is one of the most important species for plasma chemistry
due to its high reactivity [34, 35]. PLIF techniques can be
applied to detect OH radicals in the ground-state that cannot
be measured through optical emission spectroscopy. Figure 11
7
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The thickness of the discharge emission has the same
order of magnitude (about 1 mm) as the FWHM shown in
figure 10(b). The discharge emission primarily comes from
the spontaneous emission of excited OH and N2 since the filters
(UG5 + WG295) with a transmittance curve shown in figure 14
were used. The ground state OH, distributed as a tube around
the conductive filament, is much thicker than the excited OH
signal from the plasma channel. The ground state OH thickness
at 17.5 SLM is up to 0.9 cm while the OH thickness at 42 SLM
is around 0.3 cm. Since the OH radical can only sustainably
exist in air at temperature higher than 1000 K, the distribution
of the observed OH agrees well with previous dc gliding arc
measurements [5] and a prediction of the hot-wire modelling
for a dc gliding arc [36].
Both figures 11 and 12 show that the OH intensity
decreases at higher flow rates, e.g. 31.5 and 42 SLM, which
may be due to the enhanced mass and heat transfer caused by
the stronger local turbulence.
Figure 12. Three typical single-shot OH-PLIF images obtained
using an exposure time of 2 µs, showing the OH distributions and
arc emission at two flow rates (a) 17.5 SLM, (b) 42 SLM. The
typical thickness of the OH distribution is labelled in the images
with unit of centimetres. The colour bar is in arbitrary units.

3.3. Effects of flow rate on UV emission

The UV emission of the gliding arc was analysed using an
ICCD based imaging spectrometer. The gliding arc was
operated in burst mode with a 10 Hz repetition rate and 20 ms
burst duration. The synchronization between the gliding
arc and the ICCD camera enables the emission to be more
frequently captured and still retain a short acquisition time,
rendering high spatial resolution. The delay time between the
driving signal of the gliding arc and the ICCD gate was mainly
set by a pulse generator (DG535) and fine adjustments were
made via a delay function in the ICCD camera software. An
exposure time of 5.3 µs was adopted to acquire the initial stage
of a half period (16 µs) of the ac driving voltage.
In order to obtain spatially resolved emission spectra
of the highly dynamic plasma column, one hundred singleshot spectral images were recorded by the ICCD-based
spectrometer setup. Emission was captured over a 1.4 cm
distance along the centreline between the two electrodes. The
heights of the gliding arc were significantly affected by the
shorting-cutting and the ignition events. The plasma column
could even be outside the field of view of the ICCD camera in
some single-shot images. Therefore, each single-shot image
was individually analysed to choose those properly caught for
further evaluations. The central line of the discharge emission
in the selected images was found, and the emission spectra near
the central line were averaged. Figure 13 shows a single-shot
spectral image of the gliding arc emission at 42 SLM. Emission
within 2 mm from the central line was selected for averaging.
The average optical emission spectra of the gliding arc are
shown in figure 14, where spectral features of NO γ (A-X), OH
(A-X) and N2 (C-B) are presented at all investigated air flow
rates. The intensities of NO γ (A-X), OH (A-X) and N2 (C-B)
are found to increase with the rising flow rates. Excited OH and
NO are very reactive species. Furthermore, NO is responsible
for the acid effects [37]. Hence, these two molecules are of
great importance in gliding arc applications.
As previously mentioned, the plasma column appears
brighter at high flow rates due to the glow-type to spark-type

is increased to 42 SLM, the OH PLIF signal is not present
for heights above 7 cm. These OH distributions correlate
well with the observed head heights of the plasma column
shown in figure 5. Furthermore, the OH signal tends to have
two separated maxima beside the central axis at lower flow
rates. On the contrary, the intensity distribution has a single
maximum on the central axis at 31.5 and 42 SLM. The shape
of the OH distribution at 14 and 42 SLM agrees well with
the emission shown in figure 1. The average ground-state
OH signal is stronger at the top of one of the electrodes at
lower flow-rates. The asymmetric intensity distribution in
the average images is most likely a three-dimensional (3D)
effect caused by a slight asymmetry in the propagation of
the plasma column driven by the turbulent jet flow above
the two electrodes, as indicated in the single-shot images in
figure 11. The single-shot OH-PLIF images in figure 11 show
a hollow structure of the distributions of ground-state OH
radicals locating around the hot plasma column [26].
Figure 12 shows three typical frames of single-shot OHPLIF distributions and arc emission at flow rates of 17.5 SLM
and 42 SLM, respectively. An exposure time of 2 µs was
used in order to simultaneously record OH distributions and
arc emission. The conductive plasma column, illustrated as a
bright string in figure 12, is a 3D thin wrinkling channel that
connects the two electrodes. The 100 µm thick laser sheet
crossed the plasma column vertically and illuminated only
part of the plasma column, where OH distributions in the thin
cross-section were illustrated in the collected PLIF images.
However, the simultaneously recorded bright string of the hot
core was the projection of the whole plasma column. From the
simultaneously recorded plasma emission and the OH PLIF,
one can see the OH distribution around the hot discharge core
in the shape of a hollow tube.
8
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Figure 13. Single-shot UV emission spectrum of the gliding arc at
42 SLM. The arc emissions near the central line with a height of
2 mm were selected for averaging. The colour bar is in arbitrary
units.

conversion of the gliding arc induced by turbulence. The sparktype gliding arc is hotter and closer to thermal equilibrium.
The average UV emission from the gliding arc at high flow
rates is dominated by the spark-type emission, while emission
captured at low flow rates is predominantly the glow-type
emission (as can be seen from figure 9). This is in agreement
with the previous plasma temperature measurements [38],
where N2 lines are much stronger at high temperatures close
to thermal equilibrium.

Figure 14. The average emission spectra of the gliding arc for
different flow rates. The spectra were measured at 4.8–6.2 cm
centred at 5.5 cm. The corresponding NO, OH and N2 lines are
labelled. The dashed line is the transmittance curve of the adopted
filters (UG5 + WG295) for OH-PLIF measurement.

4. Summary

Optical methods were employed in the present work to
experimentally investigate the effects of turbulent air flows
with different Re numbers and Kolmogorov lengths on a high
voltage ac gliding arc, which delivers a plume of cold plasma
with an input power of up to 1 kW. The results show that both
short-cutting events and ignitions take place more frequently at
higher air flow rates due to larger turbulent convection cooling
and stronger turbulent eddies and vortices.
Emission from a fully developed gliding arc and a newly
ignited arc simultaneously exist for 0.2–0.9 ms depending
on the flow rate. Conversions of glow-type to spark-type
discharge with a much brighter plasma column are more
frequent at the high flow rate.
Average PLIF results indicate that ground-state OH is
distributed further downstream at the higher position with
larger quantities at lower flow rates. Single-shot analysis
shows that OH radicals are distributed around the hot plasma
column like a hollow tube that is much wider (up to 0.9 cm)
than the gliding arc (about 0.1 cm) at low flow rates, while the
thickness of the OH distribution decreases to about 0.3 cm at
high flow rates.
It was also found that the emission intensity of NO (A-X),
OH (A-X) and N2 (C-B) increases at high flow rates due to
more frequent conversion to the thermal spark-type discharge.
Excited NO and OH were observed in the emission spectra of
the gliding arc at all flow rates, and therefore the gliding arc
can have oxidizing and acidic effects.
All the experimental results direct to the conclusion
that the interaction between the local turbulence and plasma
column can be used to effectively manipulate the gliding
arc operations of the present setup. A comprehensive
computational fluid dynamics modelling would be very
useful for a proper understanding and optimization of the
performance of gliding arcs.

3.4. Effects of turbulence

Some of the aforementioned experimental flow rate dependent
observations can be explained by the interaction of the gliding
arc and turbulence. A turbulent flow exhibits irregular and
non-uniform flow motion, which convects the gliding arc in
such a way that the conduction channel becomes rather twisted
and wrinkled. As the Re number increases, the Kolmogorov
length decreases and the wrinkling scales in the gliding arc
become smaller. Furthermore, turbulent eddies enhance the
transfer of heat and mass from the high temperature thin arc
filament to the surrounding cold air. With higher Re numbers,
the heat and mass transfer becomes stronger and the cooling
of the gliding arc is increased. This has two consequences:
first, the length of the gliding arc is kept short since the plasma
column cannot survive for long periods in the strong turbulent
environment, leading to quicker formation of new breakdowns
at the narrowest gap, cf. figure 5; second, once a new gliding
arc is formed the radicals and excited species, produced in
vicinity of the new extinguishing plasma channel, are cooled
and quenched more rapidly with high Re numbers, cf. figures 7
and 8. From table 1, it is seen that the two highest flow rate
cases have a Kolmogorov eddy much smaller in length scale
than the diameter of the plasma arc (which is around 1 mm
for glow-type discharge and around 0.6 mm for spark-type
discharge). It is expected that turbulence eddies can enter into
the high temperature arc and effectively transfer the heat and
mass between the high temperature region and the cold ambient
air. This explains the high instability of the two high flow
rate cases regarding their high frequency conversion between
the glow-type to spark-type discharge. This also explains the
rapid quenching of OH in the high flow rate case (figure 12),
which is likely similar to the OH recombination reactions at
low temperatures in a combustion system [39].
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Abstract. A gliding arc is a quenched plasma that can be operated as a non-thermal plasma at atmospheric
pressure and that is thus suitable for large-scale plasma surface treatment. For its practical industrial use
the discharge should be extended stably in ambient air. A simple analytical calculation based on Ohm’s law
indicates that the critical length of alternating current (AC) gliding arc discharge columns can be larger
than that of a corresponding direct current (DC) gliding arc. This ﬁnding is supported by previously
published images of AC and DC gliding arcs. Furthermore, the analysis shows that the critical length can
be increased by increasing the AC frequency, decreasing the serial resistance and lowering the gas ﬂow
rate. The predicted dependence of gas ﬂow rate on the arc length is experimentally demonstrated. The gap
width is varied to study an optimal electrode design, since the extended non-equilibrium discharge can be
extinguished due to the ignition of an arc discharge at the closest electrode gap. It is experimentally found
that as the gap is wider, the discharge column tends to be longer.

1 Introduction
Surface modiﬁcation with a non-thermal plasma is useful for adhesion improvement of polymers, because it can
simultaneously clean the surfaces, remove weak surface
domains, roughen the surfaces, and introduce polar functional groups that can enhance wetting and interaction
with adhesives [1]. Non-thermal plasmas are often generated at low pressures, but they can also be generated
at atmospheric pressure [2], obviating vacuum equipment
and permitting continuous treatment [3,4] and treatment
of large objects [5–7]. It has been shown that a variety
of surface treatment methods performed in low pressure
plasmas are also achievable at atmospheric pressure [2].
A gliding arc is a quenched plasma that can be operated as a non-thermal plasma in air at atmospheric
pressure and can thus be used advantageously and economically for large-scale plasma processing. It can treat
surfaces of bulky objects and is useful for adhesion improvement of materials in industrial processing [5–10]. A
gliding arc is ignited as a thermal arc discharge at the
closest gap between diverging electrodes and is quickly
quenched to non-thermal conditions while it is extended
by a gas ﬂow [11–16]. It is often operated using a direct
current (DC) [12–16], but an alternating current (AC)
can also be used for generating a gliding arc [5–7,17–21].
a

e-mail: yuki@dtu.dk

The performance of a gliding arc is studied in terms of energy balance [13,22–24], force balance [25–27], and electric
circuits [13,28].
The plasma string model [22,23] is based on an energybalance equation at the equilibrium phase of a gliding
arc [13], taking a small part of the discharge column and
neglecting turbulent eﬀects and radial convection for a
steady state analysis. The simpliﬁed form of the governing
equation corresponds to the Elenbass-Heller equation [29].
It is shown that physical parameters such as the electrical
ﬁeld, conductivity, temperature and radius of the gliding
arc can be accurately described using simple assumptions
and the simple physical model. Dalaine et al. [24] reports
that at low ﬂow rates the Elenbass-Heller equation can be
used, but that quick variations of voltage should be taken
into account at high ﬂow rates.
It is desirable in many applications that a gliding arc
is not blown away in a short time but stays in a same
location for the eﬃcient use of energy introduced to the
plasma. The balance of forces acting on the plasma column has been studied, comparing the force due to the
velocity diﬀerence between the plasma column and the
surrounding gas to gravity [25] or the Lorentz force with
the existence of a magnetic ﬁeld [26,27].
Spatial ﬂuctuation of gliding arcs is investigated experimentally [18,30,31]. It is challenging to study movement and spatial ﬂuctuation of the gliding arc, considering the momentum balance in terms of ﬂuid dynamics.
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Due to the turbulent ﬂow of the surrounding gas and nonlinear nature of the governing equations, the spatial ﬂuctuation of a gliding arc is apparently random. In addition,
even if a gliding arc ﬂuctuates spatially, it can be stably
sustained without extinction or ﬂuctuation of discharge
modes.
Stability of a DC gliding arc and its implication of
the transition from thermal to non-thermal discharge have
previously been discussed using a circuit theory [13–15]. It
is assumed that a speciﬁc power dissipated from the discharge per unit length, W , is constant at a ﬁxed gas ﬂow
rate [13–15]. Experimental data supports this assumption [22,23]. It can be said that the eﬀect of the spatial
ﬂuctuation is indirectly included in this parameter. Neglecting a self-inductance, Ohm’s law can be written in
the form [13–15]
V = RJ +

Wl
J

(1)

√
V 2 − 4W lR
.
(2)
2R
Here, V is the voltage applied from the power supply, R is
the serial resistance, J is the current, and l is the length
of the DC gliding arc discharge column [13–15]. Electrode
fall voltages can be up to approximately 300 V [16,32,33]
and are thus assumed to be negligible. The solution with
J > V /2R corresponds to the steady-state regime of the
DC gliding arc whereas the solution with J < V /2R
has negative diﬀerential resistance of the circuit dV /dJ
and corresponds to the unstable regime [13,14]. When the
length of the discharge column increases and the discriminant of equation (2) approaches zero, the discharge evolution in equilibrium is terminated. This occurs at a critical
length lcrit-dc ,
and thus

J=

V ±

l  lcrit-dc =

V2
.
4W R

(3)

It is reported that if the length of the DC gliding arc discharge column exceeds the critical value of equation (3)
(critical length in the thermal regime), a fast transition
from thermal to non-equilibrium state with diﬀerent discharge parameters takes place [13,14]. Namely after the
transition the gas in the DC gliding arc rapidly cools while
the electron temperature increases due to the increase of
the electric ﬁeld strength (non-thermal regime). This posttransition period is potentially useful, since only in this
period the gas temperature is low enough so as to be applicable in a variety of general material processing techniques. It is reported that after the transition, the critical
length in the non-thermal regime can be approximately
three times larger than the critical length in the thermal
regime before the transition, since the energy dissipation
from the DC gliding arc can be approximately three times
smaller due to the lower gas temperature after the transition [13,14]. However, this post-transition period could
constitute only a small portion of the total DC gliding
arc cycle time [15], limiting the practical application of

DC gliding arc discharges. It is reported that when the
current is as low as 0.2 A, the speciﬁc power dissipated
from the discharge per unit length may not be constant
for a DC gliding arc, and that the discharge would be sustained by an electric ﬁeld for ionization [16]. It is on the
other hand reported that introduction of a self-inductance
of the circuit L into the DC gliding circuit decelerates the
rate of current decrease and prolongs the evolution time of
the non-equilibrium DC gliding arc [13,14]. Equation (1)
is replaced with [13,14]
V = RJ +

dJ
Wl
+L .
J
dt

(4)

The inﬂuence on the critical length of the DC gliding arc
has not been studied until now.
In the present work, this simple nonlinear model
(Eq. (4)) is used to study the stability and critical length
of an AC gliding arc in a non-thermal regime analytically.
While this model was exclusively used for a DC gliding
arc [13,14], it has never been employed for AC gliding
arcs. The AC gliding arc presented here is characterized by
the long extension of the plasma column of approximately
20–30 cm. It does not extinguish each half period but can
survive over hundreds of AC periods after which the discharge is terminated by a new ignition at the closest gap
between the electrodes. Furthermore, it can be extended
in any direction in ambient air, depending on the direction of the gas ﬂow. Including the inductive term in equation (4) is appropriate so as to describe the sustainability
of the AC gliding arc over AC periods. This AC gliding
arc is unique and signiﬁcantly useful for surface modiﬁcation, since three-dimensionally shaped bulky structures
can be easily treated, and the energy consumption of the
plasma is mainly used for sustaining a non-equilibrium
plasma instead of arc ignition. The current waveform can
be approximated by a sinusoidal form [18], which allows
detailed analytical study of the model for the ﬁrst time.
From this analysis, it is found that the performance of AC
gliding arcs is signiﬁcantly diﬀerent from that of the DC
gliding arcs, showing a good agreement with the observed
diﬀerence of the general performance of the DC and AC
gliding arcs.

2 Stability analysis of an AC gliding arc
Recent publications indicate that an AC gliding arc driven
at a high frequency (30−40 kHz) can be stably extended
from the edges of the electrodes up to several centimetres
in the post-transition period [17–19]. The AC gliding arc
reported in references [17–19] is characterized by a long
lifetime of the elongated discharge column over several
hundreds of sinusoidal AC periods between consecutive
ignitions [18]. A typical achievable length of the AC gliding arc discharge column can be approximately 20−30 cm
which is unique and practically useful for non-thermal
plasma surface treatment of bulky substances [17–19]. In
terms of AC gliding arcs, Dalaine et al. [20,21] also studied a pulsed or sinusoidal 50 Hz gliding arc [20,21] and a
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Fig. 1. Photos of the AC gliding arc I at diﬀerent gas ﬂow rates: (a) 14 standard litre per minute (SLM), (b) 17.5 SLM,
(c) 21 SLM, (d) 31.5 SLM and (e) 42 SLM. The upper images are acquired by a normal camera using an automatic exposure
time, showing how humans perceive the gliding arc. The lower images are captured by a high-speed camera using an exposure
time of 13.9 µs and reveal the plasma column just before extinction.

square-wave 25 kHz gliding arc [21] for H2 S destruction.
Successive photographs of the moving 25 kHz gliding arc
with a 5 ms interval, corresponding to 125 periods of the
square wave, indicate that the gliding arc may not extinguish after every half period [21]. However, it is noted that
the maximum length of the plasma column looks at least
several times shorter than that of the AC gliding arcs in
the present study, and thus the AC gliding arcs in references [20,21] cannot be eﬃciently used for the application
of surface modiﬁcation.
In the present work, the gliding arc was ﬁrst generated between two diverging stainless steel tubular electrodes that were separated by approximately 5 mm at the
closest gap between them (AC gliding arc I). The outer diameter of the tubular electrodes is 3 mm. The gliding arc
was also generated between 6 mm outer-diameter stainless
steel tubular electrodes on which blade-shaped stainless
steel pieces were welded (AC gliding arc II) [17]. The closest gap between the blade-shaped pieces is variable from 2
to 8 mm. In both cases, the tubular electrodes were cooled
internally by a water ﬂow. Air ﬂow was fed between the
electrodes to cool and extend the discharge. The gliding
arcs were driven by an AC power supply (Generator 6030,
SOFTAL Electronic, GmbH) at a frequency of 31.25 kHz.
The voltage and the current were measured with a highvoltage probe and a 1.45 Ω resistor (R), respectively. A
detailed description of the experimental setup is presented

elsewhere [17–19]. It is observed that the behaviour of the
gliding arc is aﬀected by the movement of the gas around
the discharge and that the plasma column tends to be
longest when blown upwards in the direction of buoyancy
for heated gas. When it is blown downwards against the
direction of buoyancy, mixing of the gas and subsequently
cooling of the plasma are enhanced and thus the plasma
column would be shorter. In the following experiment, the
gas ﬂow is kept upward. The behaviour of the gliding arc is
also aﬀected by the gas ﬂow. Photos of the AC gliding arc I
at various gas ﬂow rates are shown in Figure 1. The upper
photos were taken by a normal video camera (Canon. IXY
DV M2) with an automatic exposure time, corresponding
to apparent visual images of a bulky plasma. However,
the real dynamics of the gliding arc can be captured by
a high speed camera (Photron Fastcam SA5) [18], represented by a thin plasma column of the lower row of photos
in Figure 1. The photos in the lower row are the last acquired images before extinction of the discharge column
at diﬀerent ﬂow rates. As the framing rate was 20 kHz,
the discharge extinguishes at most 50 μs after the time of
these images. As the movement of the plasma column is
negligible, within this timeframe, these images show the
maximum achievable length of the plasma column at each
ﬂow rate. It is seen that the maximum achievable length
of the discharge column tends to decrease as the gas ﬂow
rate increases.
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(a)

(b)

(c)

(d)

(e)
Fig. 2. Typical voltage (smooth and thick line) and current (rather irregular thin line) waveforms of the AC gliding arc I at
diﬀerent gas ﬂow rates: (a) 14 SLM, (b) 17.5 SLM, (c) 21 SLM, (d) 31.5 SLM and (e) 42 SLM.

When the gliding arc I is generated with an AC power
supply at an angular frequency ω = 2π × 31.25 kHz, the
measured photoemission intensity from the gliding arc oscillates at the angular frequency 2ω [18], because the energy dissipated from the discharge reaches its maximum
in each half period.
Figure 2 shows typical voltage and current waveforms
of the AC driven gliding arc I at diﬀerent gas ﬂow rates.
At the gas ﬂow rates between 14 and 21 SLM, they

approximately follow sinusoidal forms apart from occasional small spiky currents which correspond to arc ignitions or short cutting events [18]. A phase-shift δ of the
current from the voltage is seen. The current waveform indicates that the spiky current does not appear every half
period and that the gliding arc discharge survives over several hundreds of periods at the lower gas ﬂow rates. This
indication was supported by the observations of the evolution of the discharge columns [18]. On the other hand,
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(a)

(b)

(c)

(d)

(e)
Fig. 3. Fourier transform spectra of the current of the gliding arc I at diﬀerent gas ﬂow rates: (a) 14 SLM, (b) 17.5 SLM,
(c) 21 SLM, (d) 31.5 SLM and (e) 42 SLM.

at the gas ﬂow rates of 31.5 and 42 SLM, the current
waveforms involve sinusoidal-like waveform and frequent
intense spiky current. Due to the intense spiky current,
the voltage waveforms are also deformed.
These observations are clearly illustrated by Fourier
transform spectra of the current at diﬀerent gas ﬂow
rates as shown in Figure 3. At the lower gas ﬂow rates,
a dominant peak appears at the oscillation frequency of
31.25 kHz, whereas the frequency is less well deﬁned at
higher gas ﬂow rates where the noisy background becomes

signiﬁcant. It is indicated that at higher ﬂow rates, the discharge modes tend to ﬂuctuate more frequently, since the
electrical impedance diﬀers signiﬁcantly at diﬀerent discharge modes primarily due to the change of the speciﬁc
power dissipated from the discharge per unit length, W .
This may be indirectly induced by the spatial ﬂuctuation
of the plasma column.
An electrical scheme of the AC gliding arc in the
present work is shown in Figure 4. It is assumed that
the self-inductance of the circuit is dominated by that of
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For real solutions the discriminant must be positive or
zero. In addition, the amplitude of the current Jo must be
positive.
Three diﬀerent cases are discussed that depend on the
relative values of tan δ and the ratio of the characteristic
time of the AC power supply ω −1 and that of the electrical
circuit L/R. Namely tan δ can be equal to, larger than or
smaller than R/ωL. If
tan δ =
Fig. 4. Electrical scheme of the AC gliding arc.

R
,
ωL

(12)

equation (10) can be reduced to:
the discharge column due to the long extension and signiﬁcant ﬂuctuation of the discharge column. It is also assumed that voltage and current waveforms are sinusoidal.
The deviation from the sinusoidal waveform at higher gas
ﬂow rate will be discussed later. Since the measured photoemission intensity from the gliding arc oscillates at the
angular frequency 2ω [18], it is realistic to assume that
the speciﬁc power dissipated from the discharge per unit
length W of the AC gliding arc is not constant but oscillates at the angular frequency of 2ω.
The supply voltage at the powered electrode V , the
current J and the speciﬁc power dissipated from the discharge per unit length W in equation (4) can be replaced
with
V = V0 eiωt

(5)

J = J0 ei(ωt+δ)

(6)

W = W0 ei(2ωt+φ)

(7)

where V0 , J0 and W0 are amplitudes and δ (|δ| < π/2,
and thus cos δ > 0) and φ are phase shifts. Substitution
of equations (5)–(7) into equation (4) yields
V0 = RJ0 eiδ +

W0 l i(φ−δ)
e
+ iωLJo eiδ .
J0

(8)

Hence the phase shift of the speciﬁc power dissipated from
the discharge per unit length is obtained:
tan φ =

V0
J0
V0
J0

sin δ − R sin 2δ − ωL cos 2δ
cos δ − R cos 2δ + ωL sin 2δ

.

(9)

Here it is noted from equation (9) that the phase shift of
the speciﬁc power dissipated from the discharge is independent of the power dissipated from the discharge per
unit length (W ) and of the discharge length.
The real part of equation (8) is:
V0 = RJ0 cos δ +

W0 l
cos (φ − δ) − ωLJo sin δ.
J0

(10)

V0 J0
.
W0 l

cos (φ − δ) =

(13)

After some calculations,

tan φ =

ωL
R


+

ω 2 L2
R2

+

V02 J02
W02 l2

V02 J02
W02 l2



 ω 2 L2
R2

ω 2 L2
R2


 12
+1 −1


+1 −1

.

(14)

Further, if
R
(15)
ωL
namely if the ratio of the characteristic time of the AC
power supply 1/ω to that of the electrical circuit L/R is
smaller than tan δ, then
tan δ >

cos (φ − δ) > 0

(16)

in order to have a positive solution in equation (11). In
this case, the discriminant is always positive, and there
exists the following positive solution for J0



R
cos (φ − δ)
−V0 + V02 + 4ωLW0 l cos δ tan δ − ωL


J0 =
.
R
2ωL cos δ tan δ − ωL
(17)
Therefore, a critical length does not exist under
condition (15).
In the last case, if
tan δ <

R
,
ωL

(18)

at least one positive solution exists in equation (11) as
long as the discriminant is positive or zero.
When
cos (φ − δ)  0,
(19)

the discriminant is always positive, and there would again
be no critical length. When
The general solutions of equation (10) are



cos (φ − δ) > 0
(20)
R
cos (φ − δ)
−V0 ± V02 + 4ωLW0 l cos δ tan δ − ωL


.
J0 =
V02
R
2ωL cos δ tan δ − ωL
R

l
= lcrit , (21)
4ωLW0 cos δ ωL
− tan δ cos (φ − δ)
(11)
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or
W0 =

1
V02
.
lcrit 4 cos δ (R − ωL tan δ) cos (φ − δ)

(22)

A critical length exists under this condition. If the voltage V0 increases or the resistance R decreases, the critical length will increase. In addition, as the angular frequency ω increases, the critical length steadily increases
as long as condition (18) is still valid.
Dalaine et al. compared 50 Hz and 25 kHz gliding
arcs [21] and concluded that the discharge column is longer
at a lower frequency, contradicting the present work. However, the voltage waveform, used by Dalaine et al., at 50 Hz
was a pulsed wave whereas a square voltage waveform was
used at 25 kHz. Therefore, results presented by Dalaine
et al. cannot straightforwardly be compared to the current
results since the present study assumes sinusoidal waves.
Hence, the resulting current waveforms are distinctively
diﬀerent due to the diﬀerent waveforms at the two diﬀerent frequencies that were investigated by Dalaine et al.
It is suggested that these diﬀerences aﬀect the discharge
elongation dynamics.
In the present work the gliding arc is generated with
the approximately sinusoidal AC operation. The discharge
column elongates most when its foot points are almost
ﬁxed at the electrodes [18], and the ratio of the discharge
column length to the distance between the foot points can
be up to approximately 10 (see Fig. 1), when the discharge
column is blown into ambient air reaching far beyond the
electrodes. On the other hand, the successive photos of
the gliding arc presented by Dalaine et al. [21] show that
the foot points of the discharge slide on the electrodes, the
discharge column is always between the electrodes, and the
ratio of the discharge column length to the distance never
exceeds about 1−3. The much larger extension length of
the AC gliding arc in the present work compared to that of
Dalaine et al. [21] indicates that the discharge mechanisms
between these two works might be signiﬁcantly diﬀerent,
leading to diﬃculty in direct comparison of the results.
Meanwhile, it can be predicted that the speciﬁc power
dissipated from the discharge per unit length W0 will increase when the gas ﬂow rate increases. It is thus predicted from equations (21) and (22) that if the gas ﬂow
rate increases, the critical length will decrease. The maximum projected length of the gliding arc discharge column lmax was obtained from the two-dimensional photos
of the gliding arc discharge [18]. This projected length in
the two-dimensional photo plane is always shorter than
the actual length in three dimensions. Nevertheless, it is
reasonable to use the projected length as experimentally
accessible measure as it should be roughly proportional to
the actual length. The supply voltage V0 was measured
at the ﬁxed resistance R (1.45 Ω). The maximum projected length of the gliding arc discharge column lmax and
V02 /lmax at diﬀerent air ﬂow rates at a ﬁxed frequency
(31.25 kHz) is shown in Figure 5. Here equation (22) indicates that V02 /lmax is proportional to W0 . Assuming that
the maximum projected length of the discharge column
is proportional to a critical length, the measured results

Fig. 5. The maximum projected length of the gliding arc discharge column lmax (solid square) and V02 /lmax (open triangle)
at diﬀerent air ﬂow rates. For a visual aid, they are connected
by a solid line and a broken line, respectively.

suggest that the critical length tends to decrease and W0
to increase with increasing gas ﬂow rates in accordance
with the predictions based on equations (21) and (22).
Taking the ratio of lcrit in equation (21) to lcrit-dc in
equation (3) and assuming that V and W in equation (3)
are equal to V0 and W0 in equation (21),
lcrit

=
lcrit dc
cos δ 1 −

ωL
R

1

> 1.
tan δ cos (φ − δ)

(23)

Under these assumptions if a critical length exists for the
AC driven gliding arc, it is always larger than that of a
corresponding DC driven gliding arc. This result is supported by the fact that the DC gliding arcs reported in
the literature typically have shorter extension lengths than
the AC gliding arcs [5–7,17–19].
It is observed that the length of the gliding arc is limited by two mechanisms: either the plasma current suddenly ﬁnds a shorter path in short-cutting events [18] (also
called back breakdown [30]) or the next discharge ignites
at the closest gap g of the electrodes. It is observed that
the magnitude of the voltage V0 increases as the length
of the discharge column l increases [15]. Once the voltage
reaches the value at which the next gas breakdown occurs at the closest gap, the extended gliding arc will be
extinguished [34]. It is therefore possible that the measured maximum length might be shorter than the achievable length predicted by equation (21). If the width of
the closest gap increases at a ﬁxed gas ﬂow rate, the model
suggests that the ignition voltage also increases so that the
gliding arc can be further extended. However, depending
on a speciﬁcation of a high voltage power supply, there is
a limitation of achievable maximum voltage at or below
which initial gas breakdown should occur in order to generate a gliding arc. Therefore an optimum gap gopt exists
practically. If g > gopt , the initial gas breakdown cannot
occur. If g < gopt , arc discharge can be more easily ignited at the closest gap so that the extended gliding arc
can be extinguished. By tuning the width of the closest
gap, the discharge length l might be further increased.

Page 8 of 9

Eur. Phys. J. D (2014) 68: 319

Fig. 6. Photos of the AC gliding arc II for the gaps of 2, 4, 6 and 8 mm taken by the normal video camera with an automatic
exposure time. Frequency: 31.25 kHz, gas ﬂow rate: 14 SLM, power: approximately 800 W.

Fig. 7. Measured projected length of the plasma column for
the electrode gaps of 2, 4, 6 and 8 mm. The projected length
is measured using the images taken by a normal video camera.

In order to verify the concept of the optimum gap experimentally, the gap between the electrodes of the gliding
arc II was varied from 2 mm to 8 mm. Figure 6 shows
photos of the AC gliding arc II taken by the normal video
camera with an exposure time of 33.3 ms. The driving frequency was 31.25 kHz, the gas ﬂow rate was 14 SLM, and
power was approximately 800 W. The projected length
of the discharge column at diﬀerent gaps was measured
using the images taken by the normal video camera, as
shown in in Figure 7. As the gap increases, the gliding arc
tends to be longer and the projected length approaches to
a saturated value of approximately 11 cm, while the photoemission decreases in the region between the electrodes.
It is noted that the error bar of the projected length is
much smaller compared with our previous work [31] due
to diﬀerent cameras used in the experiments.
Measurements of optical emission spectroscopy (OES)
were performed using an optical ﬁbre and a spectrometer

equipped with a grating with 3600 grooves/mm and a
CCD camera (PI-MAX 1024, Princeton Instruments). The
photoemission of the gliding arc II at several cm above the
edge of the electrodes was collected as shown in Figure 8.
The OES includes NO, OH and N2 bands. The photoemission intensity increases as the gap increases, whereas
the relative intensities of the emission from these diﬀerent
bands are approximately the same. The chemical composition of the photo-emitting species is therefore independent
of the gap width. These results in Figures 6–8 mean that
smaller gaps favour arc ignition but suppress extension
of the plasma column. On the other hand, when the gap
is too large, the discharge would not ignite. It is therefore
experimentally concluded that an optimal gap exists to efﬁciently extend the gliding arc discharge. In order to fully
determine the diﬀerence between the critical length and
the maximum length of the gliding arc before extinction,
parameters such as gas ﬂow dynamics, gas temperature,
geometrical aspects, and electrode materials need to be
further considered.

3 Conclusion
A stability analysis of the AC driven gliding arc discharges
is carried out. It is indicated that the phase shift of the
speciﬁc power dissipated from the discharge is independent of the discharge length and the power dissipated from
the discharge per unit length. The condition of the critical
length of the gliding arc can be discriminated by the relation between the phase shift of the discharge current to the
ratio of the characteristic time of the AC power supply to
that of the electrical circuit. The calculation indicates that
the AC gliding arc discharges can be preferably extended
when the AC frequency increases, the serial resistance decreases and the gas ﬂow rate is lowered. The suggested
dependence of the maximum achievable discharge extension on the mass ﬂow rate is demonstrated experimentally.
Furthermore it is found that the critical length of an AC

Eur. Phys. J. D (2014) 68: 319

Fig. 8. OES of the gliding arc II for the gaps of 2, 4, 6 and
8 mm.

gliding arc would be longer than that of a corresponding DC gliding arc supported by a survey of previously
published images of AC and DC gliding arcs in the literature. It is indicated that the length of the gliding arc
discharge can be further extended by tuning the gas breakdown condition at the closest gap between the electrodes.
This work is ﬁnancially supported by the Swedish Energy
Agency and Knut Alice Wallenberg Foundation.
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Abstract
During atmospheric pressure plasma treatment, reactive species generated in the plasma diffuse through
a boundary gas layer which is adsorbed at the material surface. Many of the reactive species become inactivated before reaching the surface due to their short lifetime. The efficiency of plasma treatment can
be highly enhanced by simultaneous high-power ultrasonic irradiation of the treating surface, because the
delivered acoustic energy can reduce the thickness of the boundary gas layer. Here surfaces of glass-fibrereinforced polyester (GFRP) plates were treated using an atmospheric pressure dielectric barrier discharge
in helium with ultrasonic irradiation, particularly for the adhesion improvement. The ultrasound was irradiated through a powered mesh electrode using a high-power gas-jet ultrasonic generator. The discharge
mode changed from glow to filamentary by the ultrasonic irradiation. The surface characterizations were
performed using contact angle measurements, X-ray photoelectron spectroscopy (XPS) and atomic force
mictroscopy (AFM). O/C ratios at the GFRP surfaces before the treatments, after 30-s plasma treatment,
and after 30-s plasma treatment with ultrasonic irradiation were 0.295, 0.385 and 0.447, respectively. This
indicated that the plasma treatment oxidized and roughened the GFRP surface, and the ultrasonic irradiation
further enhanced the oxidation. It is concluded that plasma treatment efficiency for adhesion improvement
of GFRPs is enhanced by the ultrasonic irradiation.
© Koninklijke Brill NV, Leiden, 2010
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1. Introduction
Plasma surface modification is attractive because of its environmental compatibility and high treatment efficiency without affecting the textural characteristics of the
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bulk materials [1]. This kind of plasma is generally obtained at low pressures. The
plasma surface modification at a low pressure, however, suffers from the drawbacks
that it requires expensive vacuum system, and is only well-developed for batch
or semi-batch treatment. To overcome these drawbacks, plasma processing at atmospheric pressure can be used [2], avoiding the need for vacuum equipment, and
permitting the treatment of large objects and continuous treatment on production
lines [3–6]. In atmospheric pressure plasma sources, a dielectric barrier discharge
(DBD) is generated between electrodes covered with dielectrics by applying a time
varying voltage. Advantages of a DBD include its compactness, low-cost, and stable operation [7].
Atmospheric pressure plasma surface modification is generally performed by
feeding a process gas into the plasma. However, even when the motion of gas is
fully turbulent, a boundary gas layer sticks at a material surface. Reactive species
such as ions, electrons, high-energy neutrals and radicals generated in the plasma
diffuse through the boundary gas layer and activate, interact and/or react with the
surface. Due to the short lifetime of these species, only a small fraction can reach
the surface. It is reported that powerful ultrasonic waves with a sound power level
(SPL) above approximately 140 dB can reduce the thickness of the boundary gas
layer [8], and that the treatment efficiency of atmospheric pressure plasma can be
highly enhanced by simultaneous high-power ultrasonic irradiation of the treating
surface [9, 10]. It is because the acoustic energy can be delivered efficiently at
high gas pressures which reduces the thickness of the boundary gas layer. As a
result, more reactive species generated in the plasma can reach the surface before
becoming inactivated, and can be utilized for surface modification efficiently.
Combinations of a plasma and ultrasonic waves have been investigated for
understanding the interaction between plasma and ultrasound [11–16], electrical
discharge machining [17], plasma etching [18], ozone generation [19, 20], decomposition of volatile organic compounds [21], improvement of charging performance
of corona chargers [22], and surface modification [9, 23]. Electrical discharge machining is a manufacturing process with which a wanted shape of an object is
obtained using electrical discharge plasmas. Ultrasonic waves at a material surface are often generated by vibrating the material using a piezoelectric or other
solid state electro-acoustic transducer. However, due to the significant difference
in acoustic impedances between a solid and a gas (acoustic impedance mismatch),
most of the generated acoustic power by such a transducer cannot be transmitted
into the surrounding gas, and is converted into thermal energy instead. Therefore,
ultrasound generated by such a transducer cannot efficiently reduce the thickness of
the boundary gas layer at a material surface. On the other hand, a high-power gasjet ultrasonic generator excites acoustic waves directly in a gas without acoustic
impedance mismatch. Furthermore, it can generate at least one order of magnitude higher acoustic power than any electro-acoustic transducer, and the powerful
acoustic waves are capable of eliminating the boundary gas layer [8].

Y. Kusano et al. / Journal of Adhesion Science and Technology 24 (2010) 1831–1839

1833

Glass-fibre-reinforced polyester (GFRP) materials, due to their high strengthto-weight ratios and corrosion resistance, are used for a variety of applications in
civil engineering, aerospace and automobile industry [24], as well as medical and
dental applications [25]. Adhesives are often required for joining these materials to
components fabricated from similar GFRPs or other types of materials. GFRPs usually have smooth surfaces composed mainly of the polymeric matrix materials with
low surface energies. Therefore, an adhesive joint usually requires careful surface
preparation prior to adhesive bonding. Mechanical roughening has conventionally
been applied for the surface preparation of GFRPs [26]. However, it needs laborious abrasion followed by solvent cleaning prior to adhesive bonding for achieving
high joint strength. Thus plasma surface modification can be a good alternative for
this application [27, 28]. It is reported that the adhesion strength of the surface after
2-s plasma treatment with vinylester resin was comparable to or higher than that
achieved by the conventional mechanical abrasion method.
In the present preliminary work, the surfaces of GFRP plates are treated using
an atmospheric pressure DBD in helium with and without ultrasonic irradiation
for adhesion improvement. The treated surfaces are characterized using contact
angle measurements, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy (AFM).
2. Experimental Methods
GFRP plates were cut from a 2-mm thick commercial G-Etronax PM material which contains 35–40 wt% glass fibres (Elektro-Isola, Vejle, Denmark.
http://www.elektro-isola.com/Products/sheets.htm). They were cleaned and degreased with acetone and methanol. However, for XPS analysis they were ultrasonically cleaned in acetone for 2 × 5 min and in methanol for 5 min before surface
treatment. An atmospheric pressure DBD was used to treat the GFRP plates. The
plasma was generated between two parallel plane electrodes and driven by an AC
(approximately 40 kHz, 100 W) power supply (Generator 6030. SOFTAL Electronic GmbH, Germany). A schematic diagram of the setup is shown in Fig. 1. The
discharge voltage and current were measured with a high voltage probe (PPE20kV,
LeCroy) and a 50  current-viewing resistor, respectively. The ground aluminium
electrode (50 mm × 50 mm) was water cooled and covered with an alumina plate
(100 mm × 100 mm × 3 mm), while the powered aluminium electrode (50 mm ×
50 mm) had a 42 mm diameter perforated hole covered with a steel mesh. A 40 mm
inner diameter poly(methyl methacrylate) (PMMA) waveguide was attached above
the powered electrode for the introduction of ultrasound. A high-power gas-jet ultrasonic generator (SonoSteam® , FORCE Technology, Denmark) was placed near
the top of the waveguide. The frequency diapason of the ultrasound ranged between
20 and 40 kHz, and the SPL was approximately 150 dB at the GFRP surface. The
plasma gas and ambient air were separated using a thin polyethylene film clamped
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in the waveguide. Helium gas was fed into the plasma at a flow rate of 3 l/min. Each
GFRP plate was exposed to the DBD for 0, 5, 10, 30, 60, 120 or 300 s.
Contact angles were measured with deionized water and glycerol in air at room
temperature both before and after the plasma treatment for evaluation of the surface
energy using a contact angle measurement system (CAM100. Crelab Instruments
AB, Sweden). The polar component of the solid surface energy of the GFRP plates
was determined by the two-liquid geometric method [27, 29–32], namely by solving
the simultaneous equations [33, 34]:
1/2
 d
 p
p 1/2
· γSd
+ 2 γLi · γS
, i = 1, 2,
(1 + cos θi ) · γLi = 2 γLi
p

where θ is a measured contact angle, γLd and γL are dispersion and polar components of the surface energy of test liquids, γL is the surface energy of test liquids,
p
and 1 and 2 denote deionized water and glycerol. γLd and γL are 21.8 and 51 mJ/m2
for deionized water [35], and 34 and 30 mJ/m2 for glycerol [36].
XPS data were collected using a micro-focused, monochromatic Al Kα X-ray
source (1486.6 eV) with a lateral resolution of 30 µm (K-alpha, ThermoFischer
Scientific, UK) to study the changes in elemental compositions and the functional groups on the GFRP surfaces. Atomic concentrations of all elements were
calculated by determining the relevant integral peak intensities using the Shirley
background. A high resolution analysis was performed on the carbon 1s (C1s ) and
oxygen 1s spectra (pass energy 25 eV) acquired over 30 scans. The binding energies
were referred to the hydrocarbon component (C–C, C–H) at 285 eV. The spectra
were deconvoluted through curve fitting, taking purely Gaussian components with
linear background subtraction. The full-width at half-maximum (FWHM) for all
peaks of C1s was constrained to 1.3 eV. The average roughness of the GFRP sur-

Figure 1. Diagram of the DBD setup with a high-power gas-jet ultrasonic generator.
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faces was evaluated by AFM (XE-150, PSIA, USA) in Milli-Q water (Millipore
Corp. USA) in the contact mode. It is defined as the arithmetic mean deviation of
the surface heights from the mean line through the profile [37].
3. Results and Discussion
The waveforms of voltage and current in the helium DBD without ultrasonic irradiation are shown in Fig. 2(a). The current waveform shows a few narrow spikes in
each excitation, indicating that a glow discharge was generated [38]. When the ultrasound was irradiated onto the DBD, a higher voltage was required to sustain the
plasma at the same power than the plasma without ultrasonic irradiation. In addition, formation of a filamentary discharge was observed with ultrasonic irradiation.
It can be identified with complex spiky current waveforms of micro-discharges as
shown in Fig. 2(b).
The treatment drastically changed the GFRP surface wettability. The water contact angle on the GFRP plate was ∼84◦ before the treatment, dropped markedly
to around 30◦ after 5-s plasma treatment without ultrasonic irradiation, and tended
to decrease further after longer treatments as shown in Fig. 3. Ultrasonic irradiation during plasma treatment consistently improved the wettability. The treatment
also changed the polar component of the surface energy. It was 12.1 mJ/m2 before
the treatment, between 58 and 67 mJ/m2 after plasma treatment without ultrasonic

Figure 2. Voltage and current waveforms and their products for He DBD without (a) and with ultrasonic irradiation (b).
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Figure 3. Water contact angle before and after plasma treatment with (circle) and without (triangle)
ultrasonic irradiation.

Figure 4. Polar component of surface energy before and after plasma treatment with (circle) and
without (triangle) ultrasonic irradiation.

irradiation, and between 68 and 73 mJ/m2 after plasma treatment with ultrasound
irradiation as shown in Fig. 4. The polar component of the surface energy increased
with ultrasonic irradiation, but it was insensitive to the treatment time. Similar result was reported for GFRP composites treated with atmospheric pressure dielectric
barrier discharge [27].
XPS survey analysis was carried out to analyze the elemental composition of
the GFRP surfaces before and after the 30-s treatments with and without ultrasonic irradiation. The results are summarized in Table 1. After the treatment without
ultrasonic irradiation, the oxygen content increased approximately 5%, indicating
the introduction of oxygen containing polar functional groups on the surfaces. Ultrasonic irradiation further enhanced oxidation at the surface. Although the mesh
electrode was exposed to the plasma during treatment, contamination from the electrode is not apparent. Since Si contents at the treated and untreated surfaces were
negligible, the surfaces of the GFRPs were almost covered with the polyester matrix and thus most of the glass fibre surfaces were not exposed to the plasma. It is,
therefore, unlikely that the glass fibre surfaces were modified during the treatment.
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Table 1.
Elemental composition (at%) and O/C ratio at the GFRP surfaces characterized by XPS
Treatment

Untreated
Plasma, 30 s
Plasma + ultrasound, 30 s

Elemental composition (at%)
C

O

N

Si

Ca, Cu, S, Na or Zn

76.5
71.5
68.3

22.6
27.5
30.5

0.6
0.5
0.2

0.1
0.1
0.1

0.3
0.7
0.2

O/C
ratio
0.295
0.385
0.447

Figure 5 shows C1s spectra of the GFRP surfaces before and after 30-s plasma
treatments with and without ultrasonic irradiation. Peaks at approximately 283,
284.4, 285, 286, 287, 288, 289 and >290 eV can be assigned to carbide, C=C,
C–H/C–C, C–O–C, C–OH/O–C–O, epoxide, C=O (carbonyl), COO (carboxyl),
and plasmon, respectively [5, 39]. On the other hand, the O1s spectrum is deconvoluted into three peaks: at approximately 532, 533 and 534 eV, assigned to O=C–O,
O–C and O–C=O, respectively [40]. The C1s component peaks at approximately
284.4 eV (C=C), 287 eV (C–OH/O–C–O) and 289 eV (carboxyl), and all the O1s
component peaks increased after plasma treatment without ultrasonic irradiation.
It is also obvious that ultrasonic irradiation further increased the intensity of these
component peaks, which demonstrates an enhanced oxidation at the surfaces during the plasma treatment due to ultrasonic irradiation. It is noted that introduction
of these oxygen-containing polar functional groups on the surfaces increases the
polar component of surface energy, and that the adhesion properties can be improved. However, further investigations are necessary for a deep understanding of
the surface modification effect.
AFM was used to measure the surface roughness of the GFRP plates, taking
a fixed area of 2 × 2 µm2 . The average roughness (ra ) of the untreated surface
was approximately 1.7–4 nm. The GFRP plates were treated with the helium DBD
with and without ultrasonic irradiation for 30 s. The roughness slightly increased to
approximately 2–7 nm and 2–10 nm after the plasma treatment with and without ultrasonic irradiation, respectively. It is, therefore, unlikely that ultrasonic irradiation
further enhances surface roughening during the treatment.
4. Conclusions
An atmospheric pressure helium glow DBD changed to a filamentary discharge
by the ultrasonic irradiation. Plasma treatment of the GFRP surfaces improved the
wettability, increased the polar component of the surface energy, and increased the
roughness. The ultrasonic irradiation during the plasma treatment further improved
the wettability and the polar component of the surface energy. The principal effect of ultrasonic irradiation can be attributed to enhanced surface oxidation during
plasma treatment.
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Figure 5. C1s spectra of the GFRP surfaces before and after the treatments. Untreated (a), plasma
treated (30 s) (b) and plasma treated with ultrasonic irradiation (30 s) (c). Assignments correspond
to C1 : carbide at 283 eV; C2 : C=C at 284.4 eV; C3 : C–H/C–C at 285 eV; C4 : C–O–C at 286 eV;
C5 : C–OH/O–C–O and epoxide at 287 eV; C6 : carbonyl at 288 eV; C7 : carboxyl at 289 eV; and C8 :
plasmon at >290 eV.
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Glass-ﬁber-reinforced polyester (GFRP) plates are treated using a 50 Hz dielectric barrier
discharge at a peak-to-peak voltage of 30 kV in helium at atmospheric pressure with and
without ultrasonic irradiation to study adhesion improvement. The ultrasonic waves at the
fundamental frequency of around 30 kHz with the sound pressure level of approximately
155 dB were introduced vertically to the GFRP surface through a cylindrical waveguide.
The polar component of the surface energy was almost unchanged after the plasma treatment without ultrasonic irradiation, but drastically increased approximately from 20 up to
80 mJ m2 with ultrasonic irradiation. The plasma treatment with ultrasonic irradiation also
introduced oxygen- and nitrogen-containing functional groups at the GFRP surface. These
changes would improve the adhesion properties of the GFRP plates.
Keywords: dielectric barrier discharge; atmospheric pressure plasma; ultrasound; polyester;
oxidation

Introduction
Glass-ﬁber-reinforced polyester (GFRP) materials exhibit high strength-to-weight ratios and
corrosion resistance and are therefore used for a variety of applications particularly in civil
engineering. For such applications, GFRPs are often joined with similar or dissimilar materials
using adhesives. However, they usually have smooth surfaces composed mainly of the polyester matrix materials with low surface energies. Therefore, the adhesive joint usually requires
careful surface preparation. Mechanical roughening has been industrially applied for this purpose, but it needs laborious abrasion followed by solvent cleaning prior to adhesive bonding
for achieving high joint strength. Plasma treatment is attractive for this application due to its
environmental compatibility and high treatment efﬁciency without affecting the textural characteristics of the bulk material [1]. It is often employed at low pressure, but is possible and
preferable at atmospheric pressure [2,3]. Among atmospheric pressure plasmas, a dielectric
barrier discharge (DBD) is generated between electrodes covered with at least one dielectric
*Corresponding author. Email: yuki@dtu.dk
Ó 2012 Taylor & Francis
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layer by applying AC voltage. Advantages of a DBD include: its compactness, low cost, and
stable operation [4]. It is reported that the adhesion strength of the surface, after 2 s DBD treatment operated at a frequency of approximately 40 kHz, was comparable to or higher than that
achieved by the conventional abrasion method [5]. A DBD is often operated at a frequency
ranging between 50 Hz and 500 kHz [4–8]. A 50/60 Hz operation is advantageous due to its
simplicity and avoiding a radiation hazard related with high-frequency operation. Consequently, 50 Hz plasma processing at atmospheric pressure is extensively investigated [9–12].
The efﬁciency of plasma processing can be further enhanced by external energy input
[13]. Among possible techniques, ultrasonic irradiation by a high-power gas-jet ultrasound
generator is attractive because of its simple setup and high efﬁciency of the generated acoustic energy transferring into a plasma [14–18]. It is further reported that simultaneous ultrasonic irradiation during the DBD treatment can enhance oxidation at the GFRP surfaces [15]
and suppress arcing in air plasmas [16,17]. A gliding arc with and without ultrasonic irradiation was also used for the adhesion improvement of GFRP plates [19,20]. However, a 50 Hz
DBD with ultrasonic irradiation is never attempted for plasma surface modiﬁcation.
In the present work, GFRP plates are treated with the 50 Hz DBD with and without ultrasonic irradiation for the purpose of adhesion improvement. Optical emission spectroscopy
(OES) is used for plasma diagnostics. The treated surfaces are characterized using contact
angle measurement, X-ray photoelectron spectroscopy (XPS), time-of-ﬂight secondary ion
mass spectrometry (TOF-SIMS), and atomic force microscopy (AFM).
Experimental methods
The 2 mm thick GFRP plates were used as specimens (G-Etronax PM. Elektro-Isola, Vejle,
Denmark. http://www.elektro-isola.com/Products/sheets.htm). They contain 35–40 wt% glass
ﬁbers, and the surfaces are mostly covered with polyester matrix. They were cleaned and
degreased with acetone and methanol. However, for XPS, TOF-SIMS, and AFM analyses,
they were ultrasonically cleaned in deionized water for 2  5 min, acetone for 2  5 min, and
in methanol for 5 min before the plasma treatment.
The DBD was generated between two parallel-plate electrodes (50 mm  50 mm and gap:
3 mm) driven at a frequency of 50 Hz with a step up transformer. It is a modiﬁcation of the
DBDs introduced previously [6–8]. A 100 kΩ resistor was connected between the transformer
and the powered electrode in order to avoid excess pulse current when a plasma was generated. The voltage and current were measured with a high voltage probe (PPE20 kV, LeCroy)
and a 50 Ω current-viewing resistor, respectively. The peak-to-peak voltage was set to 30 kV.
The average electrical power applied in the DBD was calculated by time integrating the product of the voltage and current over several periods and then dividing it by the time corresponding to that number of periods. The power measured in this way was less than 0.5 W. It
is distinctly different from a normal DBD operated at a frequency of several kHz or more,
where the input power can be typically 100–1000 times higher. The powered bottom aluminum electrode is covered with an alumina plate (100 mm  100 mm  3 mm), while the
ground aluminum electrode has a 42 mm diameter perforated hole covered with a stainless
steel mesh. A 40 mm inner diameter poly(methyl methacrylate) waveguide is attached above
the ground electrode for the introduction of ultrasound. A high-power gas-jet air-operated
ultrasonic generator (SonoSteam®, FORCE Technology, Denmark) is placed near the top of
the waveguide. The fundamental frequency of the ultrasound is at around 30 kHz. The sound
pressure level is approximately 155 dB at the discharge. The acoustic ﬁeld in the DBD setup
is probed using the capacitive microphone B&K Type 2670 and the signal is processed by
means of the Portable Pulse Analyzer (Brüel & Kjær Sound and Vibrations, Denmark). The
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DBD and ambient air are separated using a thin polyethylene membrane clamped between the
outer wall of the waveguide and the upper part of the powered electrode. Helium gas was fed
into the DBD at a ﬂow rate of 3 L min1. Each GFRP plate was exposed to the DBD for 0,
10, 30, 60, 180, or 300 s.
OES measurements were performed without a GFRP plate using an optical ﬁber and a 0.75 m
spectrometer equipped with a grating with 3600 grooves/mm and a charge-coupled device (CCD)
camera (PI-MAX 1024, Princeton Instruments, NJ, USA). The spectral resolution is 20 pm.
AFM imaging (10 μm  10 μm) was performed on an N8 NEOS (Bruker Nano GmbH,
Herzogenrath, Germany) operating in an intermittent contact mode and using SSS-NCLR cantilevers (NANOSENSORS™, Neuchatel, Switzerland) for the GFRP plates before and after
the plasma treatments for 60 s. Images were recorded at a scan speed of 0.5 lines s1. A zero
degree least mean squared (LMS) ﬁt was used for the plane correction.
Contact angles were measured by the sessile drop method with deionized water and glycerol in air at room temperature both before and after the treatments for evaluation of the surface energy using a contact angle measurement system (CAM100. Crelab Instruments AB,
Billdal, Sweden). A typical drop size was 1 μL. The contact angle was measured within 5 s
after the drop was attached onto the surface. The polar component of the solid surface energy
of the GFRP plates was determined by the two-liquid geometric method [21], namely by
solving the simultaneous equations:
ð1 þ cos hi Þ  cLi ¼ 2ðcdLi cdS Þ1=2 þ 2ðcpLi cpS Þ1=2

ði ¼ 1; 2Þ

where h is a measured contact angle, cds and cps are the dispersion and polar components of
the surface energy of the solid, cdL and cpL are the dispersion and polar components of the surface energy of test liquids, γL is the surface energy of test liquids, and 1 and 2 denote deionized water and glycerol. The cdL and cpL are 21.8 and 51 mJ m2 for deionized water and 34
and 30 mJ m2 for glycerol [15]. The problems of this method are discussed in [22]. However, this method was used in the present work in order to get an idea about the surface modiﬁcation effect immediately after the plasma treatment.
XPS data were collected using a double anode (Mg/Al) source, and for the present measurements the Mg Kα line with an energy of 1253.6 eV was used, with a lateral resolution of 2 mm to
study the changes in elemental compositions and the functional groups on the GFRP surfaces
before and after the treatments for 60 s. XPS was operated at a pressure of <105 Pa. Atomic
concentrations of all elements were calculated by determining the relevant integral peak intensities subtracting a Shirley-type background. In addition, a high-resolution analysis was performed
on the carbon 1s (C1s) peak (pass energy 25 eV) acquired over 3 scans. The binding energies
were referred to the hydrocarbon component (C–C, C–H) at 285 eV. These spectra were curve
ﬁtted taking purely Gaussian components with linear background subtraction.
TOF-SIMS analyses were performed using a TOF-SIMS IV (ION-TOF GmbH, Münster,
Germany). TOF-SIMS was acquired using 25 ns pulses of 25 keV Bi+ that were bunched to
form ion packets with a nominal temporal extent of <0.9 ns at a repetition rate of 10 kHz,
yielding a target current of 1 pA. These primary ion conditions were used to acquire
500 μm  500 μm ion images of the sample surfaces with a lateral resolution of 2 μm.
Results and discussion
The current wave formed at 50 Hz generally looks rather spiky due to the signiﬁcant
difference between the current pulse width and a period of the sinusoidal voltage waveform.

Y. Kusano et al.

The current pulse width of the DBD was approximately 1 μs as shown in Figure 1(a) . A similar value is reported for a helium DBD at atmospheric pressure in the literature [23]. Ultrasonic irradiation decreases the current pulse width strongly, while it increases the height of
the current several times as shown in Figure 1(b) . This result corresponds to the fact that the
current waveform of the helium DBD driven at 40 kHz changed from glow to ﬁlamentary
with ultrasonic irradiation [15,17].
OES was measured to identify excited species and estimate the gas temperature via the
rotational temperature of N2 in the DBD. Traces of nitrogen in the discharge originate from
the surrounding air since the discharge was not completely gas tight. OES of the DBD with
and without ultrasonic irradiation includes N2 and Nþ
2 bands. Ultrasonic irradiation reduced
the optical emission intensity, but led to no detectable difference in the relative proﬁle
between the rotational spectra recorded with and without ultrasonic radiation. Figure 2 shows
the measurement and simulation for the 0–0 transition of the 2nd positive system of nitrogen
in the OES of the helium DBD without ultrasonic irradiation. The best ﬁt was found for a
rotational temperature of 300 K for the DBD with and without ultrasonic irradiation. It is
therefore indicated that heating of the gas by ultrasonic irradiation was negligible.
Surface roughening is often useful for adhesion improvement because of the increased
surface area and mechanical interaction with the adhesive. Six, three, and seven AFM images
were obtained on the untreated specimen, the plasma-treated specimen, and the plasma-treated
specimen with ultrasonic irradiation, respectively. Figure 3 shows some AFM images selected
from all the acquired ones. The surface roughness values (Sa) were extracted from the AFM
images, and summarized in Table 1. No signiﬁcant difference in surface roughness is
observed for the specimens before and after the treatments. It is possibly because the energy
applied to the plasma was too low for the efﬁcient surface roughening.
The wettability of the GFRP surface plays an important role for the adhesion improvement. However, helium DBD treatment without ultrasonic irradiation did not signiﬁcantly
improve the wetting as shown in Figures 4 and 5. This can again be attributed to the low
energy input to the helium plasma. On the other hand, the water contact angle of the GFRP
markedly decreased and the polar component of surface energy signiﬁcantly increased when
ultrasound was introduced. The longer treatment further improved the wetting of the GFRP
surfaces. Accordingly, the polar component of the surface energy of the GFRP was increased
by the plasma treatment with ultrasonic irradiation. It is a signiﬁcant contrast from the atmospheric pressure plasma treatment driven at approximately 40 kHz AC voltage, where only
moderate improvement of wettability was observed with ultrasonic irradiation [15–18, 20]. It
is noted that the increasing wettability and the polar component of surface energy can most
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Figure 2. Measurement and simulation for the 0–0 transition of the 2nd positive system of nitrogen in
the OES of the helium DBD with ultrasonic irradiation. The best ﬁt was found for a rotational
temperature of 300 K. The measured spectral resolution (FWHM) is 20 pm.

µ

µ
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Figure 3. AFM images of GFRP surfaces (10 μm  10 μm): (a) untreated, (b) 60 s plasma treated, and
(c) 60 s plasma treated with ultrasonic irradiation.
Table 1.

Surface roughness of the GFRP plates before and after the treatment.

Specimen
Untreated
Plasma, 60 s
Plasma + ultrasound, 60 s

Surface roughness (nm)
1.4 ± 0.2
1.3 ± 0.2
1.5 ± 0.2

likely improve adhesion properties of the GFRP surfaces because of strong interaction with
general adhesives [19].
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Figure 4. Water contact angle before and after plasma treatment with (ﬁlled circle) and without (open
circle) ultrasonic irradiation.
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Figure 5. Polar component of surface energy before and after plasma treatment with (ﬁlled circle) and
without (open circle) ultrasonic irradiation.

XPS survey analysis was carried out in order to analyze the elemental composition of the
GFRP surfaces before and after the 60 s treatments with and without ultrasonic irradiation.
The results are summarized in Table 2. The O/C ratio remained almost unchanged after the
plasma treatment without ultrasonic irradiation, while it slightly increased from 0.23 to 0.25
after the plasma treatment with ultrasonic irradiation. An increase in the O/C ratio indicates
Table 2.

Elemental composition (at.%) and O/C ratio of the GFRP surfaces characterized by XPS.
Elemental composition (at.%)

Treatment

C1s

O1s

N1s

O/C ratio

Untreated
Plasma, 60 s
Plasma + ultrasound, 60 s

81.1
81.8
79.8

18.5
17.9
19.9

0.4
0.3
0.3

0.23
0.22
0.25
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The result of curve ﬁtting of C1s spectra of the GFRP surfaces characterized by XPS.
C1s (area%)
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Binding energy (eV)
Untreated
Plasma, 60 s
Plasma + ultrasound, 60 s

C–H/C–C

C–O–C/C–OH

C=O

C(O)O–

Plasmon

285
57.2
58.0
56.6

286.48
23.2
24.1
24.4

288.03
8.9
9.2
9.1

289.46
7.6
7.5
7.9

>290
3.1
1.2
2.0

that oxygen-containing polar functional groups are introduced at the surfaces, improving the
wettability. This result shows an agreement with that of the contact angle measurement. On
the other hand, no clear change was seen in the nitrogen content before/after the DBD treatment with/without ultrasonic irradiation.
Table 3 summarizes the result of the curve ﬁtting of C1s spectra of the GFRP surfaces
before and after 60 s plasma treatments with and without ultrasonic irradiation. Peaks at
approximately 285 eV (A), 286.48 eV (B), 288.03 eV (C), 289.46 eV (D), and > 290 eV (E)
can be assigned to C–H/C–C, C–O–C/C–OH, C = O (carbonyl), C(O)O– (carboxyl), and plasmon (π⁄–π shake-up), respectively [15,16,24]. Due to the existence of an aromatic ring structure in the polyester, the peak A at 285 eV should contain a lower energy peak (F) at
approximately 284.5 eV. However, the curve ﬁtting of the peak F was not attempted, since
the peaks A and F are too close to offer a case of reliable curve ﬁtting. No clear differences

(a)

(b)

(c)

Figure 6. TOF-SIMS ion images (500 μm  500 μm) showing the lateral intensity distribution of
þ
Cx Hy O
z and Cx Hy Nz markers on the GFRP surfaces: (a) untreated, (b) 60 s plasma treated, and (c) 60 s
plasma treated with ultrasonic irradiation. Brown corresponds to no intensity and white to 100% intensity.
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can be seen in the C1s spectra before/after the DBD treatment with/without ultrasonic
irradiation.
Figure 6 shows TOF-SIMS ion images (500 μm  500 μm) of the sample surfaces before
and after the plasma treatments with and without ultrasonic irradiation. Oxygen-containing
species were homogeneously distributed in all cases. The homogeneous distribution of nitrogen species was observed only on the specimen surface after the plasma treatment with ultrasonic irradiation. It is suggested that nitrogen from ambient air reacted with the sample
surfaces during the plasma treatment with ultrasonic irradiation. XPS detects similar amounts
of traces of nitrogen on all the surfaces, while TOF-SIMS detects more intense nitrogen species on the surfaces treated with ultrasonic irradiation. This difference can be explained from
the fact that TOF-SIMS is more surface sensitive (1 nm) compared to XPS (5–10 nm).
It is reported that ozone production is pronounced with ultrasonic irradiation when an
atmospheric pressure O2 DBD is driven at a lower frequency [25]. This might explain the reason why in the present work the treatment efﬁciency of 50 Hz DBD was signiﬁcantly
improved by ultrasonic irradiation. However, further investigation is necessary for a deeper
understanding of all the involved surface modiﬁcation mechanisms.
Conclusion
A 50 Hz DBD plasma treatment can be an economical method for surface modiﬁcation, but
without ultrasonic irradiation it did not change the surface properties of the GFRP plates signiﬁcantly under the present tested conditions. The surface roughness remained almost
unchanged after the plasma treatments with and without ultrasonic irradiation. It is found that
ultrasonic irradiation to the 50 Hz DBD enhanced the treatment efﬁciency markedly, so that a
certain amount of oxygen- and nitrogen-containing polar functional groups was introduced at
the GFRP surfaces. This is in marked contrast to the 40 kHz DBD, where the ultrasonic irradiation enhanced treatment efﬁciency only moderately [15–18]. The attachment of these
functional groups on the surfaces will contribute to the increase in the polar component of
surface energy and potentially improve the adhesion properties of the surfaces [5,15–20].
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1

Introduction

Fibre-reinforced polymer (FRP) materials have high strength-to-weight ratios and
corrosion resistance. They are used as components of rotor blades for wind energy
turbines among a variety of engineering and industrial applications (Davis et al., 1991;
Dagher et al., 2004; Kaiser and Karbhari, 2004; Bakis et al., 2002). In order to ensure
reliable behaviour of large wind turbine blades, it is necessary to design FRPs and their
adhesive joints with high strength. More specifically, interface properties of fibre/matrix,
FRPs/adhesives (adhesive joints), and sandwich structures of dissimilar FRPs must be
designed properly.
Carbon fibres exhibit high strength, high toughness and light weight, and thus they
are extensively used for improving the mechanical property and reducing the weight of
FRPs. In order to achieve high mechanical strength of the FRPs, fibre distribution,
alignment, fibre damage, and interface between fibre surfaces and a polymer matrix need
to be considered. In particular, strong adhesion between the fibre surfaces and the
polymer matrix is one of the key issues for improving the longitudinal tensile strength of
FRPs (Dilsiz, 2000). However, due to the non-polar nature of carbon fibres, they are
difficult to wet and almost impossible to chemically bond to general polymer matrices.
Proper surface modification should be chosen so that carbon fibre surfaces can be
wettable by the polymer matrix and bond to it tightly. It can be achieved by surface
treatment of the carbon fibres, mainly by oxidation of the surfaces, introducing reactive
polar functional groups onto the fibre surfaces.
Extensive research has been devoted to the surface modification of carbon fibres in
order to improve their bonding to the polymer matrix. An epoxy resin is often preferred
for the host matrix due to excellent electrical properties, high mechanical strength, high
resistance against aging/hydrolysis, and high bond strength to many other polymer
materials (Jones, 1991). It is noted that for adhesion improvement the chemical effect of
oxygen containing polar functional groups such as –OH, =O, and –COOH at the carbon
fibre surfaces is more important than the mechanical effect of rough surfaces (Fukunaga
and Ueda, 2000). The methods of surface modification of carbon fibres include
electrochemical oxidation (Bowling et al., 1989), non-thermal plasma treatment, polymer
coatings, plasma polymerisation, and plasma enhanced chemical vapour deposition
(PECVD) (Dilsiz, 2000; Fitzer and Weiß, 1981). The electrochemical oxidation method
usually uses nitric acid. However, such a chemical method may be least preferable,
although it is industrialised. For example, when the carbon fibres are oxidised in
concentrated nitric acid, the equipment used must have good corrosion resistance and the
acid adsorbed on the fibre surfaces must be properly removed by subsequent washing,
which is time-consuming and inevitably damages and tangles the carbon fibres (Dilsiz,
2000). The chemical method can also produce environmental pollution.
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FRPs are often joined to components fabricated from similar FRPs or other types of
materials using adhesives for practical applications. However, FRPs usually have smooth
surfaces that mainly consist of the polymer matrix materials with low surface energies. In
addition, they often have a wide range of contaminants on the surfaces, which can form a
weak boundary layer in an adhesive bond (Shenton et al., 2001). Therefore, an adhesive
joint usually requires careful surface preparation. In the case of conventional FRPs based
on thermosetting polymeric matrices such as unsaturated polyester, vinylester and epoxy
resins, mechanical treatment has been applied for the surface preparation (Adams et al.,
1986; Pocius and Wenz, 1985). Peel plying is a prime example of mechanical treatment
used for adhesion improvement (Bénard et al., 2005) since it provides a ready-to-bond
surface that may not require further surface cleaning before bonding. Another example is
mechanical roughening that needs laborious abrasion followed by solvent cleaning before
adhesive bonding for achieving high joint strength (Adams et al., 1986).
Non-thermal plasma treatment is attractive for the application to adhesion
improvement due to its environmental friendliness and high reactivity to the surface to be
bonded while retaining the bulk properties of the material (Cognard, 2006). High electron
temperature ensures production of reactive species in a non-thermal plasma, which
support the main function of the plasma for its use. Meanwhile a thermal plasma (arc) at
an equilibrium state should be avoided in order to prevent the treated materials from
thermal damages. Figure 1 shows the evolution of a gas discharge (Kusano, 2013). A
timescale of each step depends on plasma conditions (Kekez et al., 1970). It is indicated
that in order to avoid generation of a thermal plasma the current should be blocked before
the transition to an arc occurs. Namely the evolution of the discharge should be
terminated either at Townsend discharge, 1st glow discharge, its transition to the 2nd
glow, or the 2nd glow discharge.
Figure 1

Evolution of discharge current

Source: Kusano (2013) reprinted by permission of the publisher (Tayler &
Francis Ltd., http://www.tandf.co.uk/journals) and based on
Kekez et al. (1970)
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During the plasma treatment, surfaces interact with radicals, ions and electrons, and are
irradiated with ultraviolet light (Hegemann et al., 2003). Plasma processing is often
performed at low pressures. The plasma treatments at low pressures, however, require
expensive vacuum systems, and methods are well-developed only for batch or semi-batch
treatments. On the other hand, an atmospheric pressure plasma treatment can not only
avoid the need for vacuum equipment but also permit simple setups (Kanazawa et al.,
1988; Tendero et al., 2006; Singh et al., 2012; Kusano, 2013), treatment of large objects,
and continuous treatment on production lines (Kogoma et al., 2011; Teodoru et al., 2009;
Kusano et al., 2008a, 2008b; 2011a).
Among atmospheric pressure plasma sources, a dielectric barrier discharge (DBD) is
generated between electrodes covered with dielectrics by applying a time varying voltage
(Kogelschatz, 2003; Fateev et al., 2005; Leipold et al., 2006, 2010, 2011; Kusano et al.,
2005; 2007a, 2007b; Teodoru et al., 2012; Siró et al., 2013). DBDs have been used for
adhesion improvement of fibres (Kusano et al., 2008a, 2011a; Teodoru et al., 2009) and
FRPs (Kusano et al., 2007b). In order to ensure stable DBD operation, however, the gap
between the electrodes is limited to a few millimetres (Kogelschatz, 2003), which restrict
the size of the specimens to be treated. In contrast to DBDs, with plasma torches,
activated species generated in the plasmas are transported to the site of sample exposure
by high speed gas flow. Atmospheric pressure plasma torches include inductively
coupled plasmas, cold plasma torches (Lee et al., 1997; Mortensen et al., 2006). Gliding
arcs are plasmas quenched from arc discharges and can also be extended to atmospheric
pressure air for surface processing (Kusano et al., 2008b, 2013a, 2013b; Sun et al., 2013).
They are applicable to treatment of bulky substrates and substrates with complicated
structures. They can potentially provide a high degree of non-equilibrium, high electron
temperature and high electron density simultaneously and thus enable high reactivity with
high productivity (Czernichowski, 1994; Fridman et al., 1999, 2005; Janča and
Czernichowski, 1998). They are generated between diverging electrodes and are extended
by a gas flow. A fast transition into a non-equilibrium state occurs once heat losses from
the discharge column exceed the supplied energy. The gliding arc combines a number of
industrially attractive features of plasma based surface treatment (Kusano, 2009): it is
environmentally much cleaner than mechanical or wet chemical processes; it operates
well in air at atmospheric pressure with low costs; it can treat surfaces of bulky objects;
and it allows fast processing. Therefore it is useful in many industrial applications that
involve coating, painting, printing, dying, and adhesion. It has recently been reported that
gliding arcs can efficiently improve adhesion of FRPs (Kusano et al., 2008b; 2011b). The
gliding arc treatment increased the density of oxygen containing polar functional groups
at the surfaces and bond strength with the vinylester adhesive.
Atmospheric pressure plasma surface modification is generally performed by feeding
a process gas into the plasma. A boundary gas layer normally sticks at the material
surface through which reactive species generated in the plasma are diffused for reaction
with the surface. Due to the short lifetime of these species, only a small fraction of them
can reach the surface. It is reported that powerful ultrasonic waves with a sound power
level (SPL) above approximately 140 dB can reduce the thickness of the boundary gas
layer (Kusano, 2009; Kusano et al., 2010; 2011b, 2011c; 2012a, 2012b; 2013c; Drews et
al., 2011). In these works it is also demonstrated that the treatment efficiency of
atmospheric pressure plasma can be highly enhanced by simultaneous high-power
ultrasonic irradiation onto the treating surface.
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In the present work carbon fibres are continuously treated by the DBD in a helium
gas. The modified surfaces are characterised and the adhesive properties with an epoxy
resin are evaluated. In addition, the surfaces of glass-fibre-reinforced polyester (GFRP)
plates are treated using a DBD or a gliding arc at atmospheric pressure for adhesion
improvement. The effect of ultrasonic irradiation during the DBD treatment is also
investigated.

2

Experimental methods

2.1 DBD treatment of carbon fibres
Poly(acrylonitrile) (PAN) based unsized electrochemically-treated carbon fibres (TOHO
TENAX HTA5001, 800tex) were used for the DBD treatment at atmospheric pressure
without pre-cleaning. Figure 2 shows an image of the experimental setup of the DBD
with parallel plate water cooled aluminium electrodes (50 mm × 50 mm) covered with
alumina plates (100 mm × 100 mm × 3 mm). The DBD was generated in helium gas by
an alternating current (AC) (frequency: approximately 40 kHz, peak-to-peak voltage:
23 kV) power supply (generator 6030. SOFTAL Electronic GmbH). The average power
input was calculated by measuring voltage and current with a high voltage probe and a
50 Ω resistor, respectively. The applied power to the discharge was 80–100 W. The flow
rate of helium gas was 1 L/min. The treating times were 1 and 2 s, corresponding to the
line speeds of 3.0 and 1.5 m/min, respectively.
Figure 2

Continuous carbon fibre treatment with He DBD (see online version for colours)
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Plates for double cantilever beam (DCB) specimens were prepared for the adhesion test
using both untreated, 1- and 2-s plasma-treated carbon fibres with an epoxy resin (epoxy
resin [prime 20. SP systems] mixed with diethylenetriamine/polyoxypropylamine). Steel
beams were glued to the outside of each composite plate with an epoxy adhesive (Scotch
Weld) which was cured for 24 h at room temperature. The fracture mechanics test was
performed by applying pure bending moments to the DCB specimens using a dedicated
test machine (Sørensen et al., 2006). X-ray photoelectron spectroscopy (XPS) was
performed for measuring elemental composition of carbon fibre surfaces using a SPECS
Sage 100 instrument with a non-monochromatic Mg Kα x-ray source.

2.2 Gliding arc treatment of GFRPs
Two types of gliding arcs were used. In each case, the gliding arc was generated between
two diverging stainless steel tubular electrodes through which cooling water was fed
during operation. Figure 3(a) shows the first gliding arc (GA-I) with 6-mm outer diameter
electrodes on each of which a blade-shaped stainless steel electrode is welded (Kusano et
al., 2013b). The second gliding arc (GA-II) has 3-mm outer diameter electrodes as shown
in Figure 3(b) (Kusano et al., 2013a). Air flow was fed between the electrodes to extend
the discharge. The gliding arc was driven by an AC power supply at a frequency of
30–40 kHz (generator 6030, SOFTAL Electronic GmbH, Germany). The average power
to the gliding arc was 700–800 W, obtained by measuring voltage and current with a
high-voltage probe and resistors, respectively.
Figure 3

Setups of the water cooled gliding arcs (a) GA-I with 6-mm diameter tubes with
blade-shaped electrodes, (b) GA-II with 3-mm diameter electrodes (see online version
for colours)

(a)

(b)
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GFRPs used are covered with the polyester matrix, and thus plasma treatment of the
GFRP beam is essencially the trteatment of the polyester in the present work. Four types
of DCB test specimens were compared. ‘Crack in glue’, ‘peel ply’, ‘GA-I treated’ and
‘GA-II treated’ specimens (290 mm × 30 mm × 8 mm) used two bonded beams cut from
manufactured 8-mm thick GFRP-I panels. The peel ply was unwrapped just before the
gliding arc treatment (GA-I or -II) or just before manufacturing of DCB specimens for
the ‘peel ply’ condition. In order to treat a GFRP-I beam surface by GA-I or -II, the beam
was fixed on a holder which moved forward and back at a speed of 180 mm/s and the
surface was exposed to the plasma four times. The distance between the specimen surface
exposed to the gliding arc and the edges of the electrodes was fixed at 15 mm during the
treatment. The treated sides of the beams were faced and bonded using a vinylester
adhesive. For crack initiation at the interface between the vinylester and the GFRP-I
beam, a polytetrafluoroethylene (PTFE) release tape was mounted on the GFRP-I beam
surface in the position of 70 mm from the tab-end of the beam. After curing, fracture
energies of the DCB specimens were measured. In addition, ‘crack in laminate’, a 16-mm
thick laminate with crack initiation at the middle was cut from the 16-mm thick GFRP-I
panel, and the laminate fracture was measured. Detailed procedures of the specimen
preparation are presented elsewhere (Kusano et al., 2013a, 2013b).

2.3 Ultrasound enhanced DBD treatment of GFRPs
GFRP-II plates were cut from a 2-mm thick commercial G-Etronax PM material
(Elektro-Isola, Vejle, Denmark). An atmospheric pressure DBD was generated between
two parallel plate electrodes and driven at three different frequencies: approximately
40 kHz by an AC power supply (generator 6030. SOFTAL Electronic GmbH) (Kusano et
al., 2010; 2011c; 2012a), 12 kHz by an AC power supply (MODEL 1140L, ENI) and
50 Hz by the grid-connected power (Kusano et al., 2013c). The 50 Hz operation is
advantageous in that the system can be simple and that a radiation hazard at high
frequencies is avoided. The power applied to the 40 kHz DBD or the 12 kHz DBD was
approximately 100 W, while that of the 50 Hz plasma was less than 0.5 W. Different
step-up transformers were used to obtain AC high voltages. In the case of 50 Hz DBD, a
100 kΩ resistor was connected between the transformer and the powered electrode,
avoiding an excess pulse current. A schematic diagram and a photo of the setup are
shown in Figure 4. The bottom electrode was covered with an aluminium plate
(100 mm × 100 mm × 3 mm), while the upper electrode had a perforated hole covered
with a stainless-steel mesh for the introduction of ultrasound. Detailed information is
provided elsewhere (Drews et al., 2011; Kusano et al., 2010; 2011c; 2012a, 2012b).
Helium, argon or synthetic air was fed to the DBD at the flow rate of 3 L min–1.
The ultrasonic waves of the frequency range between 20 and 40 kHz at the SPL of
approximately 150 dB can be introduced vertically to the GFRP surface through a 40 mm
inner diameter cylindrical waveguide.
Contact angles were measured with deionised water in air at room temperature both
before and after the plasma treatment for evaluation of the wettability using a static
contact angle measurement system (CAM100, Crelab Instruments AB, Sweden).
XPS data were collected using a micro-focused, monochromatic Al Kα X-ray source
(1486.6 eV) with a lateral resolution of 30 μm (K-alpha, ThermoFischer Scientific, UK)
for the untreated GFRP-II surfaces and those treated by helium or argon DBD, and a
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double anode Mg source with a lateral resolution of 2 mm for those treated by air DBD to
study the changes in elemental compositions at the GFRP-II surfaces.
Figure 4

A schematic diagram (a) and a photo (b) of ultrasound enhanced DBD (see online
version for colours)

(a)

3

(b)

Results and discussion

3.1 DBD treatment of carbon fibres
The major effect of the conventional electrochemical treatments on carbon fibres for
fibre/resin adhesion is believed to be the removal of weakly bound crystallites at the fibre
surfaces. It is reported that the number of functional groups introduced onto the fibre
surfaces by the conventional electrochemical oxidation is too small to have a significant
effect (Farrow and Jones, 1994). They are less effective when they are applied to highly
graphitised surfaces (Montes-Morán et al., 2001). It is therefore interesting to know
whether the plasma treatment can effectively add oxidative functional groups onto the
carbon fibre surfaces. The elemental composition of the carbon fibre surfaces before and
after the plasma treatments was measured using XPS. The surfaces are dominated by
carbon and oxygen with up to a few % of nitrogen. Table 1 summarises ratios of O/C for
each specimen. It is found that He plasma treatment for 1 s resulted in significant
oxidation, while the longer treatments for 2 s did not enhance oxidation. The level of the
O/C ratio after plasma treatment in the present study is close to the maximum achievable
O/C ratio of PAN carbon fibres excluding carbon fibres produced by Hercules (Kusano et
al., 2008a). It is thus indicated that the oxidation of the He DBD treatment is efficient.
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O/C ratio at the carbon fibre surfaces and fracture energy of the carbon fibre
reinforced epoxy composites

Treatment time [s]

O/C ratio

0
1
2

0.16
0.18
0.18

Fracture energy [J m-2]
Crack initiation

Steady state

210 ± 50
220 ± 60
270 ± 40

1600 ± 200
1950 ± 250
2050 ± 250 (*)

Note: (*) The fracture energy at the end-opening of approximately 5 mm.
Source: Partly based on Kusano et al. (2008a)

Untreated, 1 s and 2 s He plasma treated carbon fibres were used to prepare carbon fibre
reinforced epoxy plates for the mechanical fracture tests. The measured result of the
fracture energy is also summarised in Table 1. The observed fracture energy of the fibre
composites with untreated and 1 s treated carbon fibres first increased as the end-opening
increased, and approached to saturating steady state values (Kusano et al., 2012c). The
fibre composites with 1 s treated one shows higher saturation values, indicating that the
mechanical strength was improved even by the 1 s treatment. The fracture energy of the
2 s treated specimens steadily increased as the end-opening increased. It is therefore
concluded that the plasma treatment improved the adhesion properties of the composites,
and that the longer treatment further improved them. Since the O/C ratios at the surface
after 1 and 2 s treatments were almost same, possible explanation of this improvement is
increased roughness at the carbon fibre surfaces after longer treatment.

3.2 Gliding arc treatment of GFRPs
The interfacial fracture energies of the GA-I and GA-II plasma treated specimens are
compared with two other relevant fracture energies: That of adhesive joints made by the
use of a standard peel ply and that of the glass fibre laminate itself. Here, adhesive bonds
created by applying the adhesive directly to freshly created peel-ply surfaces are
considered to give sufficiently strong adhesive joints (Bénard et al., 2005). Thus, the
fracture energy of an adhesive joint made from a peel ply represents an acceptable
minimum value for the interfacial fracture energy. Furthermore, the laminate itself is
expected to have a higher fracture energy. If the adhesive and the adhesive/laminate
interface possess a fracture energy that is higher than that of the laminate, fracture is
likely to occur within the laminate. It is thus expected that the fracture energy of the
adhesive joint made from plasma treated surfaces should surpass that of the peel ply
interface but not necessarily the fracture energy of the laminate itself.
Table 2

Comparison of crack initiation fracture resistance values

Specimen
Adhesive (cured vinylester resin)
Laminate

Crack initiation fracture energy [J m–2]
470 ± 30
140 ± 15

Peel ply

120 ± 10

Gliding arc (GA-I)

260 ± 60

Gliding arc (GA-II)

295 ± 35

Source: Based on Kusano et al. (2013a, 2013b)
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It is reported that the gliding arc discharge can be extended into the ambient air up to
several centimetres and that the gliding arc treatment can improve wettability, increase
the oxygen content and carbonyl groups at the GFRP surface, and subsequently enhance
bond strength with the vinylester adhesive (Kusano et al., 2011b, 2013a, 2013b). Since
the major bond mechanism with the vinylester adhesive is non-specific interaction, the
effect of the gliding arc treatment can be primarily attributed to the introduction of a
certain amount of polar functional groups at the surfaces and better wetting with the
uncured vinylester adhesive prior to hardening. Table 2 summarises the typical crack
initiation fracture energy values. The fracture initiation values for the ‘laminate’ and the
‘peel ply’ are comparable while those of the gliding arc treated ones are consistently
higher than the ‘laminate’ and the ‘peel ply’. It contradicts with the above mentioned
expectation. One possible explanation is that the crack was forcefully initiated at the
interface between the GFRP-I surface and the vinylester adhesive. However, further
investigation will be necessary for deep understanding of this phenomenon.

3.3 Ultrasound enhanced DBD treatment of GFRPs
It is known that adhesion of polymer surfaces can be improved by plasma treatment
(Strobel et al., 1994). It is reported that atmospheric pressure plasma treatment of
GFRP-II plates typically increases the density of oxygen containing polar functional
groups at the surfaces and improves wettability (Kusano et al., 2007b, 2008b). It is also
reported that ultrasonic irradiation to the plasma during surface treatment can enhance
treatment efficiency (Kusano et al., 2010, 2011b, 2011c, 2012a, 2013c). These changes
are very likely to improve adhesion properties of the surfaces. Water contact angles of the
GFRP-II plates were measured before and after the atmospheric pressure DBD treatment
in helium at different frequencies (approximately 40 kHz, 12 kHz and 50 Hz) with and
without ultrasonic irradiation. The results are shown in Figure 5. When the He DBD was
operated at approximately 40 or 12 kHz, the water contact angle dropped and the
wettability improved significantly after 10 s treatment without ultrasonic irradiation, and
longer treatment moderately improved the wettability. The ultrasonic irradiation
consistently and moderately improved the wettability as shown in Figure 5(a) and
Figure 5(b). It is a significant contrast from the 50 Hz DBD treatment as shown in
Figure 5(c). The treatment did not significantly change the wettability of the GFRP-II
surfaces even when they were treated for up to five minutes. It can be attributed to the
low input energy introduced to the 50 Hz DBD in the present study. However, when the
ultrasound was irradiated to the 50 Hz DBD, water contact angles markedly decreased.
The longer treatment further decreased the contact angle (Kusano et al., 2013c).
Focusing on the DBD driven at approximately 40 kHz, XPS analysis was carried out
to analyse the elemental composition of the GFRP-II surfaces before and after DBD
treatments with and without ultrasonic irradiation. The surfaces were dominated by
carbon and oxygen atoms. The results of measured O/C ratios are summarised in Table 3.
After the treatment without ultrasonic irradiation, the O/C ratio increased by 0.07–0.09,
indicating the introduction of oxygen containing polar functional groups on the surfaces.
The ultrasonic irradiation further increased the O/C ratio. It is also reported that
ultrasonic irradiation can suppress arcing and improve uniformity of the plasma treatment
(Kusano et al., 2011c, 2012a), anticipating a variety of applications in addition to the
adhesion improvement of bulky polymeric materials.

Plasma treatment of carbon fibres and glass-fibre-reinforced polyesters

133

Water contact angle after helium DBD treatment with (solid) and without (open)
ultrasonic irradiation. The driving frequencies of DBD are approximately 40 kHz (a),
12 kHz (b), and 50 Hz (c).

Figure 5

Source: Partly based on Kusano et al. (2011c, 2013c)
O/C ratio at the GFRP surfaces characterised by XPS.

Table 3

O/C Ratio
-

Ultrasonic irradiation

Untreated

0.30

-

Helium DBD 30 s

0.39

0.45

Argon DBD 30 s

0.37

0.44

Air DBD 30 s

0.38

0.41

Source: Based on Kusano et al. (2012a)
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Conclusions

Non-thermal plasmas at atmospheric pressure can be generated by avoiding the transition
to the arc. It is demonstrated that atmospheric pressure non-thermal plasma processing is
useful for adhesion improvement of carbon fibres and GFRPs. The continuously treated
carbon fibres were oxidised and demonstrated enhanced adhesion to the epoxy resin.
Gliding arc discharges were obtained by quenching thermal (arc) discharges, and were
extended to the ambient air for the surface processing. The DCB specimens consisting of
the vinyl ester adhesive and the GFRP plates treated by two different gliding arcs showed
higher initial fracture resistances than those of the laminates and the peel ply treated
specimens. Ultrasonic irradiation to the atmospheric pressure plasmas consistently
improves efficiency of the surface treatment. Its effects include enhancing oxidation,
supressing arcing, and improving treatment uniformity.
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A glass-fibre-reinforced polyester (GFRP) plate was treated with dielectric barrier
discharge (DBD) at atmospheric pressure in air for adhesion improvement. The
effects of ultrasonic irradiation using a high-power gas-jet generator during the
treatment were investigated. The optical emission spectrum of the discharge
remained almost unchanged by the ultrasonic irradiation, indicating that the bulk
property of the discharge was not significantly influenced by the ultrasound.
However, the ultrasonic irradiation during the plasma treatment suppressed
occasional arcing in the DBD, preventing damage of the GFRP plates. The polar
component of the surface energy of the polyester plate was 21 mJ=m2 before the
treatment, increased markedly to 52 mJ=m2 after 2-s plasma treatment without
ultrasonic irradiation, and further increased slightly after longer treatments. In
addition, the polar component of the surface energy increased due to the simultaneous ultrasonic irradiation, indicating that the adhesive property would be
further improved. This result shows a good agreement with surface characterization by X-ray photoelectron spectroscopy. Time-of-flight secondary ion mass
spectrometry ion images show that nitrogen-containing functional groups were
uniformly attached after the treatments. The roughness of the GFRP surfaces
increased after the plasma treatment, but the ultrasonic irradiation did not
enhance surface roughening.
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1. INTRODUCTION
Glass fibre-reinforced polyester (GFRP) materials are used in a
variety of engineering and industrial applications owing to their high
strength-to-weight ratios and corrosion resistance [1]. They are often
joined to similar or other types of components using adhesives. Since
most GFRP materials have smooth surfaces composed mainly of the
polymeric matrices with low surface energies, careful surface preparation prior to adhesive bonding is usually required. Plasma surface
modification is attractive for this purpose because of its environmental
compatibility and high treatment efficiency with respect to retaining
the textural characteristics of the bulk materials [2]. This kind of
plasma can be generated even at atmospheric pressure without using
expensive vacuum equipment [3]. Among atmospheric pressure
plasma sources, a dielectric barrier discharge (DBD) is widely used
because of its compactness, low-cost, and stable operation [4].
Atmospheric pressure plasma treatment is generally performed by
feeding a process gas into the plasma. However, even when the motion
of gas is fully turbulent, a boundary gas layer sticks at a material surface. Reactive species such as ions, electrons, high-energy neutrals,
and radicals generated in a plasma are diffused through the boundary
gas layer and activate, interact, and=or react with the surface. Due to
the short lifetime of these species, only a small amount can reach the
surface. It is reported that powerful ultrasonic waves with a sound
power level (SPL) above approximately 140 dB can reduce the thickness of the boundary gas layer [5], and that the treatment efficiency
of atmospheric pressure plasma can be highly enhanced by simultaneous high-power ultrasonic irradiation onto the treating surface.
It is because the acoustic energy can be delivered efficiently at high
gas pressures, that the thickness of the boundary gas layer is reduced,
and thus more reactive species generated in the plasma can reach the
surface before becoming inactivated, and be utilized efficiently for surface modification. It has been demonstrated that the efficiency of surface treatment in helium DBD at atmospheric pressure is enhanced by
simultaneous ultrasonic irradiation onto the treating surface using a
high-power gas-jet ultrasonic generator [6]. The ultrasonic irradiation
changes the discharge mode from glow to filamentary. A brief review
of research on combining plasma and ultrasonic waves is also
presented in Ref [6].
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As the use of helium gas is costly, it is of great interest to use air as
a process gas. In the present work, the surfaces of GFRP plates are
treated using an atmospheric pressure DBD in air with and without
ultrasonic irradiation for adhesion improvement. Contact angle
measurement, X-ray photoelectron spectroscopy (XPS), time-of-flight
secondary ion mass spectrometry (TOF-SIMS), and atomic force
microscopy (AFM) were used for surface characterization. On the
other hand, optical emission spectra (OES) were measured for plasma
diagnostics.

2. EXPERIMENTAL METHODS
2-mm thick GFRP plates were used as specimens (G-Etronax PM.
Elektro-Isola,
Vejle,
Denmark;
http://www.elektro-isola.com/
Products/sheets.htm). They contain 35–40 wt% glass fibres, and the
surfaces are mostly covered with polyester matrix. They were cleaned
and degreased with acetone and methanol. However, for XPS,
TOF-SIMS, and AFM analyses they were ultrasonically cleaned in
deionized water for 2  5 minutes, in acetone for 2  5 minutes, and
in methanol for 5 minutes before plasma treatment.
The used setup is described elsewhere in detail [6]. The DBD was
generated between two parallel plane electrodes (50  50 mm, gap:
5 mm) and driven by an AC power supply (Generator 6030, SOFTAL
Corona & Plasma GmbH, Hamburg Germany) at a frequency of
approximately 40 kHz. The average power input was obtained by measuring voltage and current with a high-voltage probe (PPE 20 kV,
LeCroy, Chestnut Ridge, NY, USA) and a 50 X current viewing
resistor, and was adjusted to be at 100 W. A high-power gas-jet
ultrasonic generator (SonoSteam1, FORCE Technology, Brøndby,
Denmark) was placed near the top of the waveguide which is connected to the powered mesh electrode. The frequency diapason of the
ultrasound ranged between 20 and 40 kHz, and the sound pressure
level (SPL) was approximately 150 dB at the GFRP surface. Figure 1
shows an acoustic spectrum from the ultrasonic generator transmitted
through the mesh electrode measured using a capacitive microphone
and a sound analyzing system (PULSETM; Brüel & Kjær, Nærum,
Denmark). The spectral band between 20 and 40 kHz highlighted
with the gray bar in Fig. 1 was used for the calculation of the SPL
by a fundamental resonance of the acoustic generator. This band carries about 75% of total emitted acoustic energy and the corresponding
SPL is approximately 154 dB relative to 20 mPa reference level. The
plasma gas and ambient air were separated using a thin polyethylene
film clamped in the waveguide. Air was fed into the plasma at a flow
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FIGURE 1 The acoustic spectrum transmitted through the mesh electrode
(color figure provided online).

rate of 3 L=min by a mass flow controller. Each GFRP plate was
exposed to the DBD for 0, 2, 5, 10, 20, or 30 s.
The OES measurements were performed without a GFRP plate
using an optical fibre and a 0.75 m spectrometer equipped with a grating with 3600 grooves=mm and a charge-coupled device (CCD) camera
(PI-MAX 1024, Princeton Instruments, Acton, MA, USA).
Contact angles were measured with deionized water and glycerol in
air at room temperature both before and after the plasma treatment
for evaluation of the surface energy using a contact angle measurement system (CAM100, Crelab Instruments AB, Billdal, Sweden).
The polar component of the solid surface energy of the GFRP plates
was determined by the two-liquid geometric method [6–8].
XPS data were collected using a double anode (Mg=Al) source, and
for the present measurements the Mg Ka line with an energy of
1253.6 eV was used, with a lateral resolution of 2 mm, to study the
changes in elemental compositions and the functional groups on the
GFRP surfaces. Atomic concentrations of all elements were calculated
by determining the relevant integral peak intensities subtracting a
Shirley-type background. A high-resolution analysis was performed
on the carbon 1 s (C1 s) peak (pass energy 40 eV) acquired over three
scans. The binding energies were referred to the hydrocarbon component (C-C, C-H) at 285 eV. The spectra were de-convoluted through
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curve fitting, taking purely Gaussian components with linear background subtraction. The instrumental full-width at half-maximum
(FWHM) for all peaks of C1 s was 1.6 eV, which is the resolution of
the spectrometer as well as the X-ray source. The fitted components
had larger widths than this. Some of the widening of the peaks are
due to the measurement at the polymer surface.
TOF-SIMS analyses were performed using a TOF-SIMS IV
(ION-TOF GmbH, Münster, Germany). TOF-SIMS were acquired
using 25-ns pulses of 25 keV Biþ that were bunched to form ion packets with a nominal temporal extent of < 0.9 ns at a repetition rate of
10 kHz, yielding a target current of 1 pA. These primary ion conditions
were used to acquire 500  500 mm2 ion images of the sample surfaces
with a lateral resolution of  2 mm.
AFM imaging was performed on an N8 NEOS (Bruker Nano GmbH,
Herzogenrath, Germany) operating in an intermittent contact mode
and using SSS-NCLR cantilevers (NANOSENSORSTM, Neuchatel,
Switzerland). Images were recorded at a scan speed of 0.5 lines=min.

3. RESULTS AND DISCUSSION
It is reported that the current waveform of the helium DBD changed
from glow to filamentary with ultrasonic irradiation [6]. When the
ultrasound was irradiated to the helium DBD, a higher voltage was
required to sustain the plasma at the same power as the DBD without
ultrasonic irradiation. However, the current waveform of air DBD
without ultrasonic irradiation is filamentary which is identified from
the presence of complex spiky current waveforms of micro-discharges.
With ultrasonic irradiation, the power remained unchanged without
changing the voltage. In addition, the discharge mode and the current
waveform did not change with ultrasonic irradiation. During the treatment of GFRP plates without ultrasonic irradiation, occasional arcing
was observed. It was found that the arc ignition was suppressed during plasma treatment by the ultrasonic irradiation, preventing the
GFRP plate from being damaged.
OES was measured to identify excited species in the DBD. Figure 2
shows OES of the air DBD with and without ultrasonic irradiation,
including N2 and Nþ
2 bands [9,10]. Ultrasonic irradiation did not
change the OES significantly.
The gas temperature in the discharge was determined by measuring the rotational band structure of the 0–0 transition of the second
positive system of nitrogen, compared with simulated spectra at different temperatures. It is assumed that the rotational temperature is
equal to the gas temperature. The best fit between measurement

Downloaded by [DTU Library], [Yukihiro Kusano] at 01:02 02 September 2011

Ultrasound Enhanced Plasma Treatment

725

FIGURE 2 OES of the DBD in air with (above) and without (below) ultrasonic
irradiation.

and simulation was found for a rotational temperature of 650 K, as
shown in Fig. 3.
The treatment drastically changed the GFRP surface wettability.
The water contact angle on the GFRP plate was 70 before the
treatment, dropped markedly to around 35 after 2-s plasma treatment without ultrasonic irradiation, and further decreased after
longer treatments, as shown in Fig. 4. Ultrasonic irradiation during
plasma treatment tended to improve the wettability. The treatment
also changed the polar component of the surface energy as shown in
Fig. 5. The polar components were 21, 52, and 56 mJ=m2 before
the treatment, after 2-s plasma treatment without, and with ultrasonic irradiation, respectively. The longer treatment seemed to
increase slightly the value of the polar component of the surface
energy.
XPS survey analysis was carried out in order to analyze the elemental composition of the GFRP surfaces before and after the 5-s and 30-s
treatments with and without ultrasonic irradiation. The results are
summarized in Table 1. After the 5-s treatment without ultrasonic
irradiation, the O=C ratio increased from 0.23 to 0.29. The O=C ratio
further increased after 30-s treatment. An increase in the O=C ratio
indicates that oxygen-containing polar functional groups are introduced onto the surfaces. Ultrasonic irradiation further enhanced oxidation at the surface. Although the mesh electrode was exposed to
the plasma during treatment, contamination from the electrode is
not apparent. No clear change was seen in the nitrogen content
before=after the plasma treatment with=without ultrasonic irradiation.
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FIGURE 3 Measurement and simulation for the 0-0 transition of the second
positive system of nitrogen. The best fit was found for a rotational temperature
of 650 K. The measured spectral resolution (FWHM) is 22 pm.

FIGURE 4 Water contact angle before and after plasma treatment with
(circle) and without (triangle) ultrasonic irradiation.
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FIGURE 5 Polar component of surface energy before and after plasma treatment with (circle) and without (triangle) ultrasonic irradiation.

Figure 6 summarizes de-convolution of C1 s spectra of the GFRP
surfaces before and after 30-s plasma treatments with and without
ultrasonic irradiation. Peaks at approximately (A) 285 eV, (B)
286.48 eV, (C) 288.03 eV, (D) 289.46 eVs, and (E) > 290 eV can be
assigned to C-H=C-C, C-O-C=C-OH, C¼O (carbonyl), C(O)O- (carboxyl), and Plasmon (p -p shake-up), respectively [6,11,12]. Due to
the existence of an aromatic ring structure in the polyester, the peak
A at 285 eV should contain a lower energy peak (F) at approximately
284.5 eV. However, the de-convolution of the peak F was not attempted, since the peaks A and F are too close to have reliable
de-convolution. The C1 s component peak of D (carboxyl) increased
after longer treatment or with ultrasonic irradiation. It is noted that

TABLE 1 Elemental Composition [at. %] and O=C Ratio at the GFRP
Surfaces Characterized by XPS
Elemental composition [at. %]
Treatment
Untreated
Plasma, 5 s
Plasma, 30 s
Plasma þ ultrasound, 5 s
Plasma þ ultrasound, 30 s

C1 s
81.0
77.1
72.2
70.7
70.8

O1 s
18.5
22.5
27.3
28.4
28.7

N1 s
0.4
0.4
0.5
0.9
0.5

O=C ratio
0.23
0.29
0.38
0.40
0.41
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FIGURE 6 C1 s peak components of the GFRP surfaces before and after the
treatments. Assignments correspond to A: C-H=C-C at 285 eV; B: C-O-C=C-OH
at 286.48 eV; C: carbonyl at 288.03 eV; D: carboxyl at 289.46 eV; E: Plasmon
at > 290 eV.

introduction of the carboxyl group on the surfaces is usually the most
important for improving the adhesion properties because of its strong
interaction with general adhesives.
Figure 7 shows TOF-SIMS ion images (500  500 mm2) of the sample
surfaces before and after the treatments. The homogeneous distribution of nitrogen species on only the treated sample surfaces suggests
that nitrogen from ambient air reacted with the sample surfaces during treatment with=without ultrasonic irradiation. XPS detects similar trace amounts of nitrogen on all the surfaces, while TOF-SIMS
detects more intense nitrogen species on the treated surfaces. This difference can be explained from the fact that TOF-SIMS is more surface
sensitive (1 nm) compared with XPS (5–10 nm). The attachment of
nitrogen-containing functional groups on the sample surfaces will most
likely contribute to the increase in the polar component of surface
energy and, thus, most likely improve the adhesion properties of the
surfaces.
One interesting observation was made on the plasma treated surface without ultrasonic irradiation (Fig. 7b). The surface is covered
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FIGURE 7 TOF-SIMS ion images (500  500 mm2) showing the lateral intenþ
sity distribution of CxHyOþ
z and CxHyNz markers on the GFRP surfaces: (a)
untreated, (b) 30-s plasma treated, and (c) 30-s plasma treated with ultrasonic
irradiation. Black corresponds to no intensity, grey to some intensity, and
white to 100% intensity.

with randomly distributed spots that, according to the mass spectral
data, consist of more oxidized material. This is supported by the presence of more intense CxHyOþ
z spots in Fig. 7b. One possible explanation for the presence of these oxidized spots could be the
above-mentioned occasional arcing that is suppressed by the ultrasonic irradiation. It is noted that improving the treatment uniformity
is important for achieving better wettability of the surfaces [13]. However, further investigation is necessary for the understanding of the
adhesion mechanisms by performing adhesion tests.
Surface roughening is also useful for adhesion improvement
because of the increased surface area and mechanical interaction with
the adhesive. AFM was used to measure the surface roughness of the
GFRP plates over 10  10 mm2 surface areas. Figure 8 shows the AFM
images of the GFRP plates before the treatment, and after the treatment with=without ultrasonic irradiation. The average surface roughness (Sa) of the untreated surface was 1.6  0.2 nm. The GFRP plates
were treated with the air DBD with and without ultrasonic irradiation
for 30 s. The roughness increased to 3.3  0.4 nm and 3.6  0.6 nm after
the plasma treatment with and without ultrasonic irradiation,
respectively. It is, therefore, concluded that plasma treatment
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FIGURE 8 AFM images of GFRP surfaces (10  10 mm2): (a) untreated, (b)
30-s plasma treated, and (c) 30-s plasma treated with ultrasonic irradiation.

significantly increases the surface roughness, but additional ultrasonic irradiation does not change the surface roughness to any detectable degree.

4. CONCLUSIONS
An atmospheric pressure DBD in air was used to treat GFRP surfaces.
Ultrasonic irradiation during the plasma treatment suppressed arcing, but did not change the OES significantly. The polar component
of the surface energy, the oxygen content, and the content of carboxyl
groups at the GGFRP surface increased markedly after plasma treatment without ultrasonic irradiation. Longer treatment or adding
ultrasonic irradiation during the treatment tended to increase them
further. Oxygen-and nitrogen-containing functional groups were uniformly attached at the surfaces by the treatment with ultrasonic
irradiation. On the other hand, randomly distributed oxidized spots
were found at the surfaces after the treatment without ultrasonic
irradiation, possibly corresponding to occasional arcing. The surfaces
were roughened by the treatments, but the simultaneous ultrasonic
irradiation did not significantly improve surface roughening. The principal effect of ultrasonic irradiation on the surface can be attributed to
enhanced surface oxidation during plasma treatment.
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Dielectric barrier discharge plasma treatment was applied to modify cellulose nanofibre (CNF)
surfaces with and without ultrasonic irradiation. The plasma treatment improved the wetting by
deionised water and glycerol, and increased the contents of oxygen, carbonyl group, and
carboxyl group on the nanofibre surface. Ultrasonic irradiation further enhanced the wetting
and oxidation of the nanofibre coating. Scanning electron microscopic observations showed
skeleton-like features on the plasma-treated surface, indicating preferential etching of weaker
domains, such as low-molecular weight domains and amorphous phases. Ultrasonic
irradiation also improved the uniformity of the treatment. Altogether, it is demonstrated that
atmospheric pressure plasma treatment is a promising technique to modify the CNF surface
before composite processing.
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Introduction
Cellulose, the most abundant biopolymer on earth, is
characterised by its renewability, nontoxicity, and biodegradability. Intensive studies on cellulose nanofibres
(CNFs) have been stimulated by their high strength,
high modulus, high surface area, and unique optical
properties [1]. Typical lateral dimensions of the nanofibres are approximately 5–20 nm, while the longitudinal dimensions are up to several micrometre [2]. CNFs
can be produced by ultrafine grinding, micro-fluidisation, or high-pressure homogenisation through delamination of plant fibre cell walls and subsequent
liberation of nano-sized cellulose fibrils [3].
The mechanical properties of CNFs can be effectively availed when the nanofibres are impregnated
with a polymer to create strong and light-weight composite materials [3]. These materials find applications
in packaging [4,5] and aeronautical industries [6].
CNF composites can exhibit optimum mechanical performance when the CNFs are substantially dispersed
and when strong interfacial interactions exist between
the CNFs and the polymer matrix. If these criteria
are not met, interfacial defects are created which may
result in non-uniform material properties. In this
respect, enhancing the interfacial interaction by surface
modification of CNFs is of great importance [7].
Among the reported surface treatment techniques,
plasma treatment is attractive because it is solventfree and environmentally compatible with high treatment efficiency [8]. Plasmas are easily generated at
low pressure and could efficiently modify the CNF surface. However, there is a risk that the nanofibres will be

KEYWORDS

Cellulose; nanofibres; plasma
treatment; ultrasound;
surface modification;
wetting; etching; uniformity

a source of contamination for the low-pressure system
due to transportation of nanofibres downstream with
the gas flow. This can be resolved by using plasmas
generated at the atmospheric pressure [9–11]. The
use of atmospheric pressure plasmas avoids the need
for a vacuum system, permit the treatment of larger
objects, and continuous treatment on production
lines [10–18]. Dielectric barrier discharge (DBD)
plasma is the most widely used plasma operated at
atmospheric pressure. It is generated between electrodes separated by dielectrics by applying an alternating
current voltage [19]. However, the CNFs should be
carefully handled during the plasma treatment, even
when an atmospheric pressure plasma is used due to
the easy aggregation of nano materials [10].
In the present work, the effect of plasma treatment on
CNFs is studied by using them in the form of coatings to
avoid the aggregation. In addition, this makes the process of treatment and subsequent characterisation significantly simpler. CNF coatings were treated using a
DBD plasma in a helium gas with and without simultaneous ultrasonic irradiation. The treated CNF coatings
were characterised by means of contact angle measurements, field emission scanning electron microscopy
(FE-SEM), Fourier transform infrared (FTIR) spectroscopy, and X-ray photoelectron spectroscopy (XPS).

Materials and methods
Materials
CNFs were isolated from carrot residue supplied by
Brämhults Juice AB, Brämhult, Sweden. This raw
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material is a by-product of carrot juice production.
Chemical purification was carried out prior to fibrillation following the procedure described in detail in a
previous study [20]. The residue was first washed
with distilled water at 85°C. Thereafter the pulp was
alkali treated (2% NaOH) at 80°C for 2 h, and subsequently bleached with NaClO2 (1.7%) in an acetic
buffer (pH 4.5) at 80°C for 2 h for lignin removal.
Finally, the material was washed until a neutral pH
was reached.
The bleached residue was fibrillated at consistency
of 2% by ultrafine grinding using a supermasscolloider
(MKZA10–20J, Masuko Sangyo, Saitama, Japan). Prior
to grinding, a shear mixer (Silverson L4RT Silverson
Machine Ltd., Waterside, England) was used for dispersing the suspension. The grinding was operated at
a rotor speed of 1500 rev min−1 and the grinding
stones were gradually adjusted to 100 µm contact
grinding. The total processing time to obtain aqueous
CNF suspension (2 wt-%) was 40 min.
To prepare the CNF coatings, a thin layer of nanofibre suspension was applied on a glass plate (dimensions of 25 mm × 75 mm × 1 mm, CORNING® 2947–
75×25, Flintshire, England), and dried at room temperature under atmospheric pressure air for at least
2 days. The mass per unit area of the dried coating,
measured by a precision balance, was approximately
10 g m−2. Assuming that the density of the CNFs is
1.60 g cm−3, considering the density of crystalline cellulose [21], the estimated coating thickness is approximately 5–10 µm.
Surface treatment
An atmospheric pressure DBD plasma was generated
between two parallel plane water-cooled electrodes as
shown in Figure 1. It was driven by an alternating current (approximately 40–50 kHz) power supply (Generator 6030, SOFTAL Electronic GmbH, Hamburg,
Germany). The water-cooled bottom electrode
(50 mm × 50 mm) was grounded and covered with an
alumina plate (100 mm × 100 mm × 3 mm) that acted

Figure 1. A schematic diagram of the experimental setup of
DBD plasma treatment with ultrasonic irradiation.

as a dielectric barrier. The water-cooled top electrode
was powered, and had a perforated central hole covered
with a stainless-steel mesh for the introduction of ultrasound. Plasma power was obtained by measuring voltage- and current-waveforms with a high-voltage
probe (PPE 20 kV, LeCroy, New York, USA) and a
50-Ω current viewing resistor, respectively, and integrating the product of the waveforms over a period.
Helium was introduced in a 5-mm gap between the
water-cooled top electrode and the alumina plate at a
flow rate of 3 L min−1. The CNF coated glass plate
was placed on the alumina plate and exposed to the
DBD plasma.
The effects of atmospheric pressure plasma processing can be enhanced by simultaneous irradiation with
ultrasonic waves. In the present work, acoustic waves
were introduced vertically to the surface of the CNF
coatings through a 42-mm inner diameter cylindrical
poly(methyl methacrylate) waveguide using a high
power gas jet ultrasonic generator (SonoSteam;
FORCE Technology, Brøndby, Denmark) placed near
the top of the waveguide. The dominant acoustic frequency range was between 20 and 40 kHz, and the
measured sound pressure level was approximately
150 dB [22–28]. Plasma gas and ambient air were separated using a thin polyethylene film clamped in the
waveguide.
More specifically, the plasma treatment was carried
out as follows; the CNF coated glass plate was placed
on the alumina plate, and He gas was introduced in
the gap between the electrodes. The DBD plasma was
ignited and then stabilised at a predetermined condition within a few second. If the ultrasonic irradiation
was included in the treatment condition, it was applied
just before the ignition of the DBD plasma and retained
during the plasma treatment. After a predetermined
treatment time, the plasma power was decreased to
zero to extinguish the DBD plasma. Subsequently, the
plasma-treated CNF coating was subjected to surface
characterisations.
Characterisation
The contact angles of the coatings were measured in
ambient air at room temperature with deionised
water and glycerol as the test liquids before and after
the plasma treatment to evaluate the change in the surface wettability of the CNF coatings. A static contact
angle measurement system (CAM100, Crelab Instruments AB, Billdal, Sweden) was used. The contact
angle was measured within 5 s of placing a drop onto
the surface. A typical drop size of 1 μL was used. For
each specimen, 10 individual measurements were
taken to obtain an average contact angle. Each point
in Figure 3 corresponds to the average value of each
specimen. For each treatment, 1–4 specimens were
examined.
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Figure 2. Typical photographs of deionised water-drops (a ,b) and glycerol-drops (c,d) on the CNF coatings. The untreated CNF
coatings (a,c), and the CNF coatings after plasma treatment for 30 s at 100 W with ultrasonic irradiation (b, d).

The surface morphologies of the CNF coatings were
observed using FE-SEM (SUPRA 35, Zeiss, Oberkochen, Germany). The CNF coatings were sputtercoated with Au to a thickness of approximately
15 nm to avoid charging.
Attenuated total reflectance (ATR) FTIR spectroscopy was employed to study the changes in the
functional groups on the CNF coatings. FTIR measurements were performed using FTIR spectrometer (Spectrum One, Perkin Elmer, Waltham, MA, USA) with 32
scans and a resolution of 4 cm−1.
XPS data was collected using a micro-focused,
monochromatic Al Kα X-ray source (1486.6 eV) with
a lateral resolution of 30 µm (K-Alpha, ThermoFisher
Scientific, Hemel Hempstead, UK). The atomic concentrations of all the elements were calculated by determining the relevant integral peak intensities using Shirley
background. The K-Alpha was also used for a high resolution analysis of the carbon 1s (C1s) spectra acquired
over 30 scans. The binding energies were referred to the
hydrocarbon component (C–C and C–H) at 285 eV.
The spectra were de-convoluted through curve fitting,
using purely Gaussian components with linear background subtraction. The full-width at half-maximum
for all peaks of C1s was constrained to 1.5 eV.

Results and discussion
During plasma treatment, physical and chemical etching, and surface-chemistry modification are generally
observed due to generated reactive species and high

energy photo-irradiation. Depending on materials to
be treated and plasma conditions, one or more of
them may be dominated, but all these processes
occur simultaneously [11]. Figure 2 shows the typical
images of contact angle measurements, i.e. droplets of
deionised water and glycerol on the CNF coatings.
The contact angles of the CNF coatings before and
after the plasma treatment at various plasma powers
are shown in Figure 3. Values of measured contact
angles were scattered substantially, and thus the
measurements were repeated for some treatment conditions. Possible causes of the scatter include uniformity and reproducibility of the CNF coating and the
plasma treatment. Difference of the contact angles for
the untreated CNF coatings was observed between
two sets of the measurements as shown in Figure 3
(solid square), and thus influence of the specimen uniformity is not negligible. On the other hand, using the
same setup of the DBD plasma with and without ultrasonic irradiation for treating glass fibre reinforced
polyester plates, less significant scatters of the contact
angles were reported [24–26,28]. Since the CNF suspension was carefully prepared as described in the section ‘Materials and methods’, a major cause of the
significant deviation of the measured contact angles
might be the process of coating application to the
glass plates. Further investigation is necessary for better
understandings of the scatter of the contact angles in
the future work.
The water contact angle before the plasma treatment
was typically 20–25°, and it decreased to 12–20° after
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Figure 3. Contact angles of nanofibre coatings before and after plasma treatment for 30 s with varying plasma power, and with and
without ultrasonic irradiation. Testing liquids: (a) deionised water and (b) glycerol.

the plasma treatment, as shown in Figure 3(a). Ultrasonic irradiation during the plasma treatment further
decreased the water contact angle to below 10°. It has
been reported that ultrasonic waves with sound
power level above approximately 140 dB can reduce
the thickness of the boundary gas layer on a material
surface [22–28]. Therefore, the reactive species in a
plasma can approach the material surface more frequently, thereby enhancing the plasma treatment
effect. However, it can be seen that increasing the
plasma power does not affect the water contact angle
significantly especially without ultrasonic irradiation.
It is reported that plasma treatment could often introduce polar functional groups on the surfaces in a short
time, while the surface roughness could gradually
increase as the increase in the treatment time [29].
Therefore, at a fixed treatment time, higher plasma
power would be needed for significant etching. In the
present study, the water contact angle further
decreased at 100 W when ultrasound was irradiated,
indicating that ultrasonic irradiation would efficiently
improve etching.
In the case of glycerol, as shown in Figure 3(b),
the contact angle before the plasma treatment was
75–85°, which then markedly decreased to 20–50°
after the plasma treatment. Ultrasonic irradiation
further lowered the contact angle, while the influence
of increasing plasma power was insignificant. The
enhancement in glycerol wetting through the plasma
treatment is beneficial since CNFs are usually dispersed
in an organic solvent before being mixed into an
organic polymer matrix [30] during the composite
manufacturing process. The enhancement in glycerol
wetting will therefore potentially improve the processability and mechanical properties of the CNF
composites.
Figure 4 shows the FE-SEM images of the CNF coatings before and after the plasma treatment. Before the
plasma treatment, the CNF coatings had a relatively
smooth surface, seen in Figure 4(a,b). Figure 4(c)

shows that the CNF surface became rougher following
the plasm treatment, as indicated by the appearance of
skeleton-like structures. It is known that this type of
surface roughening is caused by selective plasmachemical etching of weaker domains, such as low-molecular weight domains and amorphous phases [31]. As
shown in Figure 4(d), which is a different location on
the same sample as was used for Figure 4(c), the
majority of the surface area is less severely etched.
This indicates that the plasma treatment etches the surface unevenly, as observed at micrometre scale. On the
other hand, as shown in Figure 4(e,f), when ultrasonic
irradiation was combined with the plasma treatment,
the surfaces were uniformly modified, and the nanoscale skeleton-like structures seen in Figure 4(c) were
hardly seen. A previous study observed that plasma
treatment uniformity was improved by simultaneous
ultrasonic irradiation; however, it was at a different
length scale than it is in the present study. Highly oxidised spots were randomly distributed on a polyester
surface at a sub-millimetre range by DBD plasma treatment in air, while the surface was uniformly oxidised
without such spots under ultrasonic irradiation [25].
Altogether, the results of the present study indicate
that the plasma treatment can roughen the CNF surface by selective etching of weaker domains, while
ultrasonic irradiation can improve the uniformity of
the roughening at micrometre level. From the perspective of CNF composites, an increased roughness indicates a larger surface area of the CNFs, which
increases its interaction with the polymer matrix
through a possibly improved physical interlocking at
the fibre/matrix interface.
Figure 5 compares the ATR-FTIR spectra of the
CNF coatings before and after the plasma treatment.
The relative intensity of the broad band at around
3400 cm−1 was adjusted to normalise the spectra, and
the curves were vertically shifted appropriately in
order to aid visual comparison of the spectra. Broad
absorption bands were observed at around 3400,
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Figure 4. FE-SEM images of CNF coatings: (a,b) untreated, (c,d) plasma treated (100 W, 30 s), and (e, f) plasma treated (100 W, 30 s)
with ultrasonic irradiation.

2900, and 1640 cm−1, corresponding to the stretching
vibrations of O–H, symmetric stretching vibrations of
C–H, and stretching vibrations of C=O, respectively.
Possible assignments for the bands in the region
between 1500 and 800 cm−1 are as follows: HCH and
OCH in-plane bending vibrations at 1430 cm−1; C–

Figure 5. ATR-FTIR spectra of CNF coatings before and after
plasma treatment (100 W, 30 s).

O–C asymmetrical stretching at around 1160 cm−1;
C–C, C–OH, and C–H ring and side group vibrations
between 1100 and 1000 cm−1; and COC, CCO, and
CCH deformation and stretching vibrations between
1000 and 850 cm−1 [32]. No significant differences
could be discerned among the ATR-FTIR spectra of
CNFs before and after the plasma treatment with and
without ultrasonic irradiation, indicating that this technique may be insensitive in detecting the chemical
changes on the surfaces of the CNF coatings.
XPS measurements were carried out to analyse the
elemental composition of the CNF coatings before
and after the plasma treatment. The results of the
XPS survey spectra are summarised in Table 1. The
oxygen content increased from 37 at.-% (O/C ratio:
0.61) to 43 at.-% (O/C ratio: 0.87) due to the plasma
treatment, while the calcium content increased from
1.5 to 4.8 at.-%. The increase in the calcium content
can be interpreted as preferential etching of the organic
components in the coatings. Furthermore, ultrasonic
irradiation enhanced the oxidation (O/C ratio: 0.96)
of the coating. The trends of the XPS survey analysis
correspond to those of the contact angle
measurements.
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Table 1. Atomic composition and curve-fitted spectral data of C1s of the CNF coatings before and after plasma treatment (100 W,
30 s).
Atomic composition [%]

Deconvolution of C1s [%]

C
O
N
Ca
C–C, C–H (285.0 eV)
C–O (286.5 eV)
C=O (288.0 eV)
COO (289.5 eV)

Deconvolution of C1s spectra was performed to
study the functional groups on the CNF coatings, as
shown in Table 1. It was observed that C–C, C–H,
and C–O (single bond) contents decreased, while
C=O (carbonyl) and COO (carboxyl) contents
increased following the plasma treatment. Ultrasonic
irradiation further enhanced these effects. The increase
in C=O and COO contents on the CNFs surfaces can
improve its compatibility with organic solvents of medium polarity, such as acetone, which is one of the commonly used solvents for dispersion of CNFs [30]. In
addition, increase in the contents of C=O and COO
can improve the interaction of CNF with polymer
matrix during processing. It is therefore indicated
that the plasma treatment and the simultaneous ultrasonic irradiation can improve the dispersion level of
CNFs, and their adhesion with the matrix.
It has been reported that the O/C ratio of the cellulose fibres before processing is approximately 0.66, as
characterised by XPS [33], which is in good agreement
with that of the untreated CNFs in the present study
(Table 1). Corona treatment oxidised the cellulose
fibre surfaces [33], but the reported achievable COO
content of less than 7% is significantly lower than
that achieved in the present study (17%).
A similar assessment on CNFs was recently reported
using a gliding arc plasma at atmospheric pressure
[34]. The gliding arc treatment enhanced the oxidation
and roughness of the CNF surface; however, longer
treatment time weakened these effects. In addition,
the level of oxidation of the gliding arc treated CNFs
based on XPS C1s analysis [34] was comparable to
that of the corona treated cellulose [33]. It is, therefore,
concluded that the atmospheric pressure DBD plasma
treatment with ultrasonic irradiation can oxidise the
cellulose surfaces efficiently.

Conclusion
DBD plasma treatment of CNF coatings enhances the
wettability by deionised water and glycerol. The plasma
treatment oxidised the coating surface and etched it
unevenly. However, ultrasonic irradiation enhanced
the oxidation of the coating and the uniformity of the
treatment. The said modifications are advantageous
in enhancing the interaction of CNFs with a general

Untreated

DBD plasma

DBD plasma and ultrasound

60.1
36.9
0.9
1.5
36
48
16
0

49.7
43.3
1.5
4.8
27
44
21
8

47.3
45.6
0.9
5.1
18
40
25
17

organic solvent to improve their dispersion, and to
ameliorate their adhesion with the polymer matrix
during the manufacturing of CNF polymer composites.
Thus, it is demonstrated that atmospheric pressure
plasma treatment with ultrasonic irradiation is a promising technique to modify the surface of CNFs before
composite processing.
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a b s t r a c t
A gliding arc is a plasma generated between diverging electrodes and extended by a high speed gas ﬂow. It can
be operated in air at atmospheric pressure. It potentially enables selective chemical processing with high
productivity, and is useful for adhesion improvement of material surfaces. The efﬁciency of such a plasma
treatment at atmospheric pressure can be further improved by ultrasonic irradiation onto the surface during
the treatment.
In the present work glass ﬁber reinforced polyester (GFRP) plates are treated using an atmospheric pressure
gliding arc with and without ultrasonic irradiation to study adhesion improvement. The airﬂow at the arc
ignition directed the GFRP surface at a grazing angle of approximately 30°. The ultrasonic waves of the
frequency range between 20 and 40 kHz were introduced vertically to the GFRP surface through a cylindrical
waveguide. It is found that ultrasonic irradiation reduced the OH rotational temperature of the gliding arc. The
wettability of the GFRP surface was signiﬁcantly improved by the plasma treatment without ultrasonic
irradiation, and tended to improve furthermore at higher power to the plasma. Ultrasonic irradiation during
the plasma treatment consistently improved the wettability. It is seen that polar functional groups were
introduced at the surface by the gliding arc treatment, and that the treatment efﬁciency was enhanced by the
ultrasonic irradiation, indicating that the adhesive property would be improved. TOF-SIMS ion images
indicate that oxygen and nitrogen are uniformly attached at the treated surfaces with and without ultrasonic
irradiation. The principal effect of the ultrasonic irradiation is attributed to enhanced oxidation during the
plasma treatment.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Development of atmospheric pressure plasma processing has
attracted signiﬁcant interests, and both basic and application-oriented
researches are extensively progressing [1,2]. One of the challenges for
atmospheric pressure plasma processing is to achieve high chemical
selectivity and efﬁcient productivity simultaneously [3]. High chemical selectivity can be expected with a high degree of non-equilibrium
in a plasma, and efﬁcient productivity can be demonstrated with high
energy densities. However, typical thermal and non-thermal plasmas
cannot provide high non-equilibrium and high energy density
simultaneously. The use of a transient type of arc discharges can be
a promising route to overcome this problem. Its present example is a
gliding arc generated between diverging electrodes in a fast gas ﬂow,
potentially enabling selective chemical processing with high produc-

⁎ Corresponding author. Tel.: +45 4677 4571; fax: +45 4677 4565.
E-mail address: yuki@risoe.dtu.dk (Y. Kusano).
0257-8972/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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tivity [4]. Although a similar effect is expected for microwave plasmas,
a gliding arc system is less expensive than microwave plasma devices.
It is indicated that a gliding arc can be preferably applied for large
scale exhaust gas cleaning, pollution control, fuel conversion,
hydrogen production and surface modiﬁcation [4]. In particular, the
gliding arc combines a number of industrially attractive features of
plasma-based surface treatments: it is environmentally much cleaner
than mechanical or wet chemical processes, it operates well in air at
atmospheric pressure with low costs; being a torch-like plasma
source, it can treat surfaces of bulky objects, and it allows fast
processing. Therefore it is useful in many industrial applications that
involve coating, painting, printing, dying, and adhesion [5,6].
The efﬁciency of plasma processing can be further enhanced by
external energy input. Among possible techniques, ultrasonic irradiation by a high-power gas jet ultrasound generator is attractive
because of its simple setup, easy up-scaling, and high efﬁciency [7–9].
Glass-ﬁber-reinforced polyester (GFRP) materials are widely used
for a variety of applications due to their high strength-to-weight
ratios and corrosion resistance. They are often joined with
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components fabricated from similar or dissimilar types of materials
using adhesives. However, they usually have smooth surfaces
composed mainly of the polyester matrix materials with low surface
energies, and thus careful surface preparation is normally necessary
before adhesion. Some GFRP plate surfaces were treated by dielectric
barrier discharge (DBD) at atmospheric pressure for adhesion
improvement [10]. Here DBD is one of the commonly used nonthermal plasmas generated between electrodes covered with dielectrics. It is reported that the adhesion strength of the surface after 2-s
DBD treatment was comparable to or higher than that achieved by the
conventional abrasion method [10]. It is further reported that
simultaneous ultrasonic irradiation during the DBD treatment
enhances oxidation at the GFRP surfaces [8] and suppresses arcing
[9]. A gliding arc was also used for the adhesion improvement of GFRP
plates [6]. It is indicated that the treatment efﬁciency depends
strongly on the temperatures of the electrodes and the gas of the
discharge.
In the present work, GFRP plates are treated with the gliding arc
with and without ultrasonic irradiation for the purpose of adhesion
improvement. Optical emission spectroscopy (OES) was used for
plasma diagnostics. The treated surfaces are characterized using
contact angle measurement, X-ray photoelectron spectroscopy (XPS),
time-of-ﬂight secondary ion mass spectroscopy (TOF-SIMS) and
atomic force microscopy (AFM).
2. Experimental methods
2-mm thick GFRP plates were used as specimens (G-Etronax PM.
Elektro-Isola, Vejle, Denmark). They were cleaned and degreased with
acetone and methanol. However, for XPS, TOF-SIMS and AFM analyses
they were ultrasonically cleaned in deionized water for 2 × 5 min,
acetone for 2 × 5 min and in methanol for 5 min before plasma
treatment.
The gliding arc was generated between two 1-mm thick stainless
steel blade-electrodes with a diverging conﬁguration [6], driven by an
alternating current (AC) power supply (Generator 6030. SOFTAL
Electronic GmbH, Germany). The arc was ignited at the closest
distance between the electrodes and extended by an airﬂow at a ﬂow
rate of 20 L/min. The airﬂow at the arc ignition was directed on the
GFRP surface at a grazing angle of approximately 30°. The average
power input was obtained by measuring voltage and current with a
high-voltage probe and a 15.5 Ω current viewing resistor, respectively. The input power was adjusted by varying the frequency. A change
of the frequency from 40 kHz to 33 kHz corresponds to an input
power from approximately 300 W to 540 W without ultrasonic
irradiation, and from approximately 260 W to 490 W with ultrasonic
irradiation. In order to treat a GFRP plate surface, the plate was ﬁxed
on a holder which moved forward and back at a speed of 180 mm/s
[6]. The specimen surfaces were exposed to the discharge twice in 5 s.
The ultrasonic waves of the frequency range between 20 kHz and
40 kHz at a sound power level (SPL) of approximately 150 dB can be
introduced vertically to the GFRP surface through a cylindrical waveguide
using a high-power gas-jet ultrasonic generator (SonoSteam®,
FORCE Technology, Denmark) which was placed near the top of the
waveguide. The environments of the plasma treatment and the
ultrasound generation were separated using a thin polyethylene ﬁlm
clamped in the waveguide in order to avoid the inﬂuence of the gas
ﬂow for the ultrasound generation on the plasma.
The OES measurements were performed without a GFRP plate
using an optical ﬁber and a 0.75 m spectrometer equipped with a
grating with 3600 grooves/mm and a charge-coupled device (CCD)
camera (PI-MAX 1024, Princeton Instruments, USA) for the identiﬁcation of excited species and estimation of the rotational temperature
in the discharge. The data acquisition time was 3 s. The optical ﬁber
faces the position at the discharge distancing approximately 50 mm
from the arc ignition. The input powers to the gliding arc with and
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without ultrasonic irradiation were 490 W and 540 W, respectively. In
order to estimate the temperature of the plasma, the spectra of the OH
radicals in the gliding arc were measured and compared to the
modelling of the Q1 branch of the OH (0–0) rotational band
(A2Σ+→X2Π3/2). Measurements and simulations were normalized
to the rotational transition k″ = 8 (309.239 nm) since this line is not
superimposed by lines from other branches. The temperature can be
obtained with an accuracy of 100 K. The spectral resolution (FWHM)
is 18 pm. Data required for the simulation for the rotational system of
the OH molecule were taken from Ref. [11].
Contact angles were measured with deionized water and glycerol
in air at room temperature both before and after the plasma treatment
for evaluation of the polar component of the surface energy using a
contact angle measurement system (CAM100. Crelab Instruments AB,
Sweden). Each result in the present work was the average of the at
least ten individual measurements. The standard deviation of the
resulting value is typically less than 1.5°. The polar component of the
solid surface energy of the GFRP plates was determined by the twoliquid geometric method [12]. Its corresponding accuracy is approximately ±3 mJ/m2.
XPS data were collected using a double anode (Mg/Al) source, and
for the present measurements the Mg Kα line with an energy of
1253.6 eV was used, with a lateral resolution of 2 mm to study the
changes in elemental compositions and the functional groups on the
GFRP surfaces. Atomic concentrations of all elements were calculated
by determining the relevant integral peak intensities subtracting a
Shirley-type background. A high-resolution analysis was performed
on the carbon 1s (C1s) peak (pass energy 40 eV) acquired over 3
scans. The accuracy of the measurement is estimated to be better than
2%. The binding energies were referred to the hydrocarbon component (C–C and C–H) at 285 eV. The spectra were de-convoluted
through curve ﬁtting, taking purely Gaussian components with linear
background subtraction. The instrumental full-width at half-maximum (FWHM) for all peaks of C1s was 1.6 eV which is the resolution
of the spectrometer as well as the X-ray source. The ﬁtted components
had larger widths than this. Some of the widening of the peaks is due
to various energy-loss phenomena at the polymer surface [13].
TOF-SIMS analyses were performed using a TOF-SIMS IV (ION-TOF
GmbH, Münster, Germany). TOF-SIMS were acquired using 25 ns
pulses of 25 keV Bi+ that were bunched to form ion packets with a
nominal temporal extent of b0.9 ns at a repetition rate of 10 kHz,
yielding a target current of 1 pA. These primary ion conditions were
used to acquire 500 × 500 μm2 ion images of the sample surfaces with
a lateral resolution of approximately 2 μm.
AFM imaging of the GFRP plates was performed on an N8 NEOS
(Bruker Nano GmbH, Herzogenrath, Germany) operating in an
intermittent contact mode and using SSS-NCLR cantilevers (NANOSENSORS™, Neuchatel, Switzerland). Images were recorded at a scan
speed of 0.5 lines/min. The GFRP specimens for TOF-SÌMS and AFM
were treated with the input powers to the gliding arc at 490 W and
540 W with and without ultrasonic irradiation, respectively.
3. Results and discussion
The OES was measured to identify excited species in the discharge
and to evaluate the rotational temperature. A typical OES includes the
emissions from N2, N+
2 , NO, and OH [14]. The OH comes from ambient air
humidity. The intensity of optical emission of gliding arc, including OH,
+
NO, N2 and N2 bands, signiﬁcantly decreased with ultrasonic irradiation. The rotational temperature in the discharge was determined by
comparing the measured rotational band structure of OH A–X (0,0) with
the simulated spectra at different temperatures. Fig. 1 (lower panel)
shows the measured rotational spectrum of the OH radical between 308
and 312 nm without ultrasound (blue) and the simulated Q1 branch
(red). The temperature of the simulation was varied for the best ﬁt and
here the best ﬁt was obtained at 3500 K. Similarly the rotational
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Fig. 1. Spectral measurement of the gliding arc with and without ultrasound (blue,
upper and lower panels, respectively) and simulation of the Q1 branch of the rotational
system of OH (red, upper and lower panels, respectively). The simulation results shown
are performed at rotational temperatures of 3200 K (with ultrasound) and 3500 K
(without ultrasound).
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temperature of gliding arc with ultrasonic irradiation was estimated.
Fig. 1 (upper panel) shows the comparison between OH emission of a
gliding arc with ultrasonic irradiation (blue) and the simulated Q1
branch (red). In this case, the best ﬁt for the spectra was obtained at a
temperature of 3200 K. The large difference in some lines between
measurement and simulation is due to the superposition of lines from
different rotational branches in the measured spectra. The difference in
the rotational temperatures of a plasma with and without ultrasound
was discussed in Refs. [15–17]. It is reported that an increase in the
acoustic wave intensity can lead to a growth in the plasma column
diameter and the generation of a uniform non-contracted discharge at
high gas pressures. More speciﬁcally, an audible resonant acoustic wave
induces an acoustic ﬂow that gives rise to a vortex motion in the plasma
chamber and leads to the formation of a de-contracted, uniform
stabilized positive column. Consequently, an acoustic wave can reduce
the gas temperature of a plasma at high pressure. However, the acoustic
waves delivered in a plasma are audible (b1 kHz) with SPL of less than
85 dB in Refs. [15–17], while those in the present work have the
frequency diapason between 20 and 40 kHz at SPL of approximately
150 dB. Namely the acoustic energy in the present work is signiﬁcantly
higher than that in those references, and thus the mechanisms of
interacting acoustic waves and the plasma might be different. In this
connection further investigation is necessary for the understanding of
detailed mechanisms involved.
The plasma treatment drastically changed the GFRP surface
wettability. The water contact angle on the GFRP plate was
approximately 72° before the treatment, dropped markedly to
below 20° and tended to be lowered at high power to the plasma or
with ultrasonic irradiation as shown in Fig. 2. The polar component of
the surface energy of the GFRP plates treated at different input powers
to the plasma is also shown in Fig. 2. The polar component of the
surface energy signiﬁcantly increased after the plasma treatment, and
further increased with ultrasonic irradiation. However, it looks
insensitive against increasing input power to the plasma. The result
indicates that polar functional groups could be easily introduced at
the surfaces and that the improvement of the wettability at higher
input power to the plasma could be attributed to the increase of

Contact angle [degree],
polar component of surface energy [mJ/m2]
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Fig. 2. Water contact angle (square), polar component of surface energy (circle), and O/C
ratio (triangle) of GFRP plate surfaces before and after the plasma treatment with
(solid) and without (open) ultrasonic irradiation.

surface roughness. These effects potentially improve the adhesive
property of the GFRP surfaces.
XPS survey analysis was carried out to compare the elemental
composition of the GFRP surfaces before and after the treatment.
Carbon, oxygen and a small amount of nitrogen were detected at each
surface. The nitrogen content was 0.4 at.% before treatment, and from
1 to 2 at.% after the treatment. Fig. 2 shows the O/C ratio at the GFRP
surfaces before and after the treatment with and without ultrasonic
irradiation. After the treatment without ultrasonic irradiation, the O/C
ratio increased from 0.23 to approximately 0.36. When the input
power was 370 W or higher with ultrasonic irradiation, the O/C ratio
was as high as approximately 0.4. The results indicate that ultrasonic
irradiation can enhance oxidation at the GFRP surfaces. On the other
hand, the O/C ratio was only 0.35 at the surface treated at an input
power of 260 W with ultrasonic irradiation. A possible explanation of
this rather low O/C ratio is that the input power might not be high
enough to sustain a stable discharge, since ultrasonic irradiation
enhances observed ﬂuctuations of the discharge.
The de-convolution of the C1s spectra of the GFRP surfaces before
and after the treatment with and without ultrasonic irradiation is
summarized in Fig. 3. Peaks at approximately 285 eV, 286.48 eV,
288.03 eV, 289.46 eV, and N290 eV can be assigned to C–H/C–C (A), C–
O–C/C–OH (B), C=O (carbonyl) (C), C(O)O– (carboxyl) (D), and
plasmon (π*–π shake-up) (E), respectively [6,10,13,14]. Due to the
existence of an aromatic ring-structure in the polyester, the peak A at
285 eV should also contain a lower-energy peak (F) at approximately

Fig. 3. C1s peak components of the GFRP surfaces before and after the treatments.
Assignments correspond to A: C–H/C–C at 285 eV; B: C–O–C/C–OH at 286.48 eV;
C: carbonyl at 288.03 eV; D: carboxyl at 289.46 eV; and E: plasmon at N290 eV.
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Fig. 4. TOF-SIMS ion images (500 × 500 μm2) showing the lateral intensity distribution of CxHyOz+ (upper images) and CxHyNz+ (middle images) markers, and AFM images
(10 × 10 μm2) (lower images) of the GFRP surfaces: (a) untreated, (b) gliding arc treated without ultrasonic irradiation, and (c) gliding arc treated with ultrasonic irradiation. Black
corresponds to no intensity, brown to some intensity, and white to 100% intensity in the TOF-SIMS ion images.

284.5 eV. However, the de-convolution of the peak F was not
attempted, since the peaks A and F are too close to perform reliable
de-convolution. The C1s component peaks of B, C and D increased
after the plasma treatment with and without ultrasonic irradiation.
The C1 component peak of D, corresponding to the carboxyl group
seems to increase slightly with ultrasonic irradiation.
Fig. 4 (upper and middle images) shows TOF-SIMS ion images
(500 × 500 μm2 ) of the sample surfaces before and after the
treatments. It is observed that both oxygen and nitrogen are
homogeneously distributed after the plasma treatment with and
without ultrasonic irradiation. These results contrast to that of Ref. [9]
on DBD treatment in air, where signiﬁcantly oxidized spots were
randomly created without ultrasonic irradiation, while uniformly
treated with ultrasonic irradiation. These results indicate that a
gliding arc can preferably treat surfaces uniformly even without
ultrasonic irradiation. The attachment of oxygen or nitrogen containing functional groups on the sample surfaces will most likely
contribute to the increase in the polar component of surface energy
and thus improve the adhesion properties of the surfaces.
Surface roughening is also useful for adhesion improvement
because of the increased surface area and mechanical interaction
with the adhesive. AFM was used to measure the surface roughness of
the GFRP plates over 10 × 10 μm2 surface areas. Fig. 4 (lower images)
shows the AFM images of the GFRP plates before the treatment, and
after the treatment with/without ultrasonic irradiation. The average
surface roughness (Sa) of the untreated surface was 1.2 ± 0.2 nm
(Fig. 4a) (lower image)). The roughness increased to 1.9 ± 0.2 nm
(Fig. 4b) (lower image)) and 2.3 ± 0.6 nm (Fig. 4c) (lower image))
after the plasma treatment without and with ultrasonic irradiation,
respectively. It is therefore concluded that the treatment increases the

surface roughness, but ultrasonic irradiation does not change the
surface roughness to any detectable degree.
4. Conclusions
GFRP plates were treated by a gliding arc plasma with and without
ultrasonic irradiation. Ultrasonic irradiation reduced the rotational
temperature of the discharge. The polar component of the surface
energy and the oxygen content at the GGFRP surface increased
markedly after plasma treatment without ultrasonic irradiation.
Ultrasonic irradiation during the treatment tended to increase them
furthermore. Oxygen and nitrogen containing functional groups were
uniformly attached at the surfaces by the treatment with and without
ultrasonic irradiation. The surfaces were roughened by the treatments, but the simultaneous ultrasonic irradiation did not signiﬁcantly improve surface roughening.
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Observation of gliding arc surface treatment
Y. Kusano*1, J. J. Zhu2, A. Ehn2, Z. S. Li2, M. Aldén2, M. Salewski3, F. Leipold3,
A. Bardenshtein4 and N. Krebs5
An alternating current (AC) gliding arc can be conveniently operated at atmospheric pressure
and efficiently elongated into the ambient air by an air flow and thus is useful for surface
modification. A high speed camera was used to capture dynamics of the AC gliding arc in the
presence of polymer surfaces. A gap was observed between the polymer surface and
the luminous region of the plasma column, indicating the existence of a gas boundary layer.
The thickness of the gas boundary layer is smaller at higher gas flow-rates or with ultrasonic
irradiation to the AC gliding arc and the polymer surface. Water contact angle measurements
indicate that the treatment uniformity improves significantly when the AC gliding arc is tilted to the
polymer surface. Thickness reduction of the gas boundary layer, explaining the improvement of
surface treatment, by the ultrasonic irradiation was directly observed for the first time.
Keywords: Plasma treatment, Gliding arc, Gas boundary layer, Polyester, Ultrasound, Planar laser induced fluorescence

Introduction
Non-thermal plasma processing at atmospheric pressure
is widely used for surface modification.1,2 Its applications include surface cleaning,3 decontamination and
sterilization,4,5 deposition of functional coatings6 and
improvement of adhesion, wetting and paintability.7–11
One of the challenges in non-thermal plasma processing
at atmospheric pressure is to achieve high reactivity and
high productivity simultaneously.12 Here, high reactivity
is ensured by a high electron temperature in a nonequilibrium plasma so as to change chemical bonding of
molecules in the plasma or the plasma treated surfaces.
Meanwhile, high productivity can be demonstrated using
high energy densities. However, most plasmas can hardly
sustain a non-equilibrium state at high energy densities.
Two possible approaches are proposed to overcome this
issue: (1) development of a hybrid plasma with a high
energy density in a non-equilibrium state and (2) plasma
processing assisted by an external energy input.
A gliding arc is one of the hybrid plasmas,13 generated
between diverging electrodes as a low impedance thermal
arc discharge, extended by a gas flow and quenched to
non-thermal condition.14 It can be operated in atmospheric pressure air and thus advantageously used for
large-scale processing.15–20 An alternating current (AC)
gliding arc has a long lifetime extending over hundreds of
1
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AC periods without extinction. The plasma column can
be elongated to approximately 20–30 cm.16–20 The AC
gliding arc is useful for adhesion improvement of glass
fibre reinforced polyesters (GFRPs),16,17 efficiently oxidising GFRP surfaces when the distance between the edge
of the electrodes and the GFRP surface is up to 6 cm in
open air. It is also demonstrated that optical techniques
are promising for non-intrusive diagnostics of the AC
gliding arc.18,19 In particular, the dynamics of the gliding
arc is observed by using a high speed camera. However,
high speed observations of the AC gliding arc in the
presence of a surface have not been intensively studied.
The efficiency of plasma processing can be improved by
simultaneous high power ultrasonic irradiation to the
plasma and material surfaces.21–27 It is reported that high
power ultrasonic irradiation during the gliding arc surface
treatment enhances oxidation of GFRP surfaces. It has
been proposed that a gas boundary layer sticking at a
material surface reduces its thickness when the surface is
irradiated with acoustic waves. Thus, the turbulent fluxes
of the reactive species towards the surface increase and
the surface modification is enhanced. However, this
reduction of the boundary layer thickness in plasma
processing was never visually demonstrated.
In the present work, the AC gliding arc is generated
for surface treatment of GFRP plates. The performance
of the AC gliding arc directing is captured by a high
speed camera and OH planar laser induced fluorescence
(OH-PLIF), while the surface modification effect is
monitored by static water contact angle measurements
and X-ray photoelectron spectroscopy (XPS). The
effects of gas flow-rates, a tilted gliding arc and ultrasonic
irradiation to the AC gliding arc are investigated.

Experimental methods
The AC gliding arc was generated between two
diverging tubular electrodes. The outer diameter of the
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1 Experimental arrangements of specimen and AC gliding arc: angle between the gas ﬂow direction and specimen surface is either 90u (vertical: a, b) or 30u (tilted: c, d); arrangement between the moving direction of specimen and the
line formed by the specimen surface and the plane containing electrodes is either perpendicular (a, c) or parallel (b, d)

tubular electrodes is 3 mm. Cooling water was fed
through the electrodes during operation.16–20 An air flow
was fed between the electrodes with flow-rates of 14?0,
17?5, 21?0, 31?5 or 42?0 standard liters per minutes
(SLM). The AC gliding arc was driven by an AC power
supply at a frequency of 31?25 kHz (Generator 6030;
SOFTAL Electronic GmbH). Two millimeter thick
GFRP plates were used as specimens (G-Etronax PM;
Elektro-Isola). They were cleaned and degreased with
acetone and methanol before the plasma treatment.
In order to treat a GFRP plate surface without excess
thermal damage from the AC gliding arc, a poly(methylmethacrylate) holder was moved forward and backward
at a speed of 180 mm s21 on which the GFRP plate was
fixed. The angle between the gas flow direction and the
specimen surface is approximately 30u (also referred to as
‘‘tilted’’) or 90u (also referred to as ‘‘vertical’’). A line
formed by the specimen surface and a plane containing
the electrodes is perpendicular to the moving direction of
the specimen, unless mentioned otherwise. Experimental
arrangements of the specimen and the gliding arc are
schematically illustrated in Fig. 1.
For the investigation of the effect of the ultrasonic
irradiation, the angle between the gas flow direction and
the specimen surface was fixed at approximately 30u and
the acoustic waves were introduced vertically to the
specimen surfaces through a cylindrical waveguide using
a high power gas jet ultrasonic generator (SonoSteam;
FORCE Technology). The acoustic frequency range is
between 20 and 40 kHz, and a sound pressure level
is approximately 150 dB.21–27 A high-speed camera
(Phantom v7?1) was used to capture the behaviour of
the AC gliding arc during surface treatment. The high
speed camera was operated at 20 kHz with exposure
time of 30 ms and resolution of 2566256 pixels in the
measurements.

PLIF is a powerful method for specific species
detection and is widely used in the investigation of
combustion28 and plasma.29 In order to visualize the
spatial distributions of the reactive species generated by
the AC gliding arc, OH-PLIF was performed in different
directions. A Nd:YAG (Brilliant b) pumped dye laser
(Continuum ND60) was tuned to 283?268 nm to achieve
excitation of OH X2P–A2Sz (0,1). The resulting
fluorescence at around 308 nm was collected by an
ICCD camera (Princeton PI-MAX II) with an exposure
time of 30 ns. Filters (UG5zWG295) were added in
front of the camera to reduce the laser scattering.
The static contact angles for deionized water on the
GFRP surfaces were measured in air at room temperature using a contact angle measurement system (CAM100;
Crelab Instruments AB).
XPS data were collected using a microfocused, monochromatic Al Ka X-ray source with a lateral resolution of
30 mm (K-alpha; ThermoFischer Scientific, UK) to study
the changes of the elemental composition at the GFRP
surfaces. Atomic concentrations of each element were
calculated by determining the relevant integral peak
intensities subtracting a linear background, and the O/C
ratio was obtained.

Results and discussion
Effects of flow-rate and distance to surface
The angle between the gas flow direction and the GFRP
surface is fixed at approximately 90u and the distance
from the head of the electrodes to the specimen surface
is 15 mm during the treatment. Averages of 10 000
images taken by the high speed camera and the temporal
photoemission intensity from the projected squared area
(0?5 mm high and 10 mm wide) near the specimen
surface are shown in Fig. 2. The photos of the AC
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2 Average of 10 000 images (left panels) and temporal photoemission intensity near the specimen surface (right panels)
of the AC gliding arc at different ﬂow-rates: a 14?0; b 17?5; c 21?0; d 31?5; e 42?0 SLM

gliding arc in Fig. 2 indicate that a gap exists between
the GFRP surface and a luminous region where the AC
gliding arc is likely present. Here, the gap is different
from a plasma sheath in that the AC gliding arc can be
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sustained regardless of the existence of the GFRP
surface. Instead, the observed gap represents a gas
boundary layer which is always formed close to the
surface due to viscosity. The discharge tends to
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3 Average of 10 000 images of AC gliding arc: distances of edge of the electrodes to the specimen surface are a 15 mm
and b 65 mm

approach the specimen surface at higher flow-rates. The
time distribution of the photoemission in the region just
above the surface in Fig. 2 shows that the overall
photoemission intensity tends to increase as the gas
flow-rate increases. The tendency of the photoemission
of the AC gliding arc at different flow-rates is similar to
the observation without a surface.17
The increasing overall photoemission at higher flowrates results from more frequent conversions from glow
type gliding discharge to spark type.19 It is therefore
indicated that the gas boundary layer can be detected by
the high speed camera, and that the thickness of the gas
boundary layer decreases at higher flow-rates. The result
would suggest that at higher gas flow-rates, surface
treatment effects would be improved due to a thinner gas
boundary layer between the plasma and the surface.
However, it is found in Fig. 2 that the photoemission
intensity fluctuates more at higher flow-rates, affecting
the treatment uniformity. Moreover, it is reported that as
the gas flow-rate increases, the concentration of hydroxyl
radical decreases, which is thought to be among the most
important oxidative agents for plasma treatment,19 and
that the wettability of the treated GFRP surfaces
decreases due to the excess quenching of the plasma.16
In fact, when the flow-rate is higher than an optimal
flow-rate, the photoemission intensity frequently goes
down to zero, corresponding to a frequent extinction of
Table 1 Water contact angles of GFRP plates after
gliding arc treatment at different ﬂow-rates: result
is based on Ref. 17 (ß IOP Publishing. Reproduced
by permission of IOP Publishing. All rights
reserved.)
Flow-rate/SLM

Water contact angle/u

14.0
17.5
21.0
31.5
42.0

46.4¡10.2
25.7¡7.2
38.6¡11.1
43.9¡13.4
62.6¡12.6

the AC gliding arc by quenching. It is therefore expected
that there is an optimum gas flow-rate for the gliding arc
surface modification. Utilizing the same set-up and
conditions, the optimum gas flow-rate of 17?5 SLM is
reported in terms of the wettability as shown in Table 1,
which agrees well with the previous work since the gas
boundary layer at 17?5 SLM is modest and the intensity
fluctuation is relatively small.
Figure 3 shows averaged images of the AC gliding arc
when the distances between the specimen surface and
the edges of the electrodes are 15 and 65 mm. The
photoemission intensity drops down when the distance
increases. Similar results were reported in that at higher
flow-rates, the wettability and the degree of oxidation16,17 at the GFRP surface decrease and that the
photoemission intensity decreases. The oxygen/carbon
(O/C) ratio measured by XPS and the water contact
angle of the GFRP plates after the gliding arc treatment
are summarized in Table 2. The result indicates that the
GFRP surface can be efficiently oxidized when the
distance between the specimen surface and the edges of
the electrodes is up to approximately 6 cm, and that the
oxidation effect significantly decreases when it is larger
than approximately 6 cm. More detailed surface characterization and dedicated adhesion tests after the
treatment are reported by Kusano et al.15–17

Tilted gliding arc
When a gliding arc is used for surface treatment, the gas
flow direction is usually perpendicular to the surfaces
due to a short extension of the general gliding arc
reported in a literature.30,31 That is, the gliding arc is
usually directed perpendicular to the surface to be
treated. However, even when the angle between the gas
flow direction and the specimen surface is not perpendicular, the AC gliding arc in the present work can extend
long enough (up to 20–30 cm at 17?5 SLM) to approach
the surface. The static water contact angles were
measured at four different conditions at the fixed
distance of 15 mm between the edges of the electrodes
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Water contact angles of GFRP surfaces after AC gliding arc treatment: see Fig. 1 for conditions

and the specimen surface. The gas flow-rate was 17?5
SLM. The power to the discharge was approximately
800 W. Each specimen surface was exposed to the
discharge twice. The angle between the gas flow
direction and the specimen surface was either 30u (tilted
as shown in Fig. 1c and d) or 90u (vertical as shown in
Fig. 1a and b). The arrangement between the moving
direction of the specimen and the line formed by the
specimen surface and the plane containing the two
electrodes was either perpendicular or parallel. The
results are shown in Fig. 4.
When the angle between the gas flow direction and the
specimen surface is 90u (vertical), measured contact
angles were scattered, indicating a poor treatment
uniformity by the gliding arc. On the other hand, when
the tilting angle was 30u (tilted), approximately 4 cm
width was relatively uniformly and well treated, and
thus, the tilting appears useful for improving the
treatment uniformity. One possible explanation of the
Table 2 O/C ratios and water contact angles of GFRP
plates after gliding arc treatment at different
distances: result is based on Ref. 17 (ß IOP
Publishing. Reproduced by permission of IOP
Publishing. All rights reserved.)

286

Distance/cm

O/C ratio

Water contact angle/u

1.5
3.5
5.5
6.5
7.5

0.37¡0.02
0.28¡0.02
0.27¡0.02
0.29¡0.02
0.21¡0.02

25.7¡7.2
19.1¡6.3
17.9¡2.7
43.6¡25.0
86.3¡2.9
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improvement is less fluctuation of the discharge column
due to less streamline curvature and less shear in the
tilted case. Furthermore, even when the arrangement
between the moving direction of the specimen and the
line formed by the specimen surface and the plane
containing the two electrodes is parallel (Fig. 1d), the
surface was uniformly treated within a certain region as
shown in Fig. 4d. It is therefore indicated that the
discharge column can dynamically fluctuate in a
direction perpendicular to the plane containing the
electrodes.
The OH-PLIF images of the AC gliding arc without
the GFRP plates were collected to investigate the
distribution of ground state OH radicals generated by
the plasma. As shown in Fig. 5a, the asymmetric OHPLIF image parallel to the plane containing the
electrodes indicates that the plasma is partly out of
plane of the laser sheet and is three-dimensionally
distributed. It is confirmed in Fig. 5b that the plasma
is also distributed perpendicular to the plane containing
the electrodes. The observation in Fig. 5 shows good
agreement with the result that the GFRP surface was
uniformly treated even when the arrangement between
the specimen moving direction and the line formed by
the specimen surface and the plane containing the
electrodes is parallel as shown in Fig. 4d. The relevant
dynamics of the gliding arc discharge column is studied
elsewhere.19

Effect of ultrasonic irradiation
The advantage of tilting the AC gliding arc is not only
the uniform treatment, but also easy introduction of

Kusano et al.

Observation of gliding arc surface treatment

5 Average of 500 OH-PLIF images of the AC gliding arc taken by the ICCD camera a facing and b perpendicular to plane
containing electrodes: the laser sheet was located at plane parallel to OH image

6 Average of 10 000 images of the tilted gliding arc at gas ﬂow-rate of 17?5 SLM b with and a without ultrasonic irradiation

ultrasonic irradiation. It is reported that the treatment
effects of the AC gliding arc are enhanced by the ultrasonic
irradiation.25 In the present work, high speed images were
taken with and without ultrasonic irradiation. The gas
flow-rate was 17?5 SLM, and the power to the gliding arc
was approximately 800 W. A distance between the edges of
the electrodes and the specimen surfaces was 15 mm.
Without ultrasonic irradiation, a gap of a few millimeters
was observed without strong photoemission between the
surface and the photo emitting part as shown in Fig. 6a.
However, with ultrasonic irradiation, the gap significantly
reduced at the same flow-rate. This is the first direct
observation of the thickness reduction of the gas layer
attaching at the surface in plasma surface processing due to
ultrasonic irradiation. The result corresponds to the
improved plasma treatment effects by the ultrasonic
irradiation21–27 in which detailed surface characterizations are reported. More specifically, the surface density
of the carboxyl group seems to increase with ultrasonic
irradiation.25 It is also noted that the ultrasonic irradiation induced observed spatial fluctuation and more
frequent shortcutting events than the AC gliding arc
without ultrasonic irradiation, and that the subsequent
averaged image in Fig. 6b looks as if the discharge
column would be discontinued.

Conclusion
The performance of the AC gliding arc surface treatment was investigated using a high speed camera. The
photographs revealed that the thickness of the gas
boundary layer tended to decrease as the flow-rate
increased so that the plasma column was observed closer
to the surface on average. On the other hand, the
photoemission intensity of the plasma fluctuated more
and affected the treatment uniformity. The results
indicate the existence of an optimum gas flow-rate for
the surface treatment. The long extension of the
discharge enables demonstration of plasma surface
treatment with the tilted gliding arc. It is shown that
the tilting improved uniformity of the treatment. For
example, when the tilting angle was 30u, approximately
4 cm width of the specimen surface was relatively
uniformly treated. Ultrasonic irradiation to the gliding
arc also reduced the thickness of the gas boundary layer,
indicating improvement of surface treatment effect. The
effect of the thickness reduction by the ultrasonic
irradiation, which has previously been predicted, was
directly observed for the first time. It is concluded that
direct observation of the AC gliding arc helps understanding of dynamics of plasma surface processing.
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