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Abstract / Izvlecek

Abstract: The effects of dielectric barrier discharge (DBD) plasma treatment on the dielectric properties of Norway
spruce wood (Picea abies (L.) Karst.) were investigated using dielectric analysis. Dielectric constant (i.e. permittivity)
and loss coefficient were determined at various frequencies. The resulting changes on lamellae specimens of different
thicknesses were compared with the change in mass and moisture content. A significant influence of the plasma was
found, leading to an increase of the dielectric constant by about 2%, and a decrease of sample mass directly after the
plasma treatment by approx. 14%, whereas a reduction in moisture content by only about 0.6% and a corresponding
change in loss coefficient were detected. Overall, the mechanisms of the observed changes remain unclear and seem
mainly uncorrelated with the hitherto known chemical changes in wood surfaces caused by similar plasma discharges.

Keywords: wood, Norway spruce = Picea abies, plasma, dielectric constant, moisture content

Izvlecek: Vpliv obdelave z dielektri¢no barierno razelektritveno (DBD) plazmo na dielektricne lastnosti smrekovega
lesa (Picea abies (L.) Karst.) smo raziskovali z dielektricno analizo. Pri razli¢nih frekvencah smo dolocili dielektricno
konstanto in faktor dielektricnih izgub. Nastale spremembe na vzorcih lamel razlicnih debelin smo primerjali s spre-
membo mase in vlaZnosti. Ugotovljen je bil pomemben vpliv obdelave s plazmo, kar je povzrocilo povecanje diele-
ktricne konstante za priblizno 2 % in zmanjsano maso vzorca neposredno po plazemski obdelavi, medtem ko je bilo
zaznano zmanjsanje vlaZnosti za priblizno 0,6 % in ustrezno povecanje tangensa izgubnega kota. Na splosno mehaniz-
mi opaZenih sprememb ostajajo nejasni in se zdijo v glavnem nepovezani z do zdaj znanimi kemi¢nimi spremembami
na povrsinah lesa, ki jih povzrocajo podobne plazemske razelektritve.

Kljucne besede: les, navadna smreka = Picea abies, plazma, dielektricna konstanta, vlaZnost

1 INTRODUCTION 2017; Liston et al., 1993; Wolkenhauer et al., 2009;

Plasma treatments are a good tool to modi-
fy the surface of wood-based materials and tailor
them towards various applications, such as improv-
ing their compatibility with a given coating (Zigon
et al., 2018; Altgen et al., 2019). The plasma has ef-
fects on the treated surfaces through various phys-
ical and chemical processes (Wolkenhauer et al.,
2008; Altgen et al., 2015), thereby modifying the
surface free energy (Blanchard et al., 2009), etch-
ing the surfaces (Jamali & Evans, 2011) or activating
them (Zigon et al., 2019a). This also improves pene-
tration and adhesion of the coatings, as well as the
final properties of the formed surface system (Dam,
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Wolf & Sparavigna, 2010; De Cademartori et al.,
2016; Perisse et al., 2017; Reinprecht et al., 2018).

Kral et al. (2015) found that the depth of the
chemical modification by a non-thermal plasma is
in the order of 100 nm inside the wood substrate.
However, the depth of influence of plasma treat-
ments might be deeper than shown by chemi-
cal modification of the solid material. Haase and
co-workers (2019) found an etching of pits, which
increased the substrates’ porosity and thus en-
hanced the penetration of liquids applied after
plasma treatment. Moreover, Wascher et al. (2014)
proposed a possible treatment inside vessels,
which changes the properties inside the material.
This would include the overall effective or inner
surface of the wood samples.

Non-thermal plasmas are capable of increas-
ing the evaporation rates of liquids, including water
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(c.f. Gamaleev et al., 2019), which would affect the
mechanical, electrical, and dielectric properties of
a wooden specimen. This also applies to wooden
workpieces, as previously shown on a wet beech
substrate after 1 minute of localised DBD plasma
treatment (Figure 1). The plasma-treated spot on
the specimen’s surface is significantly drier, and
thus its colour stands out from the rest of the still
wet surface.

The impact of plasma treatments for utilisation
in gluing and coating applications is thus more com-
plex than often assumed. Introducing a gradient of
the moisture content will likely change the wetting,
drying and curing of coatings and glues. Moreover,
both, moisture content and dielectric properties are
determining factors during most plasma treatments,
which influence the electric fields and thus affect fac-
tors such as the transfer of energy, the gas tempera-
tures, and the rates of plasma-chemical reactions.

The dielectric properties of a non-conducting
material describe the interaction of the material
with electric fields. The main interactions are the
absorption and storage of electric potential ener-
gy in the form of polarisation within the dielectric

material (dielectric constant €’, c.f. eq. 1), and the
dissipation or loss of part of this energy when the
electric field is removed (loss coefficient §, aka loss
tangent, c.f. eq. 2) (James, 1975). The dielectric
constant is the ratio of the capacitance formed by
two metal plates with a material between them, to
the capacitance of the same plates with air (or a
vacuum) between them.

e=&—jeg’ (1)
tand =g’/ & (2)

In order to properly distinguish between elec-
trical and dielectric properties, and to determine
the frequency dependence, a combined induc-
tance, capacitance and resistance (LCR) metre is
used (Nikolova et al., 2018). Several factors affect
the dielectric constant of wood, from the moisture
content, density, and wood orientation (longitudi-
nal, radial, tangential), to temperature and salinity
(Torgovnikov, 1993; Sikder et al., 2009).

This is highlighted in Norimoto’s 1976 over-
view on the dielectric properties of various wood

Figure 1. Wet beech substrate
after 1 minute of localised DBD
plasma treatment; the plas-
ma-treated part of the surface
(middle of the figure) standing
out as being significantly dri-
er than the rest of the speci-
men.

Slika 1. Moker substrat iz buko-
vine po 1 minuti lokalizirane ob-
delave z DBD plazmo; s plazmo
obdelani del povrsine (sredina
slike) izstopa kot bistveno bolj
suh od preostalega vzorca.
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species and lignocellulosic materials, and their de-
pendence on temperature and moisture content. In
relation to various microwave treatment and com-
puter tomography applications, the local dielectric
function inside the wood material is an important
factor (c.f. Boero et al., 2018), giving rise to various
models and generalised descriptions of the dielec-
tric properties of wood (Daian et al., 2006).

In this study, we investigate the change in di-
electric properties in spruce induced by an air plas-
ma treatment. Further, mass and moisture content
measurements are presented in order to discuss
possible mechanisms. We hope to improve the un-
derstanding of these processes that determine the
outcomes of plasma treatments for wood-based
substrates.

1 UuUvoD

Obdelava s plazmo predstavlja dobro orodje za
spreminjanje lastnosti povrsin materialov na osno-
vi lesa in njihovo prilagajanje razli¢nim aplikacijam,
npr. za izboljSanje njihove zdruZljivosti s premazi
(Zigon et al., 2018; Altgen et al., 2019). Plazma vpli-
va na obdelane povrsine s fizikalnimi in kemi¢nimi
procesi na povrsSinah obdelovancev (Wolkenhauer
et al., 2008; Altgen et al., 2015), s ¢cimer spreminja
prosto energijo povrsin (Blanchard et al., 2009),
jedka (Jamali & Evans, 2011) ali aktivira povrSine
(Zigon et al., 2019a). To izbolj$a tudi prodiranje in
oprijem premazov ter koncne lastnosti povrsinske-
ga sistema (Dam, 2017; Liston et al., 1993; Wolken-
hauer et al., 2009; Wolf & Sparavigna, 2010; De
Cademartori et al., 2016; Perisse et al., 2017; Re-
inprecht et al., 2018).

Kral et al. (2015) so ugotovili globino kemijske
modifikacije z netermi¢no plazmo 100 nm znot-
raj lesnega substrata. Globina vpliva plazemske
obdelave pa je lahko globlja kot pokaZe kemijska
analiza modifikacije trdnega materiala. Haase et
al. (2019) so ugotovili jedkanje pikenjskih odpr-
tin, kar je povecalo poroznost lesne strukture in
s tem povecalo prodiranje tekocin, nanesenih po
plazemski obdelavi.

Nadalje, Wascher et al. (2014) navajajo moZno
obdelavo znotraj celicnih lumnov in s tem spremi-
njanje lastnosti v poroznem materialu. To vkljucuje
celotno specificno povrsino znotraj vzorcev lesa.

Netermicne plazme povecajo hitrost izhlape-

vanja tekocin, vklju¢no z vodo (Gamaleev et al.,
2019), kar vpliva na mehanske, elektri¢ne in diele-
ktricne lastnosti lesnega vzorca. To pokaze tudi iz-
postavitev mokrega bukovega substrata lokalizirani
obdelavi z DBD plazmo za 1 minuto (slika 1). Mesto
na povrsini vzorca, obdelano s plazmo, je znatno
osuseno, zato njegova barva izstopa v primerjavi s
preostalo povrsino.

Vpliv plazemske obdelave na uporabo pri le-
plienju in premazovanju je bolj zapleten, kot se
pogosto domneva. Gradient vlaznosti bo verjetno
spremenil omocitev, susenje in utrjevanje prema-
zov in lepil. Poleg tega sta vlaznost in dielektricne
lastnosti odlocilna dejavnika pri vecini plazemskih
obdelav, ki vplivajo na elektri¢na polja in tako vpli-
vajo na prenos energije, temperaturo plinov in hi-
trosti plazemskih kemijskih reakcij.

Dielektricne lastnosti neprevodnega materi-
ala opisujejo interakcijo materiala z elektri¢nimi
polji. Glavni interakciji sta absorpcija in shranje-
vanje elektricne potencialne energije v obliki po-
larizacije znotraj dielektricnega materiala (dielek-
tricna konstanta €’, glej enacbo 1) in odvajanje ali
izguba dela te energije ob odstranitvi elektricnega
polja (faktor dielektricnih izgub 6, tudi tangens
izgubnega kota, glej enacbo 2) (James, 1975). Di-
elektricna konstanta je razmerje med kapacitiv-
nostjo, ki jo tvorita dve kovinski plos¢i z materi-
alom med njima, in kapacitivnostjo enakih plos¢
z zrakom (ali vakuumom) med njima. Za pravilno
razlikovanje med elektricnimi in dielektri¢nimi
lastnostmi in za dolocitev frekvenéne odvisnosti
se uporablja kombinirani merilnik induktivnosti,
kapacitivnosti in upornosti (LCR) (Nikolova et al.,
2018). Na dielektricno konstanto lesa vpliva vec
dejavnikov, kot so vlaznost, gostota, orientacija
lesa (vzdolZno, radialno, tangencialno), tempera-
tura in vsebnost soli (Torgovnikov, 1993; Sikder et
al., 2009).

To je prikazano in razloZzeno v Norimotovem
pregledu iz leta 1976 o dielektri¢nih lastnostih raz-
licnih vrst lesa in lignoceluloznih materialov ter nji-
hovi odvisnosti od temperature in vsebnosti vlage.
V zvezi z razli¢nimi aplikacijami za mikrovalovno ob-
delavo in racunalnisko tomografijo je lokalna diele-
ktricna funkcija znotraj lesnega materiala pomem-
ben dejavnik (Boero et al., 2018), kar je povzrocilo
razvoj razlicnih modelov in opisov dielektri¢nih last-
nosti lesa (Daian et al., 2006).
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V tej studiji smo raziskovali spremembe diele-
ktriénih lastnosti lesa smreke, ki jih povzroci ob-
delava z zra¢no plazmo. Nadalje so predstavljene
meritve mase in vlaznosti z namenom razprave o
moznih mehanizmih. Na ta nacin bi lahko izboljsali
razumevanje procesov, ki dolocajo rezultate pla-
zemske obdelave lesnih substratov.

2 MATERIALS AND METHODS
2 MATERIALI IN METODE

2.1 PLASMA TREATMENT PROCESS

The surface of each individual sample was
treated with a dielectric barrier discharge (DBD)
device (also known as a direct Cold Atmospheric
Plasma, diCAP) that generates a non—-thermal plas-
ma in air at atmospheric pressure (Rehn & Viol,
2003; Altgen et al., 2016; Zigon et al., 2019b) in a
setup as depicted in Figure 2. The parameters of
an alternating high voltage (frequency 5 kHz, 15
kV peak voltage) were regulated via a high voltage
generator (c.f. Zigon et al., 2019a, b). Plasma was
ignited between the surface of the treated speci-
men (moving rate 3 mm-s™) and a tubular ceramic
hose (ALO,, thickness 2.5 mm) with a round brass
electrode with a diameter of 15 mm. The distance
between the dielectric and the surface of the spec-
imen was set to 1 mm. All samples were treated
individually to reduce holding times between treat-
ment and subsequent measurements.

2.1 POSTOPEK OBDELAVE S PLAZMO

PovrSina vsakega posameznega vzorca je bila
obdelana z dielektricno barierno razelektritveno
plazmo (DBD) (znano tudi kot neposredna hladna
atmosferska plazma, diCAP), ki v zraku ustvarja ne-
termicno plazmo pri atmosferskem tlaku (Rehn &
Viél, 2003; Altgen et al., 2016; Zigon et al., 2019b)
in katere shema je prikazana na sliki 2. Parametri
izmenicne visoke napetosti (frekvenca 5 kHz, 15 kV
najvisja napetost) so bili regulirani prek visokonape-
tostnega generatorja (Zigon et al., 2019a, b). Plazma
se je ustvarila med povrsino obdelovanca (hitrost gi-
banja 3 mm s*) in kerami¢no cevjo (ALO,, debelina
2,5 mm) z okroglo medeninasto elektrodo s preme-
rom 15 mm v notranjosti. Razdalja med dielektrikom
in povrsino obdelovanca je bila nastavljena na 1 mm.
Vse vzorce smo obdelali posami¢no, da smo skrajsali
¢as med obdelavo in naslednjimi meritvami.

2.2 DIELECTRIC MEASUREMENTS

Dielectric analysis (DEA) involves measuring
changes of the dielectric properties of the material
by using an impedance analyser over many orders of
magnitude of frequency. Dielectric measurements
are carried out by measuring the voltage and current
between a pair of electrodes in order to determine
the conductance and capacitance of the material
placed between the electrodes (Sernek & Kamke,
2007). From these measurements the dielectric con-
stant and loss coefficient can be determined.

Brass HV electrode

Alumina dielectric

Plasma discharge

Wood specimen on
moving table

Steel support on
ground potential

Figure 2. Schematic representa-
tion of the used plasma setup.
Slika 2. Shematski prikaz upora-
bljene naprave s plazmo.
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Radial cut lamellas with thicknesses of 3 mm
and 5 mm were cut with a laser from spruce (Pi-
cea abies (L.) Karst.), producing five wooden discs
for each thickness, each with a diameter of 55 mm.
Discs edges were sanded to remove the charred
material, which could affect the measurements.
The residual moisture content of the discs amount-
ed to approx. 9.4%.

The wooden discs were weighed before mea-
suring the initial dielectric properties, immediately
after conducting the plasma treatment described
in 2.1, and before each measuring of the dielectric
properties. Dielectric measurements were con-
ducted immediately after plasma treatment and 24
and 48 hours after.

Measurements of dielectric properties were
carried out at room temperature using an Agilent
4285A LCR metre together with an Agilent 16451B
Dielectric Test Fixture. The dielectric properties
were determined within a frequency range of 79
kHz to 25 MHz. A measuring method with an air gap
of 1 mm between the upper electrode and samples
was used to measure the dielectric properties with-
out the influence of the samples’ conductivity.

The resulting data were averaged from mea-
surements of all equal samples before determining
the dielectric constant and loss coefficient of wood,
following Sernek and Kamke (2007).

2.2 DIELEKTRICNE MERITVE

Dielektricna analiza (DEA) vklju¢uje merjenje
sprememb dielektri¢nih lastnosti materiala pri raz-
liénih frekvencah z uporabo impedanénega analiza-
torja. Dielektricne meritve se izvajajo z merjenjem
napetosti in toka med parom elektrod, s Cimer se
ugotovi prevodnost in kapacitivnost materiala, na-
me$c¢enega med elektrodama (Sernek & Kamke,
2007). Iz teh meritev lahko dolo¢imo dielektricno
konstanto in faktor dielektri¢nih izgub.

Iz vsake smrekove (Picea abies (L.) Karst.)
lamele debelin 3 in 5 mm z radialno orientacijo
lesnih vlaken smo z laserjem izrezali po pet lese-
nih diskov s premerom 55 mm. Robove diskov smo
pobrusili, da smo odstranili zogleneli material, ki
bi lahko vplival na meritve. Vlaznost diskov je bila
priblizno 9,4 %.

Lesene diske smo stehtali pred zacetnim mer-
jenjem dielektri¢nih lastnosti, tik po obdelavi s plaz-
mo (postopek opisan v tocki 2.1) ter pred vsakim

merjenjem dielektri¢nih lastnosti. Dielektri¢ne last-
nosti smo merili takoj po obdelavi s plazmo ter po
24 in 48 urah po obdelavi.

Meritve dielektri¢nih lastnosti smo izvedli pri
sobni temperaturi z uporabo merilnika LCR Agilent
4285A skupaj z napravo za merjenje dielektri¢nih
lastnosti trdih snovi Agilent 16451B. Dielektricne
lastnosti so bile dolocene v frekvenénem obmo-
¢ju od 79 kHz do 25 MHz. Za merjenje dielektric-
nih lastnosti brez vpliva prevodnosti vzorcev je bila
uporabljena metoda z zra¢no rezo 1 mm med zgor-
njo elektrodo in vzorcem.

Nastali podatki so bili iz meritev vseh enakih
vzorcev povpreceni pred dolocitvijo dielektricne
konstante in tangensa izgubnega kota lesa na nacin,
kot sta ga opisala Sernek in Kamke (2007).

2.3 MOISTURE CONTENT AND MASS CHANGE

The impact of the plasma treatment on the
moisture content and mass change coinciding with
that were determined on spruce radial cut lamel-
las sized 50 mm x 35 mm x 3.1 mm. Moisture con-
tents were measured using a Gann Hydromette M
4050 with a ram-in electrode M18, set to the man-
ufacturer’s parameters for spruce wood. The mass
change during plasma treatments were measured
using a Mettler Toledo PB1502 scale. Video record-
ings of the treatment showing the sample and the
display of the scale were analysed frame by frame
to yield two values per second (full recording avail-
able together with all the raw data).

2.3 SPREMEMBA VSEBNOSTI VLAGE IN MASE

Vpliv obdelave s plazmo na vlaznost in soraz-
merno spremembo mase smo dolodili na smrekovih
radialno rezanih lamelah velikosti 50 mm x 35 mm
x 3,1 mm. Lesno vlaznost smo izmerili z vlagome-
rom Gann Hydromette M 4050 z vstavljeno elektro-
do M18, nastavljeno na proizvajal¢eve parametre
za smrekov les. Sprememba mase med obdelavo s
plazmo je bila izmerjena s tehtnico Mettler Toledo
PB1502. Iz posnetkov obdelave s plazmo, ki prika-
zujejo vzorce in merilo, smo zajeli po dve meritvi
vrednosti na sekundo (na voljo celotno snemanje
skupaj z vsemi neobdelanimi podatki).
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3 RESULTS AND DISCUSSION

In Figure 3, the dielectric properties in the
range from 0 to 25 MHz for spruce disks with a
thickness of 3 mm are shown before plasma treat-
ment (blue line), directly after plasma treatment
(pink line), 24 hours after plasma treatment (grey
line) and 48 hours after plasma treatment (yel-
low line). Directly after the plasma treatment,
the dielectric constant was increased by about
2%, which is contrary to expectations with regard
to drying processes. As the moisture content de-
creases and volatile organic compounds evaporate
from the specimen the dielectric constant should
decrease, because of the higher dielectric con-
stant of the evaporated compounds as compared
to the residual material (c.f. Norimoto & Yamada,
1972; James, 1975; Torgovnikov, 1993). The ef-
fect does remediate over time, as can be clearly

seen from measurements after 24 and 48 hours.
However, the remediation appears to differ over
the frequency range, being particularly faster in
the range above 20 MHz, whereas a larger dielec-
tric constant is retained particularly below 5 MHz,
even after 48 hours.

Based on the measured change in dielectric
constant, it is possible to try and estimate the depth
of the effect imposed by the plasma treatment by
assuming distinct values of the base dielectric con-
stant g, over a thickness of d, inside the sample, as
well as a dielectric constant €, in a layer of thick-
ness d,, which was changed by the plasma within
no more than one order of magnitude. The setup
is effectively represented by a serious of planar ca-
pacitors with cross-sectional area A of capacitance
C (see eq. 3), yielding a total external capacitance
of C_, (see eq. 4).

3,5

@
~

)
w
w

Il

Dielectric constant (
w

—e— 3 mm before treatment

3mm 24 h after plasma treatment

3,0 ee——
2,9
2,8 T T T T

0 5 10 15 20 25

Frequency (MHz)

—#—3mm after plasma treatment

3mm 48 h after plasma treatment

Figure 3. Dielectric constant of spruce discs, thickness 3 mm
Slika 3. Dielektricna konstanta smrekovih diskov debeline 3 mm
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C=cAd/d (3)
Ctot_] = Cl_1 + Cz_l (4)

Simple transformations of equations 3 and 4 for
an initial dielectric constant €, a measured change
by 2% and a maximum local change of a factor of
10, yield the relative thicknesses of the unmodified
bulk d, , and the modified layer d _ as given by eq.
5, which can be simplified into eq. 6. This amounts
to a modified layer thickness d __ of 2.2% of the re-
maining unmodified bulk d, , i.e. 66 um modifica-
tion depth within the 3 mm lamellae. It should be
noted that these figures overestimate typical chang-
es in the dielectric constant imposed by chemical
modifications in wood, thus likely underestimating

the actual modification depth by a significant factor.

Figure 4 shows measurements of the dielectric con-
stant in the range from 0 to 25 MHz for spruce disks
with a thickness of 5 mm. Data are shown for the
specimen before plasma treatment (blue line), di-
rectly after plasma treatment (pink line), 24 hours
after plasma treatment (grey line), and 48 hours
after plasma treatment (yellow line). In contrast to
the 3 mm disks, the volume dielectric constant for
the 5 mm disks does not show a significant change
due to the plasma treatment, but a slight decrease
in the region above 20 MHz is notable 24 hour af-
ter the treatment. This difference between 3 mm
and 5 mm thick disks indicates the limited depth
of the plasma treatment’s effect. Since the effect
is still well pronounced with the integrated dielec-
tric properties of 3 mm thick specimens, but barely
visible at all at 5 mm thick specimens, the impact

(dyii + dpg) 1102 = &) = [dyy 1] + [ d, /(10 + &) ] (5)

d,,=[02/898] «d,,

(6)

3,4

w
w
Il

32 + %

Dielectric constant (e)

3,1 T\\‘
3,0 :

2,9

2,8 [ ‘
0 5 10

—e—5 mm before treatment

5mm 24 h after plasma treatment

Frequency (MHZz)

15 20 25

—=—5 mm after plasma treatment

Figure 4. Dielectric constant of spruce discs, thickness 5 mm
Slika 4. Dielektricna konstanta smrekovih diskov debeline 5 mm
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of the plasma treatment on the dielectric proper-
ties seems to be in the area near the surface. The
method used for measuring dielectric properties
shows the average dielectric constant through the
sample.

Figure 5 presents the loss coefficients for 3
mm spruce discs before plasma treatment (blue
line), directly after plasma treatment (pink line)
and 24 hours after plasma treatment (grey line).
The lowest loss coefficients in the entire frequency
range are represented by the untreated substrates;
however, the increase in losses appears insignifi-
cant against natural variations of the material. The
changes in dielectric permittivity (c.f. fig. 3) are thus
not reflected in an increased absorption of energy
out of alternating electrical fields. Since both the
dielectric permittivity and the loss coefficient are
typically most effected by changing moisture con-
tents at frequencies below 100 kHz, the loss coeffi-

cient even more so than the dielectric constant (c.f.
James, 1975), it seems unlikely that these effects
are caused merely by an enhanced evaporation
of volatile compounds from the surface, which is
known to appear during plasma treatments (Altgen
et al., 2015, 2016).

In order to investigate possible causes for the
changes in dielectric constant and loss coefficient,
the mass change of a 50 mm x 35 mm x 3.1 mm
spruce lamella was observed throughout and af-
ter the plasma treatment process. An evaluation
of the mass change over 120 s after being exposed
to plasma relative to the weight before the plasma
treatment is given in the dataset (see supplemental
material and raw data).

Figure 6 shows a comparison between the mass
and corresponding moisture content of a specimen
before and after plasma treatment, as well as the
relative change of both properties. The effect of
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Figure 5. Loss coefficient of spruce discs, thickness 3 mm
Slika 5. Faktor dielektri¢nih izgub smrekovih diskov debeline 3 mm
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enhanced evaporation, removal of small volatile
organic compounds and the decrease of moisture
content within the part of the wood near the sur-
face is known in the literature (c.f. Altgen et al.,
2015, 2016), and the measured moisture reduction
of 0.6% correlates well with current knowledge.
However, a monitoring of the weight throughout
the plasma treatment revealed a stronger reduc-
tion than expected. During the plasma treatment,
electrostatic interactions rendered the measured
weights invalid; the differential weights shown in
fig. 6 were thus taken only after the specimen had
been removed from the gap underneath the plas-
ma electrode. The strongly reduced weight after
the plasma treatment, amounting to approx. 86%
of the initial weight slowly rose again over two min-

utes to approx. 88% of the initial weight. Despite
strong variations (due to the airflow in the labora-
tory), the tendency is clearly visible and the extent
of the physical weight loss well exceeds all expecta-
tions from measurements on changes in chemical
composition from earlier publications. A further in-
vestigation the impact of plasma on wood samples
in terms of weight change would be worthwhile to
better understand the underlying processes and
improve the statistics of the measurements.

The influence of plasma treatments on the
chemistry of wood substrates is typically consid-
ered to be on the order of magnitude of 1 um (Kral
et al., 2015). However, it has been suggested that
the plasma might be ignited somewhat deeper in
the wood material (Wascher et al., 2014), which is
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Figure 6. Mass and residual moisture content (rMC) of a spruce lamella with a thickness of 3 mm before
and after plasma treatment, as well as the relative changes of mass and rMC
Slika 6. Masa in vlaZnost smrekove lamele debeline 3 mm pred obdelavo s plazmo in po njej ter relativne

spremembe mase in vlaznosti.
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in line with the measured change in moisture con-
tent. Moreover, the observed change in dielectric
permittivity, particularly for the 3 mm thick lamel-
lae, clearly requires a deeper influence throughout
a large part of the specimen, which corresponds
well to the observed weight loss after plasma
treatment. From both the known chemical effects
and the measured change in moisture content, it
is clear that the weight loss and change in dielec-
tric permittivity must include other driving mech-
anisms. This deduction is further supported by the
frequency-dependent change in dielectric parame-
ter and the change in dielectric loss coefficient rel-
ative to this. It is worth noting, however, that resid-
ual charge might still have a minor influence on the
measured weight, and that the absolute values of
residual moisture content (rMC), as measured via
an electric moisture metre, do differ from the av-
erage 9.4 % rMC determined through mass change
during oven drying. Therefore, further studies are
required to illuminate the processes causing these
observations.

3 REZULTATI IN RAZPRAVA

Na sliki 3 so prikazane dielektri¢ne lastnosti
v obmocju meritev od 0 do 25 MHz za smrekove
diske debeline 3 mm pred obdelavo s plazmo (mo-
dra krivulja), neposredno po obdelavi s plazmo
(roznata krivulja), 24 ur po obdelavi s plazmo (siva
krivulja) in 48 ur po obdelavi s plazmo (rumena kri-
vulja). Neposredno po obdelavi s plazmo se je di-
elektricna konstanta povecala za priblizno 2 %, kar
je v nasprotju s pricakovanji v povezavi s susenjem.
Ko se vlaznost lesa zmanjsSuje in hlapne organske
spojine iz vzorca izhlapijo, se mora zmanjsati tudi
dielektricna konstanta zaradi vecje dielektricne
konstante uparjenih spojin v primerjavi s preos-
talim materialom (Norimoto & Yamada, 1972; Ja-
mes, 1975; Torgovnikov, 1993). Ucinek se s¢asoma
zmanjsa, kot je razvidno iz meritev po 24 in 48 urah.
Vendar se zdi, da se znizanje razlikuje glede na fre-
kvenco meritve, saj je hitrejSe v obmocju nad 20
MHz, medtem ko se vecja dielektri¢na konstanta Se
ohranja pod 5 MHz.

Na podlagi izmerjene spremembe dielektric-
ne konstante je mogoce poskusiti oceniti globino
ucinka, ki ga povzroci plazemska obdelava, tako
da predpostavimo razlicne vrednosti osnovne di-

elektri¢ne konstante €, pri debelini sloja d, znotraj
vzorca in dielektriCne konstante €, v plasti debeline
d,, ki jo je plazma spremenila za najvec 1-kratnik
vrednosti. Princip lahko ucinkovito predstavimo z
zaporedjem ploscatih kondenzatorjev s prerezom A
in kapacitivnostjo C (glej enacbo 3), kar daje skupno
zunanjo kapacitivnost C, . (glej enacbo 4).
Preproste transformacije enacb 3 in 4 za zace-
tno dielektricno konstanto € pred obdelavo s plazmo,
izmerjena sprememba dielektri¢ne konstante za 2%
in najvecja lokalna sprememba za faktor 10 dajejo
relativno debelino nespremenjenega materiala d, ,
in spremenjene plasti d__, kot je podano z enacho
5, ki jo je mogoce poenostaviti v enacbo 6. Od tod
se lahko izraCuna spremenjeno debelino plastid_ ,
ki znasa 2,2 % materiala, kar absolutno pomeni glo-
bino modifikacije 66 um v 3 mm debelih lamelah.
Opozoriti je treba, da je ta ocena pretirana glede na
tipicne spremembe dielektricne konstante, ki izhaja-
jo iz pricakovanih kemicnih sprememb v lesu, in tako
verjetno podcenjujejo dejansko globino modifikacije.
Slika 4 prikazuje meritve dielektricne konstan-
te v obmocju od 0 do 25 MHz za smrekove diske
debeline 5 mm. Podatki so prikazani za vzorec pred
obdelavo s plazmo (modra krivulja), neposredno po
obdelavi s plazmo (roZnata krivulja), 24 ur po obde-
lavi s plazmo (siva krivulja) in 48 ur po obdelavi s
plazmo (rumena krivulja). V nasprotju z diski debe-
line 3 mm dielektri¢na konstanta diskov z debelino
5 mm ne kaZe bistvene spremembe zaradi obdela-
ve s plazmo, le rahlo zmanjsanje v obmocju nad 20
MHz je opazno 24 ur po obdelavi s plazmo. To kaze
na omejeno globino ucinka plazemske obdelave, ki
je vedno dobro izrazena s spremenjenimi dielek-
tricnimi lastnostmi vzorcev debeline 3 mm, vendar
pri vzorcih debeline 5 mm komaj vidna. Uporablje-
na metoda merjenja dielektri¢cne vrednosti namrec
meri povprecno vrednost na merjenem vzorcu.
Slika 5 prikazuje faktor dielektri¢nih izgub za
smrekove diske debeline 3 mm pred obdelavo s
plazmo (modra krivulja), neposredno po obdelavi s
plazmo (roznata krivulja), 24 ur po obdelavi s plazmo
(siva krivulja) in 48 ur po obdelavi s plazmo (rume-
lotnem frekvenénem obmocdju je bil zaznan pri ne-
obdelanih preizkusancih, povecanje izgub pa se zdi
neznacilno glede na naravno variabilnost lesa. Spre-
membe dielektricne konstante (glej sliko 3) se tako
ne odraZajo v povecani absorpciji energije iz izmenic-
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nih elektricnih polj. Ker na dielektri¢nost in faktor di-
elektricnih izgub obicajno najvec vpliva spreminjanje
vlaznosti lesa pri frekvencah pod 100 kHz, na faktor
dielektricnih izgub celo bolj kot na dielektricno kon-
stanto (James, 1975), se ne zdi zelo verjetno, da so ti
ucinki posledica zgolj povecanega izhlapevanja hla-
pnih spojin s povrsine, za katero je znano, da se poja-
vi med obdelavo s plazmo (Altgen et al., 2015, 2016).

Da bi raziskali moZzne vzroke za spremembo di-
elektricne konstante in faktorja dielektri¢nih izgub,
je bila sprememba mase smrekove lamele 50 mm
x 35 mm x 3,1 mm izmerjena med postopkom pla-
zemske obdelave in po njej. V naboru podatkov je
podana ocena spremembe mase v 120 s po izposta-
vitvi plazmi glede na maso pred obdelavo s plazmo
(prikazano v dodatnih neobdelanih podatkih).

Slika 6 prikazuje primerjavo mase smrekove
lamele in njene ustrezne vsebnosti vlage v vzorcu
pred in po obdelavi s plazmo ter relativno spre-
membo obeh lastnosti. Vpliv povecanega izhlape-
vanja, odstranjevanja majhnih hlapnih organskih
spojin in padanja vlaznosti v povrsinskem delu lesa
je znan v literaturi (prim. Altgen et al., 2015, 2016),
izmerjeno zmanjSanje za 0,6 % pa pricakovano.
Vendar je spremljanje spremembe mase s plazem-
sko obdelavo pokazalo mocnejse zmanjsanje, kot je
bilo pricakovano. Med obdelavo s plazmo so elek-
trostatske interakcije povzrocile, da so bile izmerje-
ne mase nepravilne, zato so na sliki 6 prikazane me-
ritve od trenutka, ko se vzorec odstrani iz reze pod
plazemsko elektrodo. Mo¢no zmanjSana masa po
plazemski obdelavi (priblizno 86 % zacetne mase)
se je v dveh minutah pocasi spet dvignila na prib-
lizno 88 % zacetne mase. Kljub velikim nihanjem v
meritvah mase (zaradi gibanja zraka v laboratoriju
z vzgonskimi ucinki) je tendenca jasno vidna in ob-
seg izgube mase mocno presega vsa pricakovanja
glede na navedene spremembe kemijske sestave iz
prej omenjenih publikacij. Potrebno je nadaljeva-
nje raziskovanja vpliva plazme na vzorce lesa glede
na spreminjanje njihove mase, da bi bolje razumeli
osnovne procese in izboljsali zanesljivost meritev.

Vpliv obdelave s plazmo na kemijske lastnosti
lesnega substrata je zabeleZen do globine reda veli-
kosti 1 um (Kral et al., 2015). Poleg tega smo predvi-
devali, da se plazma lahko pojavi tudi nekoliko glob-
lje znotraj lesenega materiala, npr. v odprtih porah
(Wascher et al., 2014). To potrjuje tudi razmeroma
mocno spremenjena izmerjena vlaznost lesa in go-

vori o globini ucinka bistveno pod 1 um debelim po-
vrsinskim slojem, Ceprav tega v predhodnih raziska-
vah s FTIR spektroskopijo ni bilo mogoce potrditi.
Vpliv plazme na opaZzeno spremembo dielektri¢ne
konstante pa je ociten zlasti pri 3 mm debelih la-
melah, kar dobro ustreza ugotovljeni izgubi mase
po obdelavi s plazmo. Iz znanih kemijskih ucinkov
in izmerjene spremembe vlaznosti lesa je razvidno,
da morata izguba mase in sprememba dielektri¢nih
lastnosti vkljucevati tudi druge vzroke. Taksno skle-
panje je podprto s frekvencéno odvisno spremembo
dielektri¢nih parametrov in relativno spremembo
tangensa izgubnega kota. Vendar je treba omeniti,
da bi lahko imeli morebiti preostali elektri¢ni naboji
Se vedno manjsi vpliv na izmerjeno tezo ter da se
absolutne vrednosti vlaznosti, izmerjene z elektric-
nim merilnikom vlage, razlikujejo od povprecnih
9,4 % vlaznosti, dolocenih s spremembo mase med
susenjem v susilniku. Za razjasnitev teh procesov in
opazovanj pa so potrebne nadaljnje Studije.

4 SUMMARY

e Distinct rise in dielectric permittivity after plas-
ma treatment, particularly on thinner lamellae
and towards higher frequencies well above 1
MHz, but negligible change of loss coefficient.

e Minor reduction of residual moisture content,
but strong weight reduction in plasma-treated
wood lamella.

e Dielectric properties are affected by plasma
treatment much deeper within the bulk mate-
rial than has previously been reported for the
maximum depth of chemical modifications by
plasma treatments.

4 POVZETEK

e |zrazit dvig dielektricne konstante po obdelavi
s plazmo, zlasti pri tanjsih vzorcih in visjih fre-
kvencah precej nad 1 MHz, vendar zanemarlji-
va sprememba tangensa izgubnega kota.

e Majhno zmanjsanje lesne vlaZnosti, vendar
mocno zmanjsanje mase pri leseni lameli, ob-
delani s plazmo.

e Obdelava s plazmo vpliva na dielektri¢ne last-
nosti veliko globlje v materialu, kot so doslej
porocali glede najvecje globine kemic¢nih mo-
difikacij pri obdelavi lesa s plazmo.
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