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Abstract: Plasma treatment is becoming a mature tech-
nique for modification of surfaces of various materials,
including wood. A better insight in the treatment process
and the impact of the plasma on properties of wood bulk
are still needed. The study was performed on Norway
spruce and common beech wood, as well as their ther-
mally modified variations. The formations of the airborne
discharge, as well as mass changes of the treated wood,
were monitored. The impact of such treatment on wood-
coating interaction was investigated by evaluating the dy-
namic wettability and penetration into wood. At the wood
surface, plasma streamers were observed more intense on
denser latewood regions. Wood mass loss was higher with
increasing number of passes through the plasma discharge
and was lower for thermally modified wood than for un-
modifiedwood. Plasma treatment increased the surface free
energy of all wood species and lowered the contact angles of
a waterborne coating, these together indicating enhanced
wettability after treatment. Finally, the distribution and
penetration depth of the coating were studied with X-ray
microtomography. It was found that the coating penetrated
deeper into beech than into spruce wood. However, the

treatment with plasma increased the penetration of the
coating only into spruce wood.

Keywords: beech; coatings; plasma; spruce; wettability;
wood.

1 Introduction

In various conditions, wooden products may require the
application of coatings to protect the substrate, change its
visual appearance, or both. Coated wood can be divided
into coating, a transfer region we call the wood-coating
interface with a certain thickness, and wood. Together,
they define the surface system (Liptáková et al. 2000;
Liptáková and Kudelá 2003; Ma et al. 2013). The initial
interaction between the wooden surface and the coating
defines the durability of the surface system during later
exposure to the environment. In the early stages of the
formation of this protective layer, the most important fac-
tors for its durability are sufficient wettability of the wood
surface, and spreading and penetration of the liquid
coating (Bessières et al. 2013; Shi and Gardner 2001).

Among wood modification methods to protect the
wood, thermal modification (Welzbacher and Scheiding
2011) can be performed by exposing wood to temperatures
between 200 and 260 °C, in an inert atmosphere, at atmo-
spheric (Esteves et al. 2008) or reduced pressures (Humar
et al. 2017; Surini et al. 2012). This causes a loss of hydroxyl
groups in lignin and hemicelluloses, which lowers both the
dispersion and polar components of the surface free energy
(SFE) (Gérardin et al. 2007; Petrič et al. 2007; Petrič et al.
2013). In turn, this makes the wood turn dark brown and
more hydrophobic (Tjeerdsma et al. 1998). During this
modification, volatile gases are generated, accompanied
by a loss in mass and cross-section dimensions of the
treated sample (Frangi and Fontana 2003). Thermally
modified (TM) wood is currently well-known and widely
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used due to its appearance, better dimensional stability,
and resistance to insects and fungi (Willems et al. 2015).
However, enhanced hydrophobicity of TM wood adversely
affects its compatibility with waterborne finishes and
adhesives (Kutnar et al. 2013; Pétrissans et al. 2003).

Among the techniques for modifying wood surfaces,
plasma treatment (PT) is a rapidly developing surface
treatment technology (Žigon et al. 2018). By avoiding vola-
tile organic compounds and organic solvents, it is an envi-
ronmentally friendly technique, which is also applicable
to woody materials (Köhler et al. 2019). Plasma contains a
large number of active species such as excited ions, mole-
cules, photons and radicals, with energy sufficient to break
typical chemical bonds on the surface ofwood. Flux of these
active species induce and promote chemical reactions
on the treated surfaces (Sun et al. 2009). Such chemical
activation is an effective way to attach polar or oxygen-
containing functional groups to wood surfaces (Gramlich
et al. 2006). However, not all wooden or cellulosic materials
can be treated equally well with plasma (Gospodinova and
Dineff 2019). It is well-known that water molecules in wood
have an effect on the plasma stability and uniformity
(Setoyama 1996).The wooden substrate having a given
moisture content (MC), can act as an electrical conductor
(Custódio et al. 2008; Rehn et al. 2003). Higher proportion of
condensed and more hydrophobic lignin content by TM
woodmakes itwell-suited for PT (Wolkenhauer et al. 2009a;
Wolkenhauer et al. 2009b). Therefore, PT is a useful tech-
nique to make surfaces of wood more hydrophilic (Altgen
et al. 2016), or for improving the bonding performance of
wood (Lütkemeier et al. 2016) by the increment of the polar
component of the SFE (Galmiz et al. 2019). Talviste et al.
(2019) suggest a linear correlation between the SFE and the
proportion of oxygen and carbon on the surface of the TM
wood, before and after PT. When exposing wood to plasma,
primarily the cellulose and hemicelluloses are degraded,
while lignin is much less affected. After longer treatment
periods (1, 3 or 5 min), nano-scale structures are formed on
the surface. In that case, even etching and carving can be
detected on the plasma-treated (PTd) wood surface (Galmiz
et al. 2019; Jamali and Evans 2011). For surface processing,
such changes are beneficial to the spreading, wetting,
adsorption, penetration and adhesion of waterborne paints
on the material surface (Peng and Zhang 2020). Unfortu-
nately, the enhanced hydrophilicity resulting fromPT is not
permanent (Altgen et al. 2020; Novák et al. 2019; Odrášková
et al. 2008).

Wettability measurements with various probe liquids
enable to quantify the wettability of wood surfaces with
coatings and glues alike (Hakkou et al. 2005; Petrič et al.
2013; Wålinder and Gardner 1999). When studying the

interface between wood and coating, two basic systems
are to be considered: the interface between a solid and a
liquid (1), and the interface of two solids with different
physical and chemical properties (2) (Liptáková et al.
2000). Dynamic contact angle (CA) analysis of liquids on
the surface of wood can be performed by a variation of
the Wilhelmy plate method (Mantanis and Young 1997;
Wålinder 2002; Wilhelmy 1863). In general, this method
relies on balancing the surface tension, gravity, and
buoyancy acting on a thin plate, which is suspended
vertically in the air-liquid interface (Lapham et al. 1999).
Further details can be found in the works of Ramé (1997).

Beside the liquid properties, immersion speed and
calculation method, the complex nature of wood can in-
fluence the calculated SFE (apparent SFE), which condi-
tions the wettability. Density, porosity, grain direction,
surface roughness, chemical heterogeneity, MC, polarity,
capillary flow and the adsorption of the test liquid, sample
freshness, are all parameters of the wood surface that in-
fluence on its SFE (Wålinder and Johanson 2001; Wålinder
and Ström 2001). Considering all these parameters, dy-
namic CA analysis is therefore relevant when studying
wood surfaces, since it is not limited by surface absorption
and chemical heterogeneity (DeMeijer et al. 2000; Gardner
et al. 1991; Moghaddam et al. 2014; Petrič et al. 2013; Shen
et al. 1998; Shupe et al. 1998). The result of dynamic CA
measurement is a detected force in relation to time of
measurement, manifested in the form of hysteresis. The
recorded hysteresis is limited by advancing and receding
three-phase contact line (Liptáková and Kúdela 1994;
Pétrissans et al. 2003; Shen et al. 1998).

The penetration of a liquid coating into a porous
woody substrate further conditions the properties of the
surface system (Bastani et al. 2016). Deeper penetration
ensures stronger anchoring of the coating, which improves
the durability of the surface system. Both the wood and the
coating influence penetration (Bessières et al. 2013; Kamke
and Lee 2007; Khosravi et al. 2015; Paris and Kamke 2015).
Experimentally, the penetration of a coating in the wood is
usually measured at random, in sampled cross sections
(Chandler et al. 2005). However, the uneven distribution
of the coating into wood makes the determination of a
representative coating penetration depth challenging (Van
den Bulcke et al. 2003). For this reason, alternative tech-
niques have been used to map the coating penetration in
wood, such as scanning electron microscopy, and X-ray
micro-computed tomography (micro-CT) (De Vetter et al.
2006;Mayo et al. 2010; Van den Bulcke et al. 2008; Van den
Bulcke et al. 2010; Wascher et al. 2020).

The present work aims to quantify the interaction of a
commercial waterborne coating with unmodified wood
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and TM wood, wood either untreated (UT) or pre-treated
with an airborne atmospheric plasma discharge. The
research was focused on the influence of treatment of
wood with plasma on selected properties of wood. At first,
the plasma discharges’ visual appearance was analysed
during wood treatment with plasma. Then, the dynamic
wettability of unmodified and TM wood was investigated
by the Wilhelmy plate method which yielded the SFE and
the dynamic coating CA. The changes inMCwere recorded,
assuming that the air dischargewould be dependent on the
presence of water. Finally, coating penetration in UT and
PTd wood was studied with micro-CT.

2 Materials and methods

2.1 Wood and sample preparation

Quartersawn planks from the central part of Norway spruce (Picea
abies (L.) Karst.) and commonbeech (Fagus sylvaticaL.) logs, obtained
from local forests in Slovenia, free of macroscopic defects such as
knots and splits, were selected. The nominal density and MC were
561 kg∙m−2 and 11.8% respectively for sprucewood and 713 kg∙m−2 and
11.9% for beech wood, as determined by gravimetry. Half of these
35 mm thick planks were heat-treated in an inert atmosphere, at
vacuum and temperature of 230 °C for 3 h (Rep et al. 2012). Before and
after the treatment, the wood was conditioned at (103 ± 2) °C for 12 h.
The planks were then cut into smaller specimens with different ge-
ometries for the different experiments. Extra care was taken to ensure
that specimens shared similar annual ring widths. Before each
experiment, the samples were stored in a conditioning chamber at
20 °C and 65% relative humidity (RH), for at least 7 days.

2.2 Plasma treatment (PT) process and discharge
analysis

PT of the samples was performed with a custom-made device, with a
dielectric barrier discharge plasma produced by a floating electrode
dielectric barrier discharge (FE-DBD), that generates non–thermal
plasma in air at atmospheric pressure (Žigon et al. 2019). Schematics
of the set-up are shown in Figure 1. An alternating high voltage
(frequency 5 kHz, 15 kV peak voltage) with sinusoidal waveform was
regulated via a high voltage power supply. Plasma was ignited be-
tween the surface of the treatedwood sample (moving at 2mm·s−1) and
two tubular ceramic dielectrics (Al2O3, thickness 2.5 mm), each with a
round brass electrode (15 mm diameter) inside. The distance between
the dielectrics was set to 5 mm, and the distance between the di-
electrics and the surface of the wood sample was 1 mm. PT was
performed in a room conditioned at 20 °C and RH 50%.

To study the differences in generated plasma discharges on
different substrates, pictures of the discharges were taken with a
Nikon D5600 DSLR camera (aperture f/7.1, shutter speed 0.1 s, ISO
sensitivity 2000). The photographed gap between the sample surface
and the insulated electrode were analysed by measuring the light

intensity in the Fiji software (ImageJ 1.46d, Bethesda, Maryland, USA)
(Schindelin et al. 2012). A line was drawn along the discharge, and the
grey values were obtained with a plot profile function.

2.3 Determination of wood mass loss through PT

Before starting the investigation of the influence of PT on wood mass,
samples were stored in a chamber with an aqueous solution of satu-
rated potassium sulphate (K2SO4). At 20 °C, climate conditions with a
RH of 92% were established. The samples were kept in the chamber
until they reached a constant MC, with a maximum of 14 days. Five
samples per material type were subjected to the plasma discharge 20
times, while UT samples (5 per material) were simply maintained in
dry conditions (20 °C, 30% RH). Before and after each PT iteration, the
mass of the sample was measured with a precise (0.001 g accuracy)
scale (PR10/98, Mettler Toledo, Columbus, OH, USA), and the relative
mass loss was calculated according to Eq. (1):

Δm = 100 % −mt ⋅ 100%
mt0

, (1)

where Δm represents relativemass loss [%],mt measured samplemass
after certain number of passes through plasma discharge [g] and mt0

sample mass before first exposure to plasma discharge [g].

2.4 Contact angle (CA) measurements and
determination of the surface free energy (SFE)

For CA measurements, 10 samples with dimensions 20 × 30 × 2 mm
(radial × longitudinal × tangential, abbreviated L × R × T) were pre-
pared from each material, following the procedures from previous
studies (e.g. Petrič et al. 2007). TheWilhelmy platemethodwasused to
estimate the apparent advancing CA of demineralized water, diiodo-
methane, and formamide on these samples. To prevent liquid soaking
in the axial direction, the cross sections of the samples were coated
with a nitrocellulose transparent varnish (Helios d.o.o., Količevo,
Slovenia). Prior to measurements, the samples were stored in a con-
ditioning chamber at 20 °C and 65% RH. The measurements were
carried out at room temperature and RH with a Krüss Processor
Tensiometer K100 (Krüss, Hamburg, Germany). The surface tension
properties of the test liquids were obtained from Krüss LabDesk
database. Each sample was used for one test cycle, firstly immersed
into the liquid with the grain perpendicular to the direction of im-
mersion, and then pulled out in reverse. The measurement started
when the liquid buoyancy force acting on the sample could firstly be
detected. The immersion and pull-out speed were fixed at 6 mm·min−1

and the force detection sensitivity was set at 0.001 N. The maximum
immersion depth was 7 mm, and the measurement ended when the
sample was back in its initial position. After the test cycle, both the
advancing CA and the receding CA were determined by the software
Krüss LabDesk.

The CA data were used for the SFE calculation of the solid sur-
faces by the Owens-Wendt (OWRK) method (Owens and Wendt 1969).
The total surface free energy (γsv), and its two components: the polar
γsvp and the dispersive γsvd component, could thus be determined.

In addition, the CAs of the liquid waterborne commercial
acrylic coating (Belinka Interier, Belinka Belles, d.o.o., Ljubljana,
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Slovenia) were determinedwith the same procedure as the CAs of the
other liquids.

2.5 Determination of coating penetration depth

2.5.1 Micro-CT scanning: One longitudinal sample of spruce and
beech wood each, with dimensions 5 × 3 × 3 mm (L × R × T) was cut
out of straight-grained material. Smaller dimensions of the samples
enabled more precise detailed surface preparation and more precise
later analysis. Both radial surfaces for coating were smoothed by
cutting on a sliding microtome. One radial surface of each sample
was treated with plasma, as explained in Section 2.2. Immediately
after the PT, a 10 µL droplet of coating was applied with a pipette on
the PTd surface. After the coating droplet had dried, another was
applied with the same method, but on the UT surface. The samples
were scanned before and after this coating application, using the
Nanowood X-ray equipment (Dierick et al. 2014), built at the Centre
for X-ray tomography at Ghent University. Scanned volumes were
reconstructed with the Octopus Reconstruction software (Dierick
et al. 2004), currently distributed by TESCAN-XRE, formerly known
as XRE, a spin-off company of UGCT. The scans were performed at a
tube voltage of 50 kV, and a target power of 5 W. 2001 projections
were acquired over a 360° sample rotation. Each projection required
1 s of exposure time. The reconstructed voxel size was 2.5 µm3, and
16 bit images were produced.

2.5.2 Image analysis: Image analysis and visualization were per-
formed in Fiji. Upon reconstruction, volumes were median-filtered
by a line structure element of half-length 5 voxels in the grain di-
rection. To quantify the penetration depth of the coating, the 3D
volumes (Figure 2) were analysed following the procedure described
in Van den Bulcke et al. (2010). Firstly the volume of interest was
aligned by a rotation in each Cartesian plane. Then, the coated sur-
face (either PTd or not) was set as a base plane, from which the
penetration depth could be analysed. However, due to the similarity
in grey values (i.e. local X-ray absorptions), wood tissue is not
distinguishable from the coating. Hence, automatic segmentation of
the coating alone could not be performed. Instead, segmenting the
air from solid matter (non-air voxels, comprising both the wood and
the coating) was possible, which was done on a volume that was
resliced in the tangential direction. The aim was to get a distribution
of porosity in the tangential direction. In turn, we could deduce the
presence of coating from the absence of porosity, which is an integral
part of wood, but is absent in the liquid coating. The percentage of
non-air voxels was obtained on each slice, i.e. every 2.5 µm in the
samples depth.

3 Results and discussion

3.1 Discharge intensity and plasma
streamers distribution

The results of the photographic experiment to capture the
plasma discharges are presented in Figure 3. The light in-
tensity during the PT of beech wood, encoded in 8 bit grey
values, amounted to 20 ± 7, in arbitrary units. The light
intensity during the PT of spruce wood resulted in lower
intensities, i.e. 17± 7, about 18% lower than for beech.With
TM wood, the average intensity was 12 ± 4 for beech, and
10 ± 2 for spruce. Therefore, thermal modification had a
clear impact on the plasma, which was much less intense
on TM wood. This correlates with the MC of a particular
substrate, as this is the main parameter defining the elec-
trical conductivity of wood (Fredriksson et al. 2013; Zelinka
et al. 2008; Vermaas 1984). On TM specimens, the light
intensity of the plasma discharge strongly declines with
lower MC. This is probably related to the difference be-
tween cell lumen and cell wall-bound water. Indeed, the
MC of wood is in constant balance with the relative

Figure 1: Schematic representation of
FE-DBD plasma treatment process of wood,
and photographic setup: 3D view (a) and
side view with dimensions in mm (b).

Figure 2: 3D visualisation of a beech sample after coating, and
schematic representation of the image analysis. The length of the
marked regions is 1 mm in tangential (T) direction.
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humidity of the surrounding environment. The light in-
tensity, however, is determined by the electric and dielec-
tric properties of the substrate, which is also dependent on
the “bound water”, inside cells and carbonized parts of
the TM wood. In the pictures shown in Figure 3, plasma
streamers are localized and intensified on the latewood
areas, which had already been shown in a previous studies
(Levasseur et al. 2014; Žigon and Dahle 2019). Enlarged
pictures of the samples exposed to plasma discharges,
and comparison of detected light intensity are given in
Figure S1 and Figure S2 of the article’s supplemental
material (Žigon et al. 2020).

3.2 Wood mass loss during PT

In the climate chamber (20 °C, 92% RH) the samples
reached the following average MCs: beech 25.6 ± 0.5%,
spruce 22.2 ± 0.2%, TM beech 16.5 ± 0.2%, and TM spruce
15.4 ± 0.5%. The relative mass loss as a function of the
number of PT cycles is presented in Figure 4. It can be seen
that the relative mass loss increased with each pass
through the plasma discharge. For each PTd sample, an UT
specimen was kept in the lab and weighted accordingly.
Thus, the comparison of PTd and UT specimens made it
possible to account for any drying process inherent to the
lab conditions. After 20 passes, the greatest mass loss was
recorded for PTd beech (5.5%) and PTd spruce wood
(4.7%), while exposure of the UT samples to the lab con-
ditions induced lower loss of their initial mass (2.7 and
3.9% for spruce and beech, respectively). The mass loss of
TM woods was lower than that of unmodified wood. Mass
loss of PTd TM spruce was 1.5%, and 1.3% on the UT

specimen. In comparison, 20 plasma exposures of TM
beech wood induced a 2.7% mass loss, and a 2.2% mass
loss in the UT specimen. These results relate to the MC: the
higher the MC, the higher the mass loss.

Among samples, the detected differences in relative
mass loss reflected the differences in their MC. The

Figure 3: Distribution and average of the
detected light intensity, measured in the
discharge, as a function of the sample
width: beech (a), TM beech (b), spruce (c),
and TM spruce (d).

Figure 4: Relative mass loss of untreated (UT) and plasma-treated
(PT) samples of unmodified and thermally modified (TM) spruce and
beech, during 20 passes through the plasma discharge.
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differences between the MC of UT samples, and the MC of
PTd samples are presented in Table 1.

These findings show that PT increases water removal
from wood. However, we believe that this needs confir-
mation with further experiments. Indeed, more complete
parameter studies for initial MC, atmosphere, wood spe-
cies, and PT conditions will be needed to include the
observed behaviour into the general theory of drying.
To the best of our knowledge, no discussion on the water
evaporation from substrates during exposure to DBDs
generated in atmospheric conditions was published so far.
However, an increased rate of water evaporation, when
exposed to an electric field, was reported by Barthakur and
Arnold (1995), and Zhou and co-workers (2001), among
others. In electrohydrodynamic drying (Singh 2012), the
principal driving force for evaporation is an ion drag phe-
nomenon. These ions create vortex motions in water and
other surface constituents with dipole properties, when
subjected to an external electric field (Relvas et al. 2015). In
the literature, several studies can be found on enhanced
water evaporation or drying from various materials when
exposed to DBD (Hijosa-Valsero et al. 2013; Iervolino et al.
2019; Molina et al. 2014) and other plasma discharges
(Buβler et al. 2017; Foster 2017; Gamaleev et al. 2019;
Morshed et al. 2012; Rezaei et al. 2019; Wang et al. 2012;
Zhang et al. 2019).

3.3 Calculated SFE and coating CA

SFEs were calculated frommeasurements of the advancing
CAof three different liquids, according to theOwens-Wendt
(1969) method. The results revealed that thermal modifi-
cation of beech and spruce wood resulted in a decrease
in SFE compared to unmodified samples (Figure 5). The
reason for emphasized hydrophobic properties of wood
after thermal modification, detected by dynamic CA mea-
surements, are modifications of wood polysaccharide
components and the decrease of the electron-donating
component of the SFE (Gérardin et al. 2007; Hakkou et al.

2005). For all our studied materials, after thermal modifi-
cation the polar component of the SFE decreased, whereas
the share of the dispersive component increased. The total
SFE of allmaterials increased after PT, towhich contributed
the increase of the polar part of the SFE. The positive in-
fluence of PT on increased SFE was especially visible on
beech wood, and less on spruce wood. PT of TM wood only
slightly increased the total SFE. However, it was mostly
due to the increase of the polar part that contributes to
enhanced interactions with polar liquids.

The surface tension of the acrylic coating we used was
30.1 mN∙m−1, as determined in previous studies. The wet-
ting profiles of dynamic CA, measured on 10 samples on
each of 8 material variations determined with Wilhelmy
plate method, are presented in Figure 6. A hysteresis is
clearly visible in all cases, showing that the advancing CAs
are larger than the receding ones. Thewetting force defines
the advancing curves. The wetting force can be impacted
by surface roughness effects, chemical heterogeneity, or
liquid absorption (Chibowski et al. 2002; De Meijer et al.
2000). The area of the CA hysteresis was found to be
smaller in TM samples than in unmodified samples. This
concurs with the reduced wettability and reduced sorption
of waterborne coatings by TM woods (Pétrissans et al.
2003). However, the detected advancing coating CAs were
higher at normal woods than TM woods. Similar finding
was reported by Petrič and co-authors (2007). Beside the
nature of the wooden substrate, the authors assigned this
to a low surface tensions of the tested waterborne coating.
The advancing CAs of the coating decreased after PT of the
substrate, indicating its enhanced wettability. The greatest

Table : The difference in MC loss between untreated (UT) and
plasma-treated (PTd) samples after  passes through the plasma
discharge.

Type of wood Loss in moisture content, %

UT PTd Difference PTd - UT

Beech . (± .) . (± .) . (± .)
TM beech . (± .) . (± .) . (± .)
Spruce . (± .) . (± .) . (± .)
TM spruce . (± .) . (± .) . (± .)

Figure 5: Calculated SFE of untreated (UT) and plasma-treated (PT)
unmodified and thermally modified (TM) spruce and beech wood.
The solid part of the colums represents the polar part of the SFE,
while the hatched part represents the dispersive component of the
SFE.
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difference of the advancing CA between the UT (ΘA, UT) and
PT (ΘA, PT) substrates was found at 10.3° for beech and at
8.3° for spruce. On TM specimens, these differences were
less pronounced. Yet, for TM beech and TM spruce woods,
the PTd samples had CAs 4.5° or 2.6° lower than UT sam-
ples, on average. Although awaterborne coatingwas used,
the change of the coating’s CA after PT seems to correlate
better with the total SFE, than with the polar part of the
SFE. This indicates that the dispersed acrylic phase
strongly affects and determines the overall interaction
between the wood and the liquid coating.

3.4 Coating penetration depth

Wetting of wood with a coating is accompanied by its
specific penetration into porous structure of wood (Liptá-
ková and Kúdela 1994). Figure 7 shows example micro-CT
slices of coated beech (Figure 7a) and spruce (Figure 7b)
samples. The distribution of the coating in beech tissue is
more complex than in spruce, due to the more complex
wood anatomy (Bastani et al. 2016).

The distribution of the average amount of non-air
voxels per slice, i.e. the inverse porosity, is shown in
Figure 8. The tangential distance, shown in the x-axis,
takes the 0 as the reference where the coating was visually
detected deepest in the wood. The inverse porosity is
stable in the negative region of the tangential distance
(−50–0 µm), meaning that the wood pores are no longer
filled with a coating (hence the porosity is only resulting
from the wood structure, which is roughly homogeneous
in the tangential direction). This also confirms the visual
identification of the deepest penetration. In this internal

region, the inverse porosity is lower in spruce [UT:
(40.0 ± 1.2)% and PTd: (43.4 ± 1.4)%] than it is in beech
[UT: (50.7 ± 1.6)% and PTd: (52.3 ± 1.1)%]. Of course, this is
due to the lower density (i.e. higher porosity) of spruce
wood (Pretzsch et al. 2018). On the other hand, the inverse
porosity increases with the positive tangential distance,
until it reaches saturation (100%). At this point, slices
contain only coating, which unlike wood, has no porosity

Figure 6: Detected force as a function of
sample position, during the Wilhelmy plate
measurements on different untreated (UT)
and plasma-treated (PT) samples: unmodi-
fied spruce (a), TM spruce (b), unmodified
beech (c), and TM beech (d). These samples
were immersed in a waterborne acrylic
coating. The measurements include the
advancing CA (ΘA).

Figure 7: Example micro-CT slices in the (R–T) plane, for beech
(a) and spruce (b). The scale bar represents 500 µm. The coating is
visible on both sides of each slice. Examples of both wood seg-
mentations, including the percentage of non-air voxels, are pre-
sented in the supplements, Figure S3 (Žigon et al. 2020).
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at scanning resolution. The size of the analysed cross
section for determination of inverse porosity was
29 × 31 mm at beech and 27 × 37 mm at spruce (L × R). The
analysis showed that the coating penetrated deeper in
beech samples than in spruce samples, as the transition
region from pure wood to pure coating spans a larger
tangential distance. The more heterogeneous anatomical
structure of a diffuse porous beech wood, with larger
cellular cavities (Bessières et al. 2013), is the predominant
reason for the deeper coating penetration in beech,
compared to softwoods (Bastani et al. 2016; Van den
Bulcke et al. 2003).

In the beech sample, the coating penetrated the UT
(290.0 µm) and PTd (297.5 µm) sides similarly. On the
opposite, PT appeared to increase the coating penetration
depth in spruce, since the coating was detected deeper in
the PTd surface (162.5 µm) than in its UT counterpart
(125.0 µm). Contrary findings between beech and spruce
wood make it hard to draw a definitive conclusion, as to
whether or not the PT enhances the coating penetration
depth.

The PT seems to have an opposite effect on the pene-
tration depth as it had on the SFE, particularly on the polar
part of the SFE. On beech and TM beech, the polar part of
the SFE tripled or doubled, respectively, but the penetra-
tion of the coating hardly changed. In contrast to that,
the polar part only increased by approx. 1/3rd on both
unmodified spruce and TM spruce, and the penetration
increased by the same proportion. Thermal modification of
beech however, made the coating penetrate much deeper
already, such that the PT was not expected to also enhance
the coating penetration much.

4 Conclusions

Norway spruce wood and common beech wood, either
thermally modified or not, were treated with a plasma
discharge generated in air at atmospheric pressure. An
optical study during the treatment process showed that the
distribution of formed plasma streamers was localized on
denser latewood regions. Furthermore, the intensity of the
discharge depended on the MC and nominal density of the
treated wood, which was shown by intensity measure-
ments of the emitted light. At all studied samples, a
continuous loss of mass was detected with each pass
through the plasma discharge. However, the exact corre-
lation with the MC and structural properties of the mate-
rials has yet to be determined. Themass loss due to plasma
treatment of TM woods was lower than of unmodified
woods, and is correlated with the amount of water that
wood contains in bulk. PT increased the total SFE of all
materials studied. The increase of SFE was especially
pronounced in its polar component. This was well indi-
cated by dynamic CA measurements of a commercial
waterborne coating with the Wilhelmy plate method. The
increase of the SFE polar part after PT, corresponded to a
decrease in values of the advancing coating CA, indicating
enhanced wettability of woods with the coating. Finally,
the coating distribution on untreated and plasma-treated
radial surfaces, of spruce and beech wood samples, was
studiedwithX-raymicrotomography. It was shown that the
span of the coating penetration was larger in beech sam-
ples than in spruce ones. The plasma treatment of the
beech specimen before the coating application did not
significantly influence the coating’s penetration depth.
However, a deeper penetration of the coatingwas observed
in the plasma-treated surface of spruce. Nevertheless, a
more generalized description will require more extensive
studies involving larger number of samples. Furthermore,
in-depth analyses of relation between coating penetration
and anatomical features (e.g. the presence of open or
closed vessels, etc.) should be added in future studies. For
this purpose, nano-tomography of the contact angles be-
tween the coating and the internal wood surface (e.g. fibre
or vessel walls) would be interesting.
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