Cellulose (2021) 28:8055-8076
https://doi.org/10.1007/s10570-021-04014-2

)

Check for
updates

ORIGINAL RESEARCH

An open-source surface barrier discharge plasma
pretreatment for reduced cracking of outdoor wood coatings

Sebastian Dahle @ - Megi Pilko - Jure Zigon
Marko Petric¢ - Matjaz Pavli¢

- Rok Zaplotnik -

Received: 22 December 2020/ Accepted: 12 June 2021 /Published online: 6 July 2021

© The Author(s) 2021

Abstract The development of a simple surface
barrier discharge plasma device is presented to enable
more widespread access to and utilization of plasma
technology. The application of the plasma device was
demonstrated for pretreatment of wood prior to
application of protective coatings for outdoor usage.
The coatings’ overall performance was increased,
showing a reduction or absence of cracking due to
weathering on  plasma-pretreated  specimens.
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Moreover, after ten months of outdoor weathering,
the plasma-pretreated specimens showed fewer infec-
tions with biotic factors and improved adhesion
performance in cross-cut tests, while the surface gloss
performed independently from plasma pretreatment.
In contrast to that, plasma-pretreated specimens were
slightly more prone to discoloration due to outdoor
weathering, whereas the plasma pretreatment did not
impact the initial color after coating application.
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Introduction

The first technical applications of plasmas date back at
least until the middle of the nineteenth century (c.f.
Kogelschatz 2003), but have only been used on larger
scales for the surface modification of workpieces since
amidst the twentieth century. In many technical
plasmas, the fraction of ionized gas particles (degree
of ionization) is relatively low and can be well below
0.1%. However, the electron energies can be well
above 10 eV, corresponding to an electron tempera-
ture of well above 10,000 K, as opposed to the
temperature of the neutral gas particles that remains
close to room temperature (Kogelschatz 2003). These
gas discharges are not in thermal equilibrium and are
hence called non-thermal plasmas. The physical and
chemical processes inside the plasma gas are complex
and include e.g. ionization and recombination, light
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emission, dissociation of molecules, and gas particles’
excitation to high vibrational states (Lieberman and
Lichtenberg 2005). Thereby, various reactive gas
species are generated, which can be utilized for the
treatment and functionalization of solid materials
(Fridman 2008). Among various ways to generate a
plasma discharge, those techniques that operate at
atmospheric pressure are of particular interest for
many practical applications in surface engineering, but
with particular broad industrial impact on polymer
materials (Thomas and Mittal 2013). The main
atmospheric plasma technologies for surface engi-
neering are Corona discharges, dielectric barrier
discharges (DBD), and a variety of plasma jets for
remote treatments (Harry 2010).

The available atmospheric plasma techniques have
specific advantages and disadvantages, which render
individual methods suited for specific applications
(Fridman 2008). In particular, remote plasmas and
plasma jets provide the advantage of localized treat-
ments that are mostly independent of substrate shapes
and geometries. However, the scale-up for large areas
often is problematic and cost-intensive. Corona



Cellulose (2021) 28:8055-8076

8057

discharges are in use for the longest times among
atmospheric non-thermal plasmas and can be very
energy-efficient. In comparison, DBD offer the best
scalability of treatment area and control of discharge
processes even at high power input. Despite their high
effectiveness, however, direct DBD setups can be
limited in their applicability, as non-conductive sub-
strates need to be passed through the discharge area
and are thus limited in thickness. One solution to
overcome these limitations are surface barrier dis-
charges (SBD), which utilize the principle of a DBD to
ignite the plasma on the surface of an electrode
structure.

The SBD technology became particularly popular
after the diffuse coplanar surface barrier discharge
(DCSBD) was developed in 2002 (§imor et al. 2002).
This high-power setup with a diffuse discharge
appearance enables overcoming of inhomogeneities
potentially arising from the microdischarge structure
of barrier discharges (Rahel” and Sherman 2005; Cech
et al. 2015), thus achieving highly homogeneous
treatments and an enhanced scalability of the technol-
ogy (Stépanovd et al. 2017). The discharge has since
been intensely investigated and characterized, includ-
ing by mass spectrometry (Lazovic et al 2008; Cech
etal. 2017), optical emission spectroscopy (Cechetal.
2008; Tucekova et al. 2013), energy flux measure-
ments (Hansen et al. 2019), cross-correlation spec-
troscopy (Hoder et al. 2008, 2009), numerical
simulations and fast optical imaging (Cech et al.
2014). Design considerations include the thickness of
the dielectric barrier (éech et al. 2014). Moreover,
systemic influences on the discharge properties were
found for the electrode gap (Cech et al. 2009) and the
electrode temperature (éech et al. 2007), which
therefore need to be well controlled to achieve the
best possible repeatability of plasma treatment
outcomes.

Other designs of SBDs can encompass various
electrode designs (Akamatsu 2014) or include gas feed
possibilities through patterned perforations (Go-
golides et al. 2016), typically with radio-frequency
excitation (Dedrick et al. 2011) to avoid electrode
damage by arc formation and to ensure a homoge-
neous discharge (Dimitrakellis et al. 2016). Such
systems can be employed equally well for surface
functionalization (Zeniou et al. 2017). Moreover, the
included gas feed allows for a simple implementation

of etching, coating, or other processes that require
special working gases (Dimitrakellis et al. 2017).

The benefits of surface discharges are especially
prominent with the treatment of work pieces with very
flat surfaces and large surface areas (Cerndk et al.
2009). That way, many industrial applications for
plasma treatments can be arranged with great energy
efficiency (Kelar et al. 2015) and at high processing
speeds (Cernék et al. 2011).

The plasma treatments using SBDs and particularly
the DCSBD are well demonstrated on all materials’
classes and types of work pieces, including glass
(Homola et al. 2013; gtépe’mové et al. 2015), metal
sheets (Prysiazhnyi and Cernak 2012), or textiles
(Radi¢ et al. 2009). The applications can further
include the generation and depositions of functional
nanoparticles (Radic¢ et al. 2013), improved germina-
tion of seeds (éeré etal. 2021), or inactivation of fungi
and germs (Mosovska et al. 2019).

Plasma applications on wood materials were
pioneered in the 1970s by Kim and Goring (1971)
with the plasma-enhanced bonding of wood and
synthetic polymers, and by Bialski et al. (1975) with
the plasma-enhanced wood wettability. Most applica-
tions of the time used atmospheric corona plasmas and
low-pressure radio-frequency plasmas (Denes et al.
2005; Hill 2007). When further technologies such as
barrier discharges and gliding arc jets became avail-
able, scientific studies on wood treatments increased
again around 2010 (Vidl et al. 2012; Petri¢ 2013).

In general, plasma technology is used with wood-
based biomaterials to enhance gluing, composites, and
coatings (Zigon et al. 2018). Plasma pretreatments
were shown to improve adhesion strengths (Kral et al.
2015; Zigon et al. 2020a), while reducing susceptibil-
ity to humidity (Avramidis et al. 2010; Wascher et al.
2017) and weathering (Zigon et al. 2018). Further,
plasma treatments can deposit functional coatings,
such as super-hydrophobic, super-hydrophilic, or
photocatalytic functional layers (Podgorski et al.
2001; Mai and Militz 2004; Wallenhorst et al. 2018).
Moreover, plasma treatments can enhance composit-
ing between different material classes, e.g. to bond
wood and metals (Zigon et al. 2020a).

Surface barrier discharges and particularly the
DCSBD were used on wood and wood-based sub-
strates for many different applications, including
activation (Odraskova, 2008; Rahel’ et al. 2011; Lux
et al. 2013; Tino and Smatko 2014; Jablonsky et al.
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2016) and the deposition of hydrophobic coatings
(Odraskova et al. 2007). In addition to natural wood,
similar effects were observed on paper (Talviste et al.
2019) as well as on thermally modified wood (Téth
et al. 2007). The activation is strongly limited by
diffusion and chemical modifications were found no
deeper than 330 nm into the surface (Kral et al. 2015).
Thereby, the effects are less pronounced than those of
e.g. a plasma jet (Gerullis et al. 2018), but still yield a
sufficient outcome as activation for gluing and coating
applications.

The treatment of wood surfaces with air plasma
discharges is an interesting technique also as pretreat-
ment for improved performance of coatings, particu-
larly for outdoor applications (Lukowsky and Horn
2002; Zigon et al. 2018). The available literature
provides only limited insight into how aging in natural
outdoor conditions is changing, if cost-effective
plasma techniques are utilized together with typical
outdoor coating systems.

Despite all the benefits offered by plasma technol-
ogy, its utilization in many cases is still very limited.
The high prices of industrial equipment present one
particular hurdle to the operation and exploitation of
this technology. This is the case particularly so with
low value-added products and in industrial sectors
with both, low profit margins and low external
pressure for high-tech innovation. This can be
enhanced by providing alternative solutions, e.g.
through the free and open source technological
development (Wijnen et al. 2014). As a part of the
Open Science movement, the section on Open Lab
Equipment is a growing environment that renders
possible new applications and allows access to current
high-tech developments for individual people,
research groups, or companies with low funding. For
plasma technology, most shared developments
remained within the scientific communities and were
not openly accessible (c.f. Schutze et al. 1998). For
localized remote plasma treatments, this has since
changed through the COST reference jet (Golda et al.
2016, 2018) and other openly published plasma
sources (Yan et al. 2013).

In this publication, we describe a simple imple-
mentation for an open plasma device suited for large-
area surface treatment. A potential application of the
device is demonstrated on wooden substrates as a
pretreatment for common wood finishes. Although
some wood coatings have been studied before, a
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comparison of the impact of plasma pretreatments for
several wooden finishes, such as oils and stains, has
been lacking, so far (c.f. Zigon et al. 2018). Moreover,
the nature of known plasma modification might
indicate an effect of the plasma on the material’s
susceptibility to ultraviolet radiation, which is a major
aesthetic factor related to protection of wood in
outdoor application. Aesthetics and optical appear-
ance of aged samples are compared with the impact of
plasma treatments on other performance indicators,
including biotic factors, cracking, and coating adhe-
sion, as applicable to the used surface systems.

Materials and methods
Substrate material

In this study, spruce wood (Picea abies (L.) Karst.)
specimens with dimensions 375 mm x 80 mm x 20
mm with radial or semi-radial orientation of the fibers
were used. In total, 32 specimens were conditioned
under natural conditions at a temperature of 20 °C and
a relative air humidity of 65%. The surfaces of the
samples were flat planed, without addition sanding or
other primary processing.

Plasma treatments, COMSOL simulations
and optical emission spectroscopy

Plasma pretreatment was carried out before applica-
tion of different coatings, using a surface barrier
discharge setup as described in “Results and discus-
sion” section. The device was operated at a frequency
of 10 kHz with a 20% duty cycle and a primary
voltage of 18.5 V, leading to a primary current of
5.6 A. Samples were treated on a moving band at a
feed belt speed of 0.15 m/s, resulting in a treatment
time of 2.5 s for each spot on the specimen’s surface or
3.79 s for the entire specimen. The distance between
specimen and plasma electrode was optimized to
0.5 mm, thus yielding a sufficient plasma effect, while
avoiding mechanical contacts between the electrode
and the samples. During the plasma treatment, the
overall power consumption, including all electrical
losses, averaged to 159.4 W, amounting to
1.7 10 kWh per specimen. This calculates to a
specific power consumption of 5.7 10~ kWh/m? or
Carbon dioxide emissions equivalents of 1.61 gcoeq/
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m?, assuming average specific emissions of 284 g/
kWh for Slovenia (ElectricityMap 2020).

Electric field strength, electric displacement fields,
and electric potentials have been calculated for
different electrode configurations using the COMSOL
Multiphysics® v5.3 (Comsol Multiphysics GmbH,
Gottingen, Germany) electrostatics module. Although
excluding plasma ignition and frequency-dependent
effects represents a strong simplification, the analysis
of static electric fields provides a good basis for the
construction of DBD setups operated at relatively low
frequencies (Zigon et al. 2019).

Optical emission spectroscopy (OES) has been used
to evaluate the gas temperatures and electron energies
in the plasma discharge. Spectra were recorded with
10 s integration time using a 16-bit Avantes AvaSpec
3648 fibre optic spectrometer (Avantes Inc., Louis-
ville, CO, USA). Reduced electric fields have been
evaluated from the nitrogen emission lines N, (B>
IR X22g+, (0, 0)) at 391.4 nm and N, (C’IT,_

- B3Hg, 2, 5)) at 394.3 nm after Paris and
colleagues (Paris et al. 2005, 2006; Pancheshnyi
2006; Kuchenbecker et al. 2009). Electron energies
were calculated based on the reduced electric fields
using the Bolsig + software version 03/2016 (Hage-
laar and Pitchford 2005) with cross-sections from the
LXcat database (Pitchford 2013). The DBD dis-
charges in this study do not fulfil the steady-state
conditions for the equations as formulated by Paris and
co-authors (Paris et al. 2005). However, Bonaventura
and colleagues (Bonaventura et al. 2011) proved that
the equations are suited for determining accurate peak
electric fields, and hence accurate peak values for
average electron energies, as long as a sufficient
spatial and time-integrated optical emission spectrum
is used.

Application of coatings

In this study, three types of protective wood coatings
for outdoor applications were used:

1. BIOHEL Tung oil (Helios TBLUS, d.o.o., Koli-
Cevo, Slovenia) commercial colorless natural tung
oil, a pure vegetable oil from Aleurites fordii
Hemsl. (L.) fruits and seeds.

2. Belinka Exterier (Helios TBLUS, d.o.o., Koli-
Cevo, Slovenia) transparent water-based stain
including acrylic resin, ultraviolet (UV) light

absorbers and nano-filters, weather-resistant pig-
ments, water-repellent substances, film preserva-
tive, and additives.

3. Belinka Beltop UV Plus (Helios TBLUS, d.o.o.,
Kolicevo, Slovenia) colorless stain based on
organic, non-aromatic solvents, alkyd resins, light
and weather-resistant pigments, UV filters, UV
absorbers, free radical scavengers, and waxes.

According to the manufacturer’s instructions, all
coatings were applied manually using a brush in two
layers at a room temperature between 21 and 23 °C,
and a relative humidity between 52 and 67%. Spec-
imens were weighed before and after coating applica-
tion to monitor the coating application, yielding
average application rate in g/m® for the different
sample systems given in Table 1.

The averaged application rates from non-polar
formulations show an increase on plasma-treated
specimens by 21% for tung oil and 32% for the
solvent-based UV stain, whereas the water-based
stain’s application rate was on average 29% lower
on the plasma-treated specimens. The combined
application rate of both coating applications on
average increased by 11% and 31% on plasma-treated
specimens for the tung oil and the solvent-based UV
stain, respectively, whereas it was reduced by an
average 19% on plasma-treated specimens for the
water-based stain. In almost all cases, the standard
deviation of the coating application rate was notably
increased for the plasma-treated specimens in

Table 1 Average masses of applied coatings on untreated and
plasma-pretreated spruce substrates

Coating Pretreatment  First Second
application application
(g/m?) (g/m?)
Tung oil Untreated 662 £79 258+5.0
Plasma 80.3 £ 356 2154+ 142
Water-based Untreated 2495 £ 264 604 £5.7
stain
Plasma 1782 £45.1 71.6 £ 159
Solvent-based, Untreated 103.1 = 19.2 333 +45
UV protective
stain
Plasma 1363 £ 62 430+£52

@ Springer



8060

Cellulose (2021) 28:8055-8076

comparison with the correlated untreated specimens.
While variations in application rate arised from the
manual application, there seems to be a distinct impact
by the plasma treatment. The influence of the plasma
on both, average values and standard deviations of the
application rates, are likely a consequence of the well-
known change in wetting and penetration that the
plasma induces, and which is developing in depen-
dence of the heterogeneous wood structure.

Contact angle measurements and plasma
optimization

The plasma treatment parameters were optimized on
the basis of water contact angle (WCA) measurements
using a Theta optical goniometer (Biolin Scientific Oy,
Espoo, Finland). Apparent WCAs were evaluated by
Young-Laplace analysis using the software (OneAt-
tension version 2.4 [r4931], Biolin Scientific). All
together, 10 droplets for each type of sample were
automatically analyzed within 63 s (1.7 images per
second). The measurement started immediately after
the first contact of the drop with the surface of the
sample. Contact angle measurements were performed
immediately after plasma treatment to avoid any effect
of aging on the measured values. In comparison,
additional WCAs were measured on reference samples
that were neither coated nor plasma-treated.

Smaller specimens with dimensions 92 mm x 80
mm x 20 mm were used to optimize the conditions
and parameters of the plasma processing. In particular,
we optimized the duration of the plasma treatment by
varying the feed rate and the gap distance between
electrode and surface of the specimens. Moreover,
repetitive treatments from one to three passes were
tested. Summarized results of the optimization are
given in the complete dataset of raw and analyzed data
(see data statement).

Natural aging under outdoor conditions

To prevent water absorption, the end-grain and side
perimeter of all samples were sealed using a two-
component thick-layer epoxy coating (EPOLOR HB,
COLOR Medvode, Slovenia) before exposure to
natural conditions after the coatings were cured for
at least 24 h. The sealing coating was applied in two
coats with an intermediate 24 h drying time. Speci-
mens were exposed according to the instructions of the
standard SIST EN 927-3:2001, but the exposure
period was reduced to 10 months, from August 19th,
2019, to June 18th, 2020. The weather and climate
data collected by the Slovene Environmental Agency
(Meteo 2020) on mean air temperature, temperature
extremes, precipitation sums, and bright sunshine
duration for the period of exposure is given in the
Supplemental Material (Figures S2.1-S5.12). Moni-
toring measurements of color and gloss, as well as a
scan of the specimens’ surfaces, were performed after
1 month, 3 months, and after 6 months of the ongoing
exposure. The samples were exposed on special stands
with the longitudinal edge of the sample in a
horizontal position, the test upper surface inclined by
45°, and the surfaces oriented towards the equator
(south direction). Sample was positioned at a distance
of 3 cm to ensure that rain running of any sample does
not hit any sample below. The distance from the floor
to the bottom pattern on the stand was 50 cm. The
stands were placed on a grassy surface at the
Department of Wood Science of the Biotechnical
Faculty, in a location where the effects of weather
conditions were undisturbed, excluding shading from
neighboring buildings and providing a free path to the
effects of precipitation, wind, and sun.

The experimental plan included four specimens for
each of three coatings and for uncoated spruce, each in
both cases, with and without plasma pretreatment. For

Table 2 Systematic

Coating Plasma-treated Untreated
structure of samples,
treatments, coatings, and Uncoated U0p Ulp U2p U3p Uln Uln U2n U3n
weathering Tung oil TOp Tlp T2p T3p TOn Tln T2n T3n
Water-based stain WOp Wip W2p W3p WOn WIin W2n W3n
Solvent-based UV stain SOp Slp S2p S3p SOn Sin S2n S3n
Dark  Weathered Dark  Weathered
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each of these 16 sample systems, three specimens were
exposed to weathering and one specimen was stored in
a dark, enclosed space as a reference for later
comparison with the exposed one. A systematic
overview of the samples and short denominations is
given in Table 2.

Visual evaluation

Surface cracking was assessed according to ISO
4628-4:1982. After removal from the stands, the
specimens were gently wiped with a dry cloth to
remove surface impurities accumulated from exposure
to rainwater and other factors, thus allowing for a more
clear assessment of the damage. The assessment
consists of three parts and follows the principle of
numerical and letter evaluation, using the following
nomenclature. The first rating defines the extent of
cracking (0—no, 1—Iless than a few, 2—a few, 3—
medium, 4—medium dense, 5—dense). The second
rating assesses the crack size (S1—visible only at
10 x magnification, S2—barely visible to the naked
eye, S3—clearly visible to the naked eye, S4—Ilarge
cracks up to 1 mm wide, S5—very large cracks with a
width of more than 1 mm). The third rating evaluates
the crack depths (a—the top layer is not entirely
cracked, b—the top layer is completely cracked, the
bottom layer remains mostly undamaged, c—the
entire coating system from the surface to the substrate
is cracked).

According to the reference European standard EN
16492:2014, the extent of infection with biotic factors
was evaluated. The assessment defines the deforma-
tion of the surface caused by the growth of fungi,
molds and algae. The assessment consists of three
parts and follows the principle of numerical evalua-
tion. The first assessment defines the intensity of
infection or change thereof within the observed area
(0—no visible growth, surface unchanged, 1—little
visible growth or very slight change, 2—clearly
visible growth or slight change, 3—very clearly
visible growth or moderate change, 4—very visible
growth or significant change, 5—very pronounced
growth). The second assessment takes into account the
amount of infection (0—no or no infection detected,
1—very little or small, barely noticeable infection,
2—some or small but significant infection, 3—mod-
erate infection, 4—significant infection, 5—dense
sample of infection or homogeneous infection). The

third assessment describes the percentage of infected
area (0—no growth on the surface of the sample, 1—
up to 10% growth on the surface of the sample, 2—
more than 10% up to and including 30% growth on the
surface of the sample, 3—more than 30% up to and
including 50% growth on the surface of the sample,
4—more than 50% up to and including 100% growth
on the surface of the sample).

No formation of bubbles, peeling, or chalking
occurred on any specimen during our experiment’s
duration, so we did not perform an assessment of these
damage types.

Color and gloss measurements

The gloss of all samples was measured before and
periodically during the outdoor exposure following the
SIST EN ISO 2813:1999 standard using an X-Rite
(Grand Rapids, MI, USA) AcuGloss TRI gloss meter.
On each sample’s surface, 10 measurements were
performed randomly (five measurements from one and
five from the other direction of the sample). In this part
of the test, we introduced minor adjustments to the
standard, which in the original provides for six random
measurements (three from one and three from the
other direction of the sample), and in view of better
results we decided to perform a larger number of
measurements. They were performed at an angle of
incident light of 60°, parallel to the wood fibers in the
longitudinal direction. When measuring, areas of
samples with natural surface staining or cramps were
avoided, as this would have a negative impact on the
final measurements. The results were given as the
gloss change calculated from the difference between
the average gloss measurements before and after
exposure.

The samples’ color was measured before and
periodically during the outdoor exposure following
the adapted standard ISO/DIS 7724-2:1997 using an
X-Rite SP62 spectrophotometer with a standardized
D65 light source. The CIELAB parameters (L*, a*,
and b*), their changes (AL*, Aa*, and Ab¥), and the
total colour change (4E*) were determined after the
CIEDE2000 formula (CIE 2000), using Eq. 1. These
values were then arithmetically averaged for each
sample.

AE" = /(ALY +(Aa Y+ (Ab") (1)

@ Springer



8062

Cellulose (2021) 28:8055-8076

Coating adhesion measurements

The coating adhesion was assessed in accordance with
the SIST EN 927-3:2001 standard and later assessed
according to the adjusted instructions from the SIST
EN ISO 2409:1997 standard. Adjustments were made
to the blade, using two special knives with six clamped
blades instead of the single blade described in the
standard. The distance between the clamped blades of
the larger knife was 2 mm and the distance between
the blades of the smaller knife was 1 mm. With these,
we achieved cross-cuts of two different sizes and,
consequently, a more detailed assessment, obtained
more accurate results on coatings’ adhesion.
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Open-source plasma equipment
Electrode configuration

Most industrial equipment design electrodes for a
long-time, high-intensity operation with minimal
maintenance and thus choose ceramics as barrier
materials (Cech et al. 2014). Simpler designs make use
of polymeric or composite materials with sufficiently
high breakthrough voltage, such as printed circuit
boards (PCB) (Zeniou et al. 2017). These are typically
made from fiberglass-epoxy composites, e.g. the FR4
laminate material. Although the epoxy tends to
degrade over time, such electrodes are sufficiently
stable for various plasma applications. Moreover, the
low production costs at high qualities render them well
applicable as consumables.

The design utilized in this study employs 2-layer
1.6 mm FR4 PCBs (JLCPCB, Shenzhen, Guangdong,
China) with 35 pm conductive traces, hot air solder

15mm trace width
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Fig. 1 COMSOL simulations of displacement field (top row), electric field (middle row), and electric potential distribution (bottom
row) for electrode setups with 2 mm (left column), 5 mm (middle column), and 15 mm trace width (right column)
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leveling (HASL leveling), and an epoxy-based solder
mask. Despite the solder mask protecting the conduc-
tive traces, the electrodes show degradation after
extended treatments of substrates. Therefore, this
design is not suited for continuous operation or
industrial applications, whereas the service life is
entirely appropriate for usage in laboratories or small
workshop environments.

The electrode designs were initially optimized
using simple electrostatic simulations as described in
the “Materials and methods” section. Three pairs of
alternating electrodes were simulated with trace
widths between 1 and 20 mm. Selected results for
top electrodes at 10 kV potential and bottom elec-
trodes at ground potential are shown in Fig. 1. For
small trace widths, the displacement fields exhibits
considerable oblique fractions in-between adjacent
electrodes, indicating a strong dielectric loss inside the
FR4 carrier. At increasing trace width, the oblique
fraction is reduced, approaching its minimum around
5 mm trace width. Above 5 mm, the displacement
field is concentrated in-between the edges of adjacent
electrodes with negligible impact of further increasing
the trace width. From the electric potentials (bottom
row in Fig. 1) it is obvious that these are strongly

concentrated around the electrode traces as long as the
width is approx. in the same order of magnitude as the
effective spacing between electrodes of alternate
polarity, d/e;, with the dielectric plate thickness d
and the dielectric permittivity of the material ¢,.
Starting at a trace width of 5 mm, the electric potential
on the dielectric surface opposite of an electrode
resembles at least 80% of the potential applied to the
electrode trace relative to the potential of the opposite
electrodes. This is accompanied by a reduction of the
oblique E field between opposite electrodes and an
increase of the FE field around electrode corners, which
extends into the surrounding air (middle row). At
larger trace widths, the electric potential extents
further towards the opposite side of the dielectric
FR4 substrate, whereas the electric field strength
around the edges of the electrode traces only shows a
negligible increase above 5 mm trace width.

The effect of the trace width is further exemplified
in Fig. 2, where the electric field strength is analyzed
on several positions in dependence of the electrode
traces’ widths. The position of the line analyses are
shown as red lines in the 2D model (Fig. 2, top row),
above the corresponding E field data. The parameter
study shows an increase of the electric field strength
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Fig. 2 Electric field simulations between edges of adjacent
electrodes (left column), at the center of an electrode towards the
opposite side of the dielectric (middle column), and tangential
across the edge of an electrode (right column) with graphical
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representations of the lines of analysis for the parameter study
(top row) and resulting field strengths over simulated trace
widths (bottom row)
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(a) 265 mm

250 mm

Fig. 3 Electrode design in KiCAD (a) and SolidWorks (b), and
setup mounted over a conveyor belt (¢)

between edges of adjacent electrodes (left column)
until 5 mm trace width, whereas it remained approx.
on the same value for further increased widths. The
electric field strength tangential across the electrode
edges (right column) represents the most important
value, as this is the location of plasma ignition. The
simulation shows a distinct increase until approx.

@ Springer

8 mm trace width, whereas it remain similar for
further increased widths. In comparison, the maximum
electric field strength at the edge of a 5 mm wide trace
shows a ca. 20% increase over the corresponding value
at 2 mm width. Further increasing the width from
5 mm increased the field strength by no more than 5%.
The electric field strengths through the dielectric
substrate at the center of an electrode (middle column)
trace show a hyperbolic decrease with increasing trace
widths, because the corresponding distance to the
opposite electrode increases proportionally with the
trace width. At 5 mm trace width, the maximum value
of the electric field strength amounts to approx. 1/3™
of the corresponding maximum at 1 mm trace width,
thus indicating a proportional reduction in electric loss
density within the dielectric material.

Based on the simulation results, the electrodes were
designed with 5 mm wide traces in alternating stripes
on both sides of the PCB. This layout leads to lines of
plasma discharge at the trace edges with gaps centered
over the traces, thus allowing for a large degree of
electrode oxidation before failure. The electrode
design was tested by small-scale electrodes with 3
pairs of 125 mm long traces on a 90 mm x 150 mm
PCB.

The treatments were carried out using up-scaled
electrodes with 6 interconnected sets of 3 pairs of
205 mm long traces on a 250 mm x 265 mm PCB,
where the sets are spaced 10 mm apart (see Fig. 3a).
The treatment of surfaces requires the positioning of
such electrodes close to the specimens’ surfaces,
typically below a millimeter. In order to ensure a
proper gap distance over the whole size, these larger
PCB sizes were stabilized by attaching a grid of
polymer plates on top (see Fig. 3b), which were glued
to the electrode plate using a two-component epoxy
adhesive (UHU PLUS schnellfest, UHU GmbH & Co.
KG, Biihl/Baden, Germany). These plates were further
acting as a reservoir for an oil filling (Diesel motor oil
15W40 extra, Petrol d.d., Ljubljana, Slovenia), which
prevented the plasma ignition on the upper side facing
away from the specimen and acted as heat buffer to
stabilize the temperature of the plasma system (see
Fig. 3c).

High-voltage (HV) generation

The ignition of the plasma discharge requires electri-
cal field strengths to exceed the breakthrough voltage
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V,, of the working gas at pressure p and discharge
distance d, which in this case is given by the Paschen
curve for air (Husain and Nema 1982):

2737.5Vpa . em P d
"7 In(p - d) - 4.6295

(2)

For the used electrode geometry, stable plasma
ignition occurs at voltages higher than approx. 8 kV.
The generation of high voltage for such plasma
applications often focus on the most energy-efficient
converter technologies such as zero-voltage switching
converters (Lee et al. 2003; Han et al. 2008; Mishima
et al. 2009; Zin et al. 2017), which adapt switching
frequencies to the primary LC (inductor-capacitor)
circuit, thus reducing switching losses, and design the
secondary side to a closely matching resonance (Harry
2010). However, the appearance and characteristics of
DBDs in general and of SBDs specifically strongly
depend on the excitation frequency and the shape of
the signal. In particular, most effective plasma treat-
ments in terms of their physicochemical outcomes are
ignited using short HV pulses in the microsecond or
even nanosecond timescale (Hirschberg et al. 2013).
However, such short pulses can only be implemented
if the resonant oscillations of the secondary (i.e. HV)
LC circuit are attenuated, which consumes high
proportions of the transferred energy and accordingly
increases the electrical losses. Therefore, some solu-
tions make use of the HV self-oscillations through
periodical re-excitations after the oscillations declined
to a defined fraction of the initial amplitude (Kuchen-
becker et al. 2009).

The equipment presented in this publication uses a
simple Flyback circuit with pulse-width modulation
(PWM) waveform generator (c.f. Fajar et al. 2020) to
generate the HV power output required for the plasma
ignition. Fig. SI1.1 in the supplemental materials
shows the circuit schematics (left image) and the
printed circuit board (PCB) layout (right image). This
provides a robust, cost-efficient, and well-controlled
solution to provide high voltages at a broad range of
frequencies and with sufficient power to operate a
plasma device. Self-resonant or self-switching circuits
(Law and Anghel 2012; Fajar et al. 2020) would need
to be optimized to different frequencies on different
electrodes, and would thus become a more complex
solution for this application. A commercial N-channel
power MOSFET (Infineon CoolMOS C7 IPW60) is

used to switch a Flyback transformer (TRANS-
HF_15KVAC, Voltagezone Electronics e.U., Graz,
Austria). The primary side of the circuit is driven at
low voltages up to 24 V, but a failure of the plasma to
ignite can cause resonant oscillations of the HV
circuit, which may lead to an excessive overvoltage on
the primary side. Thus, a high voltage power
MOSFET with hard switching capability was selected,
which is capable of pulse currents well above 100 A.
The MOSFET gate is driven through bulk junction
transistors instead of an integrated circuit driver
module to increase the circuit’s robustness. Further
safety features include resistors limiting the gate
currents, Zener diodes preventing gate overvoltage on
all transistors, and a power diode in parallel to the
MOSFET’s body diode. The energy efficiency can be
optimized to the chosen frequency of operation by
including tank (primary side) and buffer (secondary
side) capacitors with the Flyback transformer to adjust
the resonances. All design files for the used circuit are
available (see data statement), including the exported
GERBER files for manufacturing the printed circuit
board.

Displayed in fig. S1.2 in the supplemental materials
is the schematic wiring of the HV power supply. The
power supply utilizes an LED driver (S-240-24, Mean
Well Europe B.V., Amstelveen, The Netherlands)
24 V switch-mode power supply (SMPS) and a simple
voltage control module (RD DPS5020-USB/BT,
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1 100 0r 1T
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Fig. 4 OES spectra of the discharges on the large (black line)
and the small SBD electrode (red line) in air
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Hangzhou Ruideng Technology Co., Ltd, Zhe-
jiang,China) to supply the Flyback module. An
integrated PWM signal generator (XY-PWM, XY-
KPWM or XY-LPWM; Eshinede Technology Shen-
zhen, China) is used to include control over the plasma
ignition frequency and to adjust the duty cycle to the
magnetic saturation of the Flyback transformer. A
self-holding contactor latch (ESB 24-31, ABB Ltd.,
Ziirich, Switzerland) is included as an additional
safety feature. The 12V and 5 V potentials are
obtained from linear voltage regulator ICs L7812CV
and L7805CV (STMicroelectronics N.V., Geneva,
Switzerland), respectively. Furthermore, a small
oscilloscope module (DSO138 mini, JYE Tech Ltd.,
Guilin, Guangxi, China) with the probe tip capaci-
tively coupled to the transformer core can provide a
meaningful diagnostic tool, which can be calibrated to
measure the output voltage. All details on the power
supply design are published online in the article’s
dataset (see data statement).

Plasma characterization

The plasma discharges were characterized using OES,
as shown in Fig. 4. Both spectra show similar features,
albeit at a slightly lower intensity for the larger
electrode, as the input electrical charge and energy
from the HV generator are distributed on a larger
capacitor over a larger electrode area correspondingly
over a larger plasma volume than for the smaller
electrode design. Both spectra show features from the

second positive system (SPS) of the neutral nitrogen
molecule (N, C’TI, — B’II,) (Orszdgh et al. 2012)
and from the first negative system (FNS) of the
positive nitrogen molecule ion (N," BZZU+ - X*
Z;) (Elkholy et al. 2018). Neither hydroxyl radicals
(OH A%X" — X*TI) (Mizeraczyk et al. 2012) nor
nitrous oxides (NO A" — X°%) were detected
(Xiao et al. 2014) at measurable concentrations with
the used setup. Further, no significant intensities of
atomic oxygen or nitrogen, nor the first positive
system (FPS) of the neutral nitrogen molecule (N, -
B3l'Ig > A? >.1) were possible to detect at sufficient
intensity in the measured spectra. Here it should be
mentioned that even though there is no emission from
OH, NO, O and N visible on OES spectra, it does not
necessarily mean that there are no OH, NO molecules
or no N or O atoms. These species may be present in
plasma, but either low concentrations or electrons do
not have enough energy to excite these species to
higher energy levels. The evaluation from the intensity
ratio of the lines at 391.4 nm and 394.3 nm according
to Paris and colleagues (Paris et al. 2005, 2006;
Pancheshnyi 2006; Kuchenbecker et al. 2009) as
described in the “Materials and methods” section
yielded reduced electric field strengths of 556 Td for
the small SBD electrode and 444 Td for the larger
SBD electrode. Through Bolsig + (Hagelaar and
Pitchford 2005; Pitchford 2013), these amounted to
mean electron energies of 10.8 eV and 9.1 eV,
respectively. The detailed analysis including E/N

Table 3 Cracking assessment on different coated and plasma pretreated sample systems after 6 and 10 months of natural weathering

Surface finish Plasma 6 months 10 months
Yes 0 0
Uncoated
No 0 0
Yes 0 0
Tung oil
No 0 1.3S13a
Yes 0 0.750.7 a
Water-based stain
No 1.3S23a 3S3.7b
Yes 0 0
Solvent-based UV stain
No 1.7S2.7b 3.753.7b
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calculations and Bolsig 4 simulation results are pro-
vided in the published dataset (see data statement).

In a comparable coplanar surface discharge, Peters
et al. (2018) found electron energies of about 12 eV
(Peters et al. 2018), which are higher than the ones
found in the present study to the short (27 ps) high
voltage pulses with higher peak voltages (19-29 kV)
used by Peters. Translational temperatures of a
comparable surface discharge were found by Peters
et al. in the range of 333-367 K depending on
substrate and treatment time, rotational temperatures
in the range of 315-440 K and vibrational tempera-
tures around 2400 K (Peters et al. 2017). In this study,
however, the lower electron energies and the lower
electrical power input are expected to deliver slightly
lower gas temperatures. Moreover, due to the inte-
grated surface discharge in this study as opposed to the
coplanar discharge used by Peters et al., a lower
impact of the substrate can be expected.

Results and discussion

During the outdoor exposure, the specimens with
various coating systems were thoroughly inspected
and evaluated after one month, three months, six
months and finally, at the end, after ten months of
exposure. Visual evaluations were repeated with the
help of collected photographs of scanned samples at
the end of the experiment.

Visual evaluation of the aged samples

According to EN ISO 4628, the visual evaluation was
focused on blistering, cracking, peeling, chalking, and
the extent of biotic infections and mold. Despite
almost one year of exposure, no bubbling, peeling, and
chalking of the coating film was observed on the
surface of the samples; these factors were therefore
excluded from the analysis. Most specimens presented
cracked and infected films and consequently stained
surfaces due to the influence of biotic factors, such as
fungi or mold. Cracks in the coating films first
appeared on the samples only six months after
exposure and then escalated further, as shown in
Table 3. The most intense cracking was observed on
specimens with solvent-based UV stain applied with-
out plasma pretreatment (BB-030-bp), where larger
cracks are extending through the entire coating

Fig. 5 Comparison of an exemplary specimen (BB-030-bp) as
prepared (a) and after outdoor exposure exhibiting strong
cracking (C—cracked area) and significant infections with
biotic factors (b)

system. For specimens BB-032-bp, and for the
water-based stain applied without plasma, EB-023-
bp and EB-024-bp, only the top layer of the coating
was affected, whereas the bottom layer remained
intact. Very small, barely visible cracks also appeared
on untreated samples of tung oil (blue field, Table 3).
In comparison with untreated samples, the degree of
cracking on plasma-pretreated specimens was signif-
icantly reduced. Only one plasma-pretreated specimen
exhibited cracks (EB-020-p), albeit to a minimal
degree. This positive effect of plasma pretreatments
might be attributed to the enhanced wetting and deeper
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Table 4 Estimation of the extent of infections with biotic factors on different coated and plasma pretreated sample systems after 1, 3,

6, and 10 months of natural weathering

Coating Plasma 1 month 3 months 6 months 10 months
Yes 1/1/1 1/1/1 2.3/3/2 3/3/3
Uncoated
No 1.3/1/1 2/1.3/1.3 3/2/2 3/2.3/2.3
Yes 1/1/1.3 2/1/2 3/2.3/1.7 3/2.7/2.7
Tung oil
No 1/1/1 2/1.3/1 3/3/2 4/4/4
Yes 0 1/1/1 2/1/1 3/2/1
Water-based stain
No 0 1/1/1 1.7/1/1 4/3/2
Yes 0 1/1/1 2/1.3/1 2.7/2/1.7
Solvent-based UV stain
No 0 1/1/1 2.3/2.3/1.3 | 3.7/3/2

penetration of coatings into the wood surfaces, which
has been reported before (Zigon et al. 2020b). This
prolongs the time after which cracks appear on the
wood and reduces the depth of cracks, which in turn
reduces the possibility of wood decay due to infection
with biotic decomposition factors. An example of
strong cracking after exposure and the as-prepared
specimen for comparison are presented in Fig. 5a, b,
respectively.

The extent of infections with biotic factors accord-
ing to EN ISO 4628-1:2003 on the exposed specimens
were estimated in comparison to control specimen,
which were stored in a conditioned dark room during
the entire time of the outdoor exposure experiments.
The individual assessments in Table 4 show an
increasing extent of infections with longer exposure
periods. After ten months of exposure, biotic factors
had strongly impaired a large fraction of samples. The
worst conditions were found for untreated specimens
coated with tung oil. This likely originates in the
poorer resistance of wood coatings based on natural
ingredients compared to water-based and organic
solvent-based coatings. Samples with an extent of
infections with biotic factors, that would require
maintenance or replacement (moderate to significant,
very visible infections), are marked in red. The first
minimal infections are highlighted in blue in Table 4.
On the surface of uncoated exposed samples and
samples coated with tung oil, first infections appeared
one month after the start of the exposure. Infections on
specimens finished with the water-based and with the

@ Springer

solvent-based UV stain surface systems were first
observed only three months after start of the outdoor
exposure, indicating the better resistance of these
systems to the attack of biotic factors. In comparison
to the untreated specimens, the plasma pretreatments
yielded slightly lower values of infection prevalence
over the entire periods of exposure. This again
indicates the positive effect of plasma on coated wood
surfaces, which, by inhibiting infections, could pro-
long the usefulness of outdoor wood products and
reduce their decay. An example of high extent of
infections with biotic factors of the specimen before
and after exposure for comparison are presented in
Fig. 5a, b, respectively.

Gloss and color changes

The unexposed specimens with cured surface systems
showed the highest surface gloss for the solvent-based
UV stain (values between 50.2 and 58.2), followed by
the water-based stain (19.8 to 22.7), and tung oil (6.7
to 7.2), whereas uncoated specimens exhibited the
lowest surface gloss (approx. 5.5). No impact of
plasma pretreatments on the surface gloss was
observed prior to the outdoor exposure.

The gloss change during the outdoor weathering is
presented in Table 5. The strongest pronounced loss of
gloss during six months of outdoor weathering was
observed for the solvent-based UV stain (blue mark-
ings). The values decreased from 59.0 to 25.8 for the
plasma-pretreated specimens and from 48.1 to 20.8 for
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Table 5 Evaluation of the gloss change on different coated and plasma pretreated sample systems with and without exposure to

natural weathering after 1, 3, 6, and 10 months

Coating Plasma Weathered 1 month 3 months 6 months
No 0.1 0.1 0.1
Yes
Yes 0.6 1.2 0.3
Uncoated
No 0.0 0.1 0.1
No
Yes 1.0 1.6 0.6
No -0.1 -0.4 -0.5
Yes
Yes -2.2 -3.0 -3.5
Tung oil
No 0.0 -0.1 0.2
No
Yes -3.3 -4.0 -4.6
No 0.6 0.1 0.0
Yes
Yes 0.7 -0.1 -3.4
Water-based stain
No 1.2 1.9 -0.2
No
Yes 1.6 0.5 -4.4
No -6.2 -6.2 -5.6
Yes
Yes -16.4 -19.7 -33.2
Solvent-based UV stain
No -4.2 -6.0 -6.0
No
Yes -15.1 -18.4 -27.3

the untreated specimens. Both are drastic decreases of
the surface gloss, with no significant impact of the
plasma pretreatment. The lowest gloss values during
and after outdoor weathering were obtained for
uncoated samples, again. Reference samples stored
in the dark showed greatly reduced surface gloss
changes, indicating the gloss change to be mainly
induced as an effect of the outdoor weathering, i.e.
through weather, biotic factors, and UV radiation.

In a comparison of plasma-pretreated and untreated
specimens, the response of plasma-pretreated surfaces
was on average, slightly better for the uncoated, tung
oil, and water-based stain samples. However, the
recorded values are within the normal standard
deviation, thus not providing a statistically significant
plasma treatment impact on these surface systems.

The findings for the solvent-based UV stain coating
system, however, were different, showing a notable de-
crease in gloss already in the reference samples stored
in dark, which can be attributed to the properties and
composition of the coating (wax content, UV filters,

absorbers, free radical scavengers) and the internal
aging process of the cured film itself. Moreover, gloss
changes were slightly larger on plasma-pretreated
specimens than untreated specimens, albeit statisti-
cally insignificant. However, this might well be related
to the creation of radicals on the wood surface by the
plasma known from previous studies (Setoyama
1996), which could reduce the amount of radical
scavengers present in the UV-protective stain.

The initial color of the different coating systems
amounted to L*a*/b* values of 79.5/5.9/22.4 and
78.1/6.2/22.6 for the uncoated plasma-treated and
untreated specimens, respectively, of 74.8/8.1/28.4
and 74.8/8.3/29.8 for the plasma-treated and untreated
Tung oil specimens, respectively, of 77.7/5.5/27.3 and
77.6/5.5/27.2 for the plasma-treated and untreated
water-based stain, respectively, as well as of 76.8/6.8/
33.0 and 74.6/7.6/31.8 for the plasma-treated and
untreated solvent-based UV stain, respectively. All
surface systems impose changes to the color of the
specimens, with a slight darkening that was most
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Table 6 Evaluation of the

Coating Plasma Weathered Change
color change on different
coated and plasma AL* Aa* Ab* AE*
pretreated sample systems
after 10 months with and Uncoated Yes No - 02 - 0.5 - 04 0.7
without exposure to natural Yes —26.1 — 3.1 — 144 30.0
weathering No No ~0.1 05 —04 0.6
Yes — 264 — 3.6 — 149 30.6
Tung oil Yes No - 0.5 - 03 35 35
Yes — 274 - 1.0 — 10.1 29.2
No No 0.1 - 038 2.7 2.8
Yes — 255 - 05 — 8.0 26.8
Water-based stain Yes No - 03 — 0.1 0.2 0.4
Yes — 9.8 1.9 —-20 10.2
No No - 04 0.0 0.2 0.4
Yes - 94 2.0 - 14 9.7
Solvent-based UV stain Yes No - 03 0.7 2.4 2.5
Yes - 95 3.6 —-22 10.4
No No - 0.6 0.5 2.4 2.5
Yes - 175 24 - 1.7 8.3

pronounced on the Tung oil. Further, most of the
surfaces took on a slightly reddish-yellow hue, as the
a* and b* values increase after coating application
except for the water-based stain, which resulted in a
more green-yellow color on the surface.

In the first few months, the color change was most
pronounced on the uncoated specimens and on the
Tung oil samples. The color and gloss data over the
entire weathering period in published in the article’s
dataset (see data statement). Table 6 presents the
averaged color change for all surface systems after ten
months of outdoor weathering compared to the
corresponding reference samples stored in the dark.
As expected, the color changes in non-exposed
samples are significantly lower than the changes in
outdoor aged samples. This is typical for outdoor
weathering since photodegradation as a result of UV
radiation from sunlight usually has the strongest
impact on surface discoloration and wood color
changes due to photo-induced breakdown of chemical
constituents in wood, especially in lignin (Pandey
2005; Srinivasa and Pandey 2012). However, color
changes were also noticeable on samples stored in the
dark at the time of the outdoor exposure. These are
likely related to internal aging processes within the
coating systems depending on the composition, such
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as e.g. yellowing of polyurethane-based varnishes is
known (Rosu et al. 2009; Rossi et al. 2016).

The plasma pretreatment did not have a significant
effect on the non-weathered specimens; neither did it
influence the color change of the uncoated samples.
For the specimens exposed to outdoor weathering, a
slightly stronger color change is visible for plasma-
pretreated samples, particularly in the luminance L*
and towards the blue end of the b* parameter,
indicating dominance of lignin and holocellulose
decomposition (Geffertova et al. 2018). For the stains,
this is less pronounced on the water-based stain, but
particularly strongly pronounced on the UV-protective
solvent-based stain. This might be related to the
effects of plasma treatments on wood to remove
volatile organic compounds that otherwise might act
as radical scavengers to mitigate UV damage, while
the plasma further induces surface radical groups,
paving the way for the UV degradation of the material.

Adhesion strength determined by cross-cutting

The adhesion strength of the two film-forming surface
systems (SIST EN ISO 2409:1997) was measured
immediately after the end of the outdoor weathering
test, i.e. after ten months of outdoor exposure. As
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Table 7 Adhesion strength determination by crosscut testing of different coated and plasma pretreated sample systems after

10 months with and without exposure to natural weathering

Coating Plasma | Weathered | Blade spacing 2 mm | Blade spacing 1 mm
No 1 1
Yes
Yes 0.8 1.8
Water-based stain
No 0 1
No
Yes 1 2.8
No 1 1
Yes
Yes 1 2.3
Solvent-based UV stain
No 1 1
No
Yes 1.3 2.7
presented in Table 7, both the water-based and the Conclusions

solvent-based UV stain displayed good adhesion
performance. At a blade spacing of 2 mm, the scores
averaged all-around a value of 1. The same values
were obtained on the non-weathered reference spec-
imens. After weathering and at a knife spacing of
1 mm, the solvent-based coating, plasma-pretreated
specimens averaged a score of 2.3 as compared to the
corresponding non-pretreated samples with a score of
2.7. Differences were more pronounced with the
water-borne stain, yielding averaged scores of 1.8 for
the plasma-pretreated substrates as compared to 2.8
for the non-pretreated specimens. Again, the differ-
ences between plasma-pretreated and non-pretreated
specimens is likely a result of the reduced crack
formation and hence a reduced degradation of the
interface between substrate and coating due to
weathering.

Particularly for the UV-protective coating, the
effect was less pronounced than for the water-based
stain. This might be related to the impact of the plasma
modification modifying the substrates’ surface free
energy towards hydrophilic behaviors, thus yielding a
stronger effect for water-based coating systems (Zigon
et al. 2018). However, this might also be related to the
interference of plasma-induced chemical groups on
the wood surfaces interfering with the stain
composition.

Plasma discharges are interesting tools for surface
modifications, and they can be implemented with
simple means and small budgets. The development of
a surface barrier discharge (SBD) as an atmospheric
pressure plasma device has been successfully demon-
strated and the design and construction files have been
made openly available to allow a more wide-spread
access to this technology. The effectiveness and the
energy efficiency are lower than with commercial and
industrial plasma treatment equipment, however, the
performance of the simplified device was shown to
provide  worthwhile effects for widespread
applications.

The SBD plasma was further utilized as a pretreat-
ment before coating application on wooden specimens
for outdoor usage. After coating application, the initial
colors were not impacted by the plasma pretreatments,
whereas a slightly increased color loss was observed
for the plasma-pretreated specimens, albeit of little
statistical significance. This effect was discussed as
likely related to the removal of volatile organic
compounds from and the generation of radical chem-
ical groups on the wood surfaces known from
reference literature. In contrast to these effects, the
plasma-pretreated specimens exhibited strongly
reduced cracking after exposure to outdoor weather-
ing. The reduction or absence of cracks is the likely
origin of further positive observations. The plasma-
pretreated specimens were significantly less prone to
infections with biotic factors and showed an improved

@ Springer



8072

Cellulose (2021) 28:8055-8076

adhesion performance of the coatings in cross-cut tests
after ten months of outdoor weathering.

In comparison, the advantages obtained by the
plasma pretreatments were much stronger pronounced
for water-based coatings in comparison to solvent-
based ones. Moreover, UV-protective properties of
both stains and oils appeared impacted by the plasma
pretreatments. This indicates a meaningful application
of plasma treatments as pretreatments for water-based
coatings, whereas UV-protective functionalities
should not be included in direct contact with the
plasma-functionalized interface.
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