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ABSTRACT - Faise heartwood is a common defect in beech wood. If the false heartwood is healthy and without
microbial attacks, it is possible to utilize such material. Application of adhesives and coatings is an important
part of the wood furniture industry. Studying wood surface properties provides answers to problems in applica-
tion of glues, coating materials, and similar. Comparing wettability and surface free energy of false heartwood,
ripe wood, and sapwood zones of beech was the focus of this paper. Two-way ANOVA with Duncan post-hoc test
of multiple comparison was used for testing of the hypotheses and statistical evaluation of the results. The zones
were also examined with light microscopy. Two testing liquids were used in wettability experiment — redistilled
water and diiodomethane. Ripe wood showed the best wettability for both testing liquids among the wood zones.
Significant differences in contact angles at the beginning of the wetting process, equilibrium contact angles, and
surface free energies were found in almost all pairwise comparisons of the wood zone and testing liquid factors.
The pairs where significant difference was not found were as follows: false heartwood and ripe wood in testing
with redistilled water, and ripe wood and sapwood in testing with diiodomethane. Equilibrium times in all wood
zones for both testing liquids were also statistically evaluated. Significant differences were found in all wood zones
in testing with redistilled water. In testing with diiodomethane, equilibrium time for false heartwood was signifi-
cantly different from ripe and sapwood zone equilibrium times.

KEYWORDS: beech; false heartwood; light microscopy; surface free energy, wettability

SAZETAK « Lazna sr Cesta je greska bukovine, ali je i to drvo moguce iskoristiti ako je zdravo i nije napadnuto
mikrobima. Primjena ljepila i premaza vazni su postupci u drvnoj industriji i proizvodnji namjestaja. Proucava-
nje svojstava povrsine drva daje odgovore na probleme u primjeni ljepila, premaznih materijala i sl. Fokus ovog
rada je na usporedbi stupnja kvasenja i slobodne povrsinske energije drva u zoni lazne srzi, zrelog drva i bjeljike
bukovine. Za testiranje hipoteza i statisticku procjenu rezultata primijenjena je dvosmjerna ANOVA s Duncanovim
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post-hoc testom visestruke usporedbe. Zone drva istrazene su i svjetlosnim mikroskopom. Pri ispitivanju stupnja
kvasenja upotrijebljene su dvije ispitne tekucéine — redestilirana voda i dijodometan. Zrelo drvo pokazalo je naj-
bolju sposobnost kvasenja s obje ispitne tekucine. Znacajne razlike u kontaktnim kutovima na pocetku kvasenja,
ravnoteznim kontaktnim kutovima i slobodnim povrsinskim energijama zabiljezene su u gotovo svim usporedbama
zona drva i razlicitih ispitnih tekuéina. Parovi u kojih nije utvrdena znacajna razlika jesu lazna srz i zrelo drvo u
ispitivanju redestiliranom vodom te zrelo drvo i bjeljika u ispitivanju dijodometanom. Takoder, statisticki su pro-
cijenjena ravnotezna vremena u svim zonama drva za obje ispitne tekucine. U ispitivanju s redestiliranom vodom
utvrdene su znacajne razlike medu ravnoteznim vremenom u svim zonama drva. U ispitivanju s dijodometanom
ravnotezno vrijeme za laznu srz znacajno se razlikovalo od ravnoteznog vremena u zoni zrelog drva i bjeljike.

KLJUCNE RIJECI: bukovina, lazna srs; svjetlosni mikroskop; slobodna povrsinska energija; stupanj kvasenja

1 INTRODUCTION
1. UVOD

Defects in wood are irregularities or abnormali-
ties in wood structure. They usually change physical
and mechanical properties of wood and therefore limit
the use of such wood (Cunderlik, 2009). Nonetheless,
defects in wood can create an interesting and aestheti-
cally pleasing structure and are sought after for the
manufacture of unique products. False heartwood is
a hidden wood defect, and it is difficult to detect in a
growing tree (Kudela, 2011).

Other terms such as true heartwood, red heart-
wood, discoloured wood, wounded wood, pathological
heartwood are also used for the different wood colour-
ations found in hardwoods (Hornfeldt ef al., 2010).
The term “false heartwood” is used throughout this pa-
per to cover all variants of wood colourations found in
beech, in opposition to the normal heartwood coloura-
tion that beech does not produce (Hornfeldt et al.,
2010; Shigo, 1986). Pozgaj et al. (1993) divide false
beech heartwoods according to their visible shape on
the cross section. Round (simple, double, mosaic) red
brown to pale brown heartwoods are considered
“healthy” false heartwoods. Star shaped, flame shaped
false heartwoods, and round false heartwoods with a
different coloured zone and a sharp margin are “un-
healthy” false heartwoods. Unhealthy and decayed
false heartwood has significantly worse mechanical
properties and it is not suitable for production of solid
wood furniture (Pozgaj et al., 1993).

Numerous theories and interpretations of the for-
mation of false heartwood are hypothetical even today
(Prka et al., 2009). Many authors (Necesany, 1958;
Bosshard, 1967; Paclt, 1953; Ra¢ko and Cunderlik,
2006) agree on the opinion that the primary cause of
the false heartwood formation is a trunk injury during
tree growth and the age of the beech tree. The trunk
injury together with age influence the size and type of
false heartwood. According to Chovanec (1969, 1974
and 1989) and Necesany (1958), the extent of false
heartwood in the trunk depends on the age in which the
wound was formed, the extent of the wound and the
velocity of wound occlusion (Ragko and Cunderlik,
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2006). A healthy false heartwood is formed when pa-
renchyma cells in the ripe wood zone die away. With
the dyeing parenchyma cells, a film is created on the
scalariform perforation plates. The false heartwood is
then changing colour due to oxidization of extractives
and tyloses form inside vessels (Kudela, 2011).

Racko and Cunderlik (2006) evaluated the quali-
tative structure of beech logs produced in seven harvest
areas in Slovakia, as well as the quality and quantity of
beech false heartwood. The false heartwood was found
in 30.7 % of the harvested logs. The average age of the
logs ranged from 66.3 to 115.6 years. Racko and
Cunderlik (2010) also investigated ripe wood as a lim-
iting factor of false heartwood formation in beech.
False heartwood started to form in approximately the
40" cambial age of the trunk, when there was already a
2.5 cm thick ripe wood zone present. Most of the trunks
(89.5 %) had a smaller false heartwood zone compared
to the size of ripe wood zone.

Another such research on the share of false heart-
wood in beech was performed by Prka et al. (2009) in
central Croatia. In the respective cut classes, the share
of logs containing false heartwood was as follows: 11.7
% in thinning cut, 54.7 % in preparatory felling, 71.3
% in seeding felling, and 84.6 % in final felling. The
average age of the logs ranged from 76 to 106 years.

False heartwood often has a beautiful colour and
texture (Hornfeldt et al., 2010), which can be used as an
aesthetic element in furniture. Some timber processors
started looking for classical false heartwood timber to
use its decorative characteristics. Furniture made of
beech false heartwood is already well established and
can be found in the individual production by carpenters
as well as in the industrial production of kitchens, living-
and bedrooms (Hansmann ef al., 2009). Colour of the
false heartwood can be effectively utilized for the pro-
duction of decorative veneers (Kudela, 2011).

According to Koch (2004), the industrially rele-
vant properties of false heartwood are not adversely
affected, except for the formation of tyloses. Pozgaj et
al. (1993) stated that, aside from colour and permeabil-
ity, the physical and mechanical properties of healthy
beech heartwood are the same as physical and mechan-
ical properties of beech wood without false heartwood.
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According to Pohler et al. (2006), the mechanical and
technological properties of red hearted beech give no
evidence of different behaviour in comparison with the
normal beech wood.

Applying adhesives or coating materials on
beech boards or veneers with false heartwood, ripe
wood, and sapwood might bring forth problems in
woodworking processes. Differences in wood surface
properties can cause different behaviour of coating ma-
terials on the wood substrate, different absorption of
the adhesive or coating material, and this can cause de-
fects in the final products. Therefore, it is important to
study and understand wood surface properties, to en-
sure a final product of high quality.

Wetting of the wood surface with liquids is a very
complex process. It depends on the chemistry and be-
haviour of liquids, substrate behaviour, and interac-
tions between the wood substrate and liquids used
(Kudela et al., 2016). A good wettability is often a pre-
dictor of high-quality adhesive bonding (Piao et al.
2010). Contact angles measured at the interface with a
liquid standard serve as a base for deriving wood sur-
face thermodynamic characteristics — surface free en-
ergy and its components. Contact angles are also an
important indicator to predict the adhesion perfor-
mance of coating materials and glues to the substrate
(Kudela et al., 2016). The surface free energy of wood
is a useful parameter that provides information on the
interaction between the wood surface and an adhesive.
Additionally, it has a great influence on the bonding
strength of wood composites (Qin et al., 2015).

Evaluation of the relative wettability of a surface
can be helpful for predicting or controlling the out-
come of various industrial processes. Wettability can
be generally defined as the tendency of a selected lig-
uid to spread out and make intimate contact with a sur-
face of interest (Hubbe e al., 2015). The best measure
of wetting process quality is the contact angle between
the solid substrate and the wetting liquid (Liptakova et
al., 1998). Studying of wood wetting with liquids is
obligatory for understanding interactions at the inter-
face between wood and coating material, wood and
gluing materials, and similar (Scheikl ez al., 2001; Piao
etal., 2010). Measurement of the contact angle formed
by a droplet of a liquid placed on wood surface is a
widely used method for the assessment of surface wet-
tability and calculation of surface free energy (Strbové
et al., 2013). The contact angles are also useful for the
assessment of other properties of the solid — liquid —
gas system (Liptakova et al., 1998).

The aim of this study is to compare wettability
and surface free energy of false heartwood, ripe wood,
and sapwood zones of beech wood. In addition, micro-
scopic structure of each zone was examined with light
microscopy. The contact angle and surface free energy

results were analyzed with a two-way ANOVA method
and Duncan’s post-hoc test of multiple comparison.

2 MATERIALS AND METHODS
2. MATERIJALI I METODE

Four beech trees were harvested in September
2022, in the locality Stiavnické vrchy (Stiavnické moun-
tains, in Slovakia). The logs were cut through into
planks. From each log, planks containing false heart-
wood, ripe wood, and sapwood were selected (from
here, false heartwood, ripe wood, and sapwood will be
referred to as FHW, RW, and SW, respectively). These
planks were cut into rectangular timber, separating the
FHW, RW, and SW zones. Rectangular timber from
each zone was selected and sawn into smaller samples
with dimensions 150 mm x 20 mm x 40 mm, in longitu-
dinal, radial, and tangential direction, respectively. From
each log, one sample per FHW, RW, and SW was used.
Twelve samples in total were used for this experiment.
The average oven dried density of the samples was: 683
kg/m?® in FHW, 669 kg/m® in RW, and 653 kg/m?in SW.
All sides of the samples were milled.

The samples were oven dried at a temperature of
(103£2) °C. After drying, the samples were weighed on
a Radwag laboratory scale (model XA 60/220/X, Rad-
wag, Radom, Poland) and measured with a digital slide
calliper. The samples were then placed into a climatic
chamber (relative air humidity was set to 45 % and air
temperature to 20 °C), until they reached an equilibri-
um moisture content of 7.5 %. When the samples
reached the equilibrium moisture content, they were
weighed again, and the moisture content was calculat-
ed using the gravimetric method.

2.1 Wettability with liquids and wood
surface free energy

2.1. Stupanj kvasenja teku¢inama i slobodna
povrSinska energija drva

Wood surface wetting process and contact angle
measurement were performed with a Kriiss DSA30
Standard drop shape analyzer (Hamburg, Germany)
and the attached software package (Fig. 1). Following
Kudela (2014), two testing liquids with different po-
larities were used — redistilled water and diiodometh-
ane. Redistilled water is a polar-apolar liquid with a
polar component of surface free energy higher than the
polar component of wood. Diiodomethane is a nonpo-
lar liquid with a nonpolar component of surface free
energy higher than the disperse component of wood
(Kudela et al., 2019). Parameters of both liquids are
listed in Table 1.

Syringes were used to apply drops of the testing
liquids on the wood surface. For each testing liquid,
separate syringes were used. The drop volume was set
to 1.8 ul. Testing liquids were applied on tangential
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Table 1 Surface free energy and its components of the testing liquids
Tablica 1. Slobodna povrsinska energija ispitnih tekuéina i njthove komponente

Testing liquid Vs T v v, n, References
Ispitna tekucina mJ/m? | mJ/m? | mJ/m? | mJ/m? | mJ/m? | Pa-s Reference
Redistilled water / redestilirana voda 72.80 | 21.80 | 51.00 | 25.50 | 25.50 | 0.010 | Gardner (1996)
Diiodomethane / dijodometan 50.80 | 50.80 | 0.00 0.00 0.00 | 0.028 |van Oss et al. (1998)

Frame: 000 Time: 00000 Size: 200KB_ Tk 00

CAIL] 87.4

CAIR] 87.4

Figure 1 Contact angle measurement by the circle method on the left side of the figure; Kriiss DSA30 Standard drop shape

analyzer on the right side of the figure

Slika 1. Mjerenje kontaktnog kuta kapi (lijeva slika); Kriiss DSA30 standardni analizator oblika kapi (desna slika)

surfaces of the samples. The drop shape analyzer re-
corded spreading and soaking of the testing liquids
from the moment they were applied on the tangential
surface until their complete soaking into the substrate.
Spreading of the testing liquids along the fibres was
analyzed. Scanning frequency (number of recorded
frames per second) was set and adjusted according to
the wetting intervals in FHW, RW, and SW. Measure-
ment of the contact angles was computed in the DSA30
software, using the circle method.

Contact angles 0, were measured right after the
drop application, in the very first moment of the testing
liquid spreading. Equilibrium contact angles 0 were
determined according to Liptakova and Kudela (1994),
at a moment of spreading of the testing liquids, when
the contact angle changed from an advancing angle to
a receding angle. This equilibrium state was matched
with the moment when the liquid stopped spreading
onto the surface and started to recede. This moment
was determined through the drop base diameter (Kude-
la et al., 2015). Contact angles 0, and 0, were used to
calculate 0 , the contact angle corresponding to an
ideal smooth surface (Liptdkova and Kudela, 1994).
The contact angle 0 was calculated according to Eq. 1,
2, and 3 (Liptakova and Kudela, 1994):

cos @, = f,-cosO, — f, (1)
cos@, = f,-cosO, + f, 2)
Where:
0, — contact angle at the beginning of the wetting pro-
cess,
0, — equilibrium contact angle,
0, — equilibrium contact angle corresponding to a
wood substance with surface characterized by rough-
ness of molecular dimensions,
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f1 —proportion of the substance at the spot occupied by
the testing liquid,
2 — proportion of void pores and cell capillaries and of
cell walls under the drop (Kudela, 2014).

Surface free energy values of the substrate v
were calculated according to the equation modified by
Neumann et al. (1974), Eq. 4:

(0.0137- 74 —2.00)\[7, - 7, + 7.

cos@= 4)
7, (0.0137- s 7, 1)
Dispersion and polar components y . and y,” of
the substrate surface free energy were calculated ac-
cording to Kloubek (1974), Eq. 5 and 6:

14+ cosé@ 1+cosé
\/E=\/7_i'Ti\/7_f' L ( 5 )(5)

I

\/— \/—1+cosﬁ \/— 7/_ (1+020s9j 6)

According to Kudela et al. (2016), a combined
value of the surface free energy y,. was calculated by
addition of the dispersion component vy, calculated
from measurements with diiodomethane and polar
component y.’, calculated from the measurement with
redistilled water. In total, 72 measurements were done
per each zone, 18 measurements per one sample were
done with both testing liquids. The spots where the
testing liquid drop was placed did not overlap.

2.2 Data analysis

A two-way ANOVA was used for testing whether
the variability of the results among samples was due to
chance or was the effect of the observed factors or their
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Table 2 Two-factor ANOVA design used for estimating how the mean of a quantitative variable changes according to the

levels of two categorical variables

Tablica 2. Dvofaktorska ANOVA za procjenu promjene srednje vrijednosti kvantitativne varijable prema razinama dviju

kategorickih varijabli

.. Degree of Mean square

Source of variation Sum of squares L
Ievor variiaciie Zbroi kvadrata freedom Srednja vrijednost | F-test | p-level

varyacy 4 Stupanj slobode kvadrata
Factor A effect / utjecaj faktora A SS, df, MS, F, D,
Factor B effect / utjecaj faktora B SS, df, MS, F, Dy
Interaction AB effect
utjecaj interakcije faktora A i B 5S4 Yo MS, Fis Pas
Error / pogreska SS, df, MS,
Total / ukupno S8l afu

Figure 2 FHW (A), RW (B), and SW (C) zone samples. Small blocks to cut out for microscopic examination are marked on
the pictures on the right-hand side.
Slika 2. Uzorci zona FHW (A), RW (B) i SW (C). Mali blokovi za izrezivanje za mikroskopsko ispitivanje oznaceni su na
slikama desno.

interaction. The null hypothesis of equal samples means
was tested. The test criterion was F-statistic representing
the ratio of two estimates of variance — an estimate of the
variance among samples (MS effect) and an estimate of
variance within samples (MS error). The design of the
two-factor ANOVA is presented in Table 2.

If MS effect is significantly greater than MS error,
then the null hypothesis is rejected in favour of the al-
ternative hypothesis - de facto the given factors are re-
sponsible for differences among sample means. Subse-
quently, Duncan post-hoc test of multiple comparison
was applied to identify significant pairwise differences.
Sample means and 95 % confidence intervals for popu-
lation means are presented graphically by box and
whisker charts.

The analyses were carried out using statistical
software STATISTICA 12. An alpha level of 0.05 tradi-
tionally used in similar studies as decision rule was ap-
plied. The output tables were edited in the Microsoft
Excel spreadsheet editor.

2.3 Microscopic observation
2.3. Mikroskopska analiza

For microscopic observation, FHW, RW, and SW
samples from one log were selected randomly. From
each of the selected 150 mm x 20 mm x 40 mm sam-
ples, a 4 mm thick slice was sawn from the 20 x 40 mm
side. This was done after the samples were oven dried.

Two 7 mm x 4 mm x 3 mm small wood blocks were
carefully cut from these slices. Radial and tangential
microsections were our main object of observation;
therefore, each of the small wood blocks was cut ac-
cordingly. In Figure 2, small wood blocks are marked
on the FHW, RW, and SW zones.

The small wood blocks were embedded in epoxy
resin and left to cure for two weeks. Approximately 15
pum thick microsections were cut from the wood-resin
blocks on a sledge microtome (Reichert, Wien, Aus-
tria). The microsections were stained with a combina-
tion of Astra Blue and Safranin stains. This stain com-
bination was used to detect axial parenchyma and
nutrients inside ray parenchyma cells (Slovackova and
Misikova, 2023). Astra Blue and Safranin stain combi-
nation can also be used to distinguish cellulose from
lignified cells (de Baerdemacker ef al., 2018). Safranin
stains lignin regardless of whether cellulose is present,
whereas Astra Blue stains cellulose only in the absence
of lignin (Srebotnik and Messner, 1994; Schwarze and
Engels, 1998). A combination of Safranin and Astra
Blue is used to detect early stages of white rot, i.e., se-
lective delignification (Srebotnik and Messner, 1994).
With this stain combination, a fungal attack could be
discovered, so it also confirmed that the false heart-
wood did not have a fungal attack. After staining, the
microsections were mounted in Euparal (BioQuip
Products Inc., Rancho Dominguez, CA, USA).
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3 RESULTS AND DISCUSSION
3. REZULTATI | RASPRAVA

3.1
3.1.

Wettability and surface free energy
Stupanj kvasenja i slobodna povrsinska
energija

Soaking of the testing liquids into the wood zone
samples is presented Figure 3. One characteristic meas-
urement per each wood zone for both testing liquids
was selected to be presented in the figure. Measure-
ments with average contact angles 0 and average soak-
ing times (from the time of the placement of the testing
liquid drop until the time of complete soaking into the
wood substrate) were selected. Figure 3 presents the
decrease of contact angles over time. The longest aver-
age soaking times for both testing liquids were ob-
served in FHW, and the shortest times were observed
in RW.

The mean values of 0, and 0, contact angles
measured in the respective wood zones are presented in

Table 3 and Table 4. In measurement with redistilled
water, the lowest mean contact angles were measured
in FHW, and the highest values were measured in SW.
In measurement with diiodomethane, the highest mean
contact angles were measured in FHW, and the lowest
in RW.

Concerning 6, detailed results of two-way ANO-
VA experiment are presented in Table 3. Based on com-
puted p-values, the null hypothesis that there is no dif-
ference among the means was rejected. The observed
differences of 0, among samples are the result of the in-
teraction effect of the investigated factors — testing lig-
uid and wood zone. In the detailed pairwise comparison,
significant differences in mean 0, values were confirmed
for most pairs based on the presented p-values.

Similarly in Table 4, when evaluating 0, signifi-
cant differences of mean values among samples were
tested (p=0.000), which is the result of the influence of
the investigated factors. In a detailed pairwise com-
parison, the null hypothesis of equality of 0_ was ac-

Table 3 Results of Duncan post-hoc test of pairwise differences for dependent variable 0,
Tablica 3. Rezultati Duncanova post-hoc testa razlikd izmedu parova za zavisnu varijablu 0

Two-way ANOVA with interaction: testing liquid*wood zone, F=7.48, df =2, p = 0.001
Dvosmjerna ANOVA s interakcijom: ispitna tekuéina* zona drva, F = 7,48, df = 2, p = 0,001
Testing liquid Wood zone Mean value, °
Ispitna tekucina Zona drva Srednja vrijednost, ° () laisted) | @RS @RI (@aisiar | (@I @)k
Redistilled (1) FHW 80.45 0.892 0.013 0.000 0.000 0.000
edistitled water (2) RW 80.58 0.892 0.014 | 0.000 | 0.000 | 0.000
redestilirana voda
3) SW 82.97 0.013 0.014 0.000 0.000 0.000
Diiod h (4) FHW 41.15 0.000 0.000 0.000 0.002 0.005
ocdomethane (5) RW 37.97 0.000 | 0.000 | 0.000 | 0.002 0.654
dijodometan — — — —
(6) SW 38.40 0.000 0.000 0.000 0.005 0.654

Note: The pairs without a significant difference are printed in black. / Napomena: parovi bez znacajne razlike otisnuti su crnom bojom.

90 1
—+— FHW-W
80
o“ —=— RW-W
g 7 —— SW-W
% 60 FHW-D
£ RW-D
g 50
~ SW-D
= 40
=
<
s 30
8
5 20
o
10
0 a4
100 200 300 400 500 600

Time / vrijeme, s

Figure 3 Contact angles over soaking time. Testing liquids are denoted next to wood zone abbreviations: W - measurement

with redistilled water, D - measurement with diiodomethane.

Slika 3. Kontaktni kutovi tijekom kvasenja. Ispitne su teku¢ine oznacene uz kratice zone drva: W — mjerenje redestiliranom

vodom, D — mjerenje dijodometanom.
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Table 4 Results of Duncan post-hoc test of pairwise differences for dependent variable 6,
Tablica 4. Rezultati Duncanova post-hoc testa razlikd izmedu parova za zavisnu varijablu 6,

Two-way ANOVA with interaction: testing liquid*wood zone, F = 7.64, df =2, p = 0.000
Dvosmjerna ANOVA s interakcijom: ispitna tekuc¢ina* zona drva, F = 7,64, df = 2, p = 0,000
Testing liquid Wood zone Mean value, °
Ispitna tekucina Zona drva Srednja vrijednost, ° () FHW | Q)RW | 3)SW | (Y FHW | (5)RW | (6) SW
Redistilled wat (1) FHW 23.90 0.042 0.000 0.000 0.000 0.000
edistilied water 15 pw 25.55 0.042 0.043 | 0.000 | 0.00 | 0.000
redestilirana voda
3) SW 27.19 0.000 0.043 0.000 0.000 0.000
Diiod h (4) FHW 37.69 0.000 0.000 0.000 0.051 0.230
tiodomethane 5 By 36.03 0.000 | 0.000 | 0.000 | 0.051 0.393
dijodometan
(6) SW 36.72 0.000 0.000 0.000 0.230 0.393

Note: The pairs without a significant difference are printed in black. / Napomena: parovi bez znacajne razlike otisnuti su crnom bojom.

Redistilled water / redestilirana voda
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£
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52 5 b g ¥
S s T
I |
28 20
s
>
10
FHW RW SW

Diiodomethane / dijodometan

48

ayS _
46 H ZySP -

44
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38 ==

Surface free energy, mJ/m?
slobodna povrsinska energija, mJ/m?2

36 - ==

34
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Figure 4 Box and whisker plot (sample mean + 2-standard deviation) of surface free energy calculations with both testing
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Slika 4. Prikaz rezultata (srednja vrijednost uzorka + 2-standardna devijacija) izracuna slobodne povrsinske energije s obje

ispitne tekucine

cepted in only two cases — redistilled water FHW ver-
sus RW, and diiodomethane RW versus SW.

Results of surface free energy and its polar and
disperse components are presented in Figure 4. In
measurement with redistilled water, surface free ener-
gy and its polar component showed a decreasing trend
through the wood zones. The highest surface free en-
ergy was found in FHW and the lowest surface free
energy in SW. Disperse component of the surface free
energy in measurement with redistilled water had a
moderately increasing trend through the wood zones.

In measurement with diiodomethane, the highest
surface free energy and its disperse components were

found in RW. The lowest values were found in FHW.
Since diiodomethane is a nonpolar liquid with only a
disperse surface free energy component, the polar
component of surface free energy in wood zones was
zero and is therefore not included in Figure 4.

Results of analysis for surface free energy are pre-
sented in Table 5. The F-test of the interactive effect of
the two investigated factors — testing liquid and wood
zone — confirmed their significant influence (p=0.000)
on the surface free energy values. Even in a simultane-
ous pairwise comparison using Duncan’s test, almost all
pairs were significantly different. As pairs with the same
mean surface free energy values, the combinations - re-

Table 5 Results of Duncan post-hoc test of pairwise differences for dependent variable of surface free energy
Tablica 5. Rezultati Duncanova post-hoc testa razlikd izmedu parova za zavisnu varijablu slobodne povrSinske energije

Two-way ANOVA with interaction: testing water*wood zone, F = 10.20, df =2, p = 0.000
Dvosmjerna ANOVA s interakcijom: ispitna tekuc¢ina* zona drva, F = 10,20, df 2, p = 0,000
Testing liquid Wood zone Mean value, mJ/m?
Ispitna tekucina Zona drva | Srednja vrijednost, mJ/m? (st (@ | i) (@uaiswir] (BYLAF ()i
Redistilled (1) FHW 65.94 0.031 0.000 0.000 0.000 0.000
edistilled water ) by 65.05 0.031 0.002 | 0.000 | 0.000 | 0.000
redestilirana voda
(3) SW 63.82 0.000 0.002 0.000 0.000 0.000
Diiod h (4) FHW 41.26 0.000 0.000 0.000 0.083 0.265
nodomethane ' 5) "Ry 4201 0.000 | 0.000 | 0.000 | 0.083 0.475
dijodometan —
(6) SW 41.72 0.000 0.000 0.000 0.265 0.475

Note: The pairs without a significant difference are printed in black. / Napomena: parovi bez znacajne razlike otisnuti su crnom bojom.
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ANOVA: F(2, 213)=6.2185=, p=0.00237

Vertical bars denote 95 % confidence intervals
Okomite linije oznacavaju 95 %-tne intervale pouzdanosti
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Figure 5 Result of One-way ANOVA and 95 % confidence intervals: dependence of combined surface free energy on wood

zone

Slika 5. Rezultat jednosmjerne ANOVA analize i 95 %-tnog intervala pouzdanosti: ovisnost kombinirane slobodne

povrsinske energije o zoni drva

distilled water FHW versus RW, and diiodomethane RW
versus SW- were proven by the test.

Following Kudela et al. (2016), the combined sur-
face free energy values v, calculated by addition of the
average value of dispersion component v,’, calculated
from measurements with diiodomethane and average
value of polar component y?, calculated from the meas-
urement with redistilled water, were as follows: 73.23
mJ/m? in FHW, 72.64 mJ/m? in RW, and 70.73 mJ/m? in
SW. These values are slightly lower than the surface free
energy value of normal beech wood of 78.3 mJ/m? re-
ported by Kudela ef al. (2016). The surface of the sam-
ples used in the cited research was milled. The authors
did not state the moisture content of the normal beech
wood; a different moisture content value could have had
an influence on the surface free energy value. The com-
bined surface free energy values calculated on beech
wood with FHW and normal beech wood confirm that
the adhesion behaviour of beech wood with FHW is
similar to normal beech wood. ANOVA was used for the
analysis of the combined surface free energy values. The
result is presented in Figure 5. The investigated factor
wood zone showed that SW was significantly different
(p=0.002) from FHW and RW.

Studies on adhesion behaviour of beech false
heartwood show that the results of the adhesion behav-
iour of beech false heartwood are the same as those of
normal beech wood (Pohler et al., 2006). Aicher and
Reinhardt (2007) examined delamination and dry shear
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strength tests on glued beech false heartwood. It was
found that false heartwood did not have an influence on
shear strength. Delamination tests revealed a distinct
dependency of the glue line integrity on false heart-
wood and width of the adherents (Aicher and Rein-
hardt, 2007).

3.2 Microscopic observation
3.2. Mikroskopska analiza

The results of microscopic observation of FHW,
RW and SW are presented in Figure 6 and Figure 7.
The FHW zone microsection (shown in Figure 6A and
6B) absorbed only Safranin from the stain combination
Astra Blue and Safranin. The formation of FHW is
closely connected with the production of tyloses inside
the vessels (Kudela and Cunderlik, 2012). Numerous
tyloses were observed inside the vessels of the samples
used in this experiment. The tyloses are denoted in Fig-
ure 6A and 6B with black arrows. Tyloses were ob-
served only in the FHW zone. Oxidized extractives
were also observed; they are visible in the ray paren-
chyma cells in Figure 6A as a dark looking compound
inside the ray parenchyma cell. Similar observation of
the extractives inside ray parenchyma cells was made
by Pozgaj et al. (1993). Ray parenchyma cells contain-
ing oxidized extractives are denoted with a white arrow
(outlined with black).

The RW microsections are shown in Figure 6C
and 6D. RW microsections absorbed also blue stain
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Figure 6 FHW (A and B), RW (C and D) and SW (E and F) microsections stained with Astra Blue and Safranin stain
combination. A, C and E are radial microsections and B, D and F are tangential microsections. Scales are denoted with a
white stripe in the lower right corners of the figures — 50 um in 5A and 100 um in the other figures.

Slika 6. FHW (A1 B), RW (C i D) i SW (E i F) mikrografije obojene kombinacijom boja Astra Blue i Safranin. A, Ci E
radijalni su presjeci, a B, D i F tangentni presjeci. Skale su oznacene bijelom prugom u donjem desnom kutu slikd — 50 pm u
6A 1100 um u ostalim slikama.

from the stain combination. The axial parenchyma
and ray parenchyma cells absorbed Astra Blue stain
(denoted with arrow heads in Figure 6D, visible also
in 6C). Because of the staining, both types of paren-
chyma cells can be clearly distinguished from the rest
of the wood structure. The rest of the microsection
absorbed red from Safranin stain. In Figure 6D, the

blue stained ray parenchyma cells are dispersed
throughout the wide ray. Figure 7 shows that in some
rays, only the parenchyma cells on the outer part of
wide rays absorbed the blue colour from the stain
combination. Oxidized extractives in ray parenchyma
cells appeared in radial RW microsections, Figure 6C.
The oxidized extractives in RW microsections were
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Figure 7 Tangential microsection of RW zone with blue
stained ray parenchyma cells on the outer edges of the wide
ray. Scale is denoted with a white stripe in the lower right
corner of the figure and its size is 150 pm.

Slika 7. Mikrografija tangentnog presjeka RW zone s plavo
obojenim stanicama parenhima na vanjskim rubovima
sirokih trakova. Skala je oznacena bijelom prugom u
donjem desnom kutu slike, a veli¢ina je 150 um.

less pronounced than in FHW microsections. When a
healthy FHW is formed, still active parenchyma cells
in the RW zone become inactive. During the forma-
tion of FHW, extractives inside the parenchyma cells
oxidize (Pozgaj et al., 1993). The occurrence of oxi-
dized extractives in ray parenchyma cells in RW
could be a sign of FHW formation.

SW microsections (shown in Figure 6E and 6F)
also absorbed blue stain from the stain combination
and revealed axial parenchyma. This is denoted in Fig-
ure 6E and 6F with black arrowheads. The axial paren-
chyma in SW microsections appeared to be more satu-
rated with the blue stain than in RW microsections.
Extractives in ray parenchyma cells were not observed
in SW microsections.

The difference between RW and SW zones is in
the vitality of parenchymatic cells. This has a signifi-
cant influence on the occurrence of defects in the wood
structure. Parenchymatic cells in SW have a high vital-
ity whereas parenchymatic cells in RW have a low vi-
tality (Kudela and Cunderlik, 2012).

Jankowska et al. (2018) studied the effect of ex-
tractives on wettability on 13 tropical wood species, Eu-
ropean beech, and oak. The influence of extractives rela-
tive to wettability and surface free energy was confirmed.
Oxidized extractives were observed in FHW and RW
(Figure 6A and C). The results of Duncan‘s pairwise
comparison suggest that there could be an influence of
oxidized extractives on wettability and surface free en-
ergy of beech in FHW and RW, however further research
needs to be performed to confirm this statement.

The research (Jankowska ef al., 2018) also deter-
mined that a higher content of axial parenchyma resulted
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in a higher contact angle. Axial parenchymas were visi-
ble in RW and SW microsections (Figure 6C and 6F).
They absorbed the blue stain from the Astra Blue — Sa-
franin stain combination. Axial parenchyma was not vis-
ible in FHW microsections. The presence of axial paren-
chyma can possibly influence wettability and surface
free energy of beech; the results of the Duncan’s test for
0,, 0., and for FHW and SW pair in redistilled water
measurement, and all pairs in diiodomethane measure-
ment support this statement. In measurement with redis-
tilled water, the contact angles in RW and SW were
higher than in FHW. However, in measurement with dii-
odomethane, the contact angles were higher in FHW
than in RW and SW. To firmly confirm the statement,
further research needs to be done.

3.3 Equilibrium time
3.3. Ravnotezno vrijeme

Equilibrium time is the time passing from the
measurement of the contact angle 0, until the contact
angle 0_ is described as the equilibrium time ¢ . During
the sessile drop experiments, different equilibrium
times in different wood zones were noticed. Therefore,
the effect of wood zone on the equilibrium times was
analyzed. The analysis was performed using ANOVA,
especially in the case of redistilled water and diio-
domethane. In both cases, the investigated factor sig-
nificantly affected the values of equilibrium time
(p=0.000). Figure 8 presents the 95 % confidence inter-
vals for equilibrium time means of individual wood
zones. In the case of the redistilled water, significant
differences were tested in all three wood zones. In the
case of diiodomethane, FHW differed significantly
from RW and SW.

In measuring with diiodomethane, the drop of-
ten showed only the receding angle; it started to soak
into the wood substrate immediately after placing the
diiodomethane drop. The equilibrium times were 0
seconds in 5.5 % of FHW measurements, 40 % of RW
measurements, and 28 % of SW measurements. The
average equilibrium time for FHW measured with
diiodomethane was ten times higher than that for RW
and SW. The significant differences in equilibrium
time of FHW for both testing liquids were caused by
the numerous tyloses present in FHW (Figure 6A and
6B). Tyloses obstruct the pass ability of vessels, hence
false heartwood permeability for liquids is signifi-
cantly decreased (Babiak et al., 1990; Kudela and
Cunderlik, 2012).

Kudela et al. (2015) stated that the equilibrium
time ¢, depends on the liquid polarity, as well as on
wood moisture content, polar share, and viscosity of
the testing liquids. The variability of 7, values in one
testing liquid is the result of unevenness of the wood
surface and the random placement of the testing liquid
drop on the wood surface (Kudela ef al., 2015).
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Redistilled water / redestilirana voda
ANOVA: F(2, 213)=11.81, p=0.000
Vertical bars denote 95 % confidence intervals
Okomite linije oznacavaju 95 %-tne intervale pouzdanosti
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Figure 8 Result of One-way ANOVA and 95 % confidence intervals: dependence of equilibrium time on wood zone using

two testing liquids - redistilled water and diiodomethane

Slika 8. Rezultat jednosmjerne ANOVA analize i 95 %-tnog intervala pouzdanosti: ovisnost ravnoteznog vremena o zoni drva

za dvije ispitne tekuc¢ine — redestiliranu vodu i dijodometan

According to Kudela ef al. (2016), a poorer wet-
ting performance is associated with a longer time nec-
essary for the testing liquid drop to spread over the
surface and higher contact angles. Significantly en-
hanced wettability with standard polar and non-polar
liquids was reflected in higher surface free energy
(Kudela et al., 2022). In our experiment, FHW had the
longest average soaking and equilibrium times, a high
combined surface free energy, lowest contact angles in
measurement with redistilled water and highest contact
angles in measurement with diiodomethane. FHW had
also tyloses inside vessels and extractives in ray paren-
chyma. RW had the lowest average soaking times, low-
est equilibrium time, higher combined surface free en-
ergy than SW, and low contact angles in both testing

liquids. The average soaking times of SW were be-
tween RW and FHW average soaking times, SW had
low equilibrium times, the highest contact angles in
measurement with redistilled water and lowest com-
bined surface free energy values. Out of the tested
wood zones in beech wood, RW had the best wettabil-
ity for both testing liquids. SW had the worst wettabil-
ity for redistilled water; wettability for diiodomethane
was similar to that of RW. It is difficult to state whether
FHW had good or bad wettability. The combined sur-
face free energy values and contact angles measured
with redistilled water suggest that the wettability of
FHW is similar to that of RW. However, the average
soaking and equilibrium times were the longest among
the wood zones.
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4 CONCLUSIONS
4. ZAKLJUCAK

This paper focused on wettability and surface
free energy of false heartwood, ripe wood, and sap-
wood in beech. Measurement of contact angles was
performed with two testing liquids — redistilled water
and diiodomethane (a polar-apolar and a nonpolar lig-
uid). Two-way ANOVA and Duncan’s post-hoc test of
multiple comparison were used for statistical analysis
of the results. False heartwood, ripe wood, sapwood
wood zones and testing liquids were the main factors in
Duncan’s pairwise comparison test.

Ripe wood showed the best wettability for both
testing liquids with a high surface free energy, lowest
contact angles among the researched wood zones and
shortest average soaking and equilibrium times. Sap-
wood showed the worst wettability in measurement
with redistilled water. False heartwood showed similar
wettability to ripe wood in measurement with redis-
tilled water, although the average soaking and equilib-
rium times were the longest. The long times are caused
by the presence of tyloses in false heartwood. These
findings were supported by Duncan’s post-hoc test.
The false heartwood and ripe wood pair did not differ
significantly, while sapwood was significantly differ-
ent from ripe wood and false heartwood in measure-
ment with redistilled water.

In measurement with diiodomethane, false heart-
wood showed the worst wettability, while the wettabil-
ity of sapwood was similar to that of ripe wood. These
results were also supported by Duncan’s post-hoc test;
the sapwood and ripe wood pair did not show a signifi-
cant difference.

The long average soaking time of false heart-
wood needs to be taken into consideration in furniture
production. An incorrect application of adhesives on
veneers containing false heartwood could affect the
glue line integrity of the final product.
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