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MUTUAL COMPARISON OF METHODOLOGIES OF LINE AND
AREA SURFACE ROUGHNESS MEASUREMENT OF STEAMED
BEECH WOOD AFTER CNC MILLING

Luka§ Adam¢ik — Richard Kminiak — Adrian Banski — Michal Dudiak
— Filip Tibor Pavella

Abstract

Wood milling is a process in which the correct setting of parameters is important. These
are most often optimized with regard to the quality of the created surface. The most
commonly used methodologies are measuring the roughness of wood. Currently, there are
two types of measurements — line and area surface roughness measurement. Both methods
were used to compare the effect of steaming modes on roughness parameters. The
experiment showed that line measurement of wood roughness provides a more detailed
analysis of individual factors on surface roughness. Area surface roughness measurement,
on the other hand, evaluates the complex overall change in surface roughness. For these
reasons, the conclusions of the individual methodologies therefore differ. However, both
methods have their significant advantages as well as disadvantages.

Key words: beech wood, steaming, roughness, digital microscopy, methodology

INTRODUCTION

Wood milling is a process that also significantly contributes to the creation of the final
quality of the created surface (Kminiak and Gaff, 2015). Although the surface roughness
changes in the next technological operation — sanding, improperly performed milling (with
inappropriately set machining parameters) can lead to extensive damage to the wood
surface. This damage often cannot be removed by sanding or filling with filler.
Optimization of milling parameters should therefore be carried out with regard to the
quality of the created surface (Atanasov et al., 2023; Keturakis and Juodeikiené, 2007; Wei
et al., 2021). In the field of wood processing technology as well as research on the
properties of wood surfaces or wood materials, there is a large number of research dealing
with roughness (Gurau et al. 2007; Henke et al. 2022; Malkogoglu, 2007). Most authors
measure roughness with a stylus profilometer (Chuchala et al. 2023; Isleyen and
Karamanoglu, 2019; Kilic et al. 2006). However, roughness measurements by optical
methods are also in the foreground — digital profilometers or digital microscopes combined
with the properties of profilometers. With their development, methodologies for measuring
area surface parameters of roughness of materials have also developed (Blateyron, 2013;
Nagalingam et al., 2021). This surface assessment represents a very fast method of
measurement, which contains many points in the evaluated area, from which the areal
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surface texture parameters are determined. The basis of evaluation is no longer 1 profile,
but an area on which it is possible to capture the irregularities present in both anatomical
directions at once. Especially when evaluating the roughness of the wood surface, this
difference can significantly help to research the effects of individual factors. While in the
case of profile traces it is necessary to consider unevenness in the direction perpendicular to
the grain (alternation of earlywood and latewood), dales formed by cellular elements (Kang
et al., 2023), in the direction parallel to the grain , the dominant unevenness is created
rather by milling (cycloidal movement of the tool). These mixed effects are difficult to
discuss when measured separately in two directions. Very often, they lead to different
conclusions. Nevertheless, line roughness measurement has its justification, especially
when analysing separately acting factors. However, if we look at the overall surface
changes (i.e. unevenness created by milling and at the same time unevenness formed by
cellular elements), which are common especially in the processing of thermally modified
wood (Corleto et al., 2020), it is advisable to use measurement by areal surface texture
parameters.

Fig. 1 Unevenness of the surface of beech wood created by milling (cycloidal movement) and cellular
elements. Image magnification 100x

Fig. 1 shows an example of a digital image that is scanned from the surface of beech wood.
The figure shows that when evaluated by the linear parameters of roughness, in the
direction parallel to the grain (at a length of 12.5 mm), the dominant unevenness will be
created by the movement of the cutter. These can change due to steaming modes, as the
physical and mechanical properties of wood as a processed material also change. On the
other hand, in the direction perpendicular to the grain, the unevenness created by the cell
elements present will be dominant in the individual profile tracks. Thus, when measuring in
the direction perpendicular to the grain, important and not negligible “waves" after the
cycloidal movement of the instrument are absent. When measuring parallel to the grain , on
the other hand, the unevenness formed by the cellular elements is absent. These are not only
negligible for beech, but especially for wood species with deep pores on the surface, such
as oak. However, the thermal modification of wood by steaming affects the entire system
comprehensively. Demonstrably increases the quality of the milled surface in many cases
(Korkut et al., 2012; Shukla, 2019). At the same time, however, it also causes the collapse



L. ADAMCIK — R. KMINIAK — A. BANSKI — M. DUDIAK — F. T. PAVELLA 9

of cell walls, which leads to the closure of pores on the surface and, to a certain extent, to
an improvement in quality (A. Bakar et al. 2013).

The aim of this paper is to compare two types of methodologies — linear and area surface
measurement of wood roughness. The comparison will be carried out on beech wood that
has been thermally modified by steaming. The methodologies will compare the effect of
steaming modes on roughness parameters. Subsequently, the conclusions from both
methodologies will be compared with each other.

MATERIALS AND METHODS

Sample preparation

For the preparation of the samples, boards from European beech (Fagus sylvatica L.) with
wood moisture from 54.7 % to 58.2 % were used. The plates were then divided into five
groups and thermally modified by steaming in the APDZ 240 autoclave (Himmasch AD,
Bulgaria) in the company Sundermann s.r.0., Slovakia. Steaming took place according to
the conditions specified in Table 1.

Table 1 Temperatures and time of individual steaming modes

Conditions of steaming modes

Groups
Temperatures [°C] Duration [h]
Unmodified (UM) -
I 95
. 115 6
1. 125
V. 135

All boards were then dried in the SUZAR KC 1/50 drying kiln (SUZAR s.r.0., Slovakia).
After drying, the samples were moved to indoor conditions, where they gradually reached
an equilibrium wood moisture content of 8 to 10%. Samples with dimensions of 20 x 70 x
400 mm (thickness x width % length) were manipulated using a circular saw.

CNC Sample Milling

The dimensions of the samples were determined as the most optimal with regard to the
design of the SCM Tech Z5 CNC machining center (Scm Group, Rimini, Italy) and the
design of the mechanical clamps. A Klein T143 spiral milling cutter (Sistemi Srl, Pesaro,
Italy) with a diameter of 20 mm and three cutting edges was used for milling beech
samples. CNC milling was carried out in two passes of the tool through the workpiece — the
first pass ensured the removal of unevenness created after planing and thicknessing. The
second pass created the final quality of the created surface. The thickness of the removed
layer during milling was 1 mm, the tool speed was 18,000 rpm and the feed speed was 14
m-min?,
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Measuring the roughness of wood

Wood roughness measurements were performed on a Keyence VHX-7000 digital
microscope (Keyence, Japan) with a VH-Z100R objective lens (with 100x zoom selected).
On one sample, 10 surfaces were digitally scanned in the direction perpendicular to the
grain and in the direction parallel to the grain (the size of the scanned image was 3 x 18
mm). The following conditions were set for the line measurement of wood roughness: Ac
(L-filter) = 2.5 mm, As (S-filter) = 8 um according to the recommendations of ISO 21920-3
(STN EN ISO 21920-3:, 2022). On each scanned image, 2 profile tracks were digitally
translated, i.e. 2 roughness parameters were obtained. For the area surface measurement of
wood roughness, 5 evaluated areas were evenly distributed on the scanned image.
According to the recommendations of ISO 25178-3 ("EN 1SO 25178-3. Geometrical
product specifications (GPS) Surface texture: Areal Part 3: Specification operators," 2012)
was chosen as the evaluated surface S-L surface, i.e. a square with sizes of 2.5 x 2.5 mm.
The filters chosen were S-filter = 25 um and L-filter = 2.5 mm. Line as well as surface
roughness was measured for each steaming mode.

RESULTS AND DISCUSSION

The measurement outliers were first removed from the measured data set. Subsequently,
descriptive statistics were performed — arithmetic averages and standard deviations of the
parameter Ra in the direction perpendicular to the grain and in the direction parallel to the
grain for all steaming modes. Likewise, the arithmetic means of the parameter and the
standard deviations of Sa for all steaming modes were also found. The results of descriptive
statistics are presented in Table 2.

Table 2 Arithmetic averages of the parameters Ra and Sz for all steaming modes. The values in
parentheses represent the standard deviation

Ra (in the direction Ra (in the direction Sa (evaluated area)
Steaming mode perpendicular to the parallel to the grain)

grain) [um] [um] ]
UM 6,10 7,70 14,95
(0,82) (2,35) (1,91)
I 6,24 6,41 14,07
(0,83) (1,50) (3,01)
1. 6,56 6,66 12,21
(1,53) (1,42) (2,57)
1l. 6,42 6,69 11,69
0,72) (1,58) (1,51)
V. 5,89 6,31 11,30
(1,41) 1,73) (1,82)

In the second step, a one-factor analysis of variance (ANOVA) was performed as part of
inductive statistics. The analysis showed that the steaming mode has a statistically
significant effect on the line roughness measurement methodology (A — in the direction
perpendicular to the grain p = 0.000, B — in the direction parallel to the grain p = 0.000) as
well as in the area roughness measurement methodology (p = 0.000).
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Fig. 2 Line roughness of the surface expressed by the parameter Ra for individual steaming modes
(measurement in the direction perpendicular to the grain)

The measurement of roughness in the direction perpendicular to the grain (Fig. 2) shows
that with increasing steaming temperature to mode II, there is an increase in roughness. The
increase is statistically significant compared to unmodified beech wood (UM). With this
measurement, it was found that up to a certain vaporization temperature, there is a
deterioration in the quality of the surface formed for this direction. It has been found that
differently milled zones of earlywood and latewood are involved in the formation of
roughness. However, since the second steaming mode, the opposite trend has been
measured — this roughness has decreased with increasing temperature. Under Mode 11, this
reduction was not yet statistically significant, but it decreased statistically significantly with
higher temperatures. Under Mode IV, the roughness of the surface of beech wood
decreased so much that it was lower than that of unmodified beech wood. The conclusion
from this direction of measurement is that as the steaming temperature increases, the
surface roughness increases up to 115 °C. Subsequently, however, with the increase in
temperature, it decreases and thus the quality of the surface after milling of such modified
wood increases.

Fig. 3 Line surface roughness expressed by parameter Ra for individual steaming modes
(measurement in the direction parallel to the grain )
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Line measurement of roughness in the direction parallel to the grain (Fig. 3) shows that
wood steaming already at the temperature of mode | causes a sharp, statistically significant
decrease in roughness. In this respect, the surface is defined mainly by the formation of
characteristic waves. These were most common with unmodified wood. Since steaming
caused a change in the properties of beech wood at an increased temperature (already at 95
°C), waves stopped forming on the surface after the cutter movement. Although there was a
slight increase in the averages of the Ra parameter with a further increase in temperature,
this increase is not statistically significant, even in the last IV steaming mode. The
conclusion of this methodology for measuring roughness in the direction parallel to the
grain is that steaming causes changes in the level of roughness created by the movement of
the tool. Up to 135 °C, there is no further significant increase or decrease in roughness.
From a temperature of 95 °C, however, the surface roughness is significantly lower than in
the case of unmodified wood.

Line measurements of surface roughness in the previous steps brought results in the
independent action of two important factors — cell structure and tool, on the surface
roughness of beech wood. A significant disadvantage of this method is that a large number
of profile tracks are required to ensure the relevance of the results. This is time-consuming
and often does not bring the desired results. Line roughness measurement is also
problematic in the repeatability of the measurement. The reason for this is that the
placement of digital profile traces (this also applies to stylus profilometers and the
placement of their measuring tips on the measured surface) is highly dependent on the
device operator.

Fig. 3 Surface roughness expressed by the parameter Sa for individual steaming modes (measurement
of roughness on the evaluated area)

Area measurement of wood roughness, on the other hand, is a faster method with better
repeatability of the measurement. With a clearly defined size of the digital surface image,
even several operators of the measuring device will achieve the same results. In Fig. 3, it is
possible to see the evolution of the areal surface texture parameter Sa, which is equivalent
to the parameter Ra. From the graph it can be observed that a significant decrease in
roughness due to increased temperature occurs only in the second steaming mode.
Subsequently, the roughness decreases, but there is no statistically significant change
between the second and third steaming modes. Another statistically significant decrease
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was measured in the IV steaming mode. The conclusion of the applied surface method of
measuring roughness is that as the steaming point increases, the roughness decreases (and
thus the quality improves) to a temperature of 135 °C. At the same time, this method
comprehensively assessed all surface unevenness present on the evaluated surface — i.e. the
development of unevenness between earlywood and latewood or cellular elements as pores
on the surface, as well as waves on the surface after cycloidal movement of the tool.

CONCLUSION

The experiment conducted shows the following about the individual methodologies used:

- Line roughness as a measurement methodology provides important information about
the effect of individual factors on surface roughness. It is used for a more detailed
analysis, but it is a more time-consuming method. According to the
recommendations of technical standards, line roughness parameters should be
measured in the direction with larger, dominant unevenness. However, when
researching the roughness of the surface of wood, especially native wood, it is
advisable to measure the roughness in both directions. This will make it possible to
obtain more detailed information from the measurements.

If we talk about longitudinal milling, the roughness of the wood surface will be formed
as follows in the individual directions of the wood: in the direction perpendicular to
the grain, it will be formed by unevenly milled earlywood and latewood, as well as
deep cellular elements present; in the direction parallel to the grain will be formed
by the cycloidal movement of the cutter.

- Surface roughness parameters were a faster method that evaluated the change in
surface roughness comprehensively — i.e. on the entire evaluated surface. The
method is particularly suitable for evaluating the surface of treated thermally
modified wood, where high temperatures affect the overall structure of the wood and
changes occur both in the properties of the wood and in the cellular elements.

- Surface measurement of surface roughness is suitable if the aim of the research is to
determine the effect of thermal modification modes on the change in the overall
surface roughness, without considering changes in individual directions. Line
roughness measurement, on the other hand, provides deeper answers to what
happens to the surface of the wood in the direction perpendicular to the grain and in
the direction parallel to the grain. Each of the methodologies examined is therefore
characterized by special advantages.
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USE OF AREAL SURFACE TEXTURE PARAMETERS FOR
QUANTIFICATION OF POROSITY OF PARTICLEOARDS IN THE
EVALUATION OF THEIR DENSITY

Luka§ Adamé&ik — Richard Kminiak — Anna DaraboSova — Iveta Cabalova

Abstract

Nowadays, three-layer particleboard is considered to be an innovative material. For
research and development of these composites, there is important to monitor their physical,
mechanical, and chemical properties. Chips layering, pressing conditions significantly
affect these properties. One of the most important properties of particleboard is density,
which is also associated with porosity. The presented paper was intended to use the
methodology of measuring areal surface texture parameters to quantify porosity in outer
and inner (core) layers. The methodology was based on the hypothesis that with increasing
density, the porosity and thus the irregularities of the surface are lower. The methodology
was evaluated as suitable for the quantification of pores and at the same time for the
identification of possible errors in the formation of particleboard.

Key words: wood-plastic composites, density, porosity, digital microscope, areal surface
texture parameters

INTRODUCTION

Due to the high demand for raw materials for the particleboard industry and the reduction in
the supply of wood from forests due to environmental protection, it is essential to look for
alternative materials (Tabarsa, 2011). Three-layer particleboard with plastic and rubber
waste in the inner (core) layer is a material in which wood particles are combined with
plastic or rubber granulate to improve certain properties of the boards, such as strength,
moisture resistance or environmental sustainability. When evaluating these boards, it is
important to consider their physical properties — especially the density of the pressed
boards. This also has a significant impact on the other properties of the particleboard
(Maraghi et al., 2018). By increasing the density, the other properties of the particleboard
are also improved (Eslah et al., 2012; Lias et al., 2014). Three-layer particleboards are
characterized by the distribution of density over thickness, the so-called density profile. The
density profile is influenced by several properties such as the structure of the mat, pressing
conditions (press closing speed, temperature, pressure) and moisture content and its
distribution. The unevenness of the density profile in the direction of the board thickness is
already created in the process of hot pressing (Nemli and Demirel, 2007). The basis for the
creation of the density profile are also the different sizes of chips used to produce
particleboards and their stratification. While in the inner (core), thicker chips of 0.25 to 4.0
mm are used for this plastic granulate boards, in the outer layers it is finer chips of 0.25 to
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1.0 mm. This ensures that the outer layers are thickened during pressing, which creates a
smoother surface of the boards (Ozliisoylu, 2023). This is important for downstream
technological operations, such as covering panels with foils or veneers. The density and
thus the subsequent surface roughness play a key role in this case. According to
measurements (Korai, 2022) the density of the outer layers as well as the outer part of the
inner (core) layer also has a very significant impact on the increase of MOR as a
mechanical property. By (Nemli and Demirel, 2007) higher density in these layers also
improves MOE. On the other hand, the inner (core) layer has a lower density, which creates
a characteristic U-shaped profile (Wong et al., 1999). Also from measurements (Korai,
2022) An X-ray densitometer shows that the inner (core) layers of particleboard with chips
of about 4 mm are characterized by a lower density compared to outer layers with chips up
to 1 mm in size. However, the very low density of the inner (core) layer results in increased
porosity, water diffusion, and absorption (Akbulut, 1995). Conversely, increasing the
density of the inner layer improves internal bond strength and improves thickness swelling.

For the reasons mentioned above, it is therefore important to control the density of the
particleboard after pressing. One method is the gravimetric density measurement method, in
which the length, width, and thickness of a sample are measured with a caliper and then
weighed using precision laboratory balances (Gomes Gongalves et al., 2018). The second
non-destructive method, which is more accurate and allows you to measure and evaluate
the density profile, is X-ray densitometry (Martins et al., 2021). In both cases, the density
of the boards will be significantly affected by the structure of the board, especially the
pores present between each chip. Porosity, which is defined as the ratio of pore volume to
total volume, significantly affects the physical, mechanical, acoustic, and thermal properties
of particle board (Nazerian et al., 2016). The porosity decreases, the greater the compaction
of the chips in the individual layers, because of which the mechanical properties of MOE
and MOR are also improved. If the porosity of the boards is high, their density decreases,
and the properties of particleboard also deteriorate significantly. From a research point of
view, in the absence of X-ray densitometry to evaluate the density profile, it is necessary to
quantify the porosity in some way. A possible way is to use digital microscopy, i.e., a
combination of a microscope and a profilometer, such as the Keyence VHX-7000 digital
microscope.

The aim of this paper was to determine the methodology and its suitability for pore
quantification using digital microscopy. Areal surface texture parameters will be used to
determine the size of pores as profile dales. Their development will be observed in relation
to the measured density of three-layer boards with plastic and rubber waste.

MATERIALS AND METHODS

Preparation of particleboard

In the production of three-layer particleboard (PB) with the addition of waste plastics and
rubber from cars and construction waste, wood particles from spruce logs were used, which
were processed by the company Kronospan s.r.o. (Zvolen, Slovakia). The particles for the
inner (core) layer ranged in size from 0.25 to 4.0 mm and for the outer layer ranged in size
from 0.25 to 1.0 mm.
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Waste plastic and rubber were cut into smaller parts and cleaned. In the workshops of the
Technical University in Zvolen, they were used to produce small particles — granulate,
using a plastic shredder from Profing (type DP 11 — 240/350) and a sawdust and chip
extractor from Holzmann (type ABS 1080). The plastic granulate with a fraction from 1
mm to 4 mm was separated using an analytical sieving device from Retsch (type AS 200
digit cA). Urea formaldehyde (UF) adhesive Kronores CB 1100 F was used as a binder in
composite materials (solid content 67.1%, viscosity 460 mPa-s, condensation time 55
seconds, pH value 8.6). The adhesive mixture contains ammonium nitrate NHsNO3 (47%)
as a hardener and a paraffin emulsion (30%). The weight composition of the material used
for the manufacture of one three-layer particle board is shown in Table 1.

Table 1. Weight composition of three-layer particleboard containing waste plastic granulate
from automobiles

. . Paraffin Hardener Granulate
Material Chips Glue -
ps L] 91 emuision [g] [q] [q]
Outer layer 726 113 16 5 0
Inner (core) 963 108 18 10 107

layer

The outer and inner (core) layers were prepared by mixing the ingredients in a laboratory
coating drum. The surface mixture was applied to the mold, where it was evenly
distributed. An inner (core) layer with plastic/rubber granulate was applied to the outer
layer and finally the outer layer again. Three-layer particleboards with the following waste
plastic and rubber were produced: fuel tanks (FT10), gaskets and mats (SC10), tyres (T10),
a combination of tyres and graphite (SC10G10), a combination of gaskets and mats and
graphite (SC10G10), with a percentage of filler of 10 % in the central layer and a reference
particleboard without filler (PB). Six boards of each condition were produced.

Sample preparation

Samples with a size of 50 x 50 (length x width) were then sawn from the pressed boards, in
the number of 6 pieces for each type of particleboard. A total of 36 samples were subjected
to density measurements and irregularities scanning and measurement on a digital
microscope under laboratory conditions.

Density measurement

In the case of this experiment, density was measured in two ways: gravimetrically and
using a solid density measurement set. In the first step, the density was evaluated
gravimetrically. Using a digital caliper, the thickness, width, and length of each sample
were accurately measured. Subsequently, analytical balances were used to measure the
weight and then quantify the density of the samples. In the second step, the KIT 128 solid
density measurement set (RADWAG, Krakow, Poland) was used for density measurement.
The device works on the principle of Archimedes' law. The immersion of the samples in
water in the container of the digital density meter was carried out only after the
measurement on a digital microscope, so as not to affect the values of the surface
parameters of the irregularities.
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Digital microscopy and porosity measurement

The porosity of the samples, as a property directly affecting density, was quantified using
the Keyence VHX-7000 digital microscope. In the first step, it was necessary to perform
digital scans of the edges of the samples. From the edge area of the particleboard, it is
possible to quantify the porosity in both the outer and inner (core) layers. Scans were made
from three sides of the 2.5 x 16 mm samples. The number of sides was chosen to determine
the average porosity value more accurately in the outer and inner (core) layers of each type
of sample. A total of 18 digital scans were made for each type of particleboard with waste
plastic and rubber. Subsequently, the areal surface texture parameters, specifically the
parameters Sa and Sv, were evaluated from the scans. This methodology was chosen
because the size of the porosity is given by the size of the gaps between the individual
pressed chips in the outer and inner (core) layers. The gaps can be understood as surface
dales and can therefore be quantified by means of areal surface texture parameters. The
parameter Sa (Arithmetical Mean Height) was chosen to evaluate the irregularities on many
points below and above the evaluated area. At the same time, it is a relatively stable
parameter for measurement. The Sv (Maximum Pit Height) parameter was selected as the
parameter defining the greatest depth of pit on the evaluated surface. However, its
disadvantage is that it shows lower stability during measurement and, conversely, higher
susceptibility to measurement extremes. The evaluated area was a square with a size of 2.5
x 2.5 mm. On one digital scan, two evaluation surfaces for both outer layers and two
surfaces for the inner (core) layers were inserted. The Keyence microscope then averaged
the measurements from the surfaces to a single resulting value for the Sa and Sv
parameters.

RESULTS AND DISCUSSION
In the first step, the density of three-layer particleboards with plastic and rubber waste was
evaluated. The measurement results of the gravimetric method and the solid density

measurement Kit are presented in Table 2.

Table 2. Values of densities measured by the gravimetric method and the solid density
measurement Kit (Values in brackets represent standard deviations)

Density
[kg-m™]
Sample . . Solid Density Measurement
Gravimetric
Set
704,11 729,93
T10 (3,47) (26,13)
677,98 717,50
T10G10 (1,07) (26,26)
717,61 760,64
FT10 (2,68) (16,36)
692,98 725,35
SC10 (1,96) (24.23)
698,53 721,84
SC10G10 (2,70) (24,23)
PB 702,57 741,07

(2,54) (23,36)
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Table 2 shows that regarding the value of the standard deviation, the gravimetric method is
a more accurate measurement method. However, its disadvantage when measuring the
density of particleboard is that when calculating the volume, we start from a cuboid-shaped
body. However, when samples are manipulated with circular saws, the shape of the sample
can be deformed, which then causes inaccuracies in density calculations. On the other hand,
a solid density measurement set, which works on the principle of Archimedes' law, shows
measurement inaccuracies due to the bubbles that are accumulated on the edge surface (in
the pores of the particleboard) during measurement. To some extent, these bubbles lighten
the body and cause variations between measurements of individual samples. Even if both
above methods show a certain deviation of density values from each other, it is still
possible to talk about mutual correlation. At the same time, both methods point to different
densities between types of particleboards, even though they have been pressed under the
same conditions. We believe that the differences between individual types of particleboards
with plastic and rubber waste are due to the different porosity of individual samples, which
subsequently directly affects their density. Table 2 also shows that the highest density was
measured in the FT10 sample gravimetrically and with a set for measuring the density of
solids. The second highest densities were measured with T10 and PB as a reference sample.

Fig. 1 Graph of measured densities of individual particleboards (vertical clamps represent a
95% confidence interval)

The development of density between individual types of particleboards, which was
measured with a set for measuring the density of solids, can be seen in Fig. 1. FT10
samples as well as the reference PB particleboard can be clearly identified as statistically
significantly higher densities. In both samples, the porosity is likely to be significantly
lower than in the other samples. If we assume that under the same pressing conditions
approximately the same density should be achieved, the porosity of the boards should also
be the same. However, statistically significant variations in Fig. 1 indicate that denser FT10
and PB samples will contain more compact, compressed outer and inner (core) layers, in
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which the profile dales will also be significantly lower. The areal surface texture
parameters, which were verified for each type of particleboard in the next step, should also
be lower.

Effect of three-layer particleboard on areal surface texture parameters

The samples were then scanned with a digital microscope and the areal surface texture
parameters were evaluated. Within the framework of inductive statistics, a two-factor
analysis of ANOVA variances was performed to determine the influence of a layer of the
particleboard and the type of particleboard on the areal surface texture parameters. Both
factors result statistically significantly (p < 0.05) on the parameters Sa and Sv, both
separately and in mutual interaction.

Fig. 2 Graph of irregularities measured in the surface and inner (core) layer of individual
particleboards

Fig. 2 shows that lower irregularities around the inner (core) layer was measured in all
samples. Thus, it can be argued that with chips with a smaller size, the layers were more
compact, which led to a reduction in porosity. At the same time, this measurement
correlates with the statements (Korai, 2022) with a higher density in the outer layers of the
particleboard. Lower porosity indicates that pressing compressed the pores and therefore
the surface had fewer dales (it was "smoother"). At the same time, it can be observed in
Fig. 2 that the largest deviations in porosity expressed through surface irregularities were
measured at the inner (core) layer of individual types of particleboards. From this point of
view, this methodology is suitable for identifying possible defects in the process of
producing particleboards with plastic and rubber waste. Significant, statistically significant
decreases in irregularities in the inner (core) layer in Fig. 2 may indicate that the chip
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layering for the outer and inner (core) layers was not uniform. This created more compact
inner (core) layer or, conversely, places with high porosity and thus large dales after
compression.

Statistically significant differences were also measured between the individual types of
three-layer particleboards. In the outer layers, it was found that the SC10 sample has higher
irregularities and thus higher porosity of the outer layers. More interesting results were
measured with the inner (core) layers. Statistically significantly lower inequalities were
measured in the FT10 sample and the PB reference sample. This means that the inner (core)
layer of these particleboards has lower porosity and are more compact. This also probably
proves why the highest densities were measured at FT10 and PB. At the same time, the
graph of the development of the irregularities of the inner (core) layer correlates to a certain
extent with the graph of the development of density (Fig. 1). Thus, where higher sample
densities were measured, there were also lower irregularities. Thus, the hypothesis that this
methodology (using the Sa parameter) would be able to correctly express the porosity of
boards in relation to density development was confirmed. Figure 2 further shows that when
comparing the confidence interval, the Sa parameter is a more accurate measurement. Sv as
an amplitude parameter, on the other hand, showed wide confidence intervals caused
mainly by the measurement extremes (Sv, similarly to the Rv parameter, is defined as the
greatest depth of the pit on the evaluated area).

CONCLUSION

The presented experiment shows that the methodology of using areal surface texture
parameters to express the porosity of three-layer particleboards is appropriate. Two
parameters were used in the experiment, namely Sa and Sv. The established methodology
showed that the outer more compact layers have lower porosity and thus irregularities
compared to the inner (core) ones. At the same time, the methodology proved to be suitable
for identifying possible errors in layering and pressing, that is, in the production of
particleboards. The development of porosity expressed through surface irregularities also
correlated with density measurements, and thus the hypothesis was confirmed that samples
with higher density had more compact layers with less porosity and therefore less surface
irregularities. The knowledge gained from this experiment will contribute to further
research on three-layer particleboards with plastic and rubber waste. While the
methodology does not replace the significant positives of X-ray densitometry, it is a quick
way to identify potential pressing problems.
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BIOCOMPOSITE BASED ON STARCH AND PINE WOOD
PARTICLES

Piotr Borysiuk — Radostaw Piech — Radoslaw Auriga

Abstract

As part of the research, biocomposites based on pine wood particles bonded with
thermoplastic starch were produced using the flat pressing method. Four variants of
biocomposites were produced, three different in terms of starch content (10%, 20% and
30%) and a reference variant bonded with MUF resin. For the produced biocomposites,
their mechanical properties (MOR, MOE, IB) and physical properties (density and density
profile, thickness swelling, water absorption) were examined. Based on the conducted
research, it was shown that thermoplastic starch can be used as a binder for flat-pressed
biocomposites, and an increase in the content of thermoplastic starch in the range of 10-
30% generally increases their strength properties. Biocomposites bonded with
thermoplastic starch are not resistant to water.

Key words: biocomposites, starch, pine particles, mechanical properties, physical
properties

INTRODUCTION

Biocomposites are materials containing one or more phases of organic origin. Plant
fibers (e.g. cotton (Reza et al., 2023), flax (Ibrahim et al., 2014), hemp (Foret et al., 2023),
wood fibers (Regazzi et al., 2019; Schutz et al., 2024)) and even by-products of food crops
can be used as fillers. Currently, synthetic polymers of fossil origin, such as polyethylene,
polypropylene, polystyrene or polyvinyl chloride, are very often used as matrices (Klysov,
2007). It is worth noting, that these may also be polymers from renewable sources, the so-
called biopolymers. Biodegradable polymers can be divided into three basic groups (Kuciel
et al., 2010):

- polymers produced from plants, e.g. polysaccharides obtained by fractionation (starch
produced from potatoes, corn, rice or wheat) or cellulose (cotton, wood, flax, hemp),

- polymers produced by living organisms (e.g. poly (hydroxybutyrate - PHB,
poly(hydroxyvalerate) - PHV),

- polymers produced from monomers obtained from biomass (e.g. polylactide - PLA).

Starch is a very common natural polymer. Starch is produced by plants to store
chemical energy produced during photosynthesis. Starch can be found primarily in seeds,
fruits, tubers and the core of plant stems, corn, wheat, rice, sago and potatoes (Lamaming et
al., 2020; Nie et al., 2013).

Due to its biodegradability, easy access, non-toxicity and price competitiveness, starch
as a biopolymer is used in many industrial processes (Anugrahwidya et al., 2021; Bangar et
Institute of Wood Sciences and Furniture, Warsaw University of Life Sciences — SGGW, 159
Nowoursynowska Str, 02-776 Warsaw, Poland
e-mail: piotr_borysiuk@sggw.edu.pl
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al., 2021; Lamaming et al., 2020; Schutz et al., 2024). The structure of starch allows the
gelatinization process to be carried out in mild conditions, which creates a coherent
polymer matrix (Bangar et al., 2021). Additionally, starch can be subjected to modifications
that improve the properties of native starch and increase the possibilities of its use (Hafila et
al., 2022). Starches can be used, among others, to produce formaldehyde-free starch-based
adhesives, which can be successfully used in the production of formaldehyde free
particleboards (Ait Benhamou et al., 2022; Akinyemi et al., 2019; Lamaming et al., 2020).
The aim of this research was to determine the possibility of using pure thermoplastic
starch as a binder for pine wood particles constituting a post-production residue. The
obtained biocomposites fully fit into the scope of biodegradable and sustainable materials,
which are a response to environmental problems related to traditional synthetic plastics.

MATERIALS AND METHODS

Pine particles was obtained as a post-production material, created during the processing
of solid boards on a four-sided planer. The moisture content of particles was approximately
7.94%. The granulometric composition of the obtained particles was determined by sieves
method. Sieves with mesh sizes: 6mm, 4mm, 2mm, 1.25mm, 1mm, 0.63mm, 0.49mm,
0.315mm and a dust container were used. The amount of raw material used for one test
sample was 100g and the sorting time was 30 minutes. A total of 3 tests were performed.

Thermoplastic starch for research purposes was obtained from Grupa Azoty S.A.
(Tarnéw). The raw material was in the form of powder.

Melamine-urea-formaldehyde resin (Silekol Sp. z o. 0., Kedzierzyn-Kozle) was used to
produce control variants.

For the purposes of the research, biocomposites were produced with a nominal
thickness of 3 mm and an assumed density of 900 kg/m?. In the first stage of production,
starch was added in amounts of 10%, 20% and 30%, respectively, in relation to the weight
of completely dry sawdust. Homogenization of starch and pine sawdust was performed
manually, using a mechanical mixer. In the case of the reference variant glued with MUF
glue, the degree of gluing was 12%. The boards were formed using a mold on sheet metal
covered with anti-adhesive material.

The composites were pressed at a temperature of 200°C and a maximum unit pressure
of 2.5 MPa. The total pressing time was 4 minutes. During pressing after 2 min. the
pressure was reduced to 1.25 MPa, and after 3 min. up to approx. 0.625 MPa. After
pressing, the boards were air-conditioned for 7 days in laboratory conditions.

For the purposes of research, four variants of composites were produced:

- Variant 0 (W0) — MUF glued reference board (without added starch)

- Variant 1 (W1) — composite with 10% thermoplastic starch

- Variant 2 (W2) — composite with 20% thermoplastic starch

- Variant 3 (W3) — composite with 30% thermoplastic starch

For the manufactured composites, the following was tested:

- Density — in accordance with PN — EN 323:1999.

- Density profile — measurement using a DA-X profilometer (GreCon), measurement every
0.02 mm, measurement speed was 0.05 mm/s.

- MOR and MOE - in accordance with PN-EN 310:1994.

- IB — in accordance with PN-EN 319:1999.

- Thickness swelling and water absorption — after 2 and 24 hours of soaking in water — in
accordance with PN-EN 317:1999.
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All studies were performed using 10 replicates per study. Statistical analysis was
performed in Statistica 13.1 using one-way analysis of variation Anova. The NIR Fisher
test was used to determine the significance of differences between the obtained results.

RESULTS

The results of testing the granulometric composition of pine sawdust are shown in
Figure 1. In general, it should be stated that the largest percentage is pine sawdust
remaining on a sieve with a mesh diameter of 1.25 mm. The lowest percentage was noticed
in the case of sawdust remaining on the 0.315 mm sieve. It is worth noting that small
particles - dust - have a low percentage in the sawdust mixture (2.94%). This is beneficial
in terms of strength, too much dust has a negative impact on the strength parameters of the
composites (Thoemen et al., 2010).
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Figure 1. Particle size composition of pine sawdust

The results of the density determination of the composites are shown in Figure 2. In
general, it can be stated that the samples with 30% thermoplastic starch have the highest
density (W3 - 989kg/m?), and the lowest was obtained by samples with a 10% share of
thermoplastic starch (W1 - 878kg/m?). It is worth noting, that the reference variant (WO0)
and the variant with a 10% share of thermoplastic starch (W1), as well as the variants with
a 20% and 30% share of thermoplastic starch (W2 and W3) belong to the same
homogeneous groups ("a" and "c" respectively — Figure 2). The difference in density values
between the variant with a 10% share of thermoplastic starch (W1) and the variants with
20% and 30% share of thermoplastic starch (W2 and W3) is statistically significant. The
increase in the average density of variants containing a higher share of thermoplastic starch
is the result of differences in the density of individual components of the composite (pine
sawdust and starch). The density of starch is approximately 1350 kg/m? and is almost twice
the density of sawdust. According to Klysov (2007), the density and share of the polymer
matrix significantly affect the final density of the composite. Figure 3 shows graphs of the
density profiles of the tested biocomposites. Regardless of the share of thermoplastic starch
or in the case of the reference variant, the density profile curves do not change significantly
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in relation to each other. Generally, it can be stated that the addition of thermoplastic starch
does not affect the density profile of biocomposites. Some variation in the course of the
density profile curves results from the differences in the thickness of the samples of
variants.
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Figure 2. Density values of the tested biocomposites (a, b, ¢ - homogeneous groups)

Figure 3. Density profiles of the tested biocomposites

Figure 4 shows the modulus of rapture (MOR) values of biocomposites containing
thermoplastic starch in various weight fractions and the reference variant bonded with MUF
glue. Analyzing the obtained results, it can be concluded that the highest MOR value was
obtained for the reference samples (19.9 N/mm?). Samples with 10% thermoplastic starch
(12.7 N/mm?) have the lowest MOR value. Samples with 20% and 30% thermoplastic
starch achieved higher strength during the test, but not as high as the reference samples
with a gluing degree of 12%. It should be noted that the differences in MOR values
between the variant with a 10% share of thermoplastic starch (W1) and the variants with
20% and 30% share of thermoplastic starch (W2 and W3) and the reference variant (WO0)
are statistically significant (different homogeneous groups a, b, c).
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Figure 4. MOR values of the tested biocomposites (a, b, ¢ — homogeneous groups)

The results of the modulus of elasticity (MOE) test are presented in Figure 5. The
average MOE value of the reference variant (W0) was 2058 N/mm?2. The MOE values for
the variants with 20% and 30% of thermoplastic starch (W2 and W3) were close to the
values for the reference variant, and the differences noted were statistically insignificant
(the same homogeneous group "a"). Only the variant with a 10% share of thermoplastic
starch (W1) was characterized by statistically significantly lower MOE values.
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Figure 5. MOE values of the tested biocomposites (a, b — homogeneous groups)

The results of the internal bound strength test (IB) perpendicular to the planes are
shown in Figure 6. The highest IB values were noticed for the reference variant (W0 - 1.49
N/mm?) and the variant with a 30% share of thermoplastic starch (W3 - 1.54 N/mm?). The
difference between these variants is statistically insignificant (the same homogeneous group
"a"). Generally, it should be stated that the increase in the content of thermoplastic starch in
the composite resulted in an increase in the 1B value. It should be added, that due to the
relatively large values of standard deviations, the differences between the variants with
10% and 20% thermoplastic starch content are statistically insignificant (the same
homogeneous group "b").
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Figure 6. IB values of the tested biocomposites (a, b — homogeneous groups)

The results of thickness swelling and water absorption tests of the composites are
presented in Table 1. In general, it can be stated that composites bonded with thermoplastic
starch are not resistant to water. During 2 hours of soaking, the biocomposite variants with
20% and 30% of thermoplastic starch (W2 and W3) were destroyed, while the variant with
10% of thermoplastic starch (W1) was characterized by over 100% swelling and nearly
200% water absorption. It should be added, however, that when soaking continued, it was
also destroyed. Only the reference variant glued with MUF resin (WO0) showed water
resistance (full cohesion after 24 hours of soaking). According to Yeh et al. (2015), the
water resistance of thermoplastic starch can be improved by glutaraldehyde reactions
during the gelatinization process.

Table 1. Thickness swelling and water absorption values of the tested biocomposites.

Thickness sweling Water absorption
Variant 2h 24h 2h 24h

aver. SD aver. SD aver. SD aver. SD

[%] [%] [%] [%] [%] [%] [%] [%]
WO 22.0 12.4 25.0 9.7 67.0 16.8 80.0 18.6
W1 122.0 48.2 - - 185.0 45.8 - -
W2 - - - - - - - -
W3 - - - - - - - -

aver. — average, SD — standard deviation.

CONCLUSION

Based on the tests carried out on composites based on pine wood particles bonded with

thermoplastic starch, the following conclusions can be drawn:

1. Thermoplastic starch can be used as a binder for flat-pressed biocomposites based on
pine wood particles.

2. An increase in the content of thermoplastic starch in the range of 10-30% generally
increases the strength properties of biocomposites.

3. The highest values of modulus of rapture (MOR) and modulus of elasticity (MOE) were
obtained for biocomposites with 20% and 30% of thermoplastic starch. (differences
between the values for these variants are statistically insignificant).
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The highest values of perpendicular tensile strength were obtained for biocomposites
with a 30% share of thermoplastic starch.

Flat-pressed biocomposites bonded with thermoplastic starch are not resistant to water.
An increase in the content of thermoplastic starch generally results in an increase in the
density of biocomposites, hawever these biocomposites are characterized by a similar
density profile.
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ANALYSIS OF POWER CONSUMPTION DURING MILLING THE
WOOD-BASED MATERIALS

Tomas Cuchor — Peter Koleda — Richard Kminiak

Abstract

The article is devoted to an analysis of power consumption during milling process of wood-
based materials. The energy demand of the changed technical-technological parameters
was tested on experimental samples of MDF and Particleboard wood. The input
parameters are the revolutions of the cutter (14 000, 16000 and 18 000 rpm). Subsequently,
the electricity consumption of the machining centre during the milling process was
statistically evaluated using ANOVA method. Analysing factor ANOVAs are robust to light
violations to the homogeneity of variances assumption. From the investigated technical-
technological parameters, the revolutions of cutter have the most statistically significant
effect on energy consumption and thus have the most energetic impact on the production
process. Material did not show statistically significant change in power consumption.

Key words: Power consumption, Milling, MDF, Particleboard,

INTRODUCTION

Manufacturing is energy intensive process. Materials that are machined have different
energy requirements due to their structure. Unlike metals wood-based materials are non-
homogeneous that means their structure is not always the same as in cases of metal. Wood
is one of most used materials. As we manufacture new wood compounds their properties
change from original. Engineered sheet material on wood bases are better suited for their
increased toughness, resistance to heat etc. Power required for their machining differ from
materials that they are made from. In next part will be measuring and analysing medium
density fiberboard and particleboard. Manufacturing from these materials in terms of
energy required for turning them into final product.

Particleboard (PB) is product made from wood chips and a suitable binder most common
synthetic resin. Its advantage is that’s cheaper and denser than regular plywood. It’s a good
substitute for plywood when overall cost is more important than strength.

Manufacturing of particleboards is done by mixing particles or flakes of wood or jute-stick
together with a resin and forming the mixture into a sheet. Production process involves
other chemicals including wax, dyes, wetting agents and release agents, in order to make
material more resistant.

Particles of wood are dried, and resin is sprayed as a fine mist onto the particles.

Particles pass through a sufficient amount to coat all surfaces; next they are layered into a
continuous carpet. This carpet is going to be cut into sheets. The formed sheets are cold

Technical University in Zvolen, T. G. Masaryka 24, 960 01 Zvolen
e-mail: xcuchor@is.tuzvo.sk
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compressed to reduce thickness and make them easier to transport. Later, they are
compressed again, under pressures between 2 and 3 MPa and temperatures between 140
and 220 °C to set and harden the glue. The boards are then cooled, trimmed and sanded.
Process is controlled to ensure the correct size, density and consistency of the board.
As mentioned by Nemli (2007) with increase of press time and amount of resin the surface
quality, physical and mechanical properties of particleboards, significantly improved.

Medium-density fibreboard (MDF) is product made from broken down wood residuals,
wood fibres, wax and resin. It’s made from material formed into panels by applying high
temperature and pressure. Its density is higher than regular plywood which makes it
excellent building material. Typical material required for production of MDF consist of 82
% wood fibre, 9 % urea-formaldehyde resin glue, 8% water, and 1% paraffin wax
(Kozlowski and Helwig, 1996). Typical density of MDF is between 500 and 1,000 kg/m3.
Akbulut and Kog (2004) investigated the effects of fibreboard density, panel temperature,
and cutter sharpness on the roughness of surface.

Davim et all (2008), based on experimental results obtained in milling, showed important
role of spindle speed on the evolution of the surface roughness as a function of material
removal rate (MRR). The advantage of using high cutting speed in milling this material are
evident. (Davim 2008)

Fibres of MDF are evenly distributes fibre into a uniform mat. Mat is pre-compressed and
either sent straight to a continuous hot press or cut into large sheets. The hot press activates
the bonding resin and sets the strength and density profile. The pressing cycle operates in
stages, with the mat thickness being first compressed to around 1.5 times of the finished
board thickness, then compressed further in stages and held for a short period. This gives a
board profile with zones of increased density, thus mechanical strength, near the two faces
of the board and a less dense core.

After pressing, MDF is cooled in a dryer or cooling carousel, trimmed, and sanded. In
certain applications, boards are also laminated.

The name MDF derives from the distinction in densities of fibreboard. Its production in
Europe and North America began in the year 1980. Evolution of MDF types is driven by
the needs of market for its purposes.

———

Chipper,

Screenmg

————
Debm‘ker Logs in storage yard.
Plugging and Heatin;
P22 |— Defibrator

% Pendistor
—_—

T
% Fig. 1 The Manufacturing Process of
Medium Density Fibreboard

Packaging & Sale Drying (Es Shelf, 2017)




Tom.4$ CUCHOR — PETER KOLEDA — RICHARD KMINIAK 35

MATERIAL AND METHODS

Milling is process of removal of materials. Cutter in milling is usually moved perpendicular
to its axis so that cutting occurs on the circumference of the cutter. For purposes of
experimentation removal of materials was done by milling tool moving in straight line.

The measurements were realised on an MDF board with dimensions of 500 x 300 x 18 mm
and a weight of 1960 g. The experimental samples were sawn from a 2800 x 2070 mm
board. The density of the material was in the range of 720 — 740 kg.m™.

The particleboards of the same dimensions have been added as reference samples. The
density of particleboard given by the manufacturer was 600 — 640 kg-m3. Formaldehyde
glue with an admixture of paraffin was used in the production.

Both materials come from Kronospan Ltd. (Zvolen, Slovakia). The manufacturer declared
that the material complies with EN 14 322, EN 312-2 and emission class E1 (EN 1SO
12460-5) (EN 14322, EN 312-2, EN 1SO 12460-5).

The measurement was carried out on the CNC milling centre SCM TECH Z5 from the
company SCM — group, Rimini, Italy and was carried out in the laboratories of the
Technical University in Zvolen. For process of milling were selected revolutions 14 000, 16
000 and 18 000 rpm.

The power analyser was connected to the electrical power supply of the CNC machining
centre (fig. 2). It was connected with the help of current probes and voltage clamps. The
voltage clamps were connected to the phase conductors, zero and protective conductor
using the installed socket 32 A5P. The current probes were connected in the direction of the
current flow, in the case of the opposite connection, the values measured on the terminals
would be negative. After the connection of measuring circuit, a test measurement of the
signal was realized on the phases.

Fig. 2 Connecting the Metrel measuring device

The cutting power was calculated as the difference between the measured power during
milling and when the machining center was idle. Statistical method ANOVA was used to
evaluate the influence of selected parameters.

RESULTS AND DISCUSSION

The basic statistics of the measured power consumption data are shown in Table 1.



36 ANALYSIS OF POWER CONSUMPTION DURING MILLING THE WOOD-BASED MATERIALS

Table 1 Descriptive statistics of cutting power
Average P | St. Dev. -95,00% 95,00%

Parameter Value
[kW] [kW] [kwW] [kwW]
. Particleboard 3,73 0,45 3,58 3,89

Material

MDF 3,67 0,4 3,54 3,81
14000 3,36 0,23 3,26 3,46
Rpm 16000 3,68 0,28 3,56 3,80
18000 4,07 0,39 3,91 4,24

Fig. 3 shows difference between Particleboard and MDF as materials and their
consumption with different revolutions of tool and consumption of power required for
milling process.

Fig. 3 Analysis of variance of cutting power dependence on revolution and material
dependence.

Power requirement for machining was higher during milling particleboard (3,73 kW) than
medium density particleboards (3,67 kW) despite of that MDF has higher density than
particleboard. However, the difference in power consumption between the material was not
statistically significant.

On the basis of the experiments carried out and their evaluation through analysis of
dispersion followed by post-hoc test, it can be concluded that with increasing revolutions of
spindle of machine centre, the electrical output also increased almost linearly from value of
3,36 kW and speed of 14 000 rpm to the value of 4,07 at speed of 18 000 rpm. This
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increase is caused by the increase in the values of currents flowing through the windings of
the electric drive for spindle and also by the increased volume of removed material pre unit
of time. The increase in power required to remove material is also confirmed by the authors
(Sedlecky et a. 2017) who examined power consumption during edge milling of MDF and
edge-glued panel and also (Barcik et a. 2010) who examined the effect of various feed rates
and cutting speed on power consumption during the surface milling of beech wood.

CONCLUSION

Conducted analysis of different materials showed following findings:

1. Difference in power consumption between the material was not statistically
significant. Probability of similarity was higher than 5 %, according to Duncan’s
test it was approximately 30 %.

2. Difference in power consumption between revolutions was statistically significant
(probability of similarity was lower than 5 %). With increase in revolution energy
demand increases.

These findings will be further expanded and deepened in further research.
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COMPUTING THE SPECIFIC HEAT CAPACITIES AND ENERGY
CONSUMPTION OF LOGS SUBJECTED TO DEFROSTING

Part 1. Calculating the specific heat capacities of frozen wood

Nencho Deliiski' — Ladislav Dzurenda? — Dimitar Angeski® — Pavlin Vitchev!
— Krasimira Atanasova!

Abstract

An approach for calculating the specific heat capacities of frozen wood subjected to
defrosting has been presented. The approach is based on the use of own mathematical
descriptions of all four different heat capacities of frozen wood during its thermal
treatment, namely: specific heat capacities of frozen and defrosted wet wood itself, and also
specific heat capacities of both frozen hygroscopically bound and free water in the wood.
These descriptions were entered into Excel software program and with it the change in the
average arithmetic values of each of the four heat capacities in the temperature ranges in
which they are valid was calculated. The computer simulations were carried out for beech
logs with a diameter of 0.4 m, moisture content of 0.4, 0.6, and 0.8 kg-kg™, and initial wood
temperature of —1 °C, —10 °C, —20 °C, —30 °C, and —40 °C at operating temperature of the
logs’ defrosting medium equal to 80 °C.

Key words: frozen wood, logs, defrosting, specific heat capacity, energy consumption

INTRODUCTION

It is well-known that the non-stationary distribution of the temperature in frozen wood
during its defrosting and thermal treatment, and also the change in the energy needed for
this, can be calculated using the models (Steinhagen 1986, 1991; Khathaby — Steinhagen
1992, 1993; Deliiski 2003, 2011; Campean 2005; Dzurenda — Deliiski 2019, Hadjiski et al.
2020; Deliiski et al. 2023; Niemz et al. 2023). The development and solving of such
temperature-energy models is carried out using finite differences and requires deep
mathematical knowledge.

Of particular interest to the development, study and implementation of science-based
energy-saving regimes for thermal treatment would be the availability of a simpler and
more accessible engineering approach to calculating the energy for defrosting of wood.
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Therefore, the aim of this work is to present an engineering approach for calculating the
specific energy required for defrosting of frozen wood.

The approach should include the use of easy-to-apply (manually or with MS Excel)
equations to determine the specific heat capacities of frozen wood and also the individual
components of mentioned energy, namely: for heating of the frozen and defrosted wood
itself above the hygroscopic range, for melting of the frozen part of the bound water, and
for melting all the frozen free water in the wood.

MATERIAL AND METHODS

Material for research

This research was conducted over frozen beech (Fagus sylvatica L.) logs, which are
commonly used in veneer production.

The calculation of the specific heat capacities of frozen wood during its defrosting was
carried out for the case of steaming or boiling of frozen logs in equipment operating at
atmospheric pressure and at a temperature of the processing medium of 80 °C.

The symbols, units, and values of the main parameters of the studied logs, and also of
their defrosting modes, which were involved in the equations of the mathematical models
given below, and were used in the computer simulations, are presented in Table 1.

Mathematical description of the effective specific heat capacities of frozen logs

The effective specific heat capacities of the logs above the hygroscopic range during
the three ranges of their defrosting process of wood, cyef123, Which participate in

Equation (1) are equal to the folowing (Tumbarkova 2019):

First range: Cyy-efi1 = Cw— + Cice-bw ()
Second range: Cy-eff2 = Cw_nf + Cice-fin (2
Third range: Cyeff3 = Cw_ni €))

where cw-ir and Cw-nir are the specific heat capacities of frozen and defrosted (non-frozen)
wet wood respectively, J-kg?-K?; Cice-tw and Cice-tw — Specific heat capacities of frozen
bound and free water in the wood respectively, J-kg*-K™.

In (Deliiski 2003) and (Deliiski et al. 2023) the following equations for calculating the
specific heat capacities of the frozen and non-frozen wood above the hygroscopic range,
and also of the both frozen bound and free water in the wood:

0.00075T —272.15)
Ufsp(272.1K)

Co-fr = {1.06 +0.04u +

2
. 526+ 2.95T +0.0022T © +2261u +1976ufsp(272.15K)

1+u
at U > Ugp(a7215K) &213.15K < T < 272.15K )

Ugp(272.15¢) = Ygp(293.15¢) T0-021 ®)
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Table 1. Main set parameters of frozen beech logs and their defroasing regimes, which were
used during the computer simulations.

the end of their complete defrosting

Ne | Parameter name Symbol Unit Value
1. | Diameter of the logs D m 0.4
2. | Length of the logs L m 2.0
3. | Moisture content of the logs (a —atu =0.4 u kgkg! 0.4a

kg'kgl, b-atu=0.6kg'kg?, c—-atu=0.8 0.6b
kg-kg?) 0.8c
4. | Fiber saturation point of the wood at 20 °C Usspzoa.1s) | kg'kg™ 0.31
5. | Basic density of the beech wood Pb kg'm3 560
6. | Density of the wet wood equal to py-(1 + U) Pw kg'm3 784a
896b
1008c
7. | Density of the ice in the wood Pice kg'm™ 917
8. | Initial temperature of the wood in the begin- two °C -1d
ning of the logs’ defrosting process: (d — at two —10e
=-1°C, e—attw =-10°C, f—at two = —20 °C, —20f
g —at two =—30 °C, and h — at two = —40 °C) —30g
—40h
9. | Temperature of complete melting of frozen tice-bw-end °C -1
part of bound water and start of melting of
frozen free water in the wood

10. | Temperature of complete melting of frozen tice-fw-end °C 0

free water

11. | Initial temperature of the regimes for logs’ tmo °C 10

defrosting

12. | Temperature of stage 11— 12 Of the defrosting tm1 °C 80

regimes

13. | Time constant for exponential increase of tm Te S 3600

from tmo to tm1

14. | Average mass temperature of the logs at end of tavg-end °C 48.8d

their complete defrosting, depending on two 49.7e
50.6f
51.5g
52.4h
15. | Temperature in the central point of the logs at twe °C 0

Cicebw = (69.344T +119.1837 - In Lj : (ufsp(m_laq - 0.12)-

273.15

at U > Ugpp7215) & 21315K < T < 272.15K

5
Cice-fw =3.34-10 1+u

U=Ugp272.1%)

exp[0.0567(T —272.15)]

at U > Ugp(a72.15) & 272.15K <T < 273.15K

1+u

(6)

v
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Cornfr = —— (2862 + 2.95T +5.49u T +0.0036T 2 + 555)
1+u ®)
at u> ufsp(272.15<) & 272.15K<T <£413.15K

where U is the wood moisture content, kg-kg™; Urspae3.15¢) — Standardized fiber saturation
point of the wood at T = 293.15 K (i.e. t = 20 °C), kg-kg%; Usper2.15K) — fiber saturation
point of the wood at T = 272.15 K (i.e. t = -1 °C), kg-kg™.

Using Equations (4) — (8), the arithmetic mean values of the individual specific heat
capacities in the temperature ranges in which they are valid can be calculated, as follows:

Cy—fratTyyo +Cyy—f at272.15K

Cw—fr-avg = 2 C))
Cioebw-avg = Cice-bw@lTwo +02icebwat272.15K (10)
Cice-fw—avg = Cicefw = 3:34-10° lwfsl"i—zzz”‘) (1)
Cor-n_avg = Cw-nfrat272.15K + Cy, _nfratTayg-end 12)

2

where Tavg-end IS the average mass temperature of the logs at the end of their defrosting at the
time of reaching 0 °C in their central point, K. The values of Taygend are calculated
according to an equation given in Part 2 of this work.

RESULTS AND DISCUSSION

A numerical solving of our model of the 1D unsteady temperature distribution along the
radius of the logs during their defrosting in order to determine the duration of the regimes
for defrosting of beech logs, and also of the temperature Tavgend Was carried out with in
Visual FORTRAN. It was determined that the average temperature of the logs is equal, as
follow: tayg-end = 48.6 °C at two = —1 °C, tavgend = 49.7 °C at two = —10 °C, tavgend = 50.6 °C at
two = —20 °C, tavg-end = 51.5 °C at two = —30 °C, and tavg-ena = 52.4 °C at two = —30 °C.

An Excel program has been prepared for joint solving of the Equations (4) — (12). Using
this program, the change in the four specific heat capacities of frozen beech logs considered
above was investigated for the cases of defrosting at tma = 80 °C of logs with moisture
content of 0.4 kg-kg?, 0.6 kg-kg?, and 0.8 kg-kg™!, and initial wood temperature of -1 °C, —
10 °C, -20 °C, —30 °C, and —40 °C. The values of Tagend pointed above were used for
solving of Equation (12).

Figure 1 shows the calculated with Equations (9) and (10) change of the specific heat
capacities Cw-fr-avg @nd Cice-bw-avg OF the frozen beech logs subjected to defrosting.

Figure 2 presents the calculated with Equations (11) and (12) change of the specific heat
capacities Cice-fw and Cw-nir-avg OF the frozen beech logs subjected to defrosting.

The analysis of these figures allows the following conclusions to be made about the
influence of two and u on each of the specific heat capacities that participate in Cefr123
according to equations (1) — (3):

1.The decrease of two causes the following almost linear decrease of Cw.-fr-avg:
= at u = 0.4 kg.kg*: from 2344 J-kg1-K* at two = —1 °C to 1934 J-kg>-K* at two = —40 °C;
=atu=0.6 kg.kg™: from 2373 J-kg™-K! at two = —1 °C to 1991 J-kg*-K? at two = —40 °C;
= atu=0.8 kg.kg™: from 2399 J-kg?-K! at two = —1 °C to 2040 J-kg*-K™! at two = —40 °C.
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Figure 1. Change in Cw-fr-avg (Ift) and Cice-bw-avg (right) of frozen logs, depending on two and
u
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Figure 2. Change in Cice-fw (Ieft) and Cw-nfr-avg OF frozen logs, depending on twe and u.

2. The decrease of two causes the following exponential decrease in Cice-bw-avg:
= at u = 0.4 kg.kg™*: from 2825 J-kgt-K* at two = —1 °C to 826 J-kg>-K* at two = —40 °C;
= at u = 0.6 kg.kg™*: from 2473 J-kg1-K* at two = —1 °C to 724 J-kg>-K* at two = —40 °C;
= at u = 0.8 kg.kg*: from 2198 J-kgt-K* at two = —1 °C to 643 J-kg*-K™* at two = —40 °C.
3. The decrease of two does not cause a change in Cice-fw at given value of u. An increase
in u causes the following increase in Cice-fw:
=atu=0.4 kg-kg™: Cice-rw = 16700 J-kgt- K%
=atu=0.6 kg-kg™: Cice-rw = 56363 J-kg1-K%;
=atu=0.4 kg-kg: Cice-rw = 87211 J- kg2 K.
4.The decrease of two causes the following slight increase in Cw-nfr-avg, Which is the result
of the shown in the legend of Fig. 6 slight rise of tayg-ena at twe = 0 °C when two decreases:
= at u = 0.4 kg.kg™*: from 2533 J-kgt-K* at two = —1 °C to 2542 J-kg*-K* at two = —40 °C;
=atu=0.6 kg.kg™: from 2777 J-kg'-K* at two = —1 °C to 2787 J-kg*-K* at two = —40 °C;
= at u=0.8 kg.kg™: from 2968 J-kg-K* at two = —1 °C to 2978 J-kg*-K* at two = —40 °C.
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CONCLUSIONS

It was found that decreasing the initial temperature two from —1 °C to —40 °C and the
wood moisture content u from 0.8 to 0.4 kg-kg™ caused a decrease in Cw-fr-avg from 2399 to
1934 J-kg'-K1. The same decrease in two combined with an increase in u from 0.4 to 0.8
kg-kg™ causes a decrease in Cice-bw-avg from 2825 to 643 J-kg - K.

An increase in u from 0.4 to 0.8 kg-kg™ causes a drastic increase in Cice-fw from 16461 to
87026 J-kg'>-K! in the range from —1 °C to 0 °C, in which the melting of the frozen free
water in the wood takes place. The heat capacity of completely defrosted 10gS, Cw-nfr-avg, at
the time of reaching 0 °C in their central point, is almost independent of two, but increases
from 2533 to 2978 as u increases from 0.4 to 0.8 J-kg*-K ™.

The presented approach could be applied to determine the energy and its components
required for defrosting of different frozen wood materials subjected to multiple types of
thermal treatment. One such example is shown in the second part of the present work.
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COMPUTING THE SPECIFIC HEAT CAPACITIES AND ENERGY
CONSUMPTION OF LOGS SUBJECTED TO DEFROSTING

Part 2. Calculating the energy required to defrost logs

Nencho Deliiski® — Ladislav Dzurenda? — Dimitar Angeski' — Pavlin Vitchev!—
Krasimira Atanasova*

Abstract

An approach for computing the energy consumption of frozen logs subjected to
defrosting has been presented. The approach includes computer simulations with two own
models: one to calculate the 1D unsteady temperature distribution along the radius of the
logs during their defrosting and also the connected with it average mass temperature of the
logs, and the second — to calculate the energy consumption of the logs and its four
components. The influence of all combinations between 3 values of the initial temperature
of frozen logs ( —10 °C, —20 °C, and —30 °C) and 2 values of their moisture content (0.4
kg'kg™* and 0.8 kg-kg™*) on the energy required to defrost beech logs with a diameter of 0.4
m at operating temperature of the heating medium of 80 °C was investigated. The results
show that this energy changes in the range from 41.5 kWh-m (at —10 °C and 0.4 kg-kg™)
t0 89.7 kWh-m (at —30 °C and 0.8 kg-kg™)

Key words: frozen logs, frozen bound water, frozen free water, defrosting, specific heat
capacities, energy consumption, simulation study

INTRODUCTION

It is well-known that the non-stationary distribution of the temperature in frozen wood
during its defrosting and thermal treatment, and also the change in the energy needed for
this, can be calculated using the models (Steinhagen 1991; Khathaby — Steinhagen 1992,
1993; Deliiski 2003, 2011, 2013; Campean 2005; Dzurenda — Deliiski 2019, Tumbarkova
2019; Deliiski et al. 2023; Niemz et al. 2023). The development and solving of such
temperature-energy models is carried out using finite differences and requires deep
mathematical knowledge.

Of particular interest to the development, study and implementation of science-based
energy-saving regimes for thermal treatment would be the availability of a simpler and
more accessible engineering approach to calculating the energy for defrosting of wood.

1 Faculty of Forest Industry, University of Forestry, Kliment Ohridski Bd. 10, 1797 Sofia, Bulgaria
e-mails: deliiski@netbg.com, d.angelski@gmail.com, p_vitchev@ abv.bg, k_atanasova@Itu.bg

2 Faculty of Wood Sciences and Technology, Technical University of Zvolen, T.G. Masarika 24, 96053,
Zvolen, Slovakia, e-mail: dzurenda@tuzvo.sk


mailto:deliiski@netbg.com
mailto:d.angelski@gmail.com
mailto:k_atanasova@ltu.bg

46 COMPUTING THE SPECIFIC HEAT CAPACITIES AND ENERGY CONSUMPTION OF ... PART 2.

Therefore, the aim of this work is to present an engineering approach for calculating the
specific energy required for defrosting of frozen logs.

MATERIAL AND METHODS
Material for research

This research was conducted over frozen beech (Fagus sylvatica L.) logs, which are
commonly used in veneer production.

The calculation of the specific heat capacities of frozen wood during its defrosting was
carried out for the case of steaming or boiling of frozen logs in equipment operating at
atmospheric pressure and at a temperature of the heating medium of 80 °C.

The symbols, units, and values of the main parameters of the studied logs, and also of
their defrosting modes, which were involved in the equations of the mathematical models
given below, and were used in the computer simulations, are presented in Table 1.

Mathematical model of the 1D unsteady temperature change in frozen logs

When the length of the logs, L, is at least four times their diameter, D, the non-
stationary temperature distribution along the radius and also their defrosting duration can be
determined using the following experimentally verified 1D model (Deliiski 2011):

oT(r,7)
ot

Cw-eff123 "Pw = div (Xw—eff.l,z grad T) (1)

at T(r,0)=Two )

and boundary conditions for conductive heat transfer:

7(0,7)=Tp (1), ®)

where Cw-ff.123 are the effective specific heat capacities of the frozen wood during 1%, 2",
and 3™ temperature ranges of its defrosting process [43,44], J-kg > K™%, Aw-err12 — effective
thermal conductivities of the frozen and defrosten wood in radial direction respectively,
W-m?-K?; py, — density of the wet wood, kg-m=; r — coordinate along the log’s radius: 0 <
r <R, m; R — radius of the log, m; T — temperature, K; Two — initial average mass
temperature of the log, K; Tm — operating temperature of the defrosting medium, K; © —
time, s.

Mathematical descriptions of Cw-eff.123, Aw-efr.12, and pw given in (Deliiski 2003, 2011,
2013; Deliiski — Dzurenda 2010) were used in solving model (1) — (3).

During the solving of the model (1) — (3), the average mass temperature of the log,

T. . , can be calculated according to the following equation (Deliiski et al. 2023)

avg

o = %JT(r, n- AT)dR @)
R

Modelling of the energy consumption of frozen wood subjected to defrosting

The total specific thermal energy consumption of frozen wood subjected to defrosting
(in kWh-m®), Qu-wtar, Can be expressed by the following model (Deliiski et al. 2023):
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Table 1. Main set parameters of frozen beech logs, their defrosting regimes, and average
specific heat capacities which were used during the computer simulations.

Ne | Parameter name Symbol Unit Value
1. | Diameter of the logs D m 0.4
2. | Length of the logs L m 2.0
3. | Moisture content of the logs (a —atu =0.4 u kgkg?! 0.4a

kg'kg!, b—atu=0.8kgkg?, 0.8b
4. | Fiber saturation point of the wood at 20 °C Urspo3sk) | kgkg? 031
5. | Basic density of the beech wood Pb kg'm3 560
6. | Density of the wet wood equal to pp-(1 + U) Pw kg'm3 784a
1008b
7. | Density of the ice in the wood Pice kg'm™3 917
8. | Initial temperature of the wood in the two °C —10c
beginning of the logs” defrosting: (¢ — at two = -20d
—10 °C, d- at two = —20 °C, e — at two = —30 °C) —30e
9. | Temperature of complete melting of frozen tice-bw-end °C -1
part of bound water in the wood

10. | Temperature of complete melting of frozen tice-fw-end °C 0

free water
11. | Initial temperature of the regimes for tmo oC 10
12. | defrosting tm1 oC 80
Constant temperature of the regimes for

13. | defrosting of logs tavg-end oC 49.7¢c
Average mass temperature of the logs at the 50.6d
end of their complete defrosting, depending on 51.5e

14. | two twe °C 0

Temperature in the central point of the logs at
the end of their complete defrosting Cuw-fr-avg Jkgt' K1 | 2310¢

15. | Average specific heat capacity of log layers 2217d

containing frozen bound water at u = 0.8 kg-kg’ 2128e

16. | 1, depending on two Cwnfravg | J-kg?K' | 2971c

Average specific heat capacity of completely 2973d
defrosted layers of logs with u = 0.8 kg-kg™, 2975e

17. | depending on two Cicebwavg | J-kg?'K' | 1661c

Average specific heat capacity of the frozen 1214d
bound water in logs with u = 0.8 kg'kg™, 885e

18. | depending on two Cice-w-avg | J-kglK? | 16461a

Average specific heat capacity of the frozen 87026b
free water in logs, depending on u

Qw-total = Qw—t *+ Qice-bw + Qice-fv + Quy_nf )

where Quw.wr is the energy required for the heating of the frozen wood to a condition
necessary to melt the frozen bound water in it; Qice-tw — €nergy required to melt the frozen
bound water in the wood; Qice-fw — €nergy required to melt the entire amount of frozen free
water in the wood; Qw-nir — energy required to heat the allready defrosted layers of the wood
until reaching 0 °C in the center of materials subjected to defrosting.
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The individual components of the energy required for complete defrosting of the frozen
wood, Qw-total, €an be calculated using the following equations (Deliiski et al. 2023):

.C f
Quigr = P22 (27215 T,y0) ®)
3.6.10
Pice * Cice-bw-av
Qice-bw ZTGQ'(NZ-B—TM) ()
. ,C. _
Qicet =p"’e'°$(273.15—272.15) ®)
3.6.10
Pw “Cw—nfr-avg ( )
Qw-nfr :W' Tavg-end —27215 9)

where Cw-fravg aNd Cw-nr-avg are the arithmetic mean values of the specific heat capacities of
frozen and defrosted (non-frozen) wet wood respectively, J-kg™*-K™%; Cice-bw-avg aNd Cice-fw-avg
— arithmetic mean values of the specific heat capacities of frozen bound and free water in
the wood respectively, J-kgt-K%; Two — initial average mass temperature of the log, K; Tave-
end —aVErage mass temperature of the logs at the end of their defrosting, which is calculated
with Equation (4) upon reaching 0 °C in the central point of the fully defrosted logs, K;

The arithmetic mean values of the mentioned above specific heat capacities are
calculated according to the equations given in the Part 1 of this work.

RESULTS AND DISCUSSION

The solving of the model (1) — (3) in order to determine the duration of the regimes for
defrosting of beech logs, and also of the average mass temperature, Tavg-end, Was carried out
with the help of own software in Visual FORTRAN Professional. It was determined that
this average mass temperature of the studied logs is equal, as follow: tayg.end = 49.7 °C at two
= _10 OC, tavg-end = 506 0C: at tWO = _20 OC, and tavg-end = 515 OC at tWO = _30 OC.

An Excel program has been prepared for joint solving of the Equations (5) — (9) and
also the equations for calculating the specific heat capacities of frozen logs given in Part 1
of this work. Using this program, the change in the energy Quw-wot and its four components
was investigated for the cases of defrosting at tns = 80 °C of beech logs with moisture
content of 0.4 kg-kg?, 0.6 kg-kg?, and 0.8 kg-kg™* and initial temperature of —10 °C, —20
°C, and —30 °C. The values of Tavg-end pointed above were used for solving of Equation (9).

Figure 1 presents with Excel graphs the change in the energy Quw-ww (in kWh-m)
required for defrosting the beech logs with u = 0.4 kg-kg™* and u = 0.8 kg-kg™*, and also the
change in all four components of this energy, depending on two. Figure 2 also with Excel
graphs shows the change in the individual components of the energy Quw-wota in % to its total
value for logs with the studied two values of u, depending on tuo.

In Figure 1 it can be seen that when expressing the energy Quw-wotal 2nd its components in
kWh-m3, a decrease in two from —10 °C to —30 °C causes an increase in this energy and also
in its components Qice-bw, Qw-fr, ahd Qw-nir, but the component Qice-w does not change.

In this case, the total energy Qw-ttal increases from 41.5 kWh-m3 to 54.5 kWh-m2at u =
0.4 kg-kg* and from 74.0 kWh-m3 to 89.7 kWh-m at u = 0.8 kg-kg* while the individual
components of this energy change as follows:
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* Qice-bw increases from 4.9 kwh-m= to 8.4 kWh-m= at u = 0.4 kg-kg* and from 3.8
kWh-m= to 6.5 kWh-m? at u = 0.8 kg-kg*. The reason for this is the increase in the
difference 272.15 — Two given in parentheses in the right-hand part of Equation (7) with the
decrease in temperature Two;

Qw-defrv Qw-defr:
kwh.m kWh.m™
Beech logs Beech logs
D =04m D =04m
tmo=10°C tmo=10°C
tm1=80°C tm1=80°C 30 Qﬁz}:mal
u=0.4kgkg™ u=08kgkg™ 20 ce-

10

-30
Temperature to, °C Temperature t,, °C

Figure 1. Change in the energy Quw-wotar (in kWh-m=) and its components required for
defrosting of logs with u = 0.4 kg-kg (left) and u = 0.8 kg-kg™* (right), depending on two.

Q i /Q w-total»
%

Qi/Q w-totals
%
Beech logs
D =04m
tmo=10°C
t,,=80°C tn1=80°C

. 1 10 u=08kgkg™® 10
u=0.4 kg kg Qwfr 9.Kg Quir
0 0
Qice-bw

Beech logs

D =04m

Qw-nfr tno=10°C

20 : Qw-nfr
Qice-fw ’

-20

-30 -20 -30

Temperature tyo, °C Temperature tyo, °C

Figure 2. Change in the components of energy Quw-wtar at U = 0.4 kg kg™ (left) and u = 0.8
kg-kg* (right) in % to its total value required for defrosting of the logs, depending on two.

* Qu-r increases from 4.4 kWh-m3 to 12.8 kWh-m? at u = 0.4 kg-kg? and from 5.8
kWh-m=to 17.2 kWh-m- at u = 0.8 kg-kg™ due to the same reason that caused the increase
in Qice-bw (see Equation (6));

= Qice-fw femains unchanged for given wood moiture content with a value of 4.2 kWh-m3
atu=0.4kg'kg'and of 22.2 kWh-m2 at u=0.8 kg-kg*;

* Qu-nir increases from 28.0 kwh-m to 29.1 kwWh-m at u = 0.4 kg-kg* and from 42.2
kWh-m to 43.8 kWh-m at u = 0.8 kg-kg™* due to the insignificant increase in tag-eng Of the
logs (refer to item 14 in Table 1).

When expressing the components of the energy Quw-wral in % to its total value, a decrease
in two from —10 °C to —30 °C causes the following change in fraction of each component:

* Qice-bw increases from 11.8% to 15.4% at 0.4 and from 7.4% to 10.1% at 0.8 kg-kg™;

= Qu-rr increases from 10.6% to 23.5% at 0.4 and from 8.6% to 20.5% at 0.8 kg-kg™;

* Qice-fw decreases from 10.1% to 7.7% at 0.4 and from 24.3% to 19.6% at 0.8 kg-kg™®;

* Qu-nfr decreases from 67.5% to 53.4% at 0.4 and from 59.7% to 49.8% at 0.8 kg-kg™.
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CONCLUSIONS

It was found that decreasing the initial wood temperature two from —10 °C to —30 °C
causes an increase in the energy Quw-ww required for defrosting of beech logs with a
diameter of 0.4 m at tm = 80 °C from 41.5 kWh-m- to 54.5 kWh-m™ at u = 0.4 kg-kg* and
from 74.0 kwh-m to 89.7 kWh-m=at u = 0.8 kg-kg™.

When lowering the initial temperature of the logs from —10 °C to —30 °C, the sum of the
energies Qw-ir and Qice-bw required to melt the frozen bound water in them increases from
9.3t0 21.2 kWh-m=3at u= 0.4 kg-kg* and from 9.6 to 23.7 kWh-m2 at u = 0.8 kg-kg™*.

An increase in u from 0.4 to 0.8 kg-kg* causes a drastic increase in the energy required
to melt the entire amount of frozen free water in the 10gs Qjce-fw from 4.2 to 22.2 kWh-m?
due to the very large increase of the specific heat capacity Cice-rw (refer to item 19 in Table
1) in the range from —1 °C to 0 °C, in which the melting of this water in the wood takes
place.

The energy Qu-nr required to heat the allready defrosted layers of the logs until reaching
0 °C in their central point increases from 28.0 to 29.1 kwh-m at u = 0.4 kg-kg* and from
42.2 t0 43.8 kWh-m™ at u = 0.8 kg kg™ when the initial temperature of the logs decreases
from —10 °C to —30 °C.

In conclusion, it can be noted that the approach presented in this work could be applied
to determine the energy and its components required for defrosting of different frozen
capillary-porous materials subjected to multiple types of thermal treatment.
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ACIDITY OF STEAMED BEECH SAPWOOD AND FALSE
HEARTWOOD

Michal Dudiak — Adrian Banski

Abstract

The work evaluates the changes in the acidity of beech sapwood and wood with false
heartwood in the process of steaming wood with saturated steam. The beech wood of the
individual zones was steamed at a temperature of t = 125 £ 2.5 °C for t© < 24 hours. Wood
pH was measured using a pH-meter pH7110 with a Sen Tix Sur surface electrode on dried
wood with a moisture content of w = 10 + 2%. By statistical processing of the measured
results, the polynomial dependence of pH on time t was plotted and calculated. The
correlation between the acidity of beech wood in individual zones and the time © of wood
exposure to modification was described using mathematical equations: pHsapwood = 6.5 -
1.3043-7 + 0.13571%; pHraise neartwood = 6.02 - 0.8029-t + 0.0571-7%, which can be used to
control the wood steaming process.

Key words: beech wood, sapwood, false heartwood, acidity, saturated water steam.

INTRODUCTION

Beech wood belongs to the scattered-porous coreless woods with the possibility of forming
a false heartwood. Sapwood and mature beech wood is medium heavy, flexible, easily split.
It has good mechanical properties, it is plasticized, bent and machined very well. Thanks to
its high permeability, it is well impregnated, stained and dyed. Beech wood is used for the
production of furniture, floors, sports equipment, toys and small household items. White
and mature beech wood has a light white-gray color with a yellow tinge. Beech wood is
used for the production of furniture, floors, sports equipment, toys and small household
items.

A false heartwood beech is a growth defect that results from air-wood reactions in the
mature wood zone. The primary cause of a false heartwood is injury to the tree trunk or
branches, which allows air to enter the tree trunk. The oxygen contained in the air will
cause the oxidation of soluble carbohydrates and starch (contained in living or partially
dead parenchymal cells), resulting in brown-colored polyphenolic compounds that
penetrate into the neighboring tissues and color them Bauch and Koch (2001), Racko and
Cunderlik (2010). In comparison to sapwood and mature wood, the wood of the false
heartwood has a lower moisture content in the growing tree, and according to the work of
Babiak et al. (1990) lower fluid permeability.

The pH value is a measure of the concentration of H* ions in a solution and is used to
determine the acidic, neutral, or basic behavior of a chemical reaction. pH values are very
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important physiological parameters for plants, humans and animals. In production
processes, the change in acidity is used to control technological processes.

In the lumens of the cells of wet wood there is a diluted aqueous solution of sugars, organic
acids and salts of calcium, magnesium, potassium, sodium of inorganic acids, which are
transported to the living tree by the root system (Cudinov 1968; Blazej et al. 1975;
Zevenhoven 2001, Phakovi¢ and Dzurenda 2015), as a result of which this solution has a
certain acidity. Wood acidity of deciduous, scattered-porous woods with moisture above
the fiber saturation point (BNV) is in the range of pH = 5.5 — 4.8 (Sandermann and
Rothkamm 1956; Irle 2012; Solar 2014; Geffert et al. 2019).

By applying heat to wet wood, chemical changes in the wood are also initiated. The first
chemical reactions include the partial hydrolysis of hemicelluloses and the extraction of
water-soluble substances (Fengel and Weneger 1989; Bucko 1995; Laurova et al. 2004;
Solar 2005; Sundgvist et al. 2006; Samesova et al. 2018).

The pH value is a parameter that can be measured quickly and easily and is therefore
advantageously used for control and management of technological processes. Several
measurement methods have been developed for the direct measurement of wood pH,
presented in the contributions of the authors Geffert et al. (2019), Dudiak (2022).

The processes of thermal treatment of wood, in addition to targeted physical-mechanical
changes used in the production of veneers, plywood, bent furniture, or pressed wood, are
also accompanied by a change in color (Kollmann and Gote 1968; Trebula 1986; Molnar
and Tolvaj 2002; Dzurenda 2013; Dzurenda et al. 2020; Dudiak 2021; Dzurenda and
Dudiak 2021).

The aim of the work is to determine the acidity of dried, steamed beech sapwood and wood
with a false core for moisture w ~ 10%, using a direct pH measurement method - SenTix
Sur surface electrode.

MATERIALS AND METHODS

Blanks with dimensions of 32 x 50 x 800 mm were made by longitudinal and transverse
sawing from the middle lumber of thickness h = 32 mm of beech wood with a false
heartwood. 75 sapwood blanks and 75 false heartwood blanks were randomly selected. The
blanks were divided into 5 groups so that each group contained 15 sapwood blanks and 15
false heartwood blanks. The blanks of the 1st group were not steamed. Other blanks were
steamed with saturated steam at a temperature of t;; ~ 125 + 2.5 °C. Individual cages with
steamed wood were removed from the steaming autoclave after steamingt=6 h,t1=12h, t
= 18 h and t = 24 h. Steaming of wood was carried out in a pressure autoclave APDZ 240
(Himmasch AD, Haskovo, Bulgaria) installed at Sundermann s.r.o. Banskd Stiavnica
(Slovakia). The steaming conditions saturated water steam of beech wood with a false
heartwood, with marked time intervals of sampling during treatment v are shown in the
diagram in Fig. 1.
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Fig. 1 Diagram of the steaming process of beech wood in a pressure autoclave.

Table 1. Beech wood steaming mode
Saturated steam

Mode temperature [°C] Steaming time [h]
tmax tmin t4
125 °C 1225 1275 100 % 2 ts ta

6h* 12h* 18 h* 24 h
Note: * Taking a group of steamed blanks from the autoclave at planned intervals took 0.5 h. The
actual steaming time compared to the planned steaming time was extended by the time of
technological breaks.

The moisture content of the wood was determined before entering the technological process
itself by randomly selecting 5 sapwood blanks and 5 blanks with a false heartwood, from
which samples were sawn to determine the wood moisture content. The moisture content of
the dried blanks was also determined, where 5 sapwood blanks and 5 blanks with a false
heartwood were randomly selected from which samples were sawed to determine the wood
moisture content. The moisture content of wet and dried wood was determined by the
gravimetric method according to STN EN 13183-1 (2003).

Unsteamed and steamed samples of beech sapwood and wood with a false heartwood were
dried in a hot air oven according to the Dzurenda (2022) mode in order to preserve the
original color of the wood achieved by the technological process of steaming. The bedding
surfaces of the dried lumber were machined on a FS 200 horizontal plane milling machine.

Measurement of the acidity of dried native and steamed beech sapwood and false
heartwood was performed on a planed surface using a pH-meter pH7110 with a SenTix Sur
surface electrode (Dudiak and Dzurenda 2020).

Measuring the acidity of beech wood consists in applying the surface electrode of the
SenTix Sur pH-meter type: pH7110 to the surface of the wood. The acidity value was read
after the pH value stabilized on the pH-meter display. At the point of measuring the pH of
dry wood with a SenTix Sur surface electrode, first one drop of distilled water was dripped
onto the surface of the wood using a dropper, and then the surface contact electrode was
pressed against the surface of the wood in the place of the dropped drop, thereby creating
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contact between the electrode and the surface of the wood. The pH value was read after
approx. 180 to 240 seconds of stabilization of the electrode on the pH-meter pH7110. The
record of the measurement of the acidity of dry beech wood is shown in Fig. 2.

Fig. 2 Measurement of pH on the surface of beech wood after moistening it with a drop of
distilled water.

The measured values of moisture content and acidity of sapwood beech and false
heartwood are given in the form of notation, x=x+s i.e. average measured value and

standard deviation.
RESULTS AND DISCUSSION

The average moisture of sapwood beech determined by the gravimetric method before
entering the steaming process was 58.6 = 5.2%, the moisture of the false heartwood before
the steaming process was 48.1 + 4.5%. After modification, all blanks were dried in a
chamber hot air dryer to a moisture content of 10.0 + 2%.

From the measured results of wood moisture, it follows that the wood was sufficiently wet,
while the moisture requirement was met, that the wood before entering the pressure
steaming process must contain moisture higher than BNV w > 30% in order to achieve the
desired effect of color modification.

The acidity before the steaming process of dry native sapwood was at the level of pH =5.4
+ 0.18 and of the false heartwood pH =5.3 + 0.1.

Acidity values of dry beech wood in the zone of the sapwood and false heartwood
measured by the contact method of measuring pH with a SenTix Sur surface electrode in
the steaming process are shown in Table 2 and Table 3.

Table 2 Measured average pH values of sapwood beech in the steaming process

Time of the steaming process of sapwood beech

Mode Oh - native 6h 12 h 18 h 24h
pH [-] pH [-] pH [-] pH [-] pH [-]
Mode 54+02 43+02 38+02 3.6+0.1 3340.1

t=125°C
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Table 3 Measured average pH values of false heartwood beech in the steaming process

Time of the steaming process of false heartwood beech

Mode Oh - native 6h 12h 18h 24h
pH [-] pH [] pH [-] pH [] oH []
Mode
(—125ec 53%01  46+01  41+£02 3801 3.4+0.1

As a result of the chemical reactions taking place in the wood during the heat treatment
process, the color of the wood changes, while the pH value of the wood decreases. It
follows from the decline in the acidity of beech wood that the temperature factor is more
significant than the time factor.

From the experimentally measured pH values of beech wood during heat treatment of wood
with saturated water steam at temperature t = 125 °C for time t = 6 — 24 h, a graphical
dependence of the change in acidity on temperature and time was determined (Fig. 3).

Fig. 3 Correlation of the pH value of wet beech wood and the temperature of saturated
water steam t and the time .

Changes in acidity values of dry sapwood beech and false heartwood at the temperature of
saturated water steam at temperature t = 125 °C and time T = 6 — 24 h they state
mathematical equations in the form:

PHsapwood = 6.5 - 1.3043-1 + 0.1357-72 1)
pralse heartwood — 6.02 - 0.8029:1 + 00571T2 (2)

Where: 1 — time wood is exposed to steaming in hours.
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CONCLUSION

The paper presents the measured acidity values with the SenTix Sur touch electrode of
steamed and unsteamed sapwood beech and false heartwood at the temperature: t = 125 +
2.5 °C during t = 24 h dried in a chamber dryer to a moisture content of w = 10 %.

The acidity of sapwood beech wood changed from pH = 5.4 to pH = 3.3 during the
steaming process, the acidity of the false heartwood from pH = 5.3 to pH = 3.4.

The correlation between the acidity of beech wood in individual zones during the steaming
process depending on the time T of wood exposure to modification was described using
mathematlcal equatIOHS pHsapwood = 65 - 13043T + 01357‘52, pralse heartwood — 602 -
0.8029-1 + 0.0571-7, which can be used to control the wood steaming process.

The pH value is a parameter that can be measured quickly and easily and is therefore
advantageously used for the control and management of technological processes.
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THE EFFECT OF STEAMING ALDER WOOD ON THE QUALITY
OF THE MILLED WOOD SURFACE

Michal Dudiak — Richard Kminiak — Adrian Banski

Abstract

The work presents the effect of steaming alder wood on the final quality of the milled wood
surface. The process of steaming the investigated wood results in a targeted change in the
color of the wood, which changes from the original light white-grey-orange color to fine
reddish-brown to dark brown more or less saturated color shades depending on the
modification temperature. The achieved color changes during the modification process
were identified using coordinates in the CIE color space L*a*b* and described by the
overall color difference AE*. It has been proven that the wood steaming process reduces
the roughness of the wood surface depending on the steaming temperature, which means
that the quality of the wood surface increases. The reduction in the roughness of steamed
alder compared to unsteamed wood was at the temperature of saturated water steam t; =
105+£2.5°ChyRa=4.4%,atty =125+2.5°Cby Ra=59%, at tww= 135+ 2.5 °C by Ra
= 16.2%. It has been proven that by reducing the density of wood due to the temperature of
saturated water vapor in the steaming process, the roughness of the wood surface
decreases, which means that the milled surface is less rough compared to native wood. It
was also proven by measurements that the resulting wood roughness profile is negatively
affected by both the material removal parameter and the feed speed.

Key words: alder wood, wood steaming, wood color, wood density, wood surface
roughness profile.

INTRODUCTION

The quality of the machined surface is an important factor that is influenced by both
technical and technological parameters of machines and tools used for cutting and
machining Karagoz et al. (2011), Kminiak (2014), Kvietkova et al. (2015), Ispas et al.
(2016), Vanco et al. (2017), Kaplan et al. (2018), Vitchev (2019), Atanasov (2021), as well
as by the properties of the processed material (type of wood, wood moisture, macro-,
micro-, sub-micro-structure) Rubén et al. (2017), Kudela et al. (2018), Paridah et al.
(2019), Chun-Won et al. (2023) and, last but not least, the quality of the surface also affects
the marketability of the product Zhong et al. (2013), Sedliacikova and Moresova (2022).
Authors Sandak and Negri (2005) define surface quality as a set of specific surface
properties defined by ridges (peaks) and depressions. These features can also be named as
surface topography. Kminiak (2014) characterizes the quality of the machined wood
surface by the roughness and waviness of the surface, as well as possible damage to the
wood surface by torn fibers, tool grooves, which are generally considered to be unevenness
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and the result of technological operations in which the integrity of the wood is violated due
to machining. The STN EN ISO 21920-2:2021 standard evaluates the surface quality
parameters of materials as the difference between the unevenness of the surface (estimated
from the primary profile), the roughness (estimated from the roughness profile) and the
waviness (estimated from the waviness profile). According to the mentioned standard, we
can define the real surface of the wood as the surface that borders the given body and
separates it from the surrounding environment. In practice, to define the quality of the
surface of the wood, the mean arithmetic deviation of the roughness, denoted Ra, is most
often used.

According to the works of the authors Bekhta and Niemz (2003), Brischke et al. (2007),
Esteves and Pereira (2009), Gonzalez-Pefia and Hale (2009), Karagoz et al. (2011), Barcik
et al. (2015), Baranski et al. (2017), (Kucerka and Ockajova 2018), Ockajova (2019),
Dudiak and Dzurenda (2021) thermal or hydrothermal treatment of wood, such as steaming,
drying, or thermo-wood production technologies, also affects the quality of the treated
wood surface.

The process of steaming wood with saturated moist air or saturated water vapor temporarily
changes the physical and mechanical properties of wood used in its division, shaping or
densification. The action of heat initiates chemical reactions in wet wood, such as:
extraction of water-soluble substances, degradation of polysaccharides, cleavage of free
radicals and phenolic hydroxyl groups in lignin resulting in the formation of new
chromophoric groups causing a change in the color of the wood (Bucko 1995; Geffert et al.
2020). The steaming process and the aforementioned chemical changes create permanent
physical-mechanical changes in wood properties, such as a decrease in density, a
weakening of strength and an increase in wood fragility, affecting the machining process
and the quality of the surface of the machined wood (Barcik et al. 2015; Kudela et al.
2018).

Recently, the attention of research in the field of thermal treatment of wood is focused on
steaming with saturated water steam for the purpose of targeted wood color to non-
traditional wood shades of deciduous trees Tolvaj et al. (2009), Dzurenda (2014), Hadjiski
and Deliiski 2016; Dzurenda et al. (2020), Dzurenda and Dudiak (2021), which creates a
wider space for designers and constructors to use the excellent mechanical properties of the
wood of deciduous trees in other non-traditional colors.

The aim of the article is to analyze the influence of Alnus glutinosa wood steaming regimes
on the final quality of the created surface (roughness Ra) under specified cutting conditions,
feed speed and amount of material removal.

MATERIALS AND METHODS

Material

Alder wood (Alnus glutinosa) was harvested in the research from the Kremnické vrchy
locality (Slovakia). Radial blanks with the dimensions h = 40 mm x width w = 80 mm x
length 1 = 600 mm in the number of 120 were used for the research. The blanks were
divided into 4 groups, which represented 30 pieces of blanks for one group. The blanks of
the 1st group were untreated (native wood). The blanks of the 2nd group were modified by
the steaming process in mode ., the blanks of the 3rd group were modified by the steaming
process 11. and blanks of the 4th group were modified by the steaming process Ill.



MICHAL DUDIAK — RICHARD KMINIAK — ADRIAN BANSKI 63

Steaming and drying of blanks

The technological process of wood vaporization of individual wood species was carried out
in a pressure autoclave APDZ 240 at a higher pressure of saturated water steam than
atmospheric pressure. Temperatures of saturated water steam in individual treatment modes
are shown in Table 1. Temperatures tmax and tmin are the temperature range in which
saturated water steam is supplied to the autoclave for the implementation of the
technological process. Temperature t4 is the temperature of the saturated water steam in the
autoclave after reducing the pressure of the water steam in the autoclave to atmospheric
pressure, enabling the safe opening of the pressure device and the selection of samples after
the specified modification time.

Table 1. Modes of modification of blanks saturated water steam.
Saturated steam

Technological operation time [h]

Modes temperature [°C]
tmin tmax ts 11 - phase T2 - phase Total time
Mode | 102.5 1075 100
Mode Il 1225 1275 100 15 7.5 9.0
Mode IlI 1325 1375 100

Native as well as steamed wood saturated water steam was dried to the final moisture
content w = 12 £ 0.5%. The drying technology was realized by the low-temperature drying
mode of Dzurenda (2022) with emphasis on preserving the obtained color in the steaming
process.

Color measurement of modified alder wood

Identification of the color of modified wood by steaming of individual wood species, as
well as unsteamed wood in the CIE L*a*b* color space, was determined using a Color
Reader CR-10 colorimeter (Konica Minolta, Japan). The measurement was carried out on
the bearing surfaces at a distance of 50 mm from the face of the blanks. A D65 light source
with an illuminated area of 8 mm was used. The color was evaluated based on changes in
the CIE color space L*a*b* on the lightness coordinate L* and color coordinates: red color
a*, yellow color b*.

The value of the total color difference was calculated according to the above mathematical
equation in accordance with the ISO 11 664-4 standard:

AE = (L, - f + (@~ f +(b; —b; ) 1)

Where: L*;, a*1, b*; values on the coordinates of the color space of the surface of dried
milled native wood,
L*,, a*,, b*, values on the coordinates of the color space of the surface of dried
milled modified wood.

Density measurement of unsteamed and steamed alder wood

The density of wood in an absolutely dry state was determined according to STN 49 0108:
1993 Wood — Determination of density. For the production of samples to determine the
density of unsteamed and steamed alder wood, milled blanks were used separately for each
level of the wood steaming regime. 30 test bodies were randomly selected from individual
groups of unsteamed and steamed blanks for each group with dimensions: thickness h = 15
mm; width w = 40 mm; length | = 100 mm. The produced test bodies were dried in a
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laboratory oven (MEMMERT UM110m) at a temperature of t = 103 £ 2 °C to a constant
weight. After drying, the samples were placed in a desiccator, and then, after cooling, the
wood density was measured. Measurement of the density of unsteamed and steamed alder
wood by individual modes in an absolutely dry state was carried out using a digital density
meter: Set for determining the density of solid substances KIT 128 from the company
RADWAG (Poland) working on the principle of Archimedes' law. The density of
unsteamed and steamed alder wood specimens was calculated from the equation:

my my my
Vo m; - my' my — my’

- ) '(szo 'g) [kg. m~"] O]
szo g

Po

Where: mg — mass of dry sample [kg],
Vo — volume of dry sample [m?3].
m,* —mass of dry sample immersed in distilled water [kg],
Pu,o— density of distilled water at atmospheric pressure and temperature t = 14.5 °C,
g = 9.81 m.s?, the gravitational acceleration of the Earth.

Milling of blanks

Unsteamed and steamed blanks were milled on a CNC 5-axis center SCM Tech Z5 from
the manufacturer SCM Group, Italy. For milling, we used the spiral milling cutter, which
has the type designation F193 — 16061 from the manufacturer IGM tools and machines
from the Czech Republic. It is a tool with three cutting edges with the diameter of the
working surface D = 16mm, with the length of the working surface B = 55mm, the diameter
of the clamping surface d = 16mm and the total length L = 110mm. We installed the
mentioned cutter in a SOBO 302680291 GM 300 HSK 63F hydraulic clamp, manufactured
by Giihring KG, Germany. We oriented the samples in the CNC machining center: in the
direction of the "X" axis - length, in the direction of the "Y" axis - width and in the
direction of the "Z" axis - thickness. The feed velocity vector coincided with the “X” axis
and the removal was within the “Y” axis.

Fig. 1 CNC 5-axis center SCM Tech Z5.

Table 2 Parameters of the wood milling process.

Parameter Value

2 m-min?t

Feed rate (vy) 4 m-min™

6 m-mint

1 mm

Depth of cut (e) 3mm

5mm

Tool rotates (n) 18 000 rpm
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Measuring the surface roughness of milled wood

We carried out non-contact measurement of surface unevenness on processed test samples
using the laser profilometer LPM — 4, which was constructed at the Department of
Woodworking TU in Zvolen in cooperation with the company KVANT Ltd. The LPM-4
profilometer works on the principle of triangulation laser profilometry. The Marlin F131B
digital camera captures an image of the laser line at a certain angle, and based on the
captured image, the cross-sectional profile of the object is subsequently evaluated. The
roughness meter shown in Fig. 2. consists of an aluminum structure, which is also the
supporting part and is fitted with powerful profilometer components. A horizontal beam is
placed on the structure, which enables the positioning of the measuring head, which in turn
enables the height adjustment and focusing of the camera (Sustek 2010).

Fig. 2. Operating principle of the LPM — 4.
1 — camera, 2 — laser, 3 — sample, 4 — distance between LPM — 4 and measured object.

Statistical processing of measured data

From the measured data of the total color difference AE* of the wood of the alder wood and
the roughness of the wood surface, the graphic dependences AE* = f (t) and Ra = f (t) in the
range of temperatures were determined using the program STA-TISTICA 12 (V12.0 SP2,
USA): t = 105 — 135 °C and time T = 9 h. Program processing of the measured results
partially eliminated the influence of measurement errors caused by wood heterogeneity.
The measured data were processed, and the individual significance of the factors was
evaluated using a multifactor analysis.

RESULTS AND DISCUSSION

The process of wood steaming in the mentioned modes changes the color of the wood from
a soft pink-brown to the brown color achieved in I. and Il. mode up to the dark brownish
gray color shades achieved in Ill. mode. The saturation of wood coloring depends on the
temperature of the saturated water vapor in the technological process. The color of the
wood in individual steaming modes is declared in Table 2, and the values on the
coordinates of the CIE color space L*a*b, including the total color difference AE*, are
given in Table 3.



66 THE EFFECT OF STEAMING ALDER WOOD ON THE QUALITY OF THE MILLED WOOD...

Table 3 Changes in the color of the alder wood in the steaming process.

Wood color modification modes

Wood Native wood Mode | Mode 11 Mode Il1

Alder

Table 4 Color of native and modified alder wood.

Coordinates CIE . Wood color modification modes
Wood L*a*b* Native wood ;1) Modell  Mode Ill
L* 783+2.3 70.5+1.9 61.7+1.1 51.2+1.1
Alder a* 92+1.6 122+1.0 12.6 £ 0.6 12.5+0.5
b* 22.6+1.2 20.8+0.8 18.4+0.6 16.6 £0.5
AE* - 7.8 15.9 26.4

The density in the dry state of unsteamed and steamed wood by individual steaming modes
is given in Table 5.

Table 5 Density of unsteamed and steamed absolutely dry alder wood.

Wood density
Wood Native Mode | Mode 11 Mode I11
kg.m kg.m kg.m= kg.m3

Alder 519.9+£29.9 508.5£24.7 501.9+21.9 4989+21.1

The results of roughness measurements on the surface of unsteamed and steamed wood by
individual modes of steaming of the studied woods depending on the set parameters such as
material removal and feed speed during surface milling are presented in Table 6.

Depth Roughness [um]

Wood of cut Feed'ra};ce .
[mm] [m-min™] Native Mode I Mode 11 Mode Il
2 48+04 49+0.2 44+0.5 41+0.2
1 4 5.1+0.6 5.1£0.1 49+2.6 44+0.7
6 5.7+0.8 54+03 53+0.2 49+0.9
2 6.4+0.3 5.84+0.9 6.1+0.3 54402
Alder 3 4 6.8+0.8 6.6+ 0.7 6.4+£04 5.6+0.2
6 72+03 7.1+£04 6.8 £0.2 6.1+0.2
2 9.1+0.7 8.9+0.2 8.6+0.8 8.3+0.1
5 4 92+0.9 9306 88+0.5 85%1.1
6 9.7+0.5 9,2+ 1.1 9.1+0.9 8.9+0.3

The presented roughness values of the milled wood surface shown in table 5 are the result
of the action of several factors. They take into account both the technical and technological
conditions of processing alder wood, as well as changes in the properties of alder wood
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caused by the process of steaming with saturated water steam in individual modes. For this
reason, the roughness is analyzed from the point of view of:

a) removal of the chip taken,

b) feed speed,

¢) changes in physico-chemical properties expressed by the overall color difference,

d) changes in the density of alder wood in the steaming process.

a) The effect of chip removal on surface roughness Ra:

The average roughness of the surface of unsteamed alder wood with a removal of 5 mm is
1.8 times higher than with a removal of 1 mm. A similar tendency was also noted for
steamed alder wood in mode I11. where with a removal of 5 mm, the average roughness of
the wood surface is 1.9 times higher than with a removal of 1 mm. The measured values
confirm the fact that the larger the cut chip, the lower the quality of the wood surface. This
phenomenon can be explained by the transformation of the chip formation process. When
increasing the removal value, the thickness of the cut layer gradually increases. Within the
transition plane (the plane between the old and new surface) there is a significant change in
the angle of fiber cutting. At the beginning, the resultant vector of the cutting speed is
similar to the inclination of the wood fibers, while at the end it is up to 90 °. The larger this
angle is, the more the wood structure is broken below the parting plane (the fibers are
"pulled out™). A larger removal also means a larger path of the tool in the cut. The longer
this path is, the greater the force ratios are in the section (Adamcik et al. 2022). Authors
Zhu et al. (2022) also proved the opposite with measurements, that the amount of removal
can also reduce the roughness.

b) Effect of feed rate on surface roughness Ra:

From the analysis of the impact of removal and sliding speed according to the measured
data listed in Table 5 shows that the surface roughness of the milled wood was more
influenced by the size of the material removal than by the feed speed. This is confirmed
numerically by the data that while the roughness of the surface of unsteamed alder wood at
a feed of 6 m.min is Ra = 9.7 pm at a removal of 5 mm, while at a feed of 2 m.min! it is
Ra=9.1 pm, which is ARa= 0.6 um less.

A comparison of the average data due to removal on the surface roughness in the interval of
removal values 1-5 mm and a sliding speed of 2-6 m.min"! shows that while the difference
in surface roughness of unsteamed alder wood due to removal is ARa = 4.1mm, the
difference average values of the surface roughness due to the sliding speed is ARa = 0.6
mm. When comparing the average data on the effect of removal on surface roughness in the
interval of removal values of 1-5 mm and sliding speed of 2-6 m.min" for steamed alder
wood in individual modes, we can conclude that the temperature of saturated water steam
has no effect in terms of sliding speed on surface roughness compared to the values of
native wood.

¢) The influence of the change in physico-chemical properties expressed by the overall
color difference:

From the achieved physico-chemical changes in wood manifested by a change in color to
the roughness of the surface due to steaming, it can be said that the roughness Ra of the
surface of steamed and milled wood at a higher temperature and a greater degree of
darkening and browning is smaller than that of steamed wood or steamed at a lower
temperature than declared by Fig. 3.
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Fig. 3 Graphic representation of the influence of the temperature of saturated water steam
on the overall color difference and roughness of the surface of the milled wood at a removal

of 3 mm and a feed speed of 4 m-mint,

From the average roughness values of the milled surface of alder wood and the change in
color of the steamed wood depending on the temperature of the saturated steam used in the
steaming process, it clearly follows that the roughness of the milled surface decreases as the
temperature increases. If the average roughness of the milled surface of unsteamed alder
wood at a removal of 3 mm is Ra = 6.8 um, then the roughness of the milled surface of
alder wood of a pinkish-brown color acquired by steaming mode | at the temperature of
saturated water steam t; = 105 + 2.5 °C is reduced by Ra = 4.4%, the roughness of brown
alder wood acquired by steaming mode II. at t; = 125 + 2.5 °C it decreases by Ra = 5.9%,
the roughness of steamed alder wood of a dark brownish gray color acquired during
steaming mode Il with a temperature of tyy = 135 + 2.5 °C decreased by Ra = 16.2%.

The decrease in the roughness of the steamed wood can be attributed to the increased
brittleness of the wood due to the loss of amorphous polysaccharides (Esteves and Pereira
2009). The fragility of steamed wood causes the protrusions to break during the cycloidal
movement of the tool in the machining process, rather than tearing off the fibers. This fact
results in the creation of a milled surface with less roughness. Authors Vanco et al. (2017)
state that the roughness of thermally treated wood Ra up to the thermal treatment
temperature t = 160 °C is lower than the roughness of native wood. From the thermal
treatment temperature above 160 °C, it increases, and at a temperature of 210 °C, the
roughness is even higher than the roughness of native wood.

d) The effect of changing the density of alder wood in the steaming process on the surface
roughness Ra:

The average value of the density of unsteamed alder wood in the dry state is p = 519.9 +
29.9 kg.m*. The value coincides with the density of alder wood reported in the work
(Liepin$ et al. 2023). The process of steaming wood with saturated steam in the
temperature range t = 105 — 135 °C reduces the density of alder wood by 2.2% in mode |,
mode Il. by 3.5% and steam mode Ill. by 4.1% Dudiak and Dzurenda (2021), Liu et al.
(2022).

From the comparison of the measured values of roughness of alder wood in Table 5 in
relation to the density of unsteamed wood and steamed wood by individual modes, it is also
possible to analyze the effect of the change in density on the surface roughness of the
milled wood, as declared in Fig. 4. In our case, the average roughness of the surface of non-
steamed alder wood when removing 3 mm is Ra = 6.8 pm, which is compared to the
roughness of the surface of steamed alder wood by mode I at temperature t = 105 + 2.5 °C
with a value of Ra = 6. 5 um is lower by 4.4% and for steamed alder wood by mode III.
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with temperature t = 135 £ 2.5 °C lower by 16.2%. A similar reduction in the roughness of
modified beech, birch and maple wood compared to native wood is also reported by Dudiak
et al. (2024).

The average moisture of sapwood beech determined by the gravimetric method before
entering the steaming process was 58.6 = 5.2%, the moisture of the false heartwood before
the steaming process was 48.1 £ 4.5%. After modification, all blanks were dried in a
chamber hot air dryer to a moisture content of 10.0 + 2%.

From the measured results of wood moisture, it follows that the wood was sufficiently wet,
while the moisture requirement was met, that the wood before entering the pressure
steaming process must contain moisture higher than BNV w > 30% in order to achieve the
desired effect of color modification.

Fig. 4 Dependence of the density and roughness of the milled wood surface at a removal of
3 mm and a feed speed of 4 m-min! on the temperature of saturated water steam.

From the presented values of the roughness Ra of alder wood, it follows that as the density
decreases, the surface roughness expressed in the form of the Ra value decreases, as can
also be seen in Fig. 4. The stated findings are not in agreement with the works of the
authors: Siklienka et al. (2008), Paridah et al. (2019), Chun-Won et al. (2023), who state
that surface roughness decreases with increasing wood density. On the contrary, the authors
Karagoz et al. (2011), Gochev (2017), Atanasov (2021) state that the surface roughness is
more influenced by the technical-technological parameters of woodworking, such as:
removal and sliding speed of the cutting tool, than the density of the wood.

The comparison of the surface roughness of the individual modified wood species clearly
shows that the surface roughness decreases on average in the same way due to wood
steaming in all investigated wood species compared to the surface roughness of the native
wood, however, a more significant decrease in the surface roughness of the modified wood
was recorded in the case of alder wood in the third mode. The process of wood
modification with saturated water steam in order to change the color of the wood has a
positive effect on the roughness profile of the milled wood surface.

CONCLUSION
The work presents the results of the color change of alder wood in the process of wood

modification by steaming with saturated steam at temperatures: t; = 105 £2.5 °C, ty= 125+
2.5 °C and tin = 135 £ 2.5 °C during Tt = 9 h of steaming. The work also presents the results
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of the surface roughness profile of native and modified wood, as well as the influence of
material removal parameters and feed speed on the resulting roughness of the wood surface.
The technological process of modification by steaming alder wood results in a change in
color from the original light white-gray-orange color to fine red-brown to dark brown more
or less saturated color shades depending on the modification temperature. The color
changes achieved during the modification process are identified using coordinates in the
color space CIE L*a*b* and described by the total color difference AE*.

The alder wood steaming process reduces the density and roughness of the wood surface
depending on the steaming temperature, which means that the surface quality of the
modified wood increases. The reduction in roughness compared to native wood was in the
modification process at the temperature of saturated water steam t; = 105 + 2.5 °C by Ra =
4.4%, at ty = 125 + 2.5 °C by Ra = 5.9%, at tjy = 135 £ 2.5 °C o Ra = 16.2%. It can be
concluded that the roughness decreased due to the loss of amorphous portions of
polysaccharides, which ultimately affects the mechanical properties of the wood. The
roughness of the milled surface of the native and modified wood of the studied trees is
negatively affected by the size of the material removal, as well as the speed of the
workpiece, which makes the milled surface of lower quality.
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HEAT CONSUMPTION FOR THE ELIMINATION OF COLOR
DIFFERENCES OF BEECH SAPWOOD AND FALSE
HEARTWOOD BY THE STEAMING PROCESS

Ladislav Dzurenda — Michal Dudiak

Abstract

The article presents the results of heat consumption for the steaming process of beech wood
for the purpose of eliminating the color differences between sapwood and false heartwood
in h = 40 mm thick lumber with saturated water steam in the temperature range: t = 105 —
120 °C in a pressure autoclave AZ 240 steaming modes I., 1I. and I11.

Normative of heat consumption Qrzn for the steaming process of beech wood by mode I.
unifying the color of the wood from sapwood and false heartwood to pale brown with
coordinates L* = 63.4 + 2.3, a* = 13.0 £ 1.4; b* = 19.1 + 1.6 in the color space CIE
L*a*b* is Qrzva = 102.71 kWh.m3. Normative heat consumption for the process of
steaming mode II. to brown color with color space CIE L*a*b*values: L* = 59.0 2.1, a*
=129+ 14; b* =188+ 1.7 is Orznn = 113.22 kWh.m and for steam mode I11. reaching
a dark brown-gray color with values on the coordinates of the color space CIE L*a*b*: L*
=575+£2.0;a*=13.4+12;, b* =188+ 1.5 is Orzn.n= 116.68 kWh.m™3,

The dependence of the norm Qqzy of heat consumption on the temperature of saturated
water steam in the process of unifying the colors of beech sapwood and false heartwood is
described by the equation: Qrzy = -0,0239.t2 + 6,3163.t — 296,64.

Key words: beech wood, sapwood, false heartwood, color, steaming, saturated water
steam, thermal energy consumption standard

INTRODUCTION

The wood of Fagus sylvatica L. belongs to the scattered-porous, coreless woods with
the possibility of forming a false heartwood. Some older trees have wood of a different
color in the center of the trunk, referred to as false heartwood. The color of beech wood in
the zone of sapwood and mature wood is light whitish-grey, or white pink Necesany
(1959), Makoviny (2010), Dzurenda — Dudiak (2022) and in the false heartwood brown-red
Nedesany (1959), Dzurenda — Dudiak (2023). Author Dzurenda (2023) numerically
documented the visual color differences between the color of beech sapwood and wood
with false heartwood through the values on the coordinates of the color space CIE L*a*b*
and the total color difference AE*. The sapwood color is white with lightness L* = 79.2 +
2.4 and values on the chromatic coordinates a* = 8.3 + 1.6, b* = 19.1 + 1.8. The color of
the false heartwood is described by the following values: L* = 65.8 + 3.8, a* = 11.6 £ 1.9,
b* = 19.5 + 1.5. The color difference between the color of the wood of the false heartwood
and the color of the sapwood, expressed through the total color difference, is AE* = 18.1.
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Within the categorization of color difference, the value total color difference AE* = 18.1
belongs to the category of significantly different colors. The difference in the color of the
wood of the false heartwood from the color of the sapwood is the reason for the removal of
sawmill assortments with a share of wood of the false heartwood from the production of
bent furniture, sports tools and partly construction and carpentry products.

Steaming of wood is a technological process in which wet wood with a moisture content of
w > 40% is heated by the action of heat in the form of saturated moist air or saturated water
steam and changes its physical, mechanical and chemical properties. Temporary physical-
mechanical changes are used in the production of veneers, plywood, bent furniture, or
pressed wood. Nikolov et al. 1980; Sergovskij and Rasev 1987; Lawnniczak 1995; Trebula
1996; Dzurenda — Deliiski (2019). Permanent chemical changes manifested, among other
things, by a change in color, are usedto change the color of the wood to more or less
distinct shades Deliiski (1991), Tolvaj et al. (2009), Dzurenda (2014), Mili¢ et al. (2015),
Geffert et al. (2017), Dzurenda — Dudiak (2022).

The aim of this contribution is to determine the heat consumption of the steaming modes
for the purpose of unifying the colors of beech wood with sapwood and false heartwood
with saturated water steam at temperatures t; = 105 + 2.5 °C, ty = 115 £ 2.5 °C and ti; = 120
+2.5°C.

MATERIALS AND METHODS

On the basis of experimental research aimed at analyzing the influence of temperature
and length of steaming time on the unification of the color of beech sapwood and wood of
false heartwood presented in the work Dzurenda — Dudiak (2024), 3 modes of steaming
beech wood with different darkening of the wood were determined. Due to the
technological conditions of steaming, mode I. at the steaming temperature t; = 105 °C,
beech wood acquires a pale brown color with values on the coordinates of the color space:
L*=63.4+23, a*=13.0+ 1.4; b* = 19.1 + 1.6. Mode II. at the steaming temperature t
=115 °C, the color of the sapwood and the false heartwood becomes brown with the values
on the coordinates: L* = 59.0 + 2.1; a* = 12.9 + 1.4; b* = 18.8 + 1.7. Dark brown-gray
color with values on the coordinates: L* =575+ 2.0;a* =134+ 1.2;b*=188=+1.5
acquired by beech wood through the mode Ill. steaming process at the vaporization
temperature t;; =120 °C. Color of beech sapwood and false heartwood before steaming fig.
1a) and after steaming with saturated water vapor in individual modes is shown in
Fig.1b),1c),1d).

Fig.1 Wood color of steamed beech sapwood and false heartwood under steaming
conditions according to individual steaming modes.
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Tab. 1. Modes for steaming beech wood with saturated water steam
Saturated steam
temperature [°C]

Steaming time [h]

Modes
tmax tmin 7] To. Tl- i - T.Otal
heating steaming  cooling  time
Mode | 1025 1075 100 35 18.0 0.5 22.0
Mode 11 1125 1175 100 35 15.0 0.5 19.0
Mode 111 1175 1225 100 3.5 9.0 0.5 13.0

To determine the heat consumption in the technological process, the so-called model is
applied technically justifiable standard (TZN), which is a specific heat consumption
expressing the objectively necessary amount of heat consumed to produce a unit of the
product Dzurenda — Deliiski (2008). The standard of the technically justified standard of
color homogenization of beech wood is described by the equation:

_QD+QA+Q|+QS+QP+QK 1)
Qmn = !
VD
Where: Qp— heat required for heating colored homogenized wood, kWh;
Qa — heat required to heat the structure of the autoclave material, kWh;
Qi — heat required to heat the autoclave insulation, kWh;
Qs — heat required to cover heat losses from the surface of the pressure autoclave
emitted during the technological process into the atmosphere, KWh;
Qr — heat removed by saturated steam after opening the autoclave during its
emptying, kWh;
Qk — heat removed by condensate from the pressure autoclave, kWh;
Vp — volume of steamed wood in a pressure autoclave, m2.

The stated balance of heat consumption was processed into the EXCEL program Dzurenda
(2016), which in the form of a numerical table based on:
a) technical parameters of the pressure autoclave,
b) properties of steamed wood,
¢) parameters of the steaming mode,
provides information on: a) Qrzn - technically feasible consumption standard. of heat per 1
m? of steamed wood,
b) Qi - heat consumption for individual heat items of the
technological process.

RESULTS AND DISCUSSION

The heat consumption of individual items of the steaming autoclave AZ 240 for steaming
16 m® of beech lumber with a moisture content of Wa = 60% with saturated water steam
and the Qrzn standard is given in the following Table 3.
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Tab. 2 Heat consumption of the process of color homogenization of beech wood sapwood
and false heartwood in autoclave AZ 240 and Qzn standards.

Title of heat tion it Svmbol Mode | Mode Il Mode Il
itle of heat consumption item ymbo [KWh]

Heat for heating steaming wood Qb 111847 124750 1312.83

Heat for heating the construction

material of the autoclave Qa 158.33  175.00 183.33

!—Ieat fqr heating the autoclave Q 29 95 25,37 26.57

insulation

Heat to cover the heat losses of the Qs 70.86 64.33 35.94

pressure autoclave

Heat removed by saturated steam

after opening the autoclave during Qr 15.26 15.26 15.26

its emptying

Heat removed by condensate from

the pressure autoclave Q« 257.53 284.13 292.86

Total _heat consqmptlon for o) 164341 181158 1866.80

steaming wood in an autoclave

Technically justifiable standard of Qran 102.71 113.22 116.68

heat consumption [KWh.m]

The dependence of the increase in heat consumption on the temperature of saturated water
steam in the technological process of color homogenization of beech sapwood and false

heartwood, is shown in Fig. 2.

Fig. 2. Dependence of heat consumption on the process of unifying the colors of sapwood
and false heartwood beech on temperature

From the analysis of the share of individual items of heat consumption in Table 2, it
follows that the largest heat consumption for the color unification of beech lumber with
wood with a false heartwood of thickness h = 40 mm in the AZ 240 autoclave is heat for
heating steamed wood: Qp = 1 226.3 kWh (69.2% of the total heat consumption). Heat
consumption for heating the structure of the steaming autoclave Qa + Q) = 197.2 kWh (11
% of the total heat consumption) and heat consumption covering heat losses of the pressure
autoclave in the form of drained condensate Qx = 278.2 kWh (15.7 % of the total heat
consumption). The fact that more than 2/3 of the supplied heat is directly used for the
implementation of the technological process testifies to the high efficiency of heat use in
the thermal process of color homogenization of wood in pressure autoclaves. The stated
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value is 3 times higher than the direct use of heat in wood steaming technologies
implemented at atmospheric pressure in steam pits, chambers and bells Lawnniczak (1995),
Trebula (1996), Dzurenda — Deliiski (2019).

It follows from the heat consumption balance of individual steaming modes that an increase
in the temperature of saturated steam from temperature t; = 105 °C to temperature t;y = 120
°C, i.e., at At = 15 °C despite shortening the time of the technological process by =9 h is
reflected in the increase in the total heat consumption of the steaming process by mode I1I.
compared to mode I. by 13.6%.

CONCLUSION

The paper presents heat consumption in the form of a technically justifiable Qrzn standard
for the steaming process of beech wood, removing the differences in the color of sapwood
and false heartwood. Normative of heat consumption Qrzv for the process of color
unification of beech wood with saturated water steam in autoclave AZ 240 according to
mode | to a pale brown color with values on the coordinates of the color space CIE L*a*b*:
L*=63.4+23,a*=13.0+ 1.4; b*=19.1 + 1.6 is Qrzn.1 = 102.73 kWh.m3. Qrzn norm for
the process of color homogenization to brown with values on the coordinates of the color
space CIE L*a*b*: L* =59.0 £ 2.1; a* = 12.9 £ 1.4; b* = 18.8 + 1.7 according to mode II
is Qrznn = 113.22 kWh.m™ and the Qrzy norm for the process of color unification of
sapwood and false heartwood to a dark brown-gray color with values on the color
coordinates: L* = 57.5 £ 2.0; a* = 13.4 + 1.2; b* = 18.8 + 1.5 according to mode Il is
Qrznan = 116.68 kWh.m3,
From the analysis of the share of individual items of heat consumption, it follows that the
largest heat consumption of the technological process is the heat consumption for heating
steamed wood 69.2 %. Other heat consumption for the implementation of the technological
process is lower. The heat consumption for heating the structure of the steaming autoclave
is 11% and the heat consumption for covering the heat losses of the pressure autoclave in
the form of drained condensate is 15.7 %.
The effect of an increase in the temperature of saturated water steam from temperature t; =
105 °C to tyy = 120 °C, i.e., o At = 15 °C, despite shortening the time of the steaming
process by At = 9 h, it is reflected in an increase in heat consumption in the process of
unifying the colors of sapwood and false heartwood from Qrzn = 102.73 kWh.m™ to
QTZN—III =116.68 kWhm3 ie. by 13.6%.

The dependence of the norm Q+zn of heat consumption on the temperature of saturated
water steam in the process of unifying the colors of beech sapwood and false heartwood is
described by the equation: Qrzn = -0.0239.t? + 6.3163.t — 296.64.
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DUST MONITORING IN URBAN HEATING PLANTS ON FOREST
BIOMASS

Milos Gejdos — Daniel Tom¢ik

Abstract

The process of production, storage, handling, and consumption of forest biomass is
characterized by a relatively high concentration of dust, consisting mainly of wood dust,
dirt on wood, and, during operation, spores of molds and fungi. The aim of the work was to
monitor the dustiness of the working environment in the operation of a biomass heating
plant and to assess potential health risks for human health. Dust measurement was carried
out in the operation of the heating plant before the end of the heating period on 21. 03.
2024. As a reference measurement, it was conducted in the inner city of Zvolen on 26. 03.
2024 under similar weather conditions. The concentration and abundance of dust particles
of sizes 2.5 um and 10 um were measured. The technical reference value for the risk
assessment of dust as a carcinogenic factor was not exceeded during these measurements.
However, when assessing the levels of dust concentration according to world health
standards, the results showed that the limits for healthy air in the operation of the heating
plant were exceeded. In conditions of a normal intravillage without industrial production,
up to three times lower dust concentration values were recorded.

Key words: Dust particles, healthy air, health risks, heating plant, forest biomass storage

INTRODUCTION

Dust is a mixture of microscopic solid particles in the air. These particles can originate
from various sources, such as industry, transport, as well as natural processes like wind
erosion or volcanic activity. Dust particles typically range in size from micrometers to
several tens of micrometers (Hatina et al. 2006). In various sectors of the economy, the
production of dust poses a significant health problem. The impact of dust on human health
depends on several factors: the type and method of production, its chemical composition,
and other variables. In addition to affecting the respiratory system, dust can also irritate the
mucous membranes of the eyes, nose, mouth, and larynx (Bohadana et al. 2000; Douwes et
al. 2001). The significant effect of fine dust particles on mucous membranes leads to
drying, while dust with higher humidity can foster conditions for fermentation and the
formation of chemical reactions between dust particles and biological particles contained
within the dust, potentially leading to allergies in the human body (Dolny, 1993). Allergic
reactions can also manifest on the skin, presenting symptoms such as redness, blisters, and
inflammation (Mahtt et al. 1993). Dust can also cause (Ockajova, 2012):

— Dermatoses: caused by mechanical irritation, chemical irritation, and allergic

reactions to certain wood components.
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— Respiratory problems: influenced by particle size and the type of wood (resulting
in inflammation of the mucous membranes and airways).

— Allergic respiratory problems: including allergies to components of wood dust
(leading to asthma, bronchitis) and allergies to molds and fungi present in wood.

— Carcinogenic effects of some types of wood.

The greatest danger to respiratory organs is posed by the respirable (alveolar) component,
with particles smaller than 10 um, which penetrate the lungs via the respiratory tract and act
as mechanical or chemical irritants. Prolonged exposure to such a dusty environment can
lead to pneumonocytosis, also known as dusting of the lungs (Urbanek, 2001).

The process of production, storage, handling, and consumption of forest biomass is also
characterized by a relatively high concentration of dust, primarily consisting of wood dust,
dirt on wood, and spores of molds and fungi. The highest concentrations are typically
observed during the technological process of chipping. There is relatively limited research
focused on the dustiness of the working environment in heating plant operations and large-
capacity forest biomass warehouses (Magagnotti et al. 2013; Gulci et al. 2018). This
scarcity may be attributed to the equipment and time requirements of such studies, as well
as various other factors that can influence the results. Additionally, there have been cases
where wood dust from wood chips has been identified as the cause of explosions, leading to
serious consequences for human health and lives (Diehl, 1998; Hedlund et al. 2014).

The aim of the work was to monitor the dustiness of the working environment in the
operation of a biomass heating plant with a large-capacity pile of forest chips and to assess
its risk to the health of workers as well as residents of the nearby area.

MATERIAL AND METHODS

The measurement was conducted at a city-type heating plant in the Banska Bystrica self-
governing region. Dust measurement took place before the conclusion of the heating period
on March 21, 2024, during which there was an approximate volume of 3,000 m? of forest
chips in the large-capacity pile. For the measurement, CEM DT-9880 dust meter was used
to count particles, and Temtop M2000C 2nd generation meter was utilized to measure the
dust concentration in the air. These meters were positioned between the large-capacity pile
and the building of the heating plant (see Fig. 1).

Fig. 1 Placement of the measurement point for dust meters
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The measurement methodology adhered to the provisions of the standards STN EN
689+AC Occupational exposure. Measurement of inhalation exposure to chemical agents.
Strategy for testing compliance with occupational exposure limit values, and STN EN 482
Occupational exposure. Procedures for determining the concentration of chemical factors.
These standards stipulate a minimum two-hour measurement during a work shift. Dust
particles of sizes PM2.5 and PM10 were measured. According to the World Health
Organization (WHO) and its guidelines from 2021, healthy air is considered to have an
average daily concentration of PM2.5 particles not exceeding 15 pg.m3. Conversely,
according to the US Environmental Protection Agency (EPA), the air is deemed unhealthy
when the concentration of PM2.5 dust particles ranges from 55 to 150.4 pg.m3 on average
over 24 hours (Du, Varde, 2016; Pai et al. 2022).

As a reference, dust concentration values were also measured in the classic urban area of
the city of Zvolen, outside the industrial operation area, on March 26, 2024. Similar
atmospheric conditions prevailed on this day as on the day of measurement in the premises
of the heating plant. The software products MS Excel and R-Studio were utilized to process
the results.

RESULTS

Figure 2 illustrates the assessment of the basic atmospheric conditions during the
measurements at the heating plant on March 21, 2024, and the reference measurement in
the inner city of Zvolen on March 26, 2024

Fig. 2 Atmospheric conditions in the heating plant (21. 3. 2024) and inner city Zvolen (26.
3.2024)

The measurements of atmospheric conditions reveal that very similar air temperatures
prevailed, and the relative air humidity was also at a similar level. The dispersion and
spread of dust particles are fundamentally influenced by the wind. It should be noted that
wind conditions during both measurement days at both locations were very similar. There
were no gusts of wind, and there was a moderate northwesterly breeze with a speed of up to
2m.s?

Figure 3 presents the evaluation of dust measurements conducted during the operation of
the heating plant on March 21, 2024. The concentration of dust particles is measured in
pg.m=, and the number of individual dust particles is assessed. The technical guideline
value for risk assessment of dust as a carcinogenic factor is up to 5 mg.m=3, which was not
exceeded. However, when assessing levels according to world health standards (as detailed
in the methodology chapter), it can be concluded that the dust levels were extremely high,
particularly in the first hour of measurement, surpassing the thresholds for healthy air.
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According to WHO standards, air harmful to health persisted throughout the measurement
period.

Fig. 3 Measurement in the heating plant on 21. 3. 2024 — Dust concentration in the air and
particles count in the air

Figure 4 depicts a reference measurement conducted in the inner city of Zvolen under
similar atmospheric conditions. The results indicate that the concentrations of dust in the air
throughout the entire measurement period were approximately three times lower than
during the measurement taken during the operation of the heating plant. For most of the
measurement time, the dust values did not exceed the levels considered healthy according
to health standards. Thus, it is possible to confirm the influence of the operation of the
heating plant and the storage and handling of biomass on increased concentrations of dust.
It is justified to consider such an operation risky from the perspective of human health.
Although the obligation of personal protective equipment has not yet been established for
these levels, it can be strongly recommended for workers who move around the premises of
the operation. The nearby residential zone, located only 20-30 meters from the
measurement point, appears to be problematic. The operation of the heating plant and the
storage of biomass undoubtedly represent a long-term health risk for these residents.

Fig. 4 Reference dust measurement in Zvolen 26. 3. 2024 - Dust concentration in the air
and particles count in the air

DISCUSSION AND CONCLUSION

The concentration of dust particles in the operations of biomass heating plants poses a
problem from the perspective of the health of workers and residents, especially when the
operation is situated in an urban area. The challenge lies in the difficulty of establishing
relevant legislation, as the direct and long-term impact of dust on human health remains
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problematic to prove. In addition to dust particles of biological origin (such as wood dust,
fungal, and mold spores), particles of ash, dirt, flue gas, etc., also accumulate in the air.
Barontini et al. (2014) demonstrated that the health risk diminishes only at a distance of
approximately 300 meters from the stored pile or operation. Moreover, high concentrations
of dust, combined with fuel vapors from operating machinery, can potentially create a
flammable and explosive mixture (Hedlund et al., 2014).

Our measurements indicated that operation in a city-type heating plant does not generate
dust concentrations that would necessitate assessment for carcinogenic effects according to
legislation. However, it was confirmed that dust concentrations are three times higher than
in the normal non-industrial environment of the inner city, and from the perspective of
international hygiene standards, they constitute an unhealthy working and living
environment.
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EFFECT OF LENS FOCAL LENGTH IN CO2 LASER ENGRAVING

Zhivko Gochev — Pavlin Vitchev

Abstract

The article presents the results of a study of surface roughness created by CO2 laser
engraving of birch plywood samples. The roughness of the treated surfaces was measured
with an electronic profilometer, model Surftest SJ-210 (Mitutoyo - Japan). A ZnSe lens with
a focal length of F = 50.8 mm was used for the research, focal position AF = -4, -6 and -8
mm above the surface of the material; laser beam power P = 4.0, 5.6 and 7.2 W; laser
beam scanning speed v = 250, 260 and 270 mm/s. The experimental results were evaluated
using Ra, Rq and Rz parameters and analyzed using specialized Q-StatLab software,
ANOVA analysis and interaction diagrams of all parameters, and relevant conclusions and
recommendations were drawn.

Key words: CO2 laser engraving; plywood; roughness of surfaces

INTRODUCTION

Laser technologies based on different types of laser sources are widely used in the modern
wood and furniture industry. One of the main directions in which CO2 lasers are used is
for cutting and engraving solid wood and wood-based materials (WBM).

Modern software products, which are part of laser technologies, open wide possibilities for
building complex graphic images, type of photography, on solid wood and WBM samples.
This opens up new challenges for the furniture industry and not least for the souvenir
industry.

Along with the development of laser technology, of particular interest to researchers is the
study of the mechanism of interaction of the laser beam with different types of wood and
WBM. The main guidelines being worked on are the most appropriate modes to be applied,
depending on the objective set and the specific type of material.

The most commonly investigated factors of CO2 lasers are the power and feed (scan) speed
of the laser beam, the focal length of the focusing optics and the position of the focus
relative to the surface of the material to be processed, the mode structure of the beam. The
object of study are the formation of the slot and its parameters, the modifications that occur
in the processed material, the changes in the color of the engraved surfaces as a result of
carbonization of the wood material, etc. (Orech and Jiza, 1987; Gotchev et al., 1994;
Gochev, 1996; Gochev and Dinkov, 1996; Dinkov et al., 1996; Batov et al., 1997; Pagano
et al., 2009; Kubovsky et al., 2012; Hernandez-Castafieda et al., 2011; Eltawahni et al.,
2013; Petutschnigg et al., 2013; Gochev, 2016; Gurau et al., 2017; Martinez-Conde et al.,
2017; Vidholdova et al., 2017; Sikora et al., 2018; Jurek and Wagnerova, 2021; Gochev
and Vichev, 2022; Kudela et al., 2022; Gochev, 2023 and others.).
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Information can be found in the literature, from different authors, about the changes that
occur in the color of different types of solid wood and WBM when engraving or decorating
with a CO2 laser beam (Petutschnigg et al., 2013; Gurau et al., 2017; Vidholdova et al.,
2017; Sikora et al., 2018; Jurek and Wagnerova, 2021; Gochev and Vichev, 2022; Kudela
et al., 2022; Jurek and Wagnerova, 2021 and others). The different colour shades, when
building complex graphic images, stand out best when engraving with a laser beam on
homogeneous solid wood and WBM. A number of authors have also investigated the
influence that the roughness of the carbonized material has on the quality of graphic images
(Gurau et al., 2017; Kadela et al., 2022; Li et al., 2022; Kudela et al., 2023 and others).
The aim of the present work is to investigate the surface roughness obtained during CO2
laser engraving of birch plywood samples and the influence of the different position of the
focusing lens over the material surface at different powers and scanning speeds of the CO2
laser beam, as well as to formulate relevant conclusions and recommendations.

MATERIALS AND METHODS

The experimental studies were conducted using a FormaTec laser engraving and cutting
machine, model K40 with 40 W power (Fig. 1).

Fig. 1 CO2 laser engraving and cutting machine

For the purpose of the experiment plywood samples were used - common birch (Betula
pendula Roth.) with dimensions 200 x 200 x 3 mm, density p = 400 kg/m? and humidity W
= 6%. Birch plywood is manufactured from developed birch veneer and is characterized by
high strength and dimensional stability. Birch is a hard broad-leaved wood species with a
light, smooth, even surface and a homogeneous, fine structure and is a suitable material for
CO2 laser engraving.

A test was performed on plywood samples to examine the change in color of the surface
layer when varying the laser beam power (P, W); scan speed (vi, mm/s) and focal length of
a ZnSe lens, F = 50.8 mm. The focal position, for each matrix series of the planned
experiment, was above the material surface: AF = - 4 mm; AF = - 6 mm and AF = - 8 mm
(Fig. 2).

The values of the variable factors - laser beam power (P, W) and laser beam scan (feed)
speed (vs, mm/s) in open and coded form are given in Table 1.

A high-precision roughness profilometer, model Surftest SJ-210 (Mitutoyo - Japan), was
used to measure the roughness changes in the surface layer color of the birch plywood
samples (Fig. 3).

The matrix of the planned two-factor experiment is shown in Table 2.
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Fig. 2 Position of the focal plane of the focusing lens above the surface of the material:
1 — laser beam; 2 — focusing lens; 3 — processed material

Table 1 Variable factor values

. Minimum value Average value Maximum value
Variable
f open coded open coded open coded
actors
form form form form form form
X1=P, W 4,0 -1 5,6 0 7,2 +1
X2 = vi, mm/s 250 -1 260 0 270 +1

Tab. 2 Matrix of the planned two-factor experiment

Ne of the | Variable factors

experiment Xi1=P,W X2 = vi, mm/s

1. -1 4.0 -1 250
2. +1 7.2 -1 250
3. -1 4.0 +1 270
4. +1 7.2 +1 270
5. -1 4.0 0 260
6. +1 7.2 0 260
7. 0 5.6 -1 250
8. 0 5.6 +1 270
9. 0 5.6 0 260
Experiments in the middle of the factor space

10. 0 5.6 0 260
11. 0 5.6 0 260
12. 0 5.6 0 260

RESULTS AND DISCUSSION

The results of the test conducted on the color change of the surface layer of the plywood
samples, according to the matrix of the planned two-factor experiment, are shown in Figure
4, for different focus positions AF above the material surface. The arrangement of the
samples was made vertically, in four rows, according to the experiment matrix of Table 2.
On the surface of the samples shown in Fig. 4 is an engraved system of isolated areas with
different colors from dark brown to light, approaching the natural color of birch plywood.
Specialized software was used to conduct this test ,,Inkscape*
(https://wikibgbg.top/wiki/Inkscape; https://paradacreativa.es/bg/que-es-inkscape-y-como-
funciona/). For each experience of the planned experiment matrix (Table 2), the laser beam
power was varied from 100% to 5% with a step of 5%.
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Fig. 3 Roughness profilometer, model Surftest SJ-210, Mitutoyo - Japan

A B C
Fig. 4 Test for colour change in the surface layer of birch plywood at: A — AF =-4mm; B
—AF=-6mm; C-AF=-8mm

Since the volume of roughness measurements, for each effect zone, is very large, as can be
seen in Figures 3 and 4, only the results of the areas affected with the laser beam at 100%
power are presented here, according to the experiment matrix in Table 2.

The values of Ra (the absolute mean difference between the peak and valley of the
irregularities, within the reference length 1), Rq (the root mean square deviation of the
evaluated profile from the mean line within the reference length 1) and Rz (the absolute
arithmetic mean sum of the five largest peaks and the five largest valleys, within the
reference length I) were used to evaluate the roughness of the surface irradiated by the laser
beam (BDS EN ISO 4287:2006). Each measurement was carried out in the area of
influence, repeating the measurements three times in different directions to obtain averaged
values (Table 3, 4 and 5).

Table 3 Surface roughness parameters at AF = -4 mm

Ne of the | Variable factors QOutput factors

experiment X1=P, W | X2=vi mm/s Y =Ra, pm Y =Rq, pm Y = Rz, pm
1. 4.0 250 9.47 12.12 59.01
2. 7.2 250 24.59 29.65 119.98
3. 4.0 270 14.42 17.29 83.09
4. 7.2 270 21.59 26.05 106.29
5. 4.0 260 13.72 17.74 84.66
6. 7.2 260 21.33 26.03 106.83
7. 5.6 250 19.06 23,59 98.84
8. 5.6 270 17.32 21,45 94.48
9. 5.6 260 20.66 25.59 111.19
Experiments in the middle of the factor space

10. 5.6 260 24.69 30.34 128.69
11. 5.6 260 19.03 23.36 98.71
12. 5.6 260 16.88 21.32 94.68
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Table 4 Surface roughness parameters at AF = -6 mm

Ne of the | Variable factors Qutput factors

experiment X1=P,W | Xz2=vf, mm/s Y = Ra, pm Y=Rq,pm | Y =Rz, pm
1. 4.0 250 7.00 9,27 49.31
2. 7.2 250 19.44 23.91 97.84
3. 4.0 270 10.37 13.67 69.51
4. 7.2 270 18.03 22.19 94.67
5. 4.0 260 7.80 10.42 55.64
6. 7.2 260 13.04 16.39 73.99
7. 5.6 250 16.46 20.60 91.07
8. 5.6 270 17.42 21.55 93.48
9. 5.6 260 20.32 24.69 105.85
Experiments in the middle of the factor space

10. 5.6 260 16.49 20.48 90.09
11 5.6 260 15.92 19.61 83.20
12. 5.6 260 19.05 23.26 98.06
Table 5 Surface roughness parameters at AF = -8 mm

Ne of the | Variable factors Qutput factors

experiment X1i=P,W Xz=vs, mm/s | Y = Ra, pm Y =Rq, pm Y =Rz, pm
1. 4.0 250 5.62 7.33 38.32
2. 7.2 250 11.15 20.68 89.85
3. 4.0 270 5.42 7.35 27.30
4. 7.2 270 17.49 21.71 67.55
5. 4.0 260 8,84 1151 54.94
6. 7.2 260 16.96 20.48 85.00
7. 5.6 250 11.22 19.86 88.58
8. 5.6 270 14.12 17.42 76.31
9. 5.6 260 14.55 18.60 86.52
Experiments in the middle of the factor space

10. 5.6 260 13.06 16.95 78.12
11. 5.6 260 13.16 16.73 76.20
12. 5.6 260 17.51 21.71 90.62

In North America the most commonly used surface roughness parameter is Ra, while in
Europe the more common roughness parameter is Rz.

The Ra parameter is statistically stable and repeatable, but it does not distinguish between
peaks and valleys of the profile.

The Rz parameter averages only the five highest peaks and the five deepest valleys -
therefore the extreme values have a much greater influence on the final result.

The Rq parameter is more sensitive to peaks and valleys than Ra and is commonly used in
in research and statistical control of very smooth surfaces (Kalimanova et al., 2012).

Which parameter to use to evaluate the surface roughness Rz or Ra depends on the
manufacturer and the customer. It is recommended as a safe conversion to use a ratio range
for Rz to Ra = 4:1 to 7:1 (https://www.productionmachining.com/articles/the-difference-
between-ra-and-rz, Kovacs et al., 2012), but this is still an example of not good
engineering practice.

Because using Ra alone may cause some points, such as single convexities, to be neglected,
it is better to use Ra and Rz together. In this study, to obtain a more complete picture,
results are also given for the parameter Rq.
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Figure 5 shows a roughness profile from the surface of a birch plywood sample not treated
with CO2 laser beam, and Figures 6, 7 and 8 after laser beam treatment at the position of
the focus above the material surface (AF = -4 mm, AF = -6 mm and AF = -8 mm). The
roughness profiles in Fig. 5 were obtained for variable factor parameters corresponding to
No. 10 in Table 2.

It can be seen from all the above figures that:

- the CO2 laser-treated surfaces of the birch plywood samples have a greater
roughness than the untreated ones, and for the parameter Ra the variation is from 2
to 4 times, and for Rz from 2.2 to 3.9 times;

- the largest roughness of the CO2 laser treated surfaces is obtained at the focal
position AF = -4 mm above the material surface and the smallest at AF = -8 mm,
an intermediate position for the surface roughness is obtained at AF = -6 mm;

- cpotHOHmIeHHETO Mexay AF = -4 mm kem AF = -6 mm, xkem AF = -8 mm3a Rae
2.0:1.7:1.2,a3a Rze1.8:1.5:1.2;

- the main reason for the different roughness of the CO2 laser treated surfaces at
different focus positions over the material surface is the different power density of
the laser beam (Fig. 2);

- at all three focus positions an unfocused laser beam falls on the plywood samples,
but at AF = -4 mm the spot diameter is the smallest and the power density is the
largest, while at AF = -8 mm the spot diameter is the largest and the power density
is the smallest;

- greater beam power density leads to a greater amount of absorbed heat and
increased surface roughness.

Fig. 5 Various machined surface roughness profiles

The results of the experimental studies were processed mathematically with specialized Q-
StatLab software and regression equations were derived for the roughness parameters Ra
and Rz at different focal positions on the material surface:

- Regression equation for Ra at AF = -4 mm

Y1 =19.98 + 4.98X; - 0.035X; + 1.74X:2 - 1.078X5% - 1.98X1X2 Q)
- Regression equation for Ra at AF = -6 mm

Y1 =17.22 + 4.22X3 - 0.49X; + 5.38X2 - 1.14X7% - 1.19X: X, (2)
- Regression equation for Ra at AF = -8 mm

Y1 =14.75 + 4.29X; - 1.51X; + 2.21X,2 - 2.44X7% - 1.63X1X2 (3)

- Regression equation for Rz at AF = -4 mm
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Y2 =106.98 + 17.72X; - 1.005X; + 8.57X;2 - 7.655X2? - 9.44X1 X2 4)
- Regression equation for Rz at AF = -6 mm

Y2 = 91.79 + 15.34X; - 3.24X; + 21.96X:2 - 5.496X,2 - 5.842X1X, (5)
- Regression equation for Rz at AF = -8 mm

Y2 = 85.164 + 20.306X; - 7.598X, + 19.792X,2 - 7.317X,? - 0.61X1X; (6)

It can be seen from the equations that it is the coefficient in front of X, corresponding to the
cutting power (P) that will have the greatest influence, and to a greater extent than feed rate
(vr), on the roughness of the surfaces. The sign in front of the coefficient is ,,plus®, i.e. as P
increases, Ra and Rz will increase. The coefficient in front of X, has a negative sign, i.e.
with increasing feed rate (scanning) Ra and Rz will decrease. The sign in front of the
coefficient of double interactions X, is negative, indicating the divergent influence of laser
beam power (P) and feed rate (vf) on the surface roughness.

CONCLUSION

Based on the research conducted, the following more important conclusions and
recommendations can be drawn:

1. The largest values of the roughness parameters of the CO; laser treated surfaces are
obtained at the focal position AF = -4 mm above the material surface and the smallest at AF
= -8 mm, an intermediate position for the surface roughness is obtained at AF = -6 mm.

2. At a focus position above the material surface of AF = -4 mm, the loss of wood mass is
greater than at focus positions of AF = -6 mm and AF = -8 mm. In the first case, the
diameter of the unfocused laser beam is smaller, the power density is greater and the
amount of vaporized material is greater than at AF = -6 mm and AF = -8 mm, which is also
reflected in larger values of the parameters Ra, Rz and Rq.

3. As the laser beam power (P) increases, the values of the parameters Ra and Rz, i.e. the
roughness of the machined surfaces, will also increase.

4. Increasing the feed rate (scanning) of the laser beam, the values of the roughness
parameters Ra and Rz decrease, as the time of the laser beam impact on the material
decreases, leading to a decrease in the degree of carbonization of the surface layer, and
hence to a decrease in its roughness.

5. The ratio of AF = -4 mm to AF = -6 mm and to AF = -8 mm for Ra is 2.0:1.7:1.2, and for
Rzis1.8:1.5:1.2.

6. The CO; laser-treated surfaces of the birch plywood specimens have a greater roughness
than the untreated ones, with a variation of 2 to 4 times for the Ra parameter and 2.2 to 3.9
times for Rz.

7. Depending on the effect to be achieved when building complex graphic images with the
help of a laser beam, modes can be developed in which a certain shade is achieved between
darkening of the surface layer of the material and its roughness.
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TOOL COATINGS AND THEIR EFFECT ON CUTTING FORCE
REDUCTION IN CNC MDF MILLING

Lud’ka Hanincova — Vit Novak — Jiri Prochiazka — Radek Matrosz

Abstract

Tool coatings play a crucial role in the performance and service life of cutting tools. This
study evaluates the impact of various tool coatings on cutting forces during CNC milling of
Medium Density Fiberboard (MDF). Five different tool coatings were tested: lapped
surface, Hyperlox, TripleSi, DLC (Diamond-Like Carbon), and an uncoated reference tool.
The experiments were conducted under different cutting speeds (8; 10; 12 m/s) and feed
rates (0.1; 0.2; 0.3 mm) for both types of milling (conventional and climb) on CNC machine
SCM Morbidelli m100. The results indicate that lapped surfaces and TripleSi coatings
significantly reduce values of total active cutting force compared to the reference tool and
DLC coating. The findings provide insights into optimizing tool selection for increasing in
the woodworking industry.

Key words: CNC machining, cutting force, coating, MDF

INTRODUCTION

Cutting tools undergo continuous development, leading to increasingly sophisticated shapes
(Héusler et al. 2020) and material solutions (Berger et al. 2010). In machining tough
materials, the primary challenge is the high friction during chip formation, which causes
excessive tool heating (Horman et al. 2014). This issue is exacerbated in machining wood-
based materials, which are typically thermal insulators, causing heat to accumulate in the
tool (lgaz et al. 2018). A common solution is reducing the tool's friction coefficient with
appropriate coatings, which improves the friction between the tool body and the material
and facilitates easier chip removal from the cut. Today, a wide range of hard coatings based
on carbides and nitrides (Berger et al. 2010) are available on the market, applied in
microscopic layers on the tool surface. These coatings are applied using chemical vapor
deposition (CVD) and newer physical vapor deposition (PVD) methods, each with various
extensions depending on the coating material (Raheem, 2019). These methods are often
used to apply a thin layer of carbon in its hardest sp3 structure (Deutchman and Partyka,
1990), known as Diamond-Like Carbon (DLC) (Folea et al. 2010). Since its inception in
the 1970s, the technology has been continually improved (Ghadai et al. 2018), achieving up
to 90% tetrahedral structure with sp3 bonds, resulting in an exceptionally high-quality tool
surface with hardness up to 90 GPa (TetrabondTM, 2021). DLC coatings, however, do not
have high thermal resistance, similar to PCD, with manufacturers stating a limit of 500 —
700 °C (Folea et al. 2010; Meng et al. 2015). Nevertheless, due to the significantly reduced
friction coefficient (Swisher, 2020), the risk of critical temperature during machining is
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minimized. DLC coatings appear to be a potential universal solution for machining wood-
based materials, including solid wood (Pancielejko et al. 2012), but this hypothesis needs to
be tested by comparing the cutting parameters of different tool materials on various
workpiece materials.

The aim of this research is to evaluate the suitability of tool coatings in terms of cutting
force during open milling of MDF boards on a CNC machining center.

MATERIAL AND METHODS

For the experiment, Medium Density Fiberboard (MDF) with a thickness of 18 mm was
chosen for its homogeneity. The boards used in the experiment had a density of 770 kg/m?
and a moisture content of 7.5 %, with dimensions before milling of 300 x 155 x 18 mm.

Figure 1: Kistler measuring system and CNC machine; Clamped MDF sample on Kistler measuring equipment

A CNC machining center SCM Morbidelli m100 (SCM, Italy) was used for the experiment.
The tools included five single-flute cutters (Vydona, Czech Republic) with different
coatings:

e Lapped surface: Provides a very smooth surface that minimizes friction.
Hyperlox: Known for its hardness and wear resistance.
TripleSi: Combines hardness and temperature resistance.
DLC (Diamond-Like Carbon): Very hard coating with a low friction coefficient.
Reference tool: Served as a control sample for comparison with coated cutters.
Since it has the same tool geometry as the other cutters, it allows isolating and
quantifying the effect of the coating on machining results.
Tools with a straight edge were chosen to eliminate the effect of force acting in the Z-axis.

Table 1: Tool parameters

Tool diameter 10 mm

Tool length 80 mm

Number of teeth 1

Tool geometry Radial groove angle: 5° positive (i.e., -0.436
before the center)

Axial rake angle: 0° / straight tooth

Radial rake angle: F1 30° / 1 mm, F2 40°
with radial lead 0.5° /270°

Axial rake angle on the tool face: F1 15°/ 1
mm, F2 20° / axial undercut 210°

Both climb and conventional milling were chosen. Material removal was 1 mm, with
varying cutting conditions (cutting speed, feed per tooth, and tool coatings). The tool
machined the front face of the workpiece first by conventional milling and then by climb
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milling at different feed rates per tooth (0.1, 0.2, and 0.3 mm) and cutting speeds (8, 10, and
12 m/s).

A Kistler measuring system was used to measure cutting forces, consisting of a Kistler
9257B dynamometer, DAQ type 5697A data acquisition unit, 5070A data amplifier, and
DynoWare evaluation software. This system allows precise measurement of forces in the X,
Y, and Z axes. The dynamic analysis of milling is based on the Ernst-Merchant force
diagram (Fig. 2).

Figure 2: Ernst-Merchant force diagram

Due to the use of a straight-edged cutter, the axial force component in the Z direction is
zero. The total active cutting force (Fz) is calculated using the Pythagorean theorem from
the measured forces in the X and Y directions. Fyx is perpendicular to the feed direction, and
Fy is equal to the force in the feed direction (Kopecky et al. 2019):

F, = JFZ+F; [N] (1)

RESULTS AND DISCUSSION

The graphs represent the total active cutting force during conventional and climb milling of
MDF boards for different tool coatings at different cutting speeds and feed rates per tooth.

Conventional milling - vc =8 m/s Conventional milling - ve = 10 m/s Conventional milling - vc =12 m/s

12 12

s

Active cutting force (N)

Active cutting force (N)

01 02 03 01 02 03 01 02 03
Feed per tooth (mm) Feed per tooth (mm) Feed per tooth (mm)

Climb milling -ve =8 m/s Climb milling -vec =10 m/s Climb milling -vc =12 m/s

—e—Feference

—e—TripiSi

—e—Hypertox

Active cutting force (N)

Active cutting force (N)

e —e—DLC

7 —e—Lapped

01 02 03 01 02 03 01 02 03
Feed per tooth (mm) Feed per tooth (mm) Feed per tooth (mm)

Figure 3: The total active cutting force (N) during conventional and climb milling
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Regardless of the type of coating and cutting speed, the total active cutting force increases
with higher feed per tooth. This trend is consistent in all cases except for conventional
milling at v¢ = 12 m/s. Koch (1964), Heisel et al. (2007), Kminiak and Kub$ (2016),
Moradpour et al. (2016) claim that the cutting force increases with feed speed (or feed
force).

At higher cutting speeds (10 m/s and 12 m/s), the total active cutting force is higher than at
8 m/s. This increase is evident for all coatings. Nasir and Cool (2018) claim that
contradictory results have been reported for the effect of cutting speed on cutting force and
power. Moradpour et al. (2016) presented that higher cutting speed corresponds to efficient
cutting, indicated by a reduction in parallel and normal cutting forces. On the other hand,
cutting speed has been linked to an increase in cutting force (Axelsson et al. 1993,
Porankiewicz et al. 2007, 2011). Franz (1958), and Eyma et al. (2005) state that cutting
speed has no effect on cutting force values.

DLC exhibits the highest total active cutting force in all cases. This trend is consistent at all
feed rates per tooth and cutting speeds. The lapped surface exhibits the lowest total active
cutting force among all tested coatings. This trend is clear at all cutting speeds and feed
rates per tooth except for climb milling at vc = 10 m/s. The graphs indicate that the lapped
surface is the most effective coating for reducing total active cutting forces when milling
MDF boards. TriplSi and Hyperlox coatings also show good results and are significantly
better than DLC or the reference tool. In most cases, the DLC coating has the highest total
active cutting force values, even higher than the reference tool, indicating its lower
efficiency under these experimental conditions. Optimizing coatings can significantly
contribute to reducing cutting forces, thereby increasing the efficiency of the machining
process.

Tables 2 and 3 provide a detailed comparison of the total active cutting force for different
tool coatings at various cutting speeds (v¢) and feed rates per tooth (f;). Average values and
percentage comparisons relative to the reference tool are provided.

Table 2: Comparison of the total active cutting force for different tool coatings — conventional milling

Ve [m/s] 8 10 12
f,[mm] [01]02| 08 [02]02| 03 |01 02 | 03 Percentage
comparison
Reference | 7:66 | 9,56 | 10,14 | 7,6 | 851|985 |7,43|9,92 |99 [895 0%
Triplsi | 647 (874|914 |652|827|901 |653|898 |878 |805 10%
Hyperlox |67 |9 |943 |665]821/932 675|922 918 |8.27 8%
DLC 7,79 | 9,88 | 10,35 | 7,34 [ 8,9 | 10,95 | 7,98 | 11,05 | 10,85 | 9,45 6%
Lapped | 6:32 852|945 624|754 /845 |621|88 (879 |781 13%
6,99 |9.14|970 |687 829|952 |698|959 |950 |Average
values

For reducing total active cutting force, it is recommended to use tools with a lapped surface
or TriplSi coating. These coatings show the lowest average total active cutting force values
in all tested conditions.
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Table 3: Comparison of the total active cutting force for different tool coatings — climb milling

Ve [m/s] 8 10 12

f,rmm] 01| 02 | 03 [01] 02 | 03 |01]| 02 | 03 Eg;f;g:;‘sgoen
Reference | 8:19 | 10,35 [ 11,3 |7,49|9,09 | 11,06 | 8,21 10,56 | 12,88 | 9,90 0%
Triplsi | 719|961 |10,36 |6,68 |84 |1007 704|963 |1189899 9%
Hyperlox | 7:12 | 9.68 1020|727 |947 |1164|721|992 |12,43|945 50
DLC 891 |11,11|10,85 [ 8,96 [ 11,17 | 12,6 |9,45 | 11,98 | 13,88 | 10,99 1%
Lapped | 6:75|9.21 1019 67692 |11,19|6:86|952 |11,94|9,07 8%

763|999 |1060 |743|947 |11317,75|10,32 | 12,60 Cgﬁgasge

TriplSi consistently shows the lowest total active cutting force values in all tested
conditions. DLC exhibits the highest total active cutting forces, indicating its lower
efficiency.

Conventional milling generally shows lower total active cutting force values than climb
milling. This means that during conventional milling, the tool experiences less stress and
potentially better surface quality. Using a climb cutting mode, where the tool and the
workpiece move in the same direction, requires more cutting power than conventional
cutting (Nasir and Cool 2018).

Lapped surface and TriplSi are the most effective coatings for reducing total active cutting
forces in both types of milling, but they perform better in conventional milling. Due to the
properties of the lapped surface, the time-consuming manufacturing process, and the fact
that polishing does not improve the tool's hardness, a tool with a lapped surface may have a
shorter lifespan. Therefore, a tool with TriplSi coating is a more suitable choice.

Hyperlox also provides good results but is less effective than TriplSi and the lapped
surface.

DLC coating exhibits the highest total active cutting forces in both types of milling,
indicating its lower efficiency compared to other coatings. This phenomenon may be due to
the material being milled during the experiment. DLC-coated tools are more suitable for
working with hard and exotic woods and woods with high resin content. Also, it would be
very interesting to further test the long-time machining effect of each coating type, where it
might be expected better performance of DLC relatively to its properties.

The reference tool shows higher total active cutting forces than coated tools, confirming the
benefits of coatings for reducing total active cutting forces.

CONCLUSION

The correct choice of tool coating is a crucial factor for effective CNC machining of MDF
boards. Coatings such as TriplSi and lapped surface offer significant advantages in
reducing total active cutting forces, increasing tool life, and improving surface quality.
Although the DLC coating shows higher total active cutting force values, it may be useful
in applications where its specific properties, such as extreme hardness and low friction
coefficient, are required. These findings are essential for optimizing manufacturing
processes and increasing efficiency in the woodworking industry.
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SURFACE AND ADHESIVE PROPERTIES OF BEECH WOOD
TREATED BY LOW TEMPERATURE PLASMA AND SATURATED
WATER STEAM

Peter Jurkovi¢! — Igor Novak? — Jan MatyaSovsky® — Angela Kleinova?
— Matej Mi¢usik?— Jan Sedliadik®

Abstract

Saturated water steam treatment causes changes in the surface properties of wood, the
surface becomes hydrophobic, which can cause serious problems when gluing or coating.
In this study, the radio-frequency (RF) discharge plasma in air was used to increase the
hydrophilicity of the steam-modified wood due to the formation of various polar groups.
The increased surface polarity improves the wood hydrophilicity due to oxidation
reactions.

Keywords: beech wood, hydrophilicity, FTIR, RF plasma, water steam treatment

INTRODUCTION

Discharge plasma in air itself significantly increases the hydrophilicity of wood because
various polar groups are formed, and the wood macromolecules are also cross-linked,
which leads to an increase in scratch resistance and an improvement in the barrier
properties of the wood material (Hiinnekens et al. 2018). and also increases the adhesion
between adhesive and wood substrate (Acda et al. 2012, Novak et al. 2016). The discharge
plasma significantly increases the hydrophilicity of wood due to the formation of various
polar groups (Abbasipour et al. 2012). The application of discharge plasma improves the
strength of joints polymeric adhesives- wood substrates. A radio-frequency plasma is a
mixture of various excited particles, such as ions, atoms, electrons, and radicals, that have
sufficient energy to break chemical bonds in wood substrates (Odraskova et al. 2008). The
effects of the discharge plasma treatment of wood are limited to a nanometers and do not
affect the bulk properties of wood (Novak et al. 2012). The increase in surface polarity due
to oxidation reactions induced during the modification of wood by RF plasma improves the
wettability and hydrophilicity of wood (Muller et al. 2009).

The treatment with water steam represents an hydrothermal method of modification that
results in chemical changes influencing its hydrophilicity. The steam degradation
(modification) of wood alters its chemical and physical properties. The effect and
mechanisms of the water steam regarding to changes in the chemical structure have not
been in details understood (Dzurenda and Dudiak 2020).
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This paper summarized the results of surface, adhesive and chemical changes investigation
in beech wood as well as beech wood treated by water steam and radio-frequency discharge
plasma.

EXPERIMENTAL

Materials
Beech wood (Fagus sylvatica L.) was thermally modified with saturated water steam at a
temperature of 135 £ 2 °C during a period of 9 hours.

Radio-frequency discharge (RFD) plasma treatment

The RF plasma treatment of thermally modified wood was performed in a laboratory
plasma reactor. The RF plasma reactor has a voltage of 2 kV, a frequency of 13.56 MHz
and a maximum current intensity of 0.6 mA.

Methods used

Hydrophilicity of steam-treated beech wood before/after plasma treatment was evaluated
by the determination of contact angle (CA, 0) with a water-free 99.5% glycerol as the
testing liquid. The 5 pl drops of testing liquid were placed on the wood surface with a
micropipette. Glycerol CA measurements were taken using a professional Surface Energy
Evaluation (SEE) System device coupled to a web camera and the required PC software.
The Fourier Transform Infrared Spectroscopy - Attenuated Total Reflection (FTIR-
ATR) spectrum of wood is basically a mixed spectrum of cellulose and lignin with
characteristic peaks of both OH bonds and in the fingerprint wave numbers, which are
particularly low for C-O-C, CH; and COO bonds, typical for polysaccharides. Spectra of
beech wood samples were recorded by the ATR technique in the mid-infrared region (4000-
650 cm?) using a germanium crystal on a NICOLET 8700™ instrument.

Adhesion measurements were carried out with determination of the tensile strength of
adhesive lap joints for native and steam-modified beech wood before/after plasma
treatment. Adhesive strength was determined according to EN 204 durability class D4
under conditioning sequences: dry (7 days in standard atmosphere); boiled (7 days in
standard atmosphere, 6 hours in boiling and 2 hours in cold water), and soaked (7 days in
standard atmosphere, 4 days in cold water).

X-ray photoelectron spectroscopy (XPS) data were recorded using a Thermo Scientific K-
Alpha XPS system (Thermo Fisher Scientific, UK) equipped with a micro-focused,
monochromatic Al Ko X-ray source (1486.6 eV). An X-ray beam with a spot size of 400
pum size was used at 6 mA x 12 kV.

RESULTS AND DISCUSSION

For hydrophilicity determination the contact angles (CA) of glycerol were carried out and
were repeated 8 times. The arithmetic mean and standard deviation of the measurements
were analysed (Table 1).
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Table 1. Contact angles of native and water steam-modified beech wood treated
subsequently by radio-frequency discharge plasma

Sample CA 9] CA 9] CA[9]
0s after 60 s after 120 s
Beech wood — native 61.5 (2.8) 51.5 (2.2) 26.2 (1.8)
Beech wood — native + plasma 46.6 (2.2) 36.1(2.2) 18.8 (1.6)
Beech wood — steam-modified 65.5 (2.6) 54.8 (2.2) 32.2 (2.0)
Beech wood — steam-modified + plasma 48.2 (2.0) 38.8 (2.0) 26.2 (2.5)

Standard deviations are in parentheses

The CA on steam-modified beech wood are higher in comparison with native wood. With
the time duration after plasma treatment, the CA values decreased in all cases. After plasma
treatment, the CA values were lower than those of non-treated wood. The CA on native
beech wood reached a value of 61.5°. The CA on beech wood treated with plasma reached a
lower value of 46.6° compared to unmodified wood. With the time that passed since the
plasma modification the CA value decreased in both cases. After plasma treatment, the CA
values of steamed wood were lower than those of non-steamed wood, they decreased after
60s and 120s.

Adhesive properties

The results of the strength of adhesive lap joints measurements were carried out for native
and steam-modified beech wood before/after plasma treatment (Table 2). It was found that
the tensile strength of lap adhesive joints prepared from native and steam-modified beech
wood is equal. RF plasma-treated samples have a higher tensile strength when compared to
samples without plasma treatment, approximately up to 10 %.

Table 2. Strength of adhesive lap joints after D4 according to EN 205

Sample dry [MPa] boiled [MPa] soaked [MPa]
Beech wood — native 15.5(2.21) 3.1(0.63) 3.6 (0.53)
Beech wood — native + plasma 15.8 (2.64) 3.6 (0.86) 3.8 (0.85)
Beech wood — steam-modified 15.7 (2.76) 2.9 (0.64) 3.7 (0.59)
Beech wood — steam-modified + plasma 15.7 (2.24) 3.4 (0.66) 4.0 (0.65)

standard deviations are in parentheses

FTIR-ATR

A visual comparison of FTIR-ATR spectra of beech wood samples were found that there
are few differences between the individual spectra in the whole infrared range (Figure 1).
The biggest differences were observed in FTIR-ATR spectra of steamed wood before and
after plasma treatment, while the spectra of steamed wood after plasma treatment were
more noisy in the range of wavenumbers 1800-1300 cm™ than untreated ones. This
phenomenon is probably related to a greater susceptibility to roughening of the surface of
the steamed wood after plasma application to the steamed wood.
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Figure 1. Spectra of beech-steamed vs beech-steamed plasma in the whole IR range.

Figure 2A and Figure 2B represent the XPS spectra of beech wood modified by RF plasma.
Figure 2A and Figure 2B compare the carbon C1s peaks of untreated beech wood (Figure
2A) and a plasma-treated (120s) sample (Figure 2B) obtained from XPS measurements.
The spectrum of the untreated beech wood shows two basic peaks, one attributed to C-C
bonds at ~ 284.9 eV and the other associated with C—O bonds at ~ 286.5 eV; additionally,
some minor peaks assigned to C=0 at ~ 288.1 eV and COOH at ~ 289.1 eV bonds can be

observed.

After plasma treatment, there was an increase in the intensity of peaks

corresponding to carbon-oxygen groups, especially those assigned to C=0 and COOH

groups.
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2. XPS spectra of beech wood: A — carbon C1s peak of native beech wood, B —

carbon C1s peak of RF plasma-treated (120 s) beech wood
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Table 3. Apparent surface chemical composition of beech wood madified by RF plasma for
120s as determined by XPS

Beech wood Surface chemical composition [at.%6]
Ols N1ls Ca2p
Cis fit
C-C, C-0, C=0, COOH, a—n*
Native 26.1 0.9 0.3
+0.6 72.8+0.5 £0.2 0.1
52.9+3.5, 37.6.0+2.4, 6.2+0.4, 2.9+1.0, 0.3+0.1
Plasma-treated 38.2 25 1.2
2.4 58.1£2.9 +03 0.3

37.0+4.8, 34.4+1.7, 14.121.1, 13.422.2, 1.1+0.5

Another reason is the greater stability of the C-O bond compared with that of the C-N
bond and thus the greater stability of the C=0 bond versus the C=N bond (Table 3). The
concentration of oxygen on the beech wood surface after 120 s of plasma treatment
increased s from 26.1 to 38.2 at.%, and the amount of nitrogen increased from 0.9 to only
2.5 at.%. The amount of carbon during the plasma treatment of the beech wood conversely
decreased from 72.8 to 58.1 at.%.

CONCLUSION

RF plasma treatment proved its efficiency, plasma-treated samples reached significantly
lower contact angles values in comparison with plasma non-treated samples. The biggest
differences were observed in the spectra of steamed wood before and after plasma
treatment, while the spectra of steamed wood after plasma treatment were more noisy in the
range of wavenumbers 1800 - 1300 cm™ than untreated ones. After RF plasma treatment an
increase was observed in the intensity of peaks corresponding to carbon-oxygen groups,
especially those assigned to C=0 and COOH groups. Better hydrophilicity was confirmed
by the higher strength of lap adhesive joints after different conditioning sequences.
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Abstract

Wood drying does not only consist in removing its moisture: the quality of the dried
product is the main requirement for the industrial process. Because wood shrinks during
drying, deformations and stresses develops than can lead to unusable product. When
developing drying technologies and methods, the aim is to achieve the shortest possible
drying times. The most common defects in wood after drying include cross warping (cup),
which significantly affects the efficiency of processing the raw material into products. The
research was focused on the effect of different drying conditions (temperature, drying
gradient) on the size of the cross warping. Despite very intensive drying and large moisture
gradients at the end of drying, the values of cross-peeling in beech samples after high-
temperature drying were small and the positive effect of high temperatures on the amount
of drying of the wood was confirmed. A reduction in the size of the cross warping can also
be achieved by effective loading of the samples in combination with a more precise control
of the high temperature drying process so that smaller values of the moisture gradients of
the samples at the end of the drying process are achieved.

Key words: deformations, cup, beech wood, high temperature drying, drying intensity,
drying gradient.

INTRODUCTION

Wood, being a natural hygroscopic material, the interaction between wood and
moisture plays a crucial role in wood processing and utilization. Drying shrinkage is a
common phenomenon during the processing and utilization of wood induced by moisture
loss (Fu et al. 2022; Ormarsson 1999). The moisture content of a growing tree is high, and
it is normally needed to dry the timber before using it for construction purposes. During
drying of wood, it is important to avoid excessive deformation of the sawn timber. The
deformation process is affected by differences of the moisture and temperature conditions.
To minimize unfavorable deformations, such as cup, twist, crook, bow (Fig. 1), one may
optimize the environmental conditions during the drying process as well. Characteristic of
wood is that its behavior is strongly orthotropic due to the internal structure of the material
and exact dependent on moisture and temperature (Miyoshi et al. 2018). In addition, the
material is characterized by a strong variation of the properties in the radial direction.
Furthermore, the behavior of wood is strongly affected by variations in the environmental
conditions, especial when the trees is exposed to stress.
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This anisotropy affects many of the wood species characteristics such as strength,
shrinkage, swelling, thermal and electrical conductivity. As a representative example, wood
exhibits different levels of shrinkage among tangential, radial, longitudinal directions.

Fig. 1 Different forms of deformation of wood (Bond, Espinoza 2016)

This anisotropy affects many of the wood species characteristics such as strength,
shrinkage, swelling, thermal and electrical conductivity (Fig.1). As a representative
example, wood exhibits different levels of shrinkage among tangential, radial, longitudinal
directions. Commonly, the tangential shrinkage is the greatest, around 6-12%, followed by
radial shrinkage at 3-6%, and longitudinal shrinkage being less than 0.1-0.2% (Glass,
Zelinka 2021; Nocetti et al. 2015). The loss of moisture leads to different drying shrinkage
in different grain directions of wood, and thus shrinkage anisotropy of wood is one of the
reasons for the drying stresses. Additionally, due to in reliabilities of moisture content
between the surface and core layers during the drying process of wood, as well as
differences in material properties between heartwood and sapwood, or earlywood and
latewood, there will be uneven distribution of moisture content. The uneven distribution of
wood moisture will produce moisture gradient stress, which forms an additional source of
drying stresses in wood. Therefore, the shrinkage anisotropy stress and moisture gradient
stress, are the two principal catalysts of drying stresses in wood (Fu et al. 2015). One type
of deformation is cup, which is defined as a distortion of a board in which there is deviation
from flatness across the width of the board (Simpson 1991, Vilkovsky et al. 2023).

The main objective of the present paper is to characterize and analyze one of the most
common wood defects after drying, namely cross warping, which significantly affects the
efficiency with which the raw material can be processed into products. Therefore, the
article is designed to evaluate the effect of temperature on the size of the cupping
deformation during high-temperature drying and warm-air drying.

MATERIAL AND METHODS

The testing tree species was beech (Fagus sylvatica L.), which is the most
economically important tree species in the forests of Slovakia. Logs with a diameter at the
thinner end of 50 to 56 cm and a length of 4 metres were used. The logs were harvested in
the forests of the University Forestry Enterprise in the locality of Hronska Breznica. The
logs were sawed by cant sawing pattern. Subsequently, the prisms were cut into 25 mm
thick sawn timber. The dimensions of the samples were 25 x 120 x 1000 mm. Specimens
were cut from the centre of the lumber so that their net dimension was 1000 mm. Samples
were cut at the edge of the specimen for moisture content and moisture gradient (Figure 2).
Specimens with annual circles with a slope of 0 to 30° tangential sawn timber were selected
for test specimens. At regular time intervals, the selected samples were weighed. Based on
this moisture content, the drying process was controlled.
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Fig. 2 Samples for determination a) moisture content a b) moisture gradient

Drying mode

Two drying modes were used. High-temperature and warm-air drying. Drying of the
samples was done in the drying kiln in the drying laboratory at the Department of Wood
Technology, Technical University of Zvolen. For warm-air drying, a low-temperature
drying mode with constant drying environment parameters was used. For high temperature
drying (HT), two drying modes were used, which differed in the maximum temperature
used in the last mo stage (130 and 150 °C). The parameters of the drying modes are given
in Table 1. The samples were dried to a final moisture content of 10 + 1 %.

Table 1 Parameters of used drying

modes
Moisture High temperature drying process Warm - air drying process
9
content ™l e rqfacra] vl [eralarda] vl [nrdleera] UG
above 60 100 4 5.82 100 4 5.82 5.82
60 40 100 4 5.82 3.88 100 4 5.82 3.88 4.8 32
40 30 100 6 4.44 3.33 100 6 4.44 3.33 32 24
30 25 100 6 3.33 2.78 100 6 3.33 2.78 40 5 24 2
25 20 115 5.68 4.55 115 5.68 4.55 2 16
20 15 130 10 7.5 130 10 7.5 16 12
15 10 130 7.5 5 150 21.43 | 14.29 12 0.8

Fig. 3 Average values of drying gradient U in moisture levels and drying modes
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A graphical representation of the average values of the drying gradients for the
moisture stages and for each drying mode is shown in Figure 3. The drying gradient
characterises the drying intensity and is the ratio between the actual wood moisture content
w and the equilibrium moisture content w;.

Moisture measurement was carried out by the weight method according to EN 49 0103.
During drying, the drying samples were weighed at regular time intervals to determine the
actual moisture content of the wood.

The moisture gradient characterises the distribution of moisture in the cross-section of
the wood. The samples for the determination of the moisture gradient were processed as
shown in Figure 4.

Determination of the moisture contents of the individual layers was carried out by the
weighting method. The level of the moisture gradient was calculated according to the
equation:

Aw = w.—w, [%] 1)
where: w, — moisture content middle layer of wood [%], wp - moisture content surface
layer of wood [%].

Cross warping

The value of the level of the cross warping was expressed using the so-called relative
warping. The relative warping is the ratio of the maximum deflection f to the width of the
sawn timber b (Fig. 4) and is expressed as a percentage.

Fig. 4 Measurement of cross warping

Due to the small volume of the dried samples in the dryer, their relative loading was
small and did not affect the size of the measured cross warping.

The values of cross warping K were calculated according to Eq. (2):

£.100
b

K= [%] )

Where: f - maximum deflection [mm], b - width of timber [mm].

RESULTS AND DISCUSSION

The average values of the moisture contents of the samples, the drying times and rates,
and the densities of the samples in the dry state are given in Table 3. The moisture loss of
the samples as a function of time is shown graphically in Figure 5.
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Tab. 3 Basic drying characteristics for individual modes

i i Moisture content [% ingti i i

ectaning | AATadeg il i e
initial final 67| kom]

Hi gh temperature 130 69, 1 12, 6 30,0 1,9 702,0
drying (HT) 150 69,0 10,0 30,0 2,0 717,0
Warm-air drying 40 73,8 10,1 288,0 0,2 709,0

Fig. 5 Drying curves of beech samples in high-temperature and hot-air drying

The initial moisture contents of the samples ranged from 68 to 74,2 % and the final
moisture contents ranged from 9,4 to 12,8 %. With high temperature drying and a drying
temperature of 130 °C, the final moisture content was higher than originally planned,
averaging 12 %. The shape of the drying curves also varied. In the high temperature drying,
the curves were linear. This means that the moisture loss was directly proportional to the
drying time. The average drying time was 30 hours, and this corresponds to the drying rate,
which was slightly higher when a temperature of 150 °C was used.

The resulting drying times are very short compared with low-temperature warm-air
drying of this wood, which is due to the high drying intensity around removal of bound
water. In warm-air drying, the drying time was 288 hours, and the drying rate was ten times
lower compared to high-temperature drying. This corresponds to the values of the drying
gradients for the drying modes used. All modes started with the same drying gradient value
(5.82) and gradually the drying gradient decreased.

For high temperature drying from an average moisture content of 25 %, the drying
gradient increased up to a value of 8,5. At a drying temperature of 150 °C, at the last
moisture content stage, it reached a value of almost 18. For warm-air drying, in the
evaporation section of the water bound from the samples (below 25%), the drying gradient
values decreased and at the last moisture content stage the drying gradient value was 1.
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Moisture gradients were measured at three-hour intervals for both high-temperature
drying methods. In the warm-air drying, the moisture gradient was measured at the
beginning and at the end of the drying process. The average calculated values are shown in
Figure 6.

b.)

Fig. 6 Average values of moisture gradients of samples (a) high-temperature drying (b) warm-
air drying

For high temperature drying, the moisture gradients were higher at a drying
temperature of 130 °C in the first part of the drying process (up to an average moisture
content of 40 %). Subsequently, until the final stage of drying, higher values of moisture
gradients were measured at a drying temperature of 150 °C. If only the drying section
where a drying temperature above 100 °C was used is analysed, the effect of the drying
temperature has a marked effect on the size of the moisture gradients. At an average wood
moisture content of 30 %, the moisture gradient in the drying where the maximum drying
temperature of 130 °C was used was 7,8 %, but at a drying temperature of 150 °C it was
11,2 %. At the final stage of drying, the values of the moisture gradients for the different
drying temperatures were within one percentage point of each other, being 6,9 % at the
drying temperature of 150 °C and 5,8 % at the drying temperature of 130 °C. These values
are significantly higher, and it can be concluded that ending the drying process based on the
average measured moisture content of the wood is not ideal. It is advisable to take account
of the high dynamics of the drying process and to move the finishing of the process later
stage.

During warm-air drying using the low-temperature mode, the drying gradients at the
beginning of the drying process were comparable to those of the high-temperature drying
samples. The average final value for this drying method was 1.8%, indicating that the
drying was very slow and mild.

The absolute value of the cross warping (f) was measured at the centre of the samples
with a mechanical device and was then converted according to relation (2) to the relative
warping (K), considering the width of the samples. The converted mean values and their
basic statistical characteristics are shown in Table 4.

Tab. 4 Mean values and basic statistical characteristics of the cross-sectional grading of the samples
. i Relative cross warpin
Drying Max drying o ping variance | deviation | standard |coefficient of [number
temperature K (%) cle
mode o — - standard [ standard error variation of
©C) awerage |minimum |maximum samples
High- 130 28 15 40 0,789 0,888 0,256 323 30
temperature
drying 150 23 11 39 0918 0,958 0277 41,3 30
Warm-air | 14 06 15 0,245 0,495 0,143 281 30
drying
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The changes in the shape of the samples were small for both drying methods. The
average values of relative cross-warping ranged from 1.4 to 2.8 % (Table 4). The lower
values were for the low-temperature warm-air drying. Statistical analysis of the measured
values showed that drying temperature or drying method was a moderately significant
factor affecting the size of the cross warping. As also shown in research Xiang et al. (2012)
cupping happens because shrinkage parallel is greater than that perpendicular to the growth
rings. In other words, cupping is the result of tangential shrinkage of wood being greater
than radial shrinkage, and the greater the difference, the more severe the degree. Between
drying temperatures of 130 and 150 °C, there was a statistically non-significant effect on
cross-warping. Longitudinal warping was also observed on the samples, which was
reflected by longitudinal bowing and twisting. Overall, it can be concluded that the values
of cross-warping for both drying methods are positive, even because it was not possible for
technical reasons to load the samples during drying, which would have eliminated the
cross-warping further. Based on the citate work Miyoshi (2014) it was revealed that the
mechanical properties of wood in the lateral direction were significantly affected not only
by the density but also by the structural features such as deformation of cell shapes,
arrangement of ray or vessels, and the degree of the transition from the earlywood to the
latewood.

CONCLUSIONS

When developing drying technology and methods, the aim is to achieve the shortest
possible drying times. One way this can be achieved is by increasing the temperature of the
drying environment. However, it is important that the dried wood is not damaged. One of
the most common defects in wood after drying is cross-warping, which considerably affects
the efficiency with which the raw material can be processed into products. The following
conclusions can be made from the measured results of the research:

- High-temperature drying is a very rapid drying method and compared to the low-
temperature drying method, the resulting drying times are on average 10 to 15%,
which corresponds to a drying rate that is approximately ten times higher.

- The drying curves for both modes of high temperature drying were very rapid and
linear. When a temperature of 150 °C was used in the last moisture level, the final
moisture content of the samples was achieved more precisely.

- The values of moisture gradients at the end of the high-temperature drying process
were large (5.8-6.9%), which had a negative effect on the size of the cross-
warping of the samples.

This is an indication that the control of the drying process based on achieving the
average required moisture content is not optimal. For the warm air drying, the
moisture gradient was 1.8%.

- The average values of the cross warping were lower in the warm-air drying. The
differences between the high-temperature drying modes (130 and 150°C) were
minimal and the statistics were not significant.

- Despite very intensive drying and large moisture gradients at the end of drying, the
values of cross warping of beech samples after high-temperature drying were
small and the positive effect of high temperatures on the size of shrinkage was
confirmed.
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- Reducing the size of the warping is also possible by efficient loading of the
samples in combination with more precise control of the high temperature drying
process so that smaller values of moisture gradients of the samples at the end of
the drying process are achieved.

Research into the effect of drying conditions on the size of wood warping is important

to increase the efficiency of processing raw material into products.
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CHIP COLOR ANALYSIS USING THE PROGRAM MATLAB

Pavol Koleda

Abstract

The aim of the research was to describe the possibility of detecting the color of particles
using the Matlab program. first, the loaded image with measured sawdust is converted into
black and white. this is done using the Otsu method. In this binarization, the sawdust is
represented by white areas, the background is black. Subsequently, individual sawdust is
analyzed using the regionprops function. It is used to find all the pixels belonging to each
separate sawdust, along with their positions. In these found pixels, the RGB color
components are subsequently identified. From the color components of all pixels, an
average value representing the color of each separate sawdust is calculated. For practical
comparison, the found RGB components are converted to other color space such as CIE
L*a*b* and CIE XYZ. The color values in all three spaces are saved in an Excel file for
further processing.

Key words: Color, Lightness, Matlab, RGB.

INTRODUCTION

Wood is an important natural renewable material (Dos Santos et al. 2016), and the
possibilities for its use are tremendous. It is as important a building material for the interior
as it is for the exterior. Wood is used in the furniture industry, and it is an important raw
material in the paper industry as well as the power industry. As a natural material, wood is
a chemical compound of mostly organic substances. It is mainly composed of organic
macromolecular substances: cellulose (35 % to 50 %), hemicelluloses (20 % to 35 %), and
lignin (15 % to 35 %) (Geffert 2013). All together, these components make up 90 % to 97
% of the absolute weight of dry wood. Furthermore, wood also contains extractive
substances: carbohydrates, starch, and oils; proteins, inorganic salts, waxes, tanstuffs, and
resins; and turpentine, ethereal oils, and colorants, as well as others that influence the wood
color (Geffert 2013).

The color of wood is an important component of its appearance (Babiak et al. 2004), and
therefore it figures crucially in the final decision of a customer (Sahin et al. 2011;
Jankowska and Kozakiewicz 2014; Kubovsky and Igaz 2014; Barcik et al. 2015). Color is
one of wood’s basic physical properties (Cunderlik 2009; Dzurenda 2018). The color is
determined by the chemical components of wood. Besides genetic factors, the color of the
wood is influenced by the environmental conditions (the humidity, solar radiation,
pollution, and wind) where the tree and the wood grew (Cunderlik 2009; Valverde and
Moya 2013). The color is also one of the parameters of the quality of the surface
assessment.
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MATERIALS AND METHODS

Particleboard blanks samples with dimensions: thickness t = 18 mm, width w = 300 mm,
and length |1 = 500 mm, were used in the experiment. The specimens were milled with the
diamond shank milling cutter with the following technological parameters: constant depth
of cut e = 4 mm; rotation speed of spindle with cutting tool n = 18.000 rpm, and feed speed
vi = 6 m.min-1. For each combination of parameters, six specimens in total were collected.
The conventional milling (up-milling) method was used for carried experiment.

The obtained sawdust is placed on a base with a contrasting color, in this case was the black
color base used (figure 1).

Figure 1 Obtained sawdust placed on a black contrasting base

To determine the color of individual sawdust, it is necessary to find out where these
particles are located in the image. For this purpose, first the original image is converted to
grayscale using the function im2gray(l). This function converts the specified truecolor
image RGB to a grayscale intensity image |. The im2gray function converts RGB values to
grayscale values by forming a weighted sum of the R, G, and B components. The
coefficients used to calculate grayscale values in the im2gray function are identical to those
used to calculate luminance (E'y) in Rec.ITU-R BT.601-7 after rounding to three decimal
places. Rec.ITU-R BT.601-7 calculates E'y using this formula:

0.299* R +0.587 * G +0.114 * B @)

The image modified in this way is then thresholded using the function imbinarize(bw).
Function imbinarize(bw) creates a binary image from 2-D or 3-D grayscale image bw by
replacing all values above a globally determined threshold with 1 and setting all other
values to 0. By default, imbinarize uses global Otsu's method, which chooses the threshold
value to minimize the intraclass variance of the thresholded black and white pixels (Otsu,
1979). Imbinarize uses a 256-bin image histogram to compute Otsu's threshold. The result
of this step is an image in which white spots are represented by sawdust on a black
background (figure 2).
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Figure 2

In such a binary image, the individual sawdust is subsequently identified using the function
regionprops(bw, 'PixelList"). This function finds unique objects in binary image bw using 8-
connected neighborhoods for 2-D images and maximal connectivity for higher dimension
images. Property 'PixelList' return a location of pixels in every found sawdust and their XY
coordinates in the image. Subsequently, the color of the pixels in the RGB color space is
determined for each sawdust using the function:

impixel(1,x,yi) (2

who: | — original loaded image with sawdust,
Xi, ¥i — the coordinates of the i-th point in image.

The color is not determined in the binary image, but in the original unmodified one. For
each particle, the average color value in RGB components is calculated. Subsequently, this
value is also converted into XYZ and CIA Lab color spaces. The conversion of color
components into XYZ is done using coefficients that depend on the angle of incidence of
daylight and reference white point, specified as a 1-by-3 vector or one of the CIE standard
illuminants. In our experiment, conversion constants during midday daylight with a
correlated color temperature of 6504 K were used. The conversion of components from
RGB to XYZ color space is given by the relation:

X 0.4124564 0.3575761 0.1804375][R
Y| =10.2126729 0.7151522 0.0721750(|G 3)
Z 0.0193339 0.1191920 0.95030411LB

The next conversion of components from XYZ to CIE LAB color space is given by the
relation:

U= 116-f<y_i) 16
a* =500 (f (;(—n) —f (9) ;
b* = 200 (f (%) -/ (ZZ_n)>
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Where tis X/Xn, Y/Yn, or ZIZx:

3

: 3

ift>4é P
1.y 4 . =—
“t6724+—  otherwise 29
3 29

f@ =

The color values determined in this way are stored in the table editor for possible further
data processing, such as statistical analysis in the Statistica program.

RESULTS

Measured values in the CIE Lab color space are shown in the figure 3.

Figure 3 Values of color components in CIE Lab color space

As can be seen in Figure 3, the values of individual sawdust color components are within a
narrow range. The color is therefore approximately the same in each particle. The values
show that the color of the given sample is in light shades of soft red and yellow.

The distribution of the values of the individual components can be determined using a box
plot in the figure 4.

Figure 4 Distribution of color components values
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Statistical analysis of the studied sample was done using descriptive statistics in the
statistics program Statistica (table 1). Here can be analyzed a given sample using various
statistical parameters like mean, median, modus, variance and standard deviation.

Table 1 Statistical analysis of color component values

CONCLUSION

The article describes the possibility of detecting the colors of sawdust or other particles in a
digital image using the Matlab program. In this sawdust, the color of every single sawdust
is detected, so it is possible to analyze the color changes in each particle. Color components
can be converted to different color spaces such as RGB, XYZ or CIE Lab. The measured
values can be further analyzed directly in the Matlab program, or the data can be exported
to an Excel spreadsheet for further processing, such as statistical analysis in the Statistica
program.
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EXPERIMENTAL ANALYSIS OF PARAMETERS INFLUENCE OF
WOODBASED MATERIALS MILLING ON VIBRATIONS
AMPLITUDE

Peter Koleda — Aron Hortobagyi — Richard Kminiak

Abstract

The research of the wood-based material processing parameters is currently devoted
to their influence on the suitability of indirect analysis of this process from the point of view
of adaptive control and prediction. The article describes the method of measuring vibration
evaluation using an accelerometer attached to the suction cups of a woodworking center
during milling of medium density fibreboards and particle boards. Spiral mill HW
16 x42x16 RH and razor cutter with two razors were used as tools, with feed rate of 2, 6, 10
m.s! and spindle rotations of 10,000 and 20,000 min-'. The effects of the tool, material and
speed on the vibration amplitude were evaluated, and it was shown that the change of these
parameters has a statistically significant effect on this amplitude. It is therefore possible to
consider the use of vibration measurement also for a certain method of adaptive control of
the machining process.

Key words: milling, clamping, vibrations, amplitudes

INTRODUCTION

Wood milling is a well-known manufacturing process, which is the subject of many
research in terms of technical-technological parameters. During cutting process in a milling
machine, vibration is frequent problem which affects dimensional accuracy of the parts
being machined, surface finish and tool life. Vibrations are induced due to machine faults,
cutting parameters, cutting tool, work piece deformation, etc. Vibrations are generally
measured using accelerometers by mounting on various machine elements (Kusuma et al.
2014). A relation was found for steel machining, that feed rate is the most dominating
parameter affecting surface finish, whereas cutting speed is the major factor effecting tool
vibration (Bhogal et al. 2015). Similar results were found for aluminum (Asilturk 2011).
Singular spectrum analysis was considered as a viable method for analyzing vibration
signals applied to the on-line monitoring of surface roughness (Plaza et al. 2017), as well as
prediction of surface roughness in CNC turning by model-assisted response surface method
(Misaka et al. 2020).

Another factor affecting vibrations is clamping. Vacuum clamping systems, such as
used in this study, are predominantly used for machining particle boards on woodworking
machining centers. The quality of the particle board edges is reduced, and a high noise level
is induced by these vibrations (Hesselbach et al. 2010). However, all the above could be
measured by other non-intrusive methods, such as vibro-acoustic analysis (Melnik et al.

Technical University in Zvolen, T. G. Masaryka 24, 960 01 Zvolen
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2018, Nahornyi et al. 2022, Iskra et al. 2015), or by means of energy consumption tests
(Pantaleo et al. 2014, Licow et al. 2020).

The aim of the contribution is to analyze the influence of the milled material and the speed
on the amplitude of vibrations arising during the milling of MDF and particle boards and to
assess the suitability of their measurement for adaptive control.

MATERIAL AND METHODS

Medium density fiberboards cut to 500x300x18mm with weight 1960g were used as
samples. The density of these samples was 720 kg'm > — 740 kg-m>. Particleboards of
same dimensions were added as reference samples. Both originated from Kronospan Ltd.,
Zvolen, Slovakia. The density of particleboards given by the manufacturer is 600 kg-m > —
640 kg-m™ (deciduous 10 %, coniferous 90 %), and urea formaldehyde glue with paraffin
admixture is used. The manufacturer declares that the material complies with the EN 14322
standard, EN 312-2, and emission class E1 (EN 1SO 12460-5).

Samples were clamped to four pneumatic grippers, each with surface 120 x 120 mm
and clamping force 16 kg.m. Each cut had depth of 19mm, so whole thickness of material
was machined in one run. To emulate conditions of nesting milling, tool trajectory cut
through middle of sample. Spiral mill HW 16x42x16 RH and razor cutter with two razors
were used as tools, with feed rate varying 2, 6, 10 m.s™* and spindle rotations 10 000 and 20
000 min. Cutting was repeated 3 times for each parameter. Both experimental layout and
cutting parameters are shown in Figure 1 (Hortobagyi et al. 2022).

Figure 1 Experiment layout. (a) Sample placement and tool path on CNC. G — pneumatic gripper, A —
accelerometer, x,y,z — orientation of accelerometer axes, (b) cutting parameters of experiment and
used tools (Hortobagyi et al. 2022)

Data was then processed in MATLAB (MathWorks, Inc., USA). Initial signal was cut
so only milling part would be assessed and measured voltage was converted to acceleration
(Picotech). Pre spektralnu analyzu meraného signalu bola pouzita Fast Forier Transform
(FFT).
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RESULTS AND DISCUSSION

Fast Fourier transform brought several results. First were dominant frequencies. First
peaks were observed at 165,93 Hz — 166,13 Hz. Next peaks were 332,26 Hz and 498,2 Hz.
These, with rest of peaks present multiples of first value. However, these were still present,
but with maxima smaller than 0,5 and were filtered out. Similar results were observed
through use of all parameters. Therefore, it seems the main vibrations were caused by
rotating tool.

Descriptive statistics of filtered dominant amplitudes (peak > 0,5) of vibration
acceleration are shown in Table 1.

Table 1 Descriptive statistics of amplitudes

Parameter Average Std. dev. -95 % + 95%
Spiral milling tool 1,80 1,98 1,65 1,95
Razor milling tool 3,59 5,75 3,23 3,95
10 000 2,55 4,54 2,26 2,83
20 000 3,32 4,83 2,95 3,69
MDF 3,28 5,05 2,92 3,64
DTD 2,49 4,28 2,20 2,78

In Figure 2, results show the spindle speed has effect on amplitude overall, with values in
range (2,28 — 2,85) for n = 10 000 min and (2,95 — 3,7) for n = 20 000 min. Significance
of this result is shown in Table 2. When different material is also considered, results are
similar — amplitude ranges are higher with higher cutting speed. Ranges are overall smaller
with PTB, when compared to MDF.

Figure 2 Box plot of 95 % confidence interval of amplitude dependency on material and spindle
rotation.

Tables 2 to 4 show the testing of the statistical significance of the influence of
individual parameters: revolutions, tool and milled material. The resulting data sets have a
probability of similarity of less than 5 % when the monitored parameter changes, and thus
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all the monitored parameters have a statistically significant effect on the amplitude of the
resulting vibrations.

Table 2 Duncan test of spindle rotation effect on amplitudes

n [min] 2,5486 3,3197
10000 0.000842
20000 0.000842

Table 3 Duncan test of tool effect on amplitudes

tool 1,8031 3,5918
spiral 0.000009
razor 0.000009

Table 4 Duncan test of material effect on amplitudes

material 3,27 2,49
MDF 0.000540
PTB 0.000540

CONCLUSION

Main goal of research was to determine, whether vibration monitoring on gripper
could be used for adaptive control, and therefore, if changes during milling process would
be detectable. To answer this question, tests were conducted to find, if changes of
parameters would produce differing measurements. Fast Fourier transform was used to
process measured signals.

Dominant frequencies seem to origin from tool cutting into material. When single
sided spectrum maxima were compared, tool, spindle rotation and feed rate seemed to
affect the result. Variance analysis showed significant effect of investigated factors:
material and spindle rotations.

Overall, vibrations measured at pneumatic gripper processed with Fast Fourier
analysis seem to be sufficient as a potential signal for adaptive control during milling,
similarly to (Plaza et al. 2017). As in (Misaka et al. 2020), roughness of samples should be
measured and paired with vibrations in further study, to provide data for adaptive control
model.

Finally, the use of vibration measurement, or acoustic emission can be considered as a
data source for creating a model using Al, for example artificial neural network, decision
trees or support vector machines.
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INFLUENCE OF V-BELT TYPE ON THE VIBRATION OF A
WOODWORKING MILLING MACHINE AT IDLE

Georgi Kovatchev

Abstract

This study presents how V-belt type influences over vibrations of the cutting mechanism on
a woodworking shaper with bottom position of the spindle at idle. In order to drive the
cutting mechanism V-belts with sections Z and SPZ are used. During the experiment, the
vibration speed was measured by changing the type of V-belt. Measurements are made at
four points in the radial direction. Two of them are located in the upper bearing, housing
the other two in the lower bearing. The measurements were performed at three different
rotation frequencies 4000 min?, 6000 min' and 8000 min?. The specified rotation
frequencies are often used in the various milling processes of wood and wood-based
materials.The study is aimed at improving the reliability and efficiency of a wood shaper
machine, as well as to ensure the accuracy and quality of products.

Key words :wood shaper, cutting mechanism, V-belts, vibrations;

INTRODUCTION

Belt gears have simple construction, low cost and easy service. This makes them the
preferred gears for driving various mechanisms in general engineering. Woodworking and
furniture machines are no exception to this trend. Belt gears are widely used to drive the
various types of mechanisms in woodworking machines.Various types of belts are available
on the market, from the classic flat belts to ribbed and timing belts.The variety of
constructions is very large. The shape, the construction, the rubber compound from which
the belts are made are constantly being improved. All this is done with the aim of
improving the qualities of the belt, and hence improving the operation of mechanisms and
machines. Manufacturers of belts and rubber products offer various systems, devices and
software for calculating, designing and controlling the operation of belt drives.V-belts are
one of the most commonly used in practice. Their new modifications and designs also find
great use in general engineering (SOKOLOVSKI 2007, Continental-industry.com).Modern
universal milling machines are widely used in the woodworking and furniture industries.
They allow working with high cutting speeds, which can reach up to 90 m/s(OBRESHKOV
1997).This inevitably is associated with the machinery resources to work at different
rotational speed. High rotation frequencies are one of the reasons for the occurrence of
intense vibrations at idle. Their reduction is essential for the operation of the cutting
mechanism of the machine both at idle and in working mode.In this way, no significant
mistakes are made on the details of the exact shape, dimensions, roughness class, which
correspond to the permissible deviations laid down in the technical documentation
(KORCOK etal.2018, KMINIAK etal.2018, SYDOR etal.2021).
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The aim of the present work is to measure and analyze the vibration speed at idle on a
universal wood shaper with bottom location of the working shaft. The cutting mechanism
of the machine was driven by two different types of V-belts.The cross-section of the belts is
the same but with different wedge sizes.The analysis of the obtained results can be aimed at
improving the drive the cutting mechanisms of various woodworking machines and for
reducing the vibration levels both at idle and at working mode.

MATERIAL AND METHODS

In the present paper, all experimental studies are made on a woodworking shaper with
bottom position of the spindle.The machine can be seen in Fig.1. The design of the cutting
mechanism consists of an asynchronous electric motor with a power of 3 kW and a rotation
frequency of 2880min ,a belt drive and a main shaft on which the cutting tools are put.The
working frequencies of the machine are 4000 min, 6000 min and 8000 min. They allow
high technological results to be achieved for realizing different cutting speeds by using
cutting tools with different diameters.

Fig 1.Wood shaperwith bottom position of the spindle

The specified rotation frequencies are realized with special belt pulleys, which are mounted
on the electric motor and the working shaft of wood shaper.V-belts with different wedge
sizes are used to drive the cutting mechanism. During the experiment, the cutting
mechanism was driven by two classic V-belts with a Z section, as well as with two SPZ
section V-belts. Fig.2 shows classic V-belt size with a Z section.
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Fig 2.Classic V-belt size with a Z section

Classic V-belts are widely used to drive various types of machines, including woodworking
machines. Realizing the gear is simple and quick.The ratio of the width (W = 10 mm) to the
height (To = 6 mm) of the wedge in classic V-belts is approximately 1.6(SOKOLOVSKI
2007).Fig.3 shows V-beltsize with cross-section SPZ.
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Fig 3.V-belt size with a SPZ section

Narrow SP V-belts are increasingly used in practice. In addition to the automotive industry,
this type of belt is used to drive metalworking, woodworking and other types of machines.
Compared to classic V-belts, they have a higher pulling capacity and opportunity to work at
higher speeds.The ratio of the width (W = 10 mm) to the height (T, = 8 mm) of the wedge
in narrow SP V-belts is approximately 1.2(SOKOLOVSKI 2007).

The intensity of the vibrations is assessed on the basis of the root mean square value of the
vibration speed (V mm/s(r.m.s.)).The measurements have been performed at four
measuring points located on the bearing house. Two of them are located near the upper
bearing next to the cutting tool. The other two are located near the lower bearing next to
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the belt pulley. The measurement points are located mutually perpendicular, radial to the
main shaft of the machine Fig.4 (BZ1C 1SO 10816 — 2002).

Fig4. Measurement points

Root mean square value of vibration speed V mm/s (r.m.s.) is measured using a specialized
device model Bruel&KjaerVibrotest 60 Fig.5. The sensor which measures the intensity of
the vibrations is attached to the bearing house with a magnet Fig.6 (Bkvibro.com).The
vibration speed was measured while the machine was at idle. A groove cutter with diameter
D =140 mm is put on the machine.

Fig 5.Bruel&KjaerVibrotest 60 Fig 6.Measuring sensor
RESULTS AND DISCUSSION

All measurements were carried out at idle. In this way we tracked out which type of V-belt
has a lower vibration speed.The measurement points near the upper bearing are
respectively: Ay — radial direction parallel to the feed direction, Ay — radial direction
perpendicular to the feed direction.

The measurement points near the lower bearing are respectively: B,— radial direction
parallel to the feed direction, By — radial direction perpendicular to the feed direction.

Fig.7 and Fig.8 show the variation of the vibration speed measured at a rotation frequency
4000 min. To drive the cutting mechanism two belts with section Z and two belts with
section SPZ are used.
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Fig 7.Varia§ion of the_z vibration speed near the Fig 8.Variation of the vibration speed near the
upper bearing, rotation frequency 4000 min-* lower bearing, rotation frequency 4000 mint

From Fig.7 it can be seen that at point Ax and Ay the vibration speed is not affected by the
type of V-belt. The measured values are almost equal with minimal changes which do not
have a significant impact.The same trend is observed in the measurements performed near
the lower bearing shown in Fig.8.

Variation of the vibration speed at a rotation frequency of 6000 min is shown in Fig.9 and
Fig.10.

Fig 9.Variation of the vibration speed near the Fig 10.Variation of the vibration speed near the
upper bearing, rotation frequency 6000 min-! lower bearing, rotation frequency 6000 min-!

Fig.9 shows the vibration speed in the upper bearing depending on the type of V-belt.At
both measurement points, the vibration speed is lower when using an SPZ V-belt. The
differences in the measured values reach up to 1 mm/s.The variation of the measured
vibration speed in the lower bearing Fig.10 is the same as in the upper bearing. From the
measurements it can be observed that at a rotation frequency of 6000 min-, the vibration
speed at all four measurement points is lower when V-belts with a cross-section SPZ are
used.

Fig.11 and Fig.12 show the variation of the vibration speed measured at a rotation
frequency 8000 min. At point Ax Fig.11 an increase in the vibration speed up to 13.6 m
can be observed no matter which belt drives the cutting mechanism.This result can be
explained by an operating mode close to the resonance zone without completely entering it.
At point Ay the values of the vibration speed are almost equal. At points Bx and By, the
vibration speed is lower when using SPZ beltsFig.12.
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Fig 11.Variation of the vibration speed near the  Fig 12.Variation of the vibration speed near the
upper bearing, rotation frequency 8000 min lower bearing, rotation frequency 8000 min-t

CONCLUSION

As a result of research and data analysis, the following conclusion can be made:

The type of V-belt has no influence on the vibration speed at a rotation frequency of 4000
min-tat all four measurement points.At a rotation frequency of 6000 min-t,SPZ belts operate
more smoothly than classic V-belts at all measurement points.The low levels of the
measured vibration are a direct prerequisite for a higher quality of the processed details
(KOVATCHEV et al. 2022). At the highest rotation frequency of 8000 min-t in one of the
measuring point Ax, the vibration speed levels were higher for both types of belts, unlike
point Ay where they are almost equal. The measured vibration values in the lower bearing
show that SPZ belts run more smoothly.
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COMPARISON OF PARTICLES FROM THE SANDING PROCESS
OF SPRUCE AND OAK ON A NARROW BELT SANDER

Martin Kuéerka — Luka§ Adaméik — Martin Jdda — Richard Kminiak
— Alena Oc¢kajova

Abstract

The paper deals with the microscopic analysis and comparison of particles from the
sanding process of spruce and oak on a narrow belt sander. The values of all sizes obtained
from the microscope measurements ranged over a wide range of all sizes between 3-1000
um. Chips with sizes < 100.0-10.0 um were the most prevalent, accounting for 50% and
47% of the total sizes present in the oak and spruce samples, respectively. The presence of
chips <10.0 um in size was present in oak samples 37% and in spruce samples 33% of the
total number of chips. Chips of larger sizes were present in 13 % of the oak samples and 20
% of the spruce samples. The study of sizes below <10.0 um showed that, based on
medians, the most frequently occurring splinter size was 5.43 um diameter for both species
equally. In both samples, the sizes ranged from 3.43 to 9.71 um. The study of dimensions
below <100.0-10.0 um showed that the most frequently occurring dimensions based on
medians were chips with a diameter of approximately 30 um for oak and chips with a
diameter of approximately 28 um for spruce.

Key words: oak, spruce, microscopic analysis, sanding process, narrow belt sander

INTRODUCTION

Sanding wood is a seemingly simple process, but there is a complex science behind it. It
involves interesting processes that lead to the formation of chips and dust, which also
affects the final surface of the wood (CistéDrevo.sk 2023). When wood is sanded, abrasive
particles are used to remove material from the surface of the wood. These particles on the
sanding belt move across the surface of the wood to cut away small pieces of wood (Sydor
et al. 2021). The size of these fragments depends on the type of abrasive material, its grain
size and the force of pressure exerted on the abrasive tool. Splinters are larger fragments of
wood that are produced when sanding with coarser grits or when too much pressure is
applied. They can vary in shape and size from small flakes to coarser-grained wood
particles. Wood sanding dust is made up of fine wood particles that are removed from the
surface (Chuchala et al. 2024). Its volume and composition depend on the type of wood, the
sanding material and the grain size. Dust can pose a health hazard, so it is important to use
personal protective equipment when sanding.
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Wood sanding is a widely used process in the woodworking industry, employed to smooth
out the surface of wood and prepare it for finishing, painting, or other applications. Despite
its widespread use, the mechanics of wood sanding remain not fully understood, and the
optimization of this process is still an active area of research. The quality of the finished
surface produced by sanding is heavily dependent on a complex interplay of factors,
including the type and grit of sandpaper used, the pressure and speed of sanding, and the
properties of the wood itself (Meraj 2023; Jenkins 2023). Recent studies have shown that
the properties of wood can play a significant role in determining the effectiveness of
sanding (Adamcik et al. 2023). For example, woods with higher densities tend to be more
resistant to abrasion and require more aggressive sanding techniques (Cunderlik 2009).
Additionally, the presence of defects such as knots or splits can significantly affect the
sanding process and impact the quality of the finished surface (Gaff et al. 2015; Barcik et
al. 2014). Despite these challenges, advancements in sanding technology have led to
significant improvements in efficiency and quality (Sydor et al. 2021; Rogozinski 2018;
Rogozinski a Dolny 2004). The development of new types of sandpaper, such as diamond-
coated and ceramic-coated papers, has enabled more effective removal of wood fibers and
improved surface finish (Warguta et al. 2023). Furthermore, advances in robotics and
automation have enabled more precise control over the sanding process, allowing for
improved consistency and reduced waste (Jenkins 2023).

Sanding is basically the work of several cutting wedges (sanding grains) working in a
groove. The basic strength properties of the wood involved in chip formation are bending
strength (when the chip is bent by the cutting wedge face), tension along the grain (on the
inside of the chip - facing the cutting wedge face) and pressure along the grain (on the
outside of the chip), tension perpendicular to the grain in front of the cutting edge in the
case of longitudinal cutting (sanding), and shear strength is also involved in some way.
Many authors are focused on parameters that influence granularity and shape of created
particles. They point out particles smaller than 0.1 mm - hazardous for working
environment, particles smaller than 0.01 mm - hazardous for working staff. Among the
observed parameters belong processed material - hard and soft wood (Dzurenda a Ockajova
2003; Ockajova et al. 2006), juvenile wood, thermally modified wood (Dzurenda et al.
2010), frozen and unfrozen wood, way of machining - sawing, planning, sanding
(Porankiewicz et al. 2010), cutting conditions, feed speed, tool geometry (Ockajova et al.
2006), cutting direction (Dzurenda et al. 2008).

In this paper, we analyzed and compared particles by microscopic analysis from the
sanding process of coniferous (spruce) and deciduous (oak) wood on a narrow belt sander.
We found that chips with sizes <100.0-10.0 pum were the most prevalent, accounting for
50% and 47% of the total sizes present in the oak and spruce samples, respectively. The
presence of chips with size <10.0 pm was present in oak samples 37% and in spruce
samples 33% of the total number of chips. The study of sizes below <10.0 pum showed that,
based on medians, the most frequently occurring size of splinters was 5.43 um diameter
equally for both tree species. In both samples, the sizes ranged from 3.43 to 9.71 um. The
study of dimensions below <100.0-10.0 um showed that the most frequently occurring
dimensions based on medians were chips with a diameter of approximately 30 um for oak
and chips with a diameter of approximately 28 pum for spruce. The final objective is to
evaluate the results obtained in terms of the sanding on the narrow belt sander and the type
of wood species.
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MATERIAL AND METHODOLOGY

Experimental samples

For analyzing the dimensions of dust particles, two species of wood were used - Norway
spruce (Picea abies L.) and summer/winter oak (Quercus petraea) with an equilibrium
moisture content of 8 to 10%. The dust particles were taken from the sanding process with
a belt sander with P80 grit. The fraction was subsequently subjected to particle size
analysis.

Machinery

Narrow belt sander JET JSG-96, cutting speed 10 m-s?, sanding belt HIOLIT XO P80
sanding belt grit 80, individual pressure of the wood sample on the sanding belt, laboratory
experiments. A sharp sanding belt was used for each wood species.

Digital particle analysis

Dust particles from the collected fraction were analyzed by optical method on a Keyence
VHX-7000 digital microscope. The particles were uniformly deposited on a slide that can
be placed in XY6 a motorized stage in the microscope. The uniformity of particle
deposition was achieved by applying the particles with a laboratory double-sided spoon to a
sieve that was placed over the slide and then passing them through a 125 pm mesh. This
methodology avoided coagulation of the small dust particles during their deposition on the
glass (the coalescence of the particles under the microscope would have made it impossible
to analyses the particles individually). Subsequently, a 10 X 10 mm area was scanned at
100x objective magnification. The analysis on the VHX-7000 microscope works on the
principle of illuminating the slide with dust particles using a high-intensity bottom
illumination. The size of the particles and their area is then digitally calculated based on the
different brightness of the particle (dark, opaque, casting a shadow across the objective,
which is recorded by the digital camera) and the surroundings (transparent glass). Two
main particle dimensions were determined as part of the analysis: the maximum diameter
(the largest dimension of the particle in two-dimensional XY space) and the minimum
diameter (the smallest dimension of the particle in two-dimensional XY space). In addition,
particle area, circumference and circularity were also analyzed. These data were then
processed with the statistical software STATISTICA 14 (TIBCO Software Inc., Palo Alto,
California), using descriptive statistics (arithmetic mean, standard deviation, maximum and
minimum values). The total number of scans for oak and spruce wood was 30. A total of
more than 62 000 pieces of dust particles were analyzed.

RESULTS AND DISCUSSION

In the first step, the outliers of the measurement were removed, and the measurement was
repeated. Subsequently, descriptive statistics were performed, in which the following data
were determined: average maximum diameter, average minimum diameter and slimness
ratio as the ratio between the maximum diameter and the minimum diameter. Tab. 1 shows
that the spruce chips were larger in sample. The slimness ratio also indicates that the spruce
chip has a more elongated shape, i.e., the maximum diameter (length) is larger.
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Table 1 Average dimensions and slimness ratio for oak and spruce chips. The data in
parentheses represent the standard deviation

Type of Average Average . .
Wood Max. Diameter [um] Min. Diameter [pum] Slimness Ratio
41,07 22,20
Oak (55,02) (30,4) 1.85
56,19 25,90
Spruce (73.47) (35,3) 2,17

The analysis of individual dust particles was then carried out using a digital microscope.
Based on the established methodology, the microscope divided the particles into fractions
over 100 micrometers, under 100 micrometers and under 10 micrometers. For each fraction,
the average values of the maximum diameter and the minimum diameter as well as the
slimness ratio were again measured (Tab. 2). The table shows that the length of the chip
(expressed by the maximum diameter) is greater in each fraction for spruce wood. At the
same time, the slimness ratio within the individual fractions is again proof that spruce chips
are longer than oak chips.

Table 2 Average dimensions and slimness ratio for oak and spruce chips in individual
sieved fractions. The data in parentheses represent the standard deviation

Type of Size range Average Max. Average Min. Slimness
Wood [um] Diameter [um] Diameter [um] Ratio
ok 1000 15725 8522 185
Oak <100.0 (gggg) (2106’?2&; 1,82
Oak <10.0 (i:gg) (21”513; 2,19
Spruce >100.0 (1772%72?’) (7496?22) 2,24
Spruce <100.0 (357)22) (1197’,2363 2,03
Spruce <10.0 (igi) (21511) 2,26

Analyzing data of sizes for normality with the Shapiro-Wilk test showed a non-normal
distribution. Due to the non-homogeneity of variance, the standard parametric ANOVA
tests cannot be used. Thus, the nonparametric analysis of variances Kruskal-Wallis one-way
ANOVA was used. The presented numbers were calculated based on the confidence factor
of 95%. The presented results were calculated with the statistic software STATISTICA 14
(TIBCO Software Inc., Palo Alto, California).
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Fig. 1 Test for normality of dates for sizes in size range <10um and <100pm for Oak

Obtained values of all sizes from automatic measurement by microscope ranged widely
across all sizes in between 3-1000um. For easier interpretation and fitting to article aims
here we used size ranges by <10.0um, by <100.0um, and by size range >100.0pum. Size
range <10.0um representing all sizes between <10.0-0.0pum, <100.0-10.0um representing
all sizes below <100.0-10.0um and size range >100.0um represents all chip sizes above this
size limit. This chip size range distribution is shown in a histogram, which represents size
ranges and their percentual distribution by numerical observed chip sizes obtained by
digital automatic microscope measuring.

Fig. 2 Chip size distribution by size ranges with respect to total present amounts of sizes
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Histogram is showing the observed number in analyzed screen of sizes. Based on observed
results the most distributed chips were in sizes <100.0-10.0pm, which for Oak samples
presented by 50% and in Spruce samples by 47% of the total present sizes. The presence of
chips in sizes <10.0pm were present in Oak samples by 37% and in Spruce samples by 33%
from the total chip sizes. The chips of higher sizes were found by 13% in Oak samples and
by 20% in Spruce samples. Comparing those percentual results based on post-hoc test
showed differences on p level for <10.0pm (p=0.3) and for <100.0um (p=0.7). These
results pointing on difference, but without significant differences and thus, based on
obtained results samples showed there is no significant difference between the content of
chips in sizes <100.0pm and <10.0pm between Oak and Spruce wood.

Chips in size range = <10.0um Chips in size range = <100.0um
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Fig. 3 Difference in amounts of chips in size <100.0-10.0ym and <10.0-0.0pm for oak and
spruce

Studying the sizes below <10.0um showed that based on medians most occurring size of
chips is diameter size 5,43um equally for both materials. In both samples the sizes ranged
from 3,43-9,71um. Studying the sizes below <100.0-10.0um showed that most occurring
size based on medians were chips for Oak wood in approximately diameter of size 30um
and for Spruce wood chips approximately in diameter of size 28um.

CONCLUSION

The results show that microscopic analysis of particles from the sanding process of spruce
and oak wood on a narrow belt sander yielded interesting findings. The particle size values
obtained ranged over a wide range from 3 to 1000 um. Particle sizes <100.0-10.0 um were
the most frequent, accounting for 50 % and 47 % of the total sizes present in the oak and
spruce samples, respectively. Splinters smaller than 10.0 um accounted for 37 % of oak
samples and 33 % of spruce samples. Larger chips were present in 13 % of the oak samples
and 20 % of the spruce samples. The average size of chips below 10.0 pm was the same for
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both species, 5.43 um. Dimensional analysis below <100.0-10.0 um showed that the most
common sizes were approximately 30 um for oak and 28 pm for spruce.
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IN MASS PRODUCTION PROCESSES OF WOODEN DOOR
FRAMES
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Abstract

Low-waste technologies and technological lines aimed at reducing costs and increasing
efficiency in the production of construction products ensure the achievement of savings,
which is linked to an intelligent production management system. The developed original
way of controlling the technological line allows for optimizing the consumption of
materials for door frame production, especially in producing a short series of products with
highly customized parameters. The production line based on PortaFRAME technology
receives information about the processing parameters of semi-finished products directly
from the intelligent control system. The development work carried out in the area of
production construction products such as wooden door frames for technical doors allows
intelligent scheduling and flexible control of door frames' production efficiency,
consequently lowering their unit costs.

Keywords: production efficiency, takt time, technical door frames, mass customization,
internet of things, industry 4.0

INTRODUCTION

The product catalog of today's wooden door frame companies is characterized by
enormous complexity and variability. To cope with the unpredictable and changing
demands of consumers, companies are moving from mass production to mass
customization (Jain et al., 2023). On a large scale, customization is possible thanks to the
dynamic development of production technology. This is possible thanks to the introduction
and development of the Industry 4.0 concept, which integrates advanced information
technology and automation into production processes (Espinoza Pérez et al., 2022). In
addition, the automation of production lines and the implementation of advanced IT
solutions make it possible to make changes to improve the visual qualities of products
freely (Kwidzinski et al., 2021). What is especially important, the processing time is
reduced, and this allows to increase the efficiency of the entire technological line (Tarigan
et al., 2019). In Industry 4.0, equipment and machines in an automated production line
require the use of precision machining tools to ensure high precision and quality machining
of the product. The use of such tools has benefits such as the minimization of excess
material for processing, resulting in financial benefits and better material utilization. The
industry's involvement in process innovation and developed technologies also provides
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beneficial results for the bioeconomy. (Wieruszewski et al., 2023). This is key to
maintaining a competitive edge in the market, and the process itself becomes more
technically and economically efficient, which is in line with sustainability development
(Pedzik et al., 2020). Automated systems connect the central planning level directly to
production, where parameterized orders are transmission to specific machines (Kwidzinski
et al., 2021). The integration of information systems allows for the collection and analysis
of large amounts of data, monitoring and optimization in real time (Haddouche and lIlinca,
2022). The systems detect potential problems and enable steps to be taken to resolve them
quickly without disrupting production. As a result, companies can better manage resources,
plan productions and respond to changing market conditions and customer needs with more
efficiency.

The work of the integrated information systems was decided to verify by carrying out a
study of the impact of product customization on the achieved efficiency of the integrated
modules of the automated technology for the processing of PortaFRAME wooden door
frames. The PortaFRAME technology consists of two main processing sections: one built
from modules provided by Kraft and the second by Bacci. Accordingly, this study aims to
determine the effect of selected technical door frame construction on the achieved
efficiency of automated technology for processing wooden door frames. The research
production technology is parameterized online in real time by implementing advanced IT
systems using the 10T (internet of things) concept. Thus making it possible to explore the
previously unknown potential of machines and implement them into complex product
processes.

MATERIAL AND METHODS

Designed and implemented technology to automate the production process of technical
door frames using a new system, integrating core ERP software, Siemens NX® intranet,
TeamCenter® with the pilot line control process (ProductionBase API). A set of data
(parametric models) from the 3D product configurator was developed, describing all
possible custom features of technical door frames. On this basis, information containing
parameters for the control of PortaFRAME technology characterized by flexible
automation, the possibility of using high-density materials and product customization was
prepared. At the stage of verification of the control model and its adequacy from the
selected technical solutions implemented in the modules, the work of testing the established
format of data communication to individual processing sections of the line was carried out.
The designed data transmission process is graphically shown in Figure 1.

Fig. 1. Structure of connections of the IT system PortaFRAME technology
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The transfer of information on the PortaFRAME line begins when the customer places an
order. Based on these orders, virtual models are created in the Siemens NX system using
previously stored technological and design data in the "Orders" databases. The developed
order is transferred to the repository, where it is stored. When a decision is made to send a
given order to production, the virtual model is described as orders from the ERP system and
control parameters of all machines in the production system are assigned on this basis,
using the "Translator" system. From the "Translator" sytem, the data is transferred to the
"Infoprod” database and, through the application optimizing the scheduling process, is
transferred to the appropriate technological machine systems for execution. This ensures
maximization of the efficiency achieved and proper use of the available machinery.
Subsequent orders are grouped into pallets and forwarded for processing with already
assigned barcodes identifying each product individually.

On the Kraft section, a schematic of which is shown in Figure 2, data was collected during
technology testing using the PORTAFrame intelligent technology information system. The
data that was obtained is in the form of a Microsoft Excel spreadsheet. The data sample
includes information identifying the product and most important information about the
processing time of various parts of the product.

INPUT OUTPUT

Fig. 2. Kraft technological section.

Analysis of this data allows to calculate the efficiency of the PortaFRAME line modules
provided by Kraft. In addition, it allows you to analyze the possible course of efficiency
variation during the interval time and the possible difference in efficiency about the form of
processed products - door frames from the Porta SYSTEM group, the designs of which are
shown in Figure 3.

Fig. 3. Construction of the Porta SYSTEM reference frame
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To determine the impact of the construction, measurements were also taken for the second
type of technical doorframe, i.e. Porta ELEGANCE - non-rebate. The two types of
technical door frames were then measured on a Bacci technology module. The Bacci
module is dedicated primarily to the production of complicated investment products, but
importantly, it also allows the production of reference frames, a schematic of which is
shown in Figure 4. The total number of Porta SYSTEM and Porta ELEGANCE doorframes
produced during the research was 2344 pieces and 3118 pieces, respectively.

R Pressing : CNC 6-axes CNC 6 -axes Gasket
Module Module : Module : Application ?
Section 1 Section 2 Module
INPUT OUTPUT

Fig. 4. Bacci technological section.

RESULTS AND DISCUSSION

Figure 5 shows a table with the calculated takt and filtered dimensional range
corresponding to the reference configuration of the Porta SYSTEM rebated adjustable
frame. In addition, to reject interval times or changes of employees during the day, a filter

was made to check only values below the specified time; this is the limit takt time.

30892 | 1,3E+08 | CP | 30-01-2024 13:31:37 | 30-01-2024 13:34:30 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30889 | 1,3E+08 | CP2 [ 30-01-2024 13:30:59 | 30-01-2024 13:34:10 | 00-01-1900 00:00:19 | 00-01-1900 00:00:19 | 8000 1 805 | 147 | 826 | 5CM
30886 | 1,3E+08 | CP | 30-01-2024 13:30:59 | 30-01-2024 13:33:51 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30883 | 1,3E+08 | CP | 30-01-2024 13:31:08 | 30-01-2024 13:33:31 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30879 | 1,3E+08 | CP2 | 30-01-2024 13:29:42 | 30-01-2024 13:33:11 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30876 | 1,3E+08 | CP | 30-01-2024 13:29:42 | 30-01-2024 13:32:51 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30873 | 1,3E+08 | CP | 30-01-2024 13:29:35 | 30-01-2024 13:32:31 | 00-01-1900 00:00:20 | 00-01-1900 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30870 | 1,3E+08 | CP2 | 30-01-2024 13:28:49 | 30-01-2024 13:32:11 | 00-01-1900 00:00:20 | 00-01-1500 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30867 | 1,3E+08 | CP | 30-01-2024 13:28:49 | 30-01-2024 13:31:51 | 00-01-1900 00:00:20 | 00-01-1500 00:00:20 | 8000 1 805 | 147 | 826 | 5CM
30864 | 1,3E+08 | CP2 | 30-01-2024 13:28:00 | 30-01-2024 13:31:31 | 00-01-1900 00:00:22 | 00-01-1500 00:00:22 | 8000 1 805 | 127 | 826 | 5CM
30861 | 1,3E+08 | CP | 30-01-2024 13:28:00 | 30-01-2024 13:31:09 | 00-01-1900 00:00:23 | 00-01-1900 00:00:23 | 8000 1 805 | 127 | 826 | 5CM
30858 | 1,3E+08 | CP | 30-01-2024 13:27:49 | 30-01-2024 13:30:46 | 00-01-1900 00:00:22 | 00-01-1900 00:00:22 | 8000 1 805 | 127 | 826 | 5CM
30855 | 1,3E+08 | CP2 | 30-01-2024 13:26:15 | 30-01-2024 13:30:24 | 00-01-1900 00:00:21 | 00-01-1900 00:00:21 | 8000 1 805 | 127 | 826 | 5CM
30852 | 1,3E+08 | CP | 30-01-2024 13:26:15 | 30-01-2024 13:30:03 | 00-01-1900 00:00:23 | 00-01-1900 00:00:23 | 8000 1 805 | 127 | 826 | 5CM
30849 | 1,3E+08 | CP | 30-01-2024 13:25:58 | 30-01-2024 13:29:40 | 00-01-1900 00:00:23 | 00-01-1900 00:00:23 | 8000 1 805 | 127 | 730 | IDQ
30846 | 1,3E+08 | CP2 | 30-01-2024 13:24:54 | 30-01-2024 13:29:17 | 00-01-1900 00:00:26 | 00-01-1900 00:00:26 | 8000 1 805 | 127 | 730 | IDQ
30840 | 1,3E+08 | CP2 | 30-01-2024 13:24:25 | 30-01-2024 13:28:31 | 00-01-1900 00:00:23 | 00-01-1900 00:00:23 | 8000 1 805 | 127 | 730 | IDQ
30836 | 1,3E+08 | CP | 30-01-2024 13:24:25 | 30-01-2024 13:28:08 | 00-01-1900 00:00:23 | 00-01-1900 00:00:23 | 8000 1 805 | 127 | 730 | IDQ
30833 | 1,3E+08 | CP2 | 30-01-2024 13:23:52 | 30-01-2024 13:27-:45 | 00-01-1900 00:02:13 | 00-01-1900 00:00:00 | 8000 1 805 | 127 | 730 | IDQ

Fig. 5. Data takt from the Kraft module database

An analysis of the KRAFT machine test report was carried out in relation to the processing
times of reference frames. Initial analysis of the time data obtained during performance
tests of the PortaFRAME line modules supplied by Kraft involved sorting them. From the
file containing data from the entire test, only those times relating to the Porta SYSTEM
series of doorframes were isolated. In turn, the end of each working takt was taken as the
time when each successive lintel assembly produced left the line, which is marked in the
"Part" column as CP, or CP2. For preliminary calculations, it was assumed to exclude all
situations in which the takt would be more than 30 s. Such time means downtime for lines
associated with maintenance or setting activities. The obtained results of both calculated
and measured takt and maximum efficiency of Kraft line modules are shown in Table 1.
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Table 1. Takt and efficiency values for door frames from the Kraft module.
Door frame series

Parameter Porta SYSTEM, Porta ELEGANCE,
rebated non-rebated
Calculated takt time [s] 20 30
Average takt time [s] 21 30
Efficiency [pcs/min] 2.86 2.00
Door frames [pcs] 2344 3118

The average takt time for a rebated frame is 21 seconds, which is 9 seconds less than for a
non-rebated frame. As a result, it is possible to obtain an efficiency of 2.86 pcs/min per
section of Kraft modules, without taking into account the additional Bacci technology
modules included in the PortaFRAME technology under study. These results give
confidence in obtaining an efficiency of 3 pcs/min on the line during the operation of both
modules. This can also be seen in Figure 6, which summarizes the calculation of the takt of
each module for both door frame constructions. This is essentially the maximum value that
a given line module can reach.

BPorta SYSTEM ®Porta ELEGANCE

160 140
140
2120
£ 100 90
5 80
=60

40 20 30

20

1|
0
Kraft Bacci

Technological line module

Fig. 6. Calculated takt time of the various technological line modules.

CONCLUSION

Thanks to the integration of individual processing modules dedicated to successive
technological stages of PortaFRAME door frame manufacturing, the optimization of the
line's operating parameters in terms of quality and efficiency, and the use of an innovative
parametric control system, it is possible to achieve an efficiency of more than 3
pieces/minute. At the same time, the fundamental impact of the construction on the
efficiency of the technology is confirmed. As a result of the application of the technological
process control system according to PORTA's idea, it is possible to flexibly control the time
of the production process of technical door frames, especially at the stage of design,
introduction of programs to individual processing stations and by minimizing changeover
time. The developed and implemented performance model has made it possible to
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continuously achieve high production efficiency thanks to the use of algorithms analyzing
processing times for individual customized door frame constructions and parametric control
of the production process in "just in time" mode.
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KERATIN AS ENVIRONMENTALLY FRIENDLY
FORMALDEHYDE SCAVENGERS FROM WOOD-BASED PANELS
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Abstract

Currently, polycondensation urea-formaldehyde (UF) resins are the most used wood gluing
adhesives in the woodworking industry. Their use in the woodworking and furniture industry is
widespread due to their relatively low price, high reactivity, availability of raw materials, ease
of use, after curing they provide a transparent brittle joint, but their main disadvantage is the
intensive emission of formaldehyde. In this study, the naturally occurring biopolymer keratin
and the amino acid cysteine prepared from sheep wool were selected and tested as potential
agents in reducing formaldehyde emissions from urea-formaldehyde (UF) adhesives.

X-Ray photoelectron spectroscopy (XPS) was used for qualitative and quantitative
determination of basic elements prepared samples from biopolymers keratin and presence of
sulphur groups was proved for all keratin samples. The differences between the spectra of the
keratin samples are for all elements and for sulfur also in the ratio of sulfur in its reduced form
C-S (S2p signal at ~ 163 eV) and in the oxidized form SOs (S2p signal at ~ 168 eV). The
antioxidant activity of the samples was determined in a suspension of polyethylene glycol
SLOVAPEG-600 and the Berthelot-Hood temperature function was chosen to estimate the
stability. The highest antioxidant stability was achieved by modification amino acid cysteine
with MOD-1 (glutaraldehyde PROTECTOL GA-50 + urea). Formaldehyde emissions were
assessed according to JIS A 1460 (2001): “Building boards. Determination of formaldehyde
emissions. Desiccator method"”. The most significant reduction of formaldehyde emission by up
to 44.0% was achieved by applying 99% UF + 1% (MOD | + cysteine) - to the UF adhesive
standard. The gluing quality has been assessed according to standards EN 314-1 and EN 314-2
and the tested plywood meet the requirements of the standard for Class 1 — suitable for
application in the interior. Samples prepared for this study might therefore have a great
potential for application as environmentally friendly formaldehyde scavengers.

Key words: keratin, urea-formaldehyde resin, plywood, formaldehyde, emission, scavenger

INTRODUCTION

Annual European production of UF adhesives achieves about 4.8 million tons, of which 60
% is consumed for production of particleboard, 30 % for production of medium density
fiberboards (MDF), and 10 % for adhesive bonding in production of furniture, interior
doors, and plywood (Maminski et al. 2006). The disadvantages of this type of adhesives are
low moisture resistance and low water resistance and subsequent releasing of formaldehyde
from finished products, which causes the environmental burden by formaldehyde
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emissions. Many previous works have described the emission of formaldehyde mainly from
three sources: residual formaldehyde present in the resin, formaldehyde formed by
polycondensation reaction between hydroxymethyl groups, and formaldehyde released by
hydrolytic degradation of the cured adhesive — especially under conditions of increased
humidity and increased temperature. Glutaraldehyde (GA) is a chemical that is often tested
to modify urea-formaldehyde adhesives. (Maminski et al. 2006) modified the melamine-
urea-formaldehyde adhesive (MUF) by adding glutaraldehyde to the hardener in the form
of a 50% aqueous solution. The shear strength of birch samples bonded with the modified
adhesive was significantly higher compared to the reference sample. Formaldehyde
adversely affects the respiratory system, eyes, skin, genetic material, reproductive organs,
and has a strong effect on the central nervous system (Pifhoda 1988).

Formaldehyde is categorized as a dangerous substance causing serious health problems;
and therefore, testing of formaldehyde content and testing of formaldehyde emission have
become an indispensable part of testing of glued materials parameters. Formaldehyde
emissions and the harmful effects of formaldehyde have become a problem, especially in
indoor products. Formaldehyde is toxic, has strong antiseptic properties with adverse
biological effects on living organisms and destroys most microorganisms, including spores.
Research of modification of adhesives for woodworking industry is aimed on natural non-
toxic, biologically degradable, and cheap biopolymers. Market offers large number of
biopolymers e.g., collagen and keratin, waste from food and leather productions and
polymer polyphenolic molecules of vegetable tannins, which can be used as modifiers of
adhesives for woodworking industry. Possibilities of effective processing and applications
of leather tanned and non-tanned waste for different products are described in (Plinterer
1995, Buljan et al., MatyaSovsky et al. 2011, MatyaSovsky 2008). Controlled enzymatic
hydrolysis of leather waste has the advantage of lower energy consumption, especially
when using commercially available commercial proteases of microbial origin (Kolomaznik
et al. 1999, Kolomaznik et al. 2000, Sun and Zhong 2000). The advantage of this procedure
may be the control of the average molecular weight of the hydrolysate by selecting the
reaction time of the enzymatic hydrolysis. Proteins of amino-acids with peptide bond are
the source of large number of amino-groups —NH., which are reactive with formaldehyde.
Fibril character of collagen presents similar analogy with cellulose fibers and its structure
can be stabilized with chemical bond e.g., formaldehyde, glutaraldehyde etc. Another
advantage of biopolymers is their non-toxicity and biodegradation ability to basic structural
elements (MatyaSovsky et al. 2001).

Thermo-oxidative stability of different materials and biopolymers was tested by differential
scanning calorimetry (DSC). The method is based on determination of the end of induction
period, or the beginning of the main oxidation process (Simon et al. 2001, Simon et al.
2006).

Experimental research was aimed on preparation of adhesive mixtures and testing their
influence on formaldehyde emission and strength of glued joint. The aim of the study was
to reduce the release of formaldehyde from wood materials by developing and testing new
more effective keratin-based environmental modifiers that bind formaldehyde and form
more stable methylene bonds and their effect on the bond strength of wood-based panels.

EXPERIMENTAL

Materials and chemicals
Modification of urea-formaldehyde adhesives was solved by preparation and application of
four samples of keratin hydrolysates and amino acid cysteine, which were prepared from
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sheep wool ‘Merino’ of the following composition: nitrogen 12.15 %, ash 2.53 %, sulfur
2.21 %, fat 7.16 %. The wool was separated, washed, defatted, and dried at room
temperature.

The increase of stability and efficiency of the amino acid cysteine was solved by its
modification with the additive MOD-1 which was prepared by condensation of
glutaraldehyde PROTECTOL GA-50 and urea.

Description and labeling of prepared samples No:

1. Keratin K-1 — prepared by acid hydrolysis and neutralized with NaOH solution,

2. K-2 - keratin — prepared by oxidative hydrolysis,

6. Cysteine — prepared from sheep wool which was modified with glutaraldehyde
PROTECTOL GA-50 and urea — (MOD-1),

9. K-9 - keratin — prepared by alkaline hydrolysis and neutralized with HCI solution,

11. K-11 - keratin — prepared by alkaline-oxidative hydrolysis.

Adhesive compositions were prepared by applying the urea-formaldehyde adhesive
Protodur 303.0 in the form of a powder diluted with water and condensed at 100 °C for 20
minutes.

Adhesive mixtures for modification UF resin were prepared according to following
scheme:

0. 100% UF adhesive PROTODUR 303.0 - reference sample mixing ratio with water (2:1),
Keratin K-1 — prepared by acid hydrolysis and neutralized with NaOH solution.

1. 99.5% UF + 0.5% Keratin K-1

2. 99% UF + 1.0% Keratin K-1

3. 97% UF + 3.0 % Keratin K-1

K-2 - keratin — prepared by oxidative hydrolysis.

4. 99.5% UF+ 0.5% Keratin K-2

5. 99% UF + 1.0% Keratin K-2

6. 97% UF + 3.0 % Keratin K-2

Cysteine — prepared from sheep wool which was modified with glutaraldehyde
PROTECTOL GA-50 and urea - (MOD -I).

7. 99.5% UF + 0.5% Cysteine + (MOD -I)

8. 99% UF + 1.0% Cysteine + (MOD -I)

9. 97% UF + 3.0% Cysteine + (MOD -I)

Keratin K-9 — prepared by alkaline hydrolysis.

10. 99.5% UF + 0.5% Keratin K-9

11. 99% UF + 1.0% Keratin K-9

12. 97% UF + 3.0% Keratin K-9

Keratin K-11 — prepared by alkaline-oxidative hydrolysis.

13. 99.5% UF + 0.5% Keratin K-11

14. 99% UF + 1.0% Keratin K-11

15. 97% UF + 3.0% Keratin K-11

The samples were characterized by XPS spectroscopy, thermo-oxidative stability was
studied by differential scanning calorimetry (DSC), formaldehyde was tested according JIS
A 1460 by Desiccator method and quality according to standards EN 314-1 and EN 314-2

Methods of testing

X-Ray photoelectron spectroscopy (XPS) signals were recorded following a previously
described procedure (Stach et al. 2011) using a Thermo Scientific K-Alpha XPS system



152 KERATIN AS ENVIRONMENTALLY FRIENDLY FORMALDEHYDE SCAVENGERS FROM...

(Thermo Fisher Scientific, UK) equipped with a micro-focused, monochromatic Al Ko X-
ray source (1486.6 eV). An X-ray beam of 400 um size was used at 6 mAx12 kV. The
spectra were acquired in the constant analyzer energy mode with pass energy of 200 eV for
the survey. Narrow regions were collected using the snapshot acquisition mode (150 eV
pass energy), enabling rapid collection of data (5 s per region).

DSC calorimeter Perkin-Elmer DSC7

Thermo-oxidative stability of the samples was studied by power-compensated calorimeter
Perkin-Elmer DSC-7 equipped with a high-pressure DSC cell. Temperature calibration was
carried out until the melting point of indium and the enthalpy calibration was carried out up
to the heat of fusion of In. Samples of 2-4 mg were placed in standard open aluminum
pans. The measurements were performed in oxygen atmosphere; oxygen pressure was set to
10 bar and the samples were heated in the temperature range of 50-250°C with heating
rates of 1, 3, 5, 7 and 10°C/min.

Plywood strength testing
These tests were performed following a previously described methodology (Bekhta et al.
2019). Quality of gluing was tested according to standards EN 314-1 and EN 314-2. Three-
layer plywood of beech wood (fagus sylvatica) veneer was prepared for determination of
physical and mechanical properties at following conditions: pressing (laboratory hydraulic
press FONTIJINE) pressure 1.8 MPa, temperature 105 °C, time 5 resp. 6 min. Plywood
were conditioned at the temperature of 20 + 2 °C and relative humidity 65 + 5 %. Tested
pieces were pre-treated for the class 1:

— immersion in water 20 °C for 24 hours,

— constant rate loading,

—  disruption after 30 = 10 seconds,

— accuracy of 1 N.

Formaldehyde emissions
Formaldehyde emissions from five-layer beech wood plywood were tested according to the
test method JIS A 1460 “Building boards. Determination of formaldehyde emission.
Desiccator method” according to following conditions:

— volume of desiccator: 9-11 dm?®,

— loading coefficient: 1800 cm?,

— temperature of 20 = 0.5 °C,

—  test duration 24 h,
The concentration of formaldehyde absorbed in distilled water was evaluated by acetyl-
acetone method with spectrophotometric evaluation using the ultraviolet spectrophotometer
UviLine S1 5000 at 412 nm wavelength.

RESULTS AND DISCUSSION

X-Ray photoelectron spectroscopy (XPS) was used for qualitative and quantitative
determination of basic elements prepared samples of biopolymers keratin. Analysis of
sample surfaces determined by X-Ray photoelectron spectroscopy can be seen on the Table
1.
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Table 1: Apparent surface chemical composition samples of keratin as determined by XPS.

Surface chemical composition of samples prepared from keratin [%6]
Sample No. Cls | Ols | N1s | S2p - sulfide(C-S)/SO; | ClI2p | Nals
1. Keratin K-1 65.8 | 15.8 | 135 3.0-89.2/10.8 1.3 | 0.6
2. Keratin K-2 822|105 | 45 1.3-14.9/85.1 05 | 00
6. Cysteine modified | 63.4 | 14.4 | 20.7 0.7 -100.0/0.0 0.5 0.2
(MOD-1)
9. Keratin K-9 53.5 | 18.3 | 13.6 2.3-78.0/22.0 6.7 | 55
11. Keratin K-11 57212141120 1.9 — 44.4/55.6 09 | 6.6

The differences between the spectra of prepared samples are visible mainly in the amount
of sulfur and in the ratio of the reduced state C-S (signal S2p at -163 eV) and the oxidized
state SOs (signal S2p at 168 eV). In the sample of keratin K-2 prepared by oxidative
hydrolysis, there were a significant decrease nitrogen to 4.5% (N1s signal at ~ 400 eV) and
oxygen to 10.5% (O1s signal at ~ 532 eV. Total amount of sulfur is 1.3% and its oxidative
form increased to 85.1% (S2p signal at ~ 163 eV). Sample No. 6 has the highest nitrogen
content to 20.7 % (N1s signal at ~ 400 eV) and the lowest total content of sulfur is only
0.7% but only in the reduced state as sulfide.

Antioxidation activity samples prepared from biopolymer keratin.

Perkin-Elmer DSC7 calorimeter with a high-pressure measuring head was used to study the
thermo-oxidative stability of the prepared samples. The stabilizing effect of antioxidants
depends on the matrix where they are dispersed.

The antioxidant effects of prepared samples were determined in a suspension with
polyethylene glycol SLOVAPEG-600 (Slovchema, Slovakia). The mixtures of PEG and
prepared samples were ultrasonicated for 5 min. Keratin hydrolysates swelled in
polyethylene glycol (PEG) resulting in a suspension. Composition of the suspensions is
shown in Table 2.

Tab. 2 Mass of components of the suspensions of PEG with tested biopolymers No.

PEG*+ PEG®+ PEG®+ PEG®+  PEG®+

parameter 1@ 20) 6 9@ 110
m (tested 00994 01027 01049 01045 0,091
sample)/g

m(PEG™)/g 41994 42300 41999 42232 42100
X 2367 2428 2,498 2474 2,354

PEG® polyethylene glycol - reference, @ Keratin K-1, ® Keratin K-2, © Cysteine—-modified
with Glutareldehyde and urea MOD -1, @ Keratin K-9, © Keratin K-11

Concentration of the sample is expressed as parts of the sample per hundred parts of PEG (phr) and is
marked as X. In fact, X is the relative mass fraction of the sample in PEG.

Oxidation onset values depending on the heating rate were obtained from DSC records. The
values of oxidation onset temperature (OOT) as a function of heating rate are.
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Table 3: Dependence of the oxidation onset temperature (OOT) on the heating rate (5)

B/°C.min! 00T/°C
PEG® PEG® + PEG® + PEG® + PEG® + PEG® +
pristine 1@ 20 6© 9@ 11

1 117,6 119,6 126,6 165,7 139,1 121,9

3 129,6 126,9 138,2 182,5 152 132

5 135 130,6 148 188,2 158,8 141

7 140,8 133,8 152,9 191,8 160,8 145,1

10 147 138,4 157,9 197,1 163,6 151

® PEG pristine — reference, @ Keratin K-1, ® Keratin K-2, © Sample-6 — cysteine modified
with methyl-ol pre-condensate - MOD-1, @ Keratin K-9, © Keratin K-11.

The kinetic parameters A and D have been obtained by the non-linear least-square method
using the program ORIGIN. Their values with standard deviations are listed in Table 4.

Table 4: Kinetic parameters describing the induction period of PEG thermo-oxidation

Sample In (A/min) + SD D (K +SD
PEG pristine 33,842,2 0,0803+0,0056
PEG + sample No.1 51,8+4,1 0,127+0,010
PEG + sample No.2 31,4+1,9 0,0723+0,0048
PEG + sample No.6 35,4+1,4 0,0745+0,0031
PEG + sample No.9 40,3+2,4 0,0919+0,0057
PEG + sample No.11 33,6+2,5 0,0790+0,0063

The Kkinetic parameters obtained enable us to model the length of induction period for any
temperature regime. For constant temperature, the length of induction period (i.e., OIT) was
determined using (Simon et al. 2008, Simon et al. 2009).

The stabilizing effect can be better illustrated by the employment of the value of protection
factor, (PF). PF is defined as the ratio OIT for PEG with the addition of stabilizer and the
pristine PEG (Cibulkova et al. 2005).

Antioxidant efficiency then does not depend on the antioxidant concentration in the matrix
(valid exactly for low concentrations) and can be employed for the comparison of
antioxidants. Antioxidant efficiency of individual antioxidants in the PEG matrix as
a function of temperature is depicted in Figure 1.
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Figure 1. Antioxidant efficiency of antioxidants under study in PEG matrix.
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Figure 1. shows that the antioxidant efficiency of the samples No. 2, 9 and 11 is of the
order only in units. Better results were obtained at lower temperatures for sample No.1 K-1
where the antioxidant efficiency is in the order from units to tens. The best result was
obtained for sample No.6 — (amino acid cysteine prepared from keratin modified by
glutaraldehyde and urea). Thus, according to the AEX value, study samples prepared from
keratin biopolymer can be characterized as weak antioxidants for the selected temperature
range and matrix. Cysteine modified with glutaraldehyde and urea) shows slightly better
stabilizing efficiency as a mildly strong antioxidant. However, compared to conventional
industrial antioxidants, which have hundreds of AEX values at high temperatures, samples
prepared from sheep's wool do not achieve comparable antioxidant activity. Nevertheless,
these results show the potential for the use of secondary - waste natural materials to develop
new antioxidants.

Formaldehyde emission and shear strength from wood-based panels

Keratin hydrolysates K-1, K-2, Sample No.6-(cysteine modified with MOD-I), K-9 and K-
11 were tested to determine their influence on release of formaldehyde and quality of
gluing from wood-based panel bonded with UF resins.

Results evaluation of the influence of modifications on the release formaldehyde and shear
strength of the plywood test pieces are shown in Table 5.

Table 5: Test results — plywood properties @)

Formaldehyde
Sample No. 1 — Keratin K-1 concentrat%/on Shear strength
[MPa]
[mg/L]

100% UF resin + UF resin Protodur 303.3 — reference 0.44 1.82
1-99.5% UF resin + 0.5% Keratin K-1 0.37 1.8
2 —99.0% UF resin + 1.0% Keratin K-1 0.33 1.92
3 —97.0% UF resin + 3.0% Keratin K-1 0.27 1.52

Sample No. 2 — Keratin K-2
100% UF resin + UF resin Protodur 303.3 — reference 0.44 1.82
4 —99.5% UF resin + 0.5% Keratin K-2 0.42 1.77
5—99.0% UF resin + 1.0% Keratin K-2 0.39 1.65
6 —97.0% UF resin + 3.0% Keratin K-2 0.32 1.69
Sample No. 6 — cysteine modified — MOD -1
100% UF resin + UF resin Protodur 303.3 — reference 0.44 1.82
7 —99.5% UF resin + 0.5% Sample No. 6 0.30 1.87
8 —99.0% UF resin + 1.0% Sample No. 6 0.27 2.24
9 —97.0% UF resin + 3.0% Sample No. 6 0.19 2.05

Sample No. 9 — Keratin K-9
100% UF resin + UF resin Protodur 303.3 — reference 0.44 1.82
10— 99.5% UF resin + 0.5% Keratin K-9 0.33 1.85
11 —-99.0% UF resin + 1.0% Keratin K-9 0.31 2.02
12 —97.0% UF resin + 3.0% Keratin K-9 0.25 1.93

Sample No. 11 — Keratin K-11

100% UF resin + UF resin Protodur 303.3 — reference 0.44 1.82
13 —99.5% UF resin + 0.5% Keratin K-11 0.38 1.76
14 —99.0% UF resin + 1.0% Keratin K-11 0.35 1.51
15— 97.0% UF resin + 3.0% Keratin K-11 0.30 1.23

@ Standard JIS 233 requires for the best formaldehyde evaluation F**** average value of 0.30 at
maximum value 0.40 [mg/L]. ® Standard EN 314-2 requires the value of shear strength to be 1.0
MPa.
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Reduction of formaldehyde emission - Formaldehyde emissions were tested from five-
layer plywood according to the test method JIS A 1460. The results and evaluation of the
effect of the presented modifications on formaldehyde emissions from wood-based boards -
plywood glued with UF adhesives shown in Figure 2.

Shear strength of plywood panels - Quality of gluing was tested from three-layer
plywood according to standards EN 314-1 and EN 314-2. The results and evaluation of the
effect of the presented modifications on the shear strength from wood-based boards -
plywood glued with UF adhesives expressed in percentages are graphically shown in Figure
3.

Figure 2. Results of formaldehyde emission by desiccator method

Figure 3. Influence of modifications UF adhesive PROTODUR 303.0 by additives
prepared from keratin on shear strength of plywood.

Measured values of extinctions of tested samples of UF glue PROTODUR 303.0 confirmed
the lowering of formaldehyde emissions for each concentration of additives prepared from
biopolymer keratin in comparison with the reference sample.

The most significant decrease of formaldehyde from wood-based panels up to 44% was
achieved with the modification of sample No. 6 - 97% UF + 3% cysteine (prepared from
sheep wool) +MOD | (prepared by modification glutaraldehyde with urea).

Tested samples might have a great potential for application as environmentally friendly
formaldehyde scavengers.

Tested plywood fulfils requirement of the standard for class of gluing 1 — they are suitable
on application in normal interior environment. European standard EN 314-2 requires the
value of shear strength above 1.0 MPa.

The highest shear strength 2.24 MPa was obtained for sample No. 6 — 99% UF adhesive
PROTODUR 303.0 +1% (MOD-I prepared by modification glutaraldehyde with urea +
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cysteine prepared from sheep wool), which corresponds to an increase in shear strength of
123% compared to the reference UF sample. The shear strength of the plywood test pieces
decreases slightly with increasing concentration of biopolymers in the mixture of UF
adhesives.

CONCLUSIONS

This investigation has focused on modifications of natural biopolymer keratin and
possibilities its modification directed mainly to cleavage of the disulfide bonds.

The differences between the XPS spectra of prepared samples are visible mainly in the
amount of sulfur and in the ratio of the reduced state C-S (signal S2p at -163 eV) and the
oxidized state SOs (signal S2p at 168 eV). The sample of keratin K-2 prepared by oxidative
hydrolyses, there were a significant decrease in nitrogen from 12,5% to 4.5% (N1s signal at
~ 400 eV). Sample No. 6 has the highest nitrogen content to 20.7 % (N1s signal at ~ 400
eV) and the lowest total content of sulfur is only 0.7% but in the reduced state as sulfide.
The antioxidant activity of the samples was determined in the suspension of polyethylene
glycol SLOVAPEG-600 and the test sample. The best result was obtained for sample 6 —
(amino acid cysteine prepared from keratin modified by glutaraldehyde and urea). Thus,
according to the AEX value, cysteine modified with glutaraldehyde and urea, shows
slightly better stabilizing efficiency as a mildly strong antioxidant. The efficiency of the
Keratin K-1 sample is moderate at room temperature and negligible at higher temperatures.
The addition of keratin and cysteine prepared from wool sheep into (UF) urea-
formaldehyde adhesives for possibilities of lowering formaldehyde emission from wood-
based panels was another aim of this study. It was confirmed that sample No. 6, amino acid
cysteine modified MOD-1 with the highest antioxidant effect has also achieves the highest
decrease formaldehyde emissions and the highest strength compared to the reference UF
sample. Samples prepared for this study might therefore have a great potential for its
application as environmentally friendly formaldehyde scavengers.

Acknowledgements: The authors are grateful for financial support to the Slovak Research
and Development Agency projects No. APVV-17-0456, APVV-18-0378 and APVV-22-
0238.
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EXAMPLES OF SAFETY AND HEALTH RISK FACTORS
IN WOODWORKING INDUSTRY IN SLOVAK REPUBLIC

Alena O&kajova! — Adrian Banski?— Martin Kuéerka® — Zuzana Vyhnalikova®

Abstract

In the article, we want to point out the still existing safety and health risks in woodworking
operations, the essence of which lies in processing of non-homogeneous materials such as
wood, with anisotropic properties and the occurrence of natural wood defects, manual feed
of the workpiece into the cut, tools with a large number of cutting edges and high cutting
speeds, manual handling of loads, but also in many cases in the irresponsible approach of
the employees or employers themselve to the OHS. Failure to address or avoid these risks
leads not only to injuries, but long-term work in this environment to occupational diseases,
especially hearing loss, diseases of the musculoskeletal system, etc. Although the legislation
covers all areas in terms of OSH, its implementation in practice is lengthy and not always
adequate. The basis for characterizing the existing safety and health risks was the manual
"Risk Assessment Basics - Good for You, Good for Your Company", Check list for
Woodworking. Based on the description, it is obvious that the safety risks in woodworking
are known, but in many operations they tolerate, and due to health risks, minimal attention
is paid to manual handling of loads and ergonomics, the neglect of which contributes
significantly to diseases of the musculoskeletal system.

Key words: woodworking, safety and health risks, OHS

INTRODUCTION

The woodworking industry is one of the high-risk industries and although our legislation

covers all areas in terms of occupational health and safety (Acts of OHS), we often come

across reports of workplace accidents (usually severe) as a result of non-compliance with,

or a breach of, OSH regulations from the perspective of the affected employee, or even

inadequate workplace security on the part of the employer. The problem in question is

more frequent in small and medium-sized companies, which include woodworking

operations. This situation is mainly caused by:

> the disintegration of large state-owned companies into small, private, or family-owned
companies, where OSH issues are not given much attention,

> equipment with outdated technology, which in many cases does not meet safety
criteria,

> the low professionalism of the owners, who are not always specialists in their field, let
alone in the area of possible risks at work, because in many cases they do not know
about them or do not want to know, in other cases they consider the area of
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occupational safety and health more as a burden and unnecessarily invested money,
which does not bring the effect immediately,

> low awareness of employees themselves, who approach the issue only through the
prism of OSH training but do not implement in practice the acquired knowledge of
occupational safety and health, which implies an obligation for each individual to
comply with all safety regulations, to protect their own health as well as the health of
their co-workers,

> the use of machinery and equipment characterized by high speeds, high noise levels,
dangerous tools with many cutting edges,

» strenuous physical work carried out mainly in hazardous environments,

» the phenomenon that many people and experts think of wood as a healthy, natural
material, a renewable resource, without taking into account certain negative
characteristics that arise from the various technological processes involved in its
processing (e.g. wood dust during sanding, free formaldehyde in the production of
particleboard and fibreboard, medium density fibreboard (MDF), fungi and moulds in
landfills, etc.).

A suitable solution was found to eliminate the risk in the first place, if this is not possible, it
must at least be reduced to an acceptable level by complying with the relevant limit values
[1]. This is difficult and there is not always the will to do so in smaller and family-run
companies. As the situation in various woodworking operations is not only problematic in
Slovakia, international health and safety institutions (e.g. the European Agency for Safety
and Health at Work) try to help employers with a number of brochures with specific
instructions and examples on how to deal with selected situations directly in practice.
Although many of the procedures may seem tedious at first sight, if the right system is set
up and the issue is approached in a targeted and regular manner, the desired objective will
certainly be achieved.
The aim of the presented paper is to highlight examples of safety and health risk factors in
woodworking operations (woodworking) that can very quickly become hazardous if they
are not controlled or the limit values specified in the legislative regulations are not
respected, as there is a high probability not only of a cumulative effect of risk factors in
long-term exposure but also of a synergistic effect of several simultaneously acting factors
in the working environment, which is common in woodworking operations.

MATERIAL AND METHODOLOGY

From a range of risk assessment materials, we have selected the handbook ,,Risk
Assessment Basics - Good for You, Good for Your Company, part Woodworking® [2,3]
which will be used to characterize selected risk factors for the woodworking industry, with
specific examples, to give an idea of their multitude and diversity. It is by characterizing
these hazards that we want to emphasize that the risk here cannot be said to be small,
perhaps medium, but in most cases large, and that this is then matched by the likelihood
and severity of damage to health, whether it is a severe accident or a gradually emerging
occupational disease. In addition to the general checklist of hazards or dangers given in
this manual, there are also lists of hazards or dangers for selected operations, and for
woodworking, the manual gives the following checklist of hazards or dangers:

Work tools, equipment
> Are all machines fitted with covers?
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Are instructions available regarding hazardous work practices?

Are employees trained to operate the machinery?

Are regular inspections and tests of work tools provided?

Do employees use suitable means to guide short or narrow pieces of material through
the saw?

Can employees' clothing be drawn between moving parts of machinery and cause
damage to their health?

YVVYV

Y

Electrical hazards

> Are electrical machines earthed?

> Are electrical cables and wiring harnesses maintained in a safe condition?
» Are outlets, connections, switches, and fittings covered?

> Is the environment in the area specified in terms of enclosure?

Air quality
» Do woodworking machines have an automatically activated exhaustion system when in
use?

» Do you check the exhaust equipment regularly?

» Do you clean and wipe the dust from ceilings, wall partitions, and cable ducts?
» Do you assess the air quality in your workshop?

» Do employees use respirators if they work in paint booths?

Chemicals

> Are employees who come into contact with hazardous chemicals adequately trained?

» Do employees use personal protective equipment (gloves, goggles, face shields,
respirators) when working with chemicals?

> Are chemicals kept well away from sources of fire?

Noise and vibration

» Do you assess the noise level in the workplace?

> Do employees exposed to high noise levels use hearing protection?

» Do you avoid vibrations that can be transmitted from machinery through work pieces to
employees' hands?

Health risk

> Do you organize health checks for employees?

> Are employees exposed to high noise levels regularly sent for audiometric
examinations?

> Are employees appropriately trained on working with loads?

> Do you try to meet the special needs of employees when designing the workplace
(ergonomics)?

On the basis of our own practical experience and numerous visits to woodworking
enterprises, as well as experimental measurements we have carried out in them and in the
framework of our own research, we present selected examples, in particular for the
following areas: Work tools, Equipment; Air quality; Noise and vibration; Health risk.
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RESULTS AND DISCUSSION
Safety risks
Work tools, equipment

> Are all machines fitted with covers?

The woodworking industry is characterized by the presence of tools with a large number of
cutting edges that operate at high speeds, e.g. circular sawblades (approx. 7000 min),
bottom spindle moulder (approx. 8300 min), top spindle moulder (up to 30000 min-t), and
it is therefore very important to provide them with covers, [4]. Modern woodworking
machines are equipped with perfect protection for all moving and rotating parts and tool
guards that uncover themselves during the working operation. When changing tools or
carrying out maintenance work, the tool cover is only opened when the power supply is
switched off.

Of course, all machines are fitted with covers from the manufacturer, but we often
encounter unprotected rotating spindles in joint-carpentry and furniture workshops, e.g. (in
bottom spindle moulder) in individual production, it is sometimes necessary to change the
tool many times per change due to production requirements (customer needs) and this
seems to be very tedious for the operator if he should always fix the tool and the cover,
which is also part of the exhaust, together with the protective grid, for finger stop. In this
case, the danger or hazard is multiplied by the manual feed of the workpiece into the cut. If
the work is carried out without a cover, e.g. with a bottom spindle moulder that also
includes a finger protection unit, the operator can very quickly come into contact with
dangerous moving parts of the tool.

The danger of working on woodworking machines when manually feeding material
into the cut is also increased by the very characteristics of the material being machined,
such as its anisotropy, the occurrence of knots, and other growth defects. A very dangerous
situation can arise especially during planing (thickness and surface planer), and sawing.
The knots distort the structure of the wood, have a higher density (2 to 3 times higher than
the surrounding wood, [5]), and are often the cause of material kickback, and the operator
does not always react promptly to the situation, which can result in the hand slipping off the
workpiece being moved. The knots are also dangerous if they are not perfectly bonded to
the surrounding wood (unsound knots) — loose knots, knots affected by rot, and they come
loose on contact with the cutting edge of the tool and can strike the operator.

» Can employees' clothing be caught between the moving parts of the machinery
and cause damage to their health?

It is the perfectly designed machine covering that should prevent clothing from being
drawn between the moving parts of the machinery and thus damage the health of the
employees. As mentioned above, if the cover is out of action for any reason and the
machine is being worked on, then there is a high probability of employees' clothing being
pulled between moving and rotating machine parts, or undressed hair or hanging items -
bracelets, chains, etc. being pulled in.

Risk factor — working without a cover and the manual feed of material (wood) into the
cut. This activity (manual feed) should certainly be included in the checklist of hazards
or dangers for woodworking, the hazards of which are determined by the species, the
anisotropy itself (the difference in physical and mechanical properties in three mutually
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perpendicular directions) and the occurrence of natural defects in the wood, such as
knots, ruptures, defects in the structure of the wood, etc., which essentially distinguish
the machining of this material from other materials with a homogeneous texture.

» Do employees use appropriate means to guide short or narrow pieces of material
through the saw?

In most cases, yes, because employees are aware of the dangers of this action, especially

when sawing and milling. Rather, a problem can arise when larger chips or dropped knots

are on the saw table or bottom spindle moulder and the operator tries to remove them by

this means and can very quickly stumble against the moving tool.

» Are there instructions available on dangerous working practices?
Operating manuals for all machinery and equipment, as well as instructions on hazardous
work practices, are available at woodworking facilities.

> Are employees trained to operate the machinery?

Of course, employees in most operations are trained to operate machinery and certainly
warned about unsafe working practices, but the human factor does not always act in
accordance with the regulations and instructions. Two risk groups of employees in terms of
age need to be highlighted and drawn attention to. While young employees may not yet
appreciate the potential risk of not following all the rules for working on woodworking
machines, older employees are also aware of the risks involved, but their routine in
operating the machines means that they try to 'improve and speed up' certain activities,
which often results in the use of unsafe working practices, [6].

Risk factor — age of the employee
Air quality

» Do woodworking machines have an automatically activated exhaustion system
when they are in use?
» Do you check the exhaust equipment regularly?
» Do you clean and wipe the dust from ceilings, wall partitions, and cable ducts?
The answer to these three questions is yes, every machine in operation is always equipped
with an exhaust system, very typical in the case of little-used stands are mobile exhaust
units, with high efficiency. It is also ensured that pipelines are checked, as this is the first
prerequisite for the spread of dust into the working environment. The problem arises when
the employees themselves disable the suction from the machine, as in the case of the
bottom milling machines, and thus cause a permanent load on the environment, especially
with fine dust, which floats in the environment, does not settle or settles very slowly, and is
stirred up again by any movement.

Wood dust dispersed in the working environment are airborne dust particles, with a
diameter of less than 100 pm [7,8,9], which pose a health risk to operating personnel
because they cause respiratory problems in addition, beech and oak hardwood dust are
classified as Category 1 carcinogens, which means a proven chemical carcinogen [10]. In
woodworking operations, where dried wood is already handled, that a large number of dust
particles with a particle size diameter of fewer than 100 um are produced and about 80 %
of such dust particles are produced during the sanding operation [11,12,13].
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Fine coating of dust can often be seen on various structures, walls, sloping surfaces,
power lines, and on the exhaust pipeline itself, which is less regularly cleaned (vacuumed)
and is swirling again by any activity. Our experiments have confirmed that the smaller the
dust particles are, the higher their cohesion and adhesion to the surface and they are able to
stick even on "steep surfaces" [14]. The floors are cleaned of dust regularly, but sometimes
with compressed air "because it's faster”. Another problem in terms of settled dust is the
stacked material near the machines (in smaller operations) that will be processed, and it is
not possible to clean this area well on a regular basis. It should be in the interest of the
employer but also of the employees themselves, in the wood processing industry, to protect
their respiratory system and to wear suitable PPE [15].

Risk factor — inadequate cleaning of settled dust

» Do employees wear respirators if they work in paint booths?

It certainly is, and it should be pointed out that paint manufacturers are now trying to
develop eco-friendly coatings, where harmful chemicals are replaced by less harmful ones
or new systems without harmful additives, [1]. But certainly, the use of respirators is
important, and this also depends on the type of coating equipment. The dispersion of these
substances into the air is different when spraying (the largest), and it would be different
when dipping, roller coating, or painting. As spraying is the predominant coating method in
smaller operations, the use of respiratory protective PPE should be a matter of course.

» Are you assessing the air quality in your workshop?

To ensure the air quality in the workshop, the limit values of hazardous factors in the
working environment set by the standards should be respected and employers should take
care to professionally monitor and measure these hazardous factors in the workplace,
(whether it is dust, free formaldehyde, noise).

Noise and vibration

» Are you assessing noise levels in the workplace?

> Do employees exposed to high noise levels use hearing protection?

The noise level of the woodworking machines exceeds the limit value of 87 dB [16],
(conveyors, main sawing machines — frame saws, trunk band saws, circular saws, sorting
lines, planers, moulders etc.), which greatly reduces the quality of the environment in
which the operating personnel moves throughout the working shift. The prolonged
exposure to noise causes gradual hearing loss but also other health problems — stress,
headaches, insomnia, increased blood pressure, lack of appetite, etc.

Employees have hearing protectors, but if we have worked with them ourselves, we can see
that they greatly interfere with our comfort at work, weaken communication between
colleagues, make us less aware of our immediate surroundings, and can also reduce our
alertness and attentiveness. Very important in such cases to invest in personal protective
work equipment that will only eliminate high noise levels, not human speech. It must be
stressed that noise increases if tools are blunted, or poorly balanced if the wrong size tool is
used (e.g. a larger diameter saw blade than is sufficient to perform the operation), again the
material, its anisotropy and the occurrence of natural defects, especially knots, etc. must be
emphasized [17]. Employees are very unlikely to rotate if they are trained to work on these
machines, because if they work in the same hall it does not matter which machine they
operate, as the noise in the working environment is equally high in any location.
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Risk factors — noise and using PPE, not of the highest quality

» Do you avoid vibrations that can be transmitted from the machines through
workpieces to the employees' hands?

There are a number of woodworking operations where vibration cannot be avoided, e.g. the

operation of hand-held electrical machinery and tools, where employees are mainly

exposed to vibration transmitted to their hands, which can be reduced by the use of

appropriate PPE — anti-vibration gloves, although they do not always meet the stated

reduction in vibration values in practice, [18].

Risk factor — vibrations and using PPE, not of the highest quality
Health risks

> Are employees adequately trained to work with loads?

There is still a great deal of strenuous physical work involved in woodworking, which
includes working with loads (e.g. when assembling parts, and packing, but often also when
loading and unloading parts into and out of the machine). In this work, aids aren’t used a lot
to reduce or eliminate this factor. This is heavy physical work, whether dynamic or static. |
do not know if employers train their employees on the basic rules of handling loads
(horizontal plane rule, vertical plane rule — the center of the gravity of the object as close as
possible to the center of the gravity of the operator), the principles of lifting, lowering
loads, pulling and pushing (e.g., material handlers — proper use of their own weight), etc.
Particularly for the younger age group, training is essential to learn the correct procedures
and rules (to learn them), as these activities gradually lead to health problems, especially
with the sacral spine [19, 20].

Risk factor — aids aren’t used a lot to reduce or eliminate working with loads, working
without training (accent on young people)

» Do you try to meet the special needs of employees in workplace design
(ergonomics)?

I don't know if it is correct in this case to talk about the special needs of employees when
designing a workplace. Here, we should not define it as the special needs of employees, but
as the employer's obligation to create the best possible workplace, also from the point of
view of ergonomics, the aim of which is to preserve the health of employees at maximum
performance. In our operations, the aim is primarily maximum performance, and not
enough attention is paid to the health and well-being of employees. However, it is in
woodworking that we encounter a great deal of physical strain, whether dynamic or static,
and it is precisely by the ergonomic design of the workplace that this strain could be
eliminated, at least in part.

Static load, which is a long-term, unilateral, and excessive load on the musculoskeletal
system, is encountered in woodworking (especially furniture production, construction, and
joinery production, upholstery production) when using any tools, especially hand machines,
pneumatic nailers, staplers, drills, etc. when the basic ergonomic principle of a straight
wrist is not observed - e.g. when pistol tools are used instead of hanging tools for working
horizontal surfaces. By having to twist or bend the wrist, more strain is placed on it,
resulting in less force being exerted and progressive health problems [21]. This problem is
compounded by the sheer weight of hand tools and implements. And it is up to employers
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how they tackle the design of their workplaces so that individual operations can be carried
out in the context of basic ergonomic principles.

In most positions when operating conveyors (e.g. checking center slats in large
composites, assembling parts) the operator has to be bent over (again the basic ergonomic
principle of a straight back is not followed), and the height of the handling plane - i.e. the
height of the conveyor is uniform for all employees operating it and we can then observe
that tall people have to have their back very bent over the conveyor and short people may
have a problem with the operator and have to bend over to pick up individual parts. Rarely
are these positions equipped with at least simple swivel chairs for a short rest, perhaps
adjustable in height, which would go some way to eliminating the uniform height of the
handling plane and at least partly eliminate physiologically unacceptable working positions
(bending over, stooping...), [22].

Risk factor — not observed the basic ergonomic principles, physiologically unacceptable
working positions

CONCLUSION

Based on the description of possible safety and health risks in wood processing operations,
it can be concluded that work in this sector is physically demanding. Among the items that
receive minimal attention based on our analysis are:

work is carried out without a tool covers,

inadequate cleaning of settled dust,

absent material handling training,

PPE not of the highest quality or in line with scientific advances,

minimal ergonomic design of workplaces (static and dynamic loads, physiologically
unacceptable working positions, straight wrists, etc.),

risks age categories of employees with accent to young workers.

VVVVYVY

A\

There is an absent item in the list of hazards or risks for wood processing:

» processing of non-homogeneous material such as wood, with anisotropic properties and
the occurrence of natural wood defects and

» manual feed of the workpiece into the cut.
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SPECIFIC CUTTING WORK AT DRILLING PAR TICLEBOARDS
MADE OF AN ALTERNATIVE RAW MATERIAL
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— Tomasz Rogozinski

Abstract

The study aims to investigate the effect of using alternative lignocellulosic materials in
particleboard production on technological properties during drilling by measuring energy
consumption and specific cutting work. The object of the research was to compare 3 types
of particleboards made from: shredded wood-based panels (PO), energy willow particles
(SV) and a mix of raw materials (MIX) when drilling holes for furniture joints. The
materials were drilled at a constant revolution of the cutting tools of 6,000 rev/min with
variable feed rates of 0.2 and 2 m/min. The boards researched had the same nominal
density and met the requirements of EN 312 for P2-type boards. The energy consumption of
the drilling process on the Felder Creator 950 CNC machine was tested using a PQ-box
150 energy quality analyzer. Energy consumption for a feed rate of 2.0 m/min is on average
three times lower than for a feed rate of 0.2 m/min. The values for energy consumption and
specific cutting work indicate that the particleboard material used affects energy
consumption during drilling. Energy consumption for drilling one hole is highest for PO
boards, and by using 50% of the raw material from shredded boards (MIX), this value can
be reduced by 48% and 37% depending on the feed speeds.

Key words: energy consumption, feed rate, particleboard production, furniture joints

INTRODUCTION

The furniture industry is subject to ever-increasing demand, and as a result, given the
incidence of wood particleboard shortages and high prices, particleboard producers must
look for other available sources of raw material. There are many possible raw materials for
particleboard production, which, in addition to coniferous species chips and post-consumer
wood, can provide a sustainable production process (Reh et al., 2024). When taking up the
challenge of enriching production with the use of alternative raw materials, it is important
to preserve the quality of the boards and not complicate the machining process. The results
of Pedzik et al. (2022) (Pedzik et al., 2022) indicated that forest residues in the form of
branches from parts of the tree crown from the harvesting of round pine wood have the
same suitability for the production of three-layer particleboards as wood from the most
valuable part of the trunk of Scots pine. At the same time, managing waste from the panel
industry containing shredded wood particles takes on the challenge of recycling by
converting them into value-added products (Aladegboye et al., 2024). These activities are
part of the principles of a circular economy. However, it should be considered that material
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innovations affect the properties of the produced boards, if only because of the achievable
particle size. The size of the particles used and the type of raw material will affect the
physical and mechanical properties of the particleboards (Dukarska et al., 2022). Therefore,
when using alternative raw materials for particleboard production, it is crucial to maintain
not only the quality of the boards determined by mechanical properties (Janiszewska-
Latterini and Pizzi, 2023), but also the corresponding constructional and technological
properties. Particularly important will be bending strength, mineral particle content and
specific cutting work. These properties in practical application will determine the further
possibilities and profitability of using particleboards made from alternative raw materials,
e.g. for furniture production.

The proper design of case furniture requires, first and foremost, an analysis of the
materials used for its structural elements and the selection of appropriate joining systems.
The quality of the construction material, the processing methods, and the types of joints
used have a significant impact on the durability of the furniture (Langova and Jos§c¢ak, 2019;
Tankut, 2009). Most of the joining solutions for case furniture involve drilling operations in
the furniture board panels to create slots or holes for the connectors. Drilling is defined as a
cutting process involving the rotational movement of the drill bit and the linear feed
movement along the axis of its rotation. One of the parameters characterizing the
processing of wood materials is the specific cutting work.

Specific cutting work refers to the amount of work required to convert a unit volume or
mass of the cut layer into chips. The value of this parameter depends on the processing
parameters and the material being processed. Understanding the influence of these two
components is essential for achieving energy efficiency in the cutting process (Rajemi et
al., 2010). To determine the specific cutting work, it is necessary to measure the energy
consumed during processing. This energy is most often determined based on the forces
occurring during cutting. While achieving this is straightforward in laboratory conditions, it
is practically impossible in industrial conditions. Therefore, in this study, to obtain
information about the amount of energy consumed during cutting, a PQ-box 150 energy
quality analyzer was used, allowing for direct measurement of the energy consumption by
the machine performing the processing.

The study aims to investigate the effect of using alternative lignocellulosic materials in
the production of particleboards on the technological properties during their processing,
such as energy consumption and the specific cutting work. In addition, the study determines
the effect of feed rate on these parameters. These results will provide the data necessary for
the furniture industry to use particleboards from alternative raw materials in the production
of products such as furniture.

MATERIAL AND METHOD

The research used 3 variants of particleboards made from alternative lignocellulosic
materials. The variants produced included the use of particles and the boards were marked
as: PO - particles from shredding wood-based panels such as laminated particleboards and
OSB (Oriented Stand Boards), SV - particles from energy willow (Salix viminalis), and
MIX - a 50:50 mix of particles from both. The raw materials were shredded in a laboratory
ring-knife shredder and the obtained chips were sorted. The fractions obtained from the 2.0
mm sieve sorting machine were dried at 103°C to a moisture content of 2%. Under
laboratory conditions, single-layer particleboards were produced with a nominal thickness
of 16 mm, a nominal density of 670 kg/m?® and the resination ratio was 10%. Melamine-
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urea-formaldehyde (MUF) adhesive (Swiss Krono Sp. z 0.0., Zary, Poland) was used, and
the hardener was a 40% water solution of NH4sNQOs. The resin used had a particulate content
of 67.8%, dynamic viscosity of 305 mPa's and the gel time of the adhesive mass at 100°C
was about 93 s. The boards were pressed on a hydraulic single-level press (Simpelkamp,
Krefeld, Germany) using the pressing parameters: unit pressure 2.5 MPa, temperature 180
°C, pressing factor 6 s per one mm of nominal board thickness. After manufacturing,
respectively, the boards were conditioned in an air-conditioning chamber at a relative
humidity of 65 + 5% and a temperature of 20 + 2 °C. Based on the mechanical strength
results obtained, the manufactured boards were classified as P2 type (boards for interior
fitments, including furniture) according to EN 312.

The energy consumption of the drilling process was tested using a PQ-box 150 energy
quality analyzer. The analyzer was connected to the Felder Creator 950 CNC machine
(Zory, Poland) for which programs were written. During each test cycle, 19 holes were
drilled at 32 mm spacing, which had a diameter of 5 mm and a depth of 25 mm. The
number of holes drilled was based on the size of the particleboard format. Leitz drills
marked as HW-massive/D5/NL35/S10x27/GL70 were used during drilling. Tests were
conducted using two feed rates of 0.2 and 2 m/min and a constant revolution of the cutting
tool of 6000 rev/min. Energy consumption tests were conducted for each of the three
variants of particleboard raw material used. The methodology for calculating energy
consumption per hole is presented in (Pakuta et al., 2024). The energy consumption during
the operation of the machine performing the assumed machining cycle (19 holes) without
contact with the material was determined (this was to determine the energy consumption of
the machine without taking into account the energy for the actual cutting) with two feed
speeds, marked as EO. Subsequently, full machining of the 3 particleboards tested was
carried out using 2 feed speeds, during which energy consumption was determined as
Emax. The results obtained with the energy analyzer were used to calculate the energy
consumed to make one hole in the particleboard at different speed variants - Ep. The
volume was calculated using data from (Pakula et al., 2024) and is 490,625 mm3. The
specific cutting work (SCW) was calculated from the equation:

SCW By
7

RESULTS

The results of energy consumption measurements making 19 holes are shown in
Figures 1 and 2. Energy consumption for a feed rate of 2.0 m/min is on average three times
lower than for a feed rate of 0.2 m/min. For a feed rate of 0.2 m/min, the lowest energy
consumption was obtained for the MIX variant and amounted to 35,199 Wh, and increased
by almost 0.5 and 1.7% for the SV and PO boards, respectively. For a feed rate of 2.0
m/min, consumption was also lowest for the MIX board and amounted to 11.693 Wh,
increasing by about 0.5% for the SV board and 1.8% for the PO board. The value of energy
consumption for drilling the 19 holes planned in the research was 11.337 Wh for a feed
speed of 0.2 m/min and 34.910 Wh for a ten times higher speed rate of the cutting tools.
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Ryc. 1. Energy consumption during the hole drilling cycle for 3 types of particleboards and
a reference sample without material at a feed rate of 0.2 m/min.
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Ryc. 2. Energy consumption during the hole drilling cycle for 3 types of particleboards and
a reference sample without material at a feed rate of 2.0 m/min.

To obtain the energy consumption of drilling one hole in each board, the differences in
energy consumption were first calculated for each board and the reference sample without
material, the results are shown in Figure 3. Table 1 shows the energy consumption Ep
calculated per drilled hole.
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Ryc. 3. Difference in energy consumption between the researched samples and the
reference sample without material.

Table 1. Energy consumption for drilling one hole in a particleboard at different feed rates
and SCW results.

Type of particleboard
Parameter
PO SV MIX

Feed rate 0.2 2.0 0.2 2.0 0.2 2.0
[m/min]

Ep [Wh] 0.046 0.030 0.024 0.022 0.015 0.019

SCW 9.3621401 | 6.12076E- | 4.82772E- | 4.44087E- | 3.09727E- | 3.81758E-

[J/mm?] E-05 05 05 05 05 05

The Ep values indicate that the particleboard material used affects energy consumption
during drilling. For the PO board made from shredded laminated particleboard and OSB,
the energy consumption for drilling one hole is 0.046 and 0.030 Wh. Using only 50% of the
board waste for production, energy consumption can be reduced to 0.015 and 0.019 Wh, a
decrease in energy consumption of as much as 48% at a feed rate of 0.2 m/min. For SV and
MIX boards at higher feed speeds, the values are similar. However, a significant decrease
of 37% in energy is seen at the lower feed rate after reducing the proportion of energy
willow particles in favour of board shredding particles.

The specific cutting work indicates how much energy is required to turn a unit volume
of material into a particle. Thus, low SCW values are advantageous, as lower resistance will
also reduce cutting tool wear. Analysis of the data showed that SCW for PO and SV boards
is higher for feed rates of 0.2 m/min. By far the highest SCW values are for the PO board
and are 9.3621401E-05 and 6.12076E-05 J/mm? for feed rates of 0.2 and 2.0 m/min.
Adequately to the Ep results, small differences between the feed rates are for the SV board,
and the smallest SCW values were shown for the MIX board, which were 3.09727E-05 and
3.81758E-05 J/mmé.
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CONCLUSION

The type of raw material used in particleboard production affects energy consumption
during hole drilling. Particleboards made from shredded wood-based panels and energy
willow particles (MIX) have the lowest energy consumption and the best machinability. In
this respect, it is the most energy-efficient material among those researched. Particleboards
made from particles of shredded wood-based panels (PO), have the highest energy
consumption and require the most energy for drilling. The SV boards rank in the middle on
most parameters, making them a compromise between ease of processing and energy
consumption. Combining several lignocellulosic materials to produce particleboards is
advantageous in terms of technological properties. The type of material affects the cost of
energy consumption during processing and tool wear, and this affects the technological
profitability of using alternative raw materials for particleboard production. The results of
the conducted work will provide the data necessary for the furniture industry to use
particleboards from alternative raw materials in the production of products such as
furniture.
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SURFACE ROUGHNESS OF OIL SURFACE FINISHES ON BEECH
WOOD IF THE RECOMMENDED APPLICATION PROCEDURE IS
NOT FOLLOWED

Gabriela Slabejova — Maria Smidriakova — Luka§ Adaméik
— Zuzana Vidholdova

Abstract

Surface Roughness of Oil Surface Finishes on Beech Wood if The Recommended
Application Procedure is Not Followed. The article evaluates the differences in roughness
of oil-wax surface finishes on beech wood with the zone of mature wood and false
heartwood in the situation if all recommended application procedures for surface finishing
were not followed. The final sanding was done with P120 grit sandpaper on one set of test
bodies; and with P150 grit sandpaper on the other set. Beech wood were surface finished
with two representative coating materials based on vegetable oils and waxes. The entire
applied amount of the coating material was intentionally left on the surface; after 30 min,
the unabsorbed coating material was not wiped off. The roughness R, and R, parameters
were recorded on VHX-7000 digital microscope. The surface of beech wood sanded
showed a lower roughness when using sandpaper P150 compared to P120 in the zone of
mature wood and false heartwood both perpendicularly to the wood grain and along the
grain. Oil-wax surface finishes reduced the surface roughness of beech wood if the
principles of the technological procedure of applying coating materials were followed. If
the principles are not followed, there is a high probability of defects in the coating film and
this results in an increase in the surface roughness.

Key words: beech wood, false heartwood, mature wood, oil surface finish, roughness

INTRODUCTION

Beech wood is one of the most used types of wood for the production of furniture, floors
and stairs. It has its own unmistakable texture. Beech is one of the tree species in which a
false heartwood is formed. The occurrence of a false heartwood in beech wood is a
common malformation encountered in practice (MICHALEC et al., 2022, DZURENDA et al.,
2023).

The issue of how to eliminate the creation of false heartwood have been dealt by experts
since the beginning of the last century. But we cannot prevent the occurrence of false
heartwood yet. Perhaps it would be more interesting to consider the idea of using beech
wood with a false heartwood (without rot) for the production of interior elements that are
mentioned. The interior elements are usually surface finished. If we want to preserve the
visible texture of the wood, transparent coatings are used. Currently, the trend is to use
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ecological coating materials or natural-based ones (YAREMCHUK et al., 2023; VIDHOLDOVA
et al., 2021; YAREMCHUK et al., 2016). One type of coating material with a predominantly
naturally occurring film-forming agent are oil-based coating materials (ARMINGER et al.,
2020). They harden on wood surface as thin films with sufficient resistance properties in
the interior. Transparent oil surface finishes also have their negatives, such as low light
fastness, lower hardness and lower abrasion resistance of the coating films. To improve the
appearance of oil coating films, their mechanical and resistance properties, various
additives are added to coating materials (CHENG et al., 2020). Improvement of the
mechanical properties of the coating film is achieved, for example, by adding waxes to the
coating material. The quality of the surface finish is determined not only by the properties
of the coating material, but also by the nature of substrate, especially its surface properties.

Surface properties of the substrate to be surface finished — roughness (PIERNIK et al.,
2023; ADpaMCIK et al., 2023a; ZHU et al., 2022; SmAJIC et al.,, 2020;) wettability
(JANKOWSKA et al., 2021) and adhesion — are important characteristics. JOVANOVIC et al.
(2020) dealt with the effect of different types of wood surface processing on surface
roughness. Specifically, they investigated the roughness on beech wood and oak wood after
surface processing by milling and grinding. KUDELA et al. (2018) also dealt with a similar
issue. They investigated the effect of wood surface processing by milling and grinding on
surface morphology of beech wood and spruce wood. SLABEJOVA and MOzA (2010) dealt
with the influence of selected, water-dilutable coating materials on the final surface
roughness of beech wood.

The aim of the work is to point out the roughness of oil-wax surface finishes on beech
wood with a false heartwood in the situation if all recommended application procedures for
surface finishing were not followed.

MATERIALS AND METHODS

Material
In the experimental tests, beech wood (Fagus sylvatica L.) originating from the Stiavnické
vrchy mountains (Slovakia) was used. Test bodies with dimensions of 60 mm x 20 mm %
18 mm, without wood defects (bumps, cracks, etc.), were made of beech lumber.
Roughness was measured on test bodies with dimensions of 80 mm % 80 mm X 10 mm.
They were made of beech wood with a false heartwood and conditioned at a temperature of
20 °C and a relative humidity of 60 % to a moisture content of 10 + 1 %. Each test body
contained a zone of mature wood and a zone of false heartwood. The bodies were grinded
with an eccentric sander — Festool ETS 120, abrasive Rubin 2 with a diameter of 125 mm.
The final sanding was done with P120 grit sandpaper on one set of test bodies; and with
P150 grit sandpaper on the other set.

Coating materials

Two representative coating materials based on vegetable oils and waxes, suitable for
interior use, were used to final treatment of the wood surface.

+  Surface finish Wax-oil Original (acronym WOO) — hard waxy oil with a high content
of solids, based on natural oils and waxes. It is applied with a brush or a roller in two thin
layers. The dry matter content in the coating material is 50 % (URL1).

» Surface finish Wax-oil Naturalis (acronym WON) — hard waxy oil, composed of a
mixture of hard waxy oil, siccative and solvent. Hard waxy oil can be applied using a brush
or a roller in thin layers to already oiled surfaces. After 30 minutes, it is necessary to wipe



G. SLABEJOVA — M. SMIDRIAKOVA — L. ADAMCIK — Z. N IDHOLDOVA 177

the remains of unabsorbed oil from the surface. The dry matter content in the coating
material is 80 % (URL2).

Coating materials were applied using a brush according to the recommendations in the
technical sheets. The exact spread of the coating materials was measured by the weighting
method using laboratory scales KERN 573/DS with an accuracy of 0.01 g (see Table 1).
The entire applied amount of the coating material was intentionally left on the surface; after
30 min, the unabsorbed coating material was not wiped off.

Table 1 Average spread of the coating materials immediately after application and
subsequently after hardening

Sum of
lst 2nd

coat [g] coat [g] coats [g]

Surface finish . A:‘itce;tio After . Afﬁi;ﬁ After After
PP N hardening p[:)n hardening | hardening

WOO-P120 0.49 0.18 0.37 0.23 0.41
WOO-P150 0.38 0.17 0.30 0.21 0.38
WON-P120 0.29 0.19 0.56 0.48 0.67
WON-P150 0.21 0.19 0.49 0.43 0.61

Note: WOO, WON - surface finishes; P120, P150 — final sanding

The surface finishes were cured for 24 hours in laboratory conditions — the temperature
20 °C £ 2 °C and relative humidity 60 % + 5 %. After 24 hours, the second coat was
applied and cured under the same conditions for 76 hours. After the coatings had hardened,
the surface finishes were visually evaluated according to STN 91 0272: 1992. The
following defects were monitored: orange peel, hardened impurities, craters and bubbles.

Defects were assessed visually with the naked eye from a distance of 250 — 750 mm at
an angle of 0 — 90° in daylight. For each defect, the incidence (Table 2) and size (Table 3)
were evaluated.

Table 2 Evaluation scale for the occurrences of defects ""M"*

Grade Density of defects;
Affected area of the total surface of the sample (%)
1 <0.03 %
2 <1%
3 <2%
4 <5%
5 <25%
Table 3 Evaluation scale for size of defects "'G"'
Grade Type of defect Size of defect
1 Microscopic Only visible at 7 — 10x magnification
2 Tiny Visible by eye
3 Clearly visible The largest dimension 0.5 —1.0 mm
4 Visible very well The largest dimension 1.0 — 3.0 mm
5 Size of defectupto 1 cm The largest dimension 3.0 — 10.0 mm
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Surface roughness before and after surface treatment

Surface roughness was measured using a VHX-7000 digital microscope (Keyence
Corporation, Osaka, Japan). It is a non-contact optical method for surface observation using
incident and reflected light. The main part of the microscope is a 100x to 1000 zoom lens
connected to a VHX-7020 camera (Keyence Corporation, Osaka, Japan), placed on an
observation stand. The lens and camera are connected to the observation stand by a
motorized part, enabling movement along the Z axis. The device also includes an eccentric
motorized stage and a main unit with a UHD LCD monitor.

The first roughness measurement was carried out on beech wood processed by final
eccentric sanding with a Festool ETS 125 REQ-PLUS sander (Festool Group GmbH & Co.
KG, Wendlingen, Germany) with sanding disc with grit size P120 or P150 type Rubin 2
(Festool Group GmbH & Co. KG, Wendlingen, Germany) before surface finishing. The
surface of the samples was scanned using a digital microscope and converted into a 3D
image. Scanning was performed on each sample in the mature wood zone and in the false
heartwood zone (they were visually recognized). The size of the scanned surface was 20
mm % 20 mm at 100x magnification.

The roughness measurement was performed on the scanned 3D surface without surface
finish. According to the ISO 21920-3 (2022) standard, values were set for the traverse
length (L; = 17.5 mm), which consisted of the pre-travel (run-up; L, = 2.5 mm) and post-
travel (over-travel; L, = 2.5 mm) and the evaluated length (Le = 12.5 mm). The evaluated
length L. consisted of five section lengths (Lsc = A¢ (cutoff) = 2.5 mm).

The following roughness parameters were recorded and subsequently evaluated:
- R4 (arithmetic mean height),
- R; (maximum height).

The descriptions of these roughness parameters are taken from the VHX-7000 digital
microscope operating manual (Keyence Corporation, Osaka, Japan) and from currently
valid technical standards.

The second roughness measurement was performed after the application and curing of
the tested surface finishes.

Parameters R, and R, were evaluated using the software STATISTICA 12 (StatSoft,
Tulsa, Oklahoma).

RESULTS AND DISCUSSION

After the coating films had hardened, the defects that could affect the roughness of the
surface were visually evaluated (according to the tables 2 and 3 listed in the methodology —
occurrence of defects "M" and size of defects "G"). Table 4 shows the evaluation of the

defects on all surface finishes.

Table 4 Evaluation of defects on surface finishes

Surface : D?feCt
finish Orange peel Hardened impurities Craters Bubbles
M G M G M G M G
\We]e] 1 1 2 2 1 1 1 1
WON 5 5 2 2 1 1 1 1
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On the surface finish WOO, very fine hardened impurities were visible to the naked eye
— bristles from the brush used to apply the coating material (Fig. 1a). In addition to
hardened impurities, the surface finish WON also contained orange peel (Fig. 1b), which
significantly affected the overall surface roughness. We assume that the orange peel
occurred as a result of not removing the unabsorbed coating material.

a) b)
Fig. 1 Scanned area of the surface finish (20 mm x 20 mm): a) Wax-oil original, b)
Wax-oil naturalis.

Surface roughness

Table 5 of the descriptive statistics lists arithmetic means, standard deviations and
confidence intervals for roughness parameters Ra, R; measured after eccentric grinding. The
last sandpapers used were P120 or P150. Values were measured separately in the zone of
false heartwood and in the zone of mature wood, in the directions perpendicular to the
wood grain and along the grain.

Results (Tables 5 and 6) show a reduction in the surface roughness after the last sanding
with sandpaper P150 compared to sanding with sandpaper P120. The values of the R,
parameter after the last sanding with P150 were lower in the zone of mature wood than in
false heartwood, both in the direction perpendicular to the wood grain and along the grain.
After sanding with P120, mature wood showed a higher roughness in both directions
compared to false heartwood in both directions, but this difference was smaller when
compared to sanding with P150.

Tables 7-10, which present the 95 % confidence intervals for the average values of R,
and R;, show that the surface roughness of beech wood was lower in the direction along the
wood grain than in the direction perpendicular to the grain, both in mature wood and in
false heartwood. Beech wood surfaces showed lower roughness and improved surface
quality after final sanding with P150 sandpaper compared to P120 sanding. Only on false
heartwood in the direction perpendicular to the wood grain, there was a statistically
insignificant difference in the roughness between the surfaces P120 and P150. The
roughness reached statistically significantly higher values in the zone of mature wood
compared to false heartwood; however, this difference was not statistically significant in
the direction perpendicular to the wood grain after sanding P150.
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Table 5 Roughness parameter Ra after grinding before surface finishing: arithmetic
mean, standard deviation (SD) and 95 % confidence interval (n = 450)

Direction of _ R. R.
Sandpaper| Zone |measurement rela_tlve Ra Mean | Ra SD -95.00 % | +95.00 %
to the wood grain

P120 FH perpendicular 3.57 0.76 3.50 3.64
P120 FH along 3.14 0.49 3.10 3.19
P120 MW perpendicular 3.70 0.79 3.63 3.77
P120 MW along 3.36 0.57 3.30 3.41
P150 FH perpendicular 3.50 0.80 3.42 3.57
P150 FH along 3.03 0.50 2.99 3.08
P150 MW perpendicular 3.52 0.78 3.45 3.59
P150 MW along 3.15 0.60 3.09 3.21

Note: MW — mature wood, FH — false heartwood

Table 6 Roughness parameter R; after grinding before surface finishing: arithmetic
mean, standard deviation (SD) and 95 % confidence interval (n = 450)

Direction of _ R, R,
Sandpaper| Zone |measurement rela_tlve R: Mean | R;:SD -95.00 % |+95.00 %
to the wood grain
P120 FH perpendicular 16.96 3.00 16.68 17.24
P120 FH along 14.60 2.18 14.40 14.80
P120 MW perpendicular 17.88 3.36 17.57 18.19
P120 MW along 15.66 2.69 15.41 15.91
P150 FH perpendicular 16.12 3.10 15.83 16.40
P150 FH along 13.58 2.15 13.38 13.78
P150 MW perpendicular 16.42 3.26 16.12 16.73
P150 MW along 14.28 2.82 14.02 14.54

Note: MW — mature wood, FH — false heartwood

Table 7 t-test for the surface finish Wax-oil original on false heartwood

Variables Mean|SD | N | Difference| t |sv| p [-95.000% | +95.000 %
Ra — before SF | 3.32 |0.72| - - - - - - -

Ra— after SF 2.82 |0.63|360 0,50 10.53|359/0.000 0.41 0.60
R; — before SF |15.40|3.17| - - - - - - i
R — after SF 13.52|2.51|360 1.87 9.95 (359(0.000 1.50 2.24

Note: SF — surface finishing

Table 8 t-test for the surface finish Wax-oil original on mature wood

Variables |Mean|SD | N [ Difference| t |[sv| p | -95.000% |+95.000 %
Ra — before SF | 3.41 |0.73| - - - - - - -

Ra — after SF 2.90 |0.63(360 0.51 10.82|359(0.000 0.41 0.60
R; — before SF |15.81|3.33| - - - - - . _
R; — after SF 13.82(2.41|360 1.99 10.43|359(0.000 1.62 2.37

Note: SF — surface finishing
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Table 9 t-test for the surface finish Wax-oil naturalis on false heartwood

Variables |Mean|SD | N |Difference| t |sv| p |-95.000 % [+95.000 %
Ra— before SF | 3.28 |0.66| - - - - - - -
Ra — after SF 5.13 |1.22|360| -1.85 -26.82|359(0.000| -1.99 -1.72
R; — before SF |15.13]2.93| - - - - - - -
R; — after SF 29.4018.10(360| -14.27 |-32.80|359(0.000( -15.13 -13.41
Note: SF — surface finishing
Table 10 t-test for the surface finish Wax-oil naturalis on mature wood

Variables Mean|SD | N | Difference| t |sv| p |-95.000 % |+95.000 %
Ra — before SF | 3.40 |0.73| - - - - - - -
Ra — after SF 4,72 (1.13|360[ -1.32 -18.121359(0.000| -1.46 -1.17
R:— before SF |15.96|3.70| - - - - - - -
R; — after SF 25.60|7.00(360] -9.64 |[-22.41|359(0.000 -10.49 -8.80

Note: SF — surface finishing

In the direction perpendicular to the wood grain, the surface roughness of beech wood
was higher than the surface roughness in the longitudinal direction. This is in accordance
with the literature (ADAMCIK et al., 2023b; KUDELA et al., 2020; GURAU and IRLE, 2019;
KUDELA et al., 2018; KiLIc et al., 2006).

As mentioned in the methodology, the surfaces of beech wood were scanned using a
digital microscope and converted into a 3D image. Figures 2 and 3 show the 3D images of
the surfaces of beech wood without surface finish, after eccentric sanding P120 and P150,
in the zone of mature wood and false heartwood, at a zoom of 200x. The circled values on
the images indicate the heights of the highest protrusions in um. We can also see that there
was a slope on the individual beech bodies after operating the sander (manually). That is,
one side of the bodies was sanded more than the other side, which would ultimately distort
the values of R-parameters (Fig. 2 and 3). Also for this reason, a slope correction was
performed on the samples before translating and evaluating the roughness profiles.

At visual evaluation of the surface finishes, a large occurrence of surface irregularities
(orange peel) was detected on the wax-oil naturalis surface finish. For this very reason, the
roughness of the surface of beech wood was higher after surface finishing than before it.
When compared to unfinished bodies, the average value of the R, parameter after surface
finishing was 1.85 pum higher in the false heartwood zone (table 9) and 1.32 um higher in
the mature wood zone (table 10). The appearance of orange peel on surfaces with wax-oil
naturalis caused that the surface roughness is higher when compared to the surfaces with no
surface finish both after eccentric grinding P120 and P150.
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a)

b)

Fig. 2 3D image of surface roughness of beech wood after sanding P120; a) false
heartwood, b) mature wood.

Note: Without slope correction.
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a)

b)

Fig. 3 3D image of surface roughness of beech wood after sanding P150; a) false
heartwood, b) mature wood.

Note: Without slope correction.
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a)

b)

Fig. 4 3D image of surface roughness of mature wood after sanding P150, surface
finished with: a) Wax-oil original, b) Wax-oil naturalis

Note: With slope correction.
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The 3D image of the surface of mature wood with Wax-oil naturalis surface finish (Fig.
4b) shows how the occurrence of orange peel affected the roughness of the surface. While
with the Wax-oil original surface finish (Fig. 4a), the height of the highest protrusion on the
surface was around 150 pum, in the case of Wax-oil naturalis surface finish, the height
reached the value of 382.01 pm. At the same time, the height of the highest protrusion on
the surface after Wax-oil naturalis surface finishing was even higher than on unfinished
bodies after sanding P120 in the zone of false heartwood and after sanding P150 in both
zones (false heartwood and mature wood). The reduction of the surface roughness of beech
wood after surface finishing was also confirmed by SLABEJOVA and MoOzA (2010) and
RUZINSKA (2006). In addition to the effect of surface finish and surface treatment, they also
investigated the effect of the number of coats on surface roughness. It follows that, if the
recommendations of the technological procedure for applying coating materials are
followed, the surface finishes reduce the roughness of the surface.

CONCLUSIONS

The aim of the work was to determine the effect of sanding with P120 and P150 sandpapers
on the surface roughness in the zones of mature wood and false heartwood. At the same
time, the goal was to determine the effect of transparent oil-wax coating materials on the
surface roughness of beech wood in the zone of mature wood and false heartwood when the
principles of the application procedure were not followed. Based on the experiments and
the evaluation of measured values, the following conclusions were reached:

* The surface of beech wood sanded with an eccentric sander showed a lower roughness
when using sandpaper P150 compared to P120 in the zone of mature wood and false
heartwood both perpendicularly to the wood grain and along the grain.

* In the direction perpendicular to the wood grain, the surface roughness of beech wood
was higher than the roughness in the longitudinal direction.

* The surface roughness of beech wood reached was higher in the mature wood zone
compared to the false heartwood zone.

« Oil-wax surface finishes reduced the surface roughness of beech wood if the principles
of the technological procedure of applying coating materials were followed. If the
principles are not followed, there is a high probability of defects in the coating film and this
results in an increase in the surface roughness.
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IDENTIFICATION OF THE WORKPIECE MATERIAL BASED ON
THE OF SIGNALS FROM THE CUTTING ZONE

Krzysztof Szwajkal— Joanna Zielinska-Szwajka?®

Abstract

The fact is that hundreds of holes are drilled in the assembly process of furniture sets, so
intelligent drilling is a key element in maximizing efficiency. Increasing the feed or cutting
speed in materials with a higher machinability index is necessary. Smart drilling, i.e. real-
time adjustment of cutting parameters, requires the evolution of cutting process variables.
In addition, it is necessary to create and manage a database, process data and adjust
processing parameters in real time. The article proposes methods for identifying the
material in the drilling process in order to automatically adjust cutting parameters during
machining based on force signals, cutting torque and acceleration signals. The results
obtained during the tests showed that the selected signal measures in the time and
frequency domain are constant for a given workpiece material and do not depend on the
cutting parameters.

Key words: drilling, cutting resistance, workpiece identification, STFT, permutation
entropy

INTRODUCTION

The hybrid structure of wood-based materials has become essential in building structures
for economic and environmental reasons, as it allows maintaining good mechanical
properties. Due to the different materials combined with each other, which have
significantly different machinability, the cutting data must be changed during machining to
enable this optimization. In the past, the procedure of optimizing cutting parameters was
omitted in the production process. Currently, with the rapid development of Industri 4.0,
real-time identification of parameters becomes necessary to improve the process in
industrial reality [1, 2, 3]. Smart factories are a key feature of Industry 4.0. Industry 4.0
focuses on creating intelligent products, processes and procedures with an emphasis on
sustainable development [4]. The essence of the process is comprehensive factory
management, which allows for the reduction of erroneous factors. In such an environment,
there is more efficient production and communication between people, machines and
resources, in accordance with the principles of a social network. In Industry 4.0, it is
assumed that standard jobs will be replaced by artificial intelligence (Al) or robots.

The enormous and continuous increase in the possibilities of using computers since the
early 1990s and the simultaneous decline in their prices have resulted in more and more
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manufacturers using IT techniques to control production in all phases of the production
process.

There are many ways to process chipboard [6], so the machinability of these materials can
be tested in many ways. Nevertheless, the machinability of any type of chipboard when
drilled is one of the most important issues from a practical point of view. This general
belief can be proven in many ways, but it seems that two basic arguments suffice. Firstly,
resistance to axial screw removal is one of the most important technical parameters
characterizing chipboards. This resistance should be determined experimentally in
accordance with the detailed standard [7]. The experimental procedure requires drilling an
appropriate hole in order to install the screw, which is why drilling is a very basic form of
chipboard processing.

MATERIL AND METHODS

In the tests, four types of wood-based materials were used as the processed material:
Medium-Density Fiberboard (MDF), chipboard, plywood and High Pressure Laminate
(HPL). Figure 1 shows the materials processed during the tests. The first three materials
belong to the group of materials most frequently used in the furniture industry. HPL, on the
other hand, is a specially pressed plastic which, thanks to its high density and hardness, is
very resistant to damage. The HPL board is characterized by a durable coating, resistant to
fading and mechanical damage. This, in turn, makes it suitable for a wide range of
applications in the finishing and furniture industries. Before starting the basic research,
measurements of selected mechanical and physical properties of the processed materials
were carried out. The density of the HPL board was measured in accordance with the 1SO
1183-1:2019 standard for other materials in accordance with the EN 622-5 standard.
Mechanical properties for HPL were determined in accordance with the EN I1SO 178
standard. For other materials, in accordance with the EN 310 standard.

Figure 1. Cutting material.

The structure of the processed materials differs from each other. Figure 2 shows different
arrangement of the structure and different density, which translates into, among other
things, the hardness of the material. The HPL board is characterized by a uniform
arrangement of layers, improving the properties of the material. In the case of plywood, you
can notice layers of varying degrees of density. MDF board has a medium density structure.
Due to the way it is made, chipboard has an irregular structure. The tests used a typical
cutting tool intended for wood-based materials, a single-edge drill with a diameter of 10
mm with Polycrystalline Diamond (PCD) blades from Leitz® Diamaster PRO. The drill
marking is: DP/D10/NL30/S10x27/GL70/RL. This drill is used in processing materials
such as: wood, chipboards, resin boards, plastics, reinforced plastics.
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Figure 2. Cutting material SEM: (a) HPL; (b) MDF; (c) Chipboard; (d) Playwood.

As part of the research, holes were drilled on a CNC milling machine in prepared samples
cut from processed materials with dimensions of 130 x 30 x 18 mm (Fig. 1). Except for the
HPL board, which was 10 mm thick. The acceleration signal value in three mutually
perpendicular directions was measured using a KISTLER® 8763B piezoelectric
acceleration sensor, which was mounted on the workpiece. The axial force (F¢) and cutting
torque (Ms) signals were measured using a KISTLER® 9345B sensor. The acoustic
emission signal was measured using a KISTLER® 8152C sensor. Signals from the sensors
were recorded on the hard drive of a personal computer (PC) in digital form via a National
Instruments® 6034E analog-to-digital card. The sampling frequency of signals during the
experiments was 50 kHz, and the measurement resolution of the card was 16 bits. Table 1
lists the cutting parameters used during drilling experiments. Three repetitions were
performed for each set of cutting parameters.

Table 1. Machining conditions.

Cutting speed Feed per tooth Feed speed Rotational speed of tool
(m/min) (mm) (mm/min) (rev/min)

0.15 375

78 0.20 450 2500
0.25 525
0.15 500

94 0.20 600 3000
0.25 700
0.15 625

109 0.20 750 3500
0.25 875

RESULTS AND DISCUSSION

The acceleration signal was measured in both the transverse (X), (Y) and axial (2)
directions. Acceleration signals on the analyzed directions contain information regarding:
(a) The vibrating length of the drill in the transverse and axial directions does not change
during the drilling process, thus maintaining a rather constant frequency.

(b) Natural frequencies in the lateral and axial directions of the CNS during drilling are
essentially insensitive to drill diameter, simplifying monitoring for a wide range of drill
sizes.

(c) The vibration in the X, Y, and Z directions is influenced by torque and axial force,
which are the main sources of excitation during drilling. Figure 3 shows typical signals in
the time domain in the X and Y (lateral) and Z (vertical) directions, respectively, in one
time interval, recorded for the selected sample.
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Figure 3. Vibration and thrust force signal.

Drilling was carried out with a spindle speed of n = 3000 rpm, a feed rate of vi = 750
mm/min, and a drill diameter of 10 mm. As can be seen, the vibration signals can be
characterized as consisting of short high-low frequency oscillatory transients occurring
randomly over the duration until one hole is drilled. With the density of the material being
cut, the amplitude of these signals begins to increase. Excitation of the CNS in the drilling
process at a frequency independent of cutting conditions, such as feed and speed. By far the
majority of vibration signals consist of frequency components related to the dynamics of
the cutting system.

a) plywood b) HPL

c) MDF d) Chipboard

Figure 4. Spectogram of the vibration signal in the X direction.

Figure 4 shows examples of the power spectra of vibration signals generated in the X
direction during drilling in various types of workpiece materials. The cutting
parameters are n=3000 rpm, v).=750 mm/min. As shown in the figures, the maximum
amplitude of the vibration signal in the frequency range varies in the range from 2-22
kHz depending on the type of material being processed. Figure 4 shows the effect of
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the workpiece material on the vibration power spectra. It can be seen that when
drilling into plywood, the power spectrum has characteristic increases in amplitude at
frequencies around 10 kHz in the X direction. When drilling into HPL, the power
spectrum has characteristic increases in amplitude at frequencies around 19 kHz in
the X direction. When drilling into MDF material, the power spectrum has
characteristic increases in amplitude at frequencies of about 10 kHz in the X direction.
When drilling in a chipboard, the power spectrum has characteristic increases in
amplitude at frequencies of about 2.5 kHz in the conclude that there is a significant
impact of the processed material on the dominant frequency range in the signal. It can
also be observed that there is a correlation between the hardness of the workpiece
material and the dominant frequency range in the vibration signal. For example, for
the HPL material, the value of the dominant frequency is approximately 19 kHz
(material with the highest hardness) and for chipboard it is approximately 2.5 kHz
(material with the lowest hardness).

PermEn for force signals (F;) for the processed materials was calculated in a window of
1000 elements, moved by a step of 200. Changing the signal frequency affects the obtained
permutation entropy values, it increases linearly with the increase in the signal frequency.
PermkEn is very sensitive to adding noise of different strengths. To eliminate the effects of
unexpected noise in the signal, filters are used to process the signal's feature values before
applying it to detect the change in workpiece material in the drilling process.

Figure 5 shows the thrust force signal and its permutation entropy Hy. The H, permutation
entropy values are low for materials with a homogeneous structure under normal cutting
conditions because the force signal is similar to a regular periodic signal.

Normalized permutation entropy

Cutting material H,
MDF 0,32
Chipboard 0,53
Playwood 0,48
HPL 0,21

Figure 5. Thrust force signal and its permutation entropy Hy.

However, the force signals (F;) have different waveforms due to various effects, including:
different material density, hardness, friction coefficients in different positions. The H,
values changed within relatively small limits in the drilling processes of the tested
workpiece materials. Table 2 shows the change in H, values for the processed materials.
The results show that the permutation entropy of force signals (F:) can be applicable and
indicate material change in the drilling process.
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CONCLUSIONS

1. ldentification of the material being processed during the drilling process is possible
based on both force (F¢) and cutting torque (M.) and acceleration (Acc.) signals.

2. Identification based on the signal of force and cutting torque is based on the value of the
unit cutting resistance (kc1.1) and on the basis of the change in the value of permutation
entropy (Hp).

3. Identification based on STFT analysis of acceleration signals in specific directions (X, Y,
Z) uses the assessment of the dominant frequency amplitude depending on the material
being processed. There is no need to know the signal history needed to identify the
processed material.

5. Also, the described material identification based on changes in the permutation entropy
(Hp) value of the force signal (F¢) during the process works reliably for all analyzed
processed materials. This measure turned out to be insensitive to the combinations of
drilling parameters used in the studies. The proposed method enables reliable detection of
tool contact with the workpiece material and identification of the material during the
drilling process.
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COMPARISON OF KERF WIDTHS AFTER CO2 LASER CUTTING
OF WOOD-BASED MATERIALS

Lukas Stefanéin — Rastislav lgaz — Ivan Kubovsky — Richard Kminiak

Abstract

This study evaluates the consistency of kerf widths in CO2 laser cutting of various species
of woods and wood-based materials: Beech Plywood, Pine Plywood, High-Density
Fiberboard (HDF), Beech, Oak, and Spruce. Samples were cut using a 135W CO?2 laser at
power levels of 40%, 60%, 80%, and 100%, and speeds of 5, 10, 15, and 20 mm/s. Kerf
widths were measured using a high-resolution digital microscope. Results indicate that
HDF exhibits the smallest and most uniform kerf widths, suggesting its homogeneous
properties lead to more uniform and precise kerf. In contrast, natural woods like Spruce
and Oak show larger and more variable kerf widths due to their heterogeneous nature.
Statistical analysis confirms that more uniform materials, such as Plywood and HDF, yield
more consistent kerf widths compared to natural woods.

Key words: Laser cutting, Kerf variation, Kerf width, CO2 laser, Wood, Processing

INTRODUCTION

CO2 laser cutting is widely used in the woodworking and manufacturing industries due to
its precision and efficiency [1,2]. The process involves using a high-powered CO2 laser
beam to cut through various materials, including different types of wood and composite
materials. One of the critical factors in laser cutting is the kerf width, which is the width of
the material removed by the laser. The uniformity of the kerf width is essential for
achieving high-quality cuts and minimizing material waste.

Wood and wood-based composites, such as plywood and high-density fiberboard (HDF),
are commonly used materials in laser cutting applications. Each material has unique
properties that can affect the cutting process. For instance, solid wood has a natural grain
and varying density, which can lead to non-uniform cuts. In contrast, engineered wood
products like plywood and HDF have more consistent properties due to their manufacturing
process [3,4].

Previous studies have shown that factors such as wood density, moisture content, and grain
orientation can influence the kerf width and its uniformity [5]. However, there is limited
research on comparing the kerf width uniformity across different types of wood-based
materials. Understanding these differences can help optimize material selection and laser
cutting parameters, improving the efficiency and quality of the cutting process [6-8].
Research has focused on optimizing cutting parameters to improve quality and minimize
defects. Factors influencing cut quality include laser power, cutting speed, material
properties, and cutting direction [9,10]. Higher cutting speeds generally result in narrower
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kerf widths [11]. The relationship between processing parameters and wood properties
affects geometric accuracy, material removal rate, and burn severity [10]. Visual inspection
and measurement of kerf width are common methods for quality assessment [11]. Recent
studies have investigated the laser cutting quality of various wood species used in industrial
manufacturing, considering factors such as kerf width, heat-affected zone, and cutting
direction [12]. Optimization of cutting parameters can lead to significant improvements in
part quality, ranging from 3% to over 30% [9].

This study hypothesizes that wood-based materials with more uniform anatomical
properties exhibit more consistent kerf widths when cut with a CO2 laser. Specifically, it is
proposed that materials like HDF, which are engineered to have uniform density and
structure, will show less variation in kerf width compared to natural woods and plywood
with more heterogeneous anatomical properties.

The primary objective of this research is to investigate the relationship between the
anatomical uniformity of different wood-based materials and the consistency of their kerf
widths when subjected to CO2 laser cutting. The study aims to compare the kerf width
variability among various types of wood, including hardwoods, softwoods, and composite
materials like plywood and HDF.

MATERIALS AND METHODS

The samples used in this study consisted of various types of wood and wood-based
materials. All samples were standardized to dimensions of 500 mm in length, 70 mm in
width, and 6 mm in thickness. The specific materials included Beech (Fagus sylvatica L.),
oak (Quercus petraea), and spruce (Picea Abies L.), Beech plywood, Pine plywood and
High-Density Fiberboard (HDF). All samples were acclimated for interior use, maintaining
a moisture content of 8-10%.

Figure 1. Laser cutting setup

The samples were cut using a 135W CO2 laser cutter. The laser cutting parameters were
varied systematically to investigate their effect on kerf width. The parameters included four
different cutting speeds and four different power levels. All parameters are detailed in
Table 1.
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Table 1: Parameters used in the laser experiment

Parameter Value
Power output [W] 54 (40%), 81 (60%), 108 (80%), 135 (100%)
Cutting speed [mm-s™] 5,10, 15, 20
Wavelength [um] 10.6
Length of the cut [mm] 40
Focal length [mm] 50.8
Beam radius [mm] 0.15
Nozzle standoff distance [mm] 10
Assistant gas Compressed air
Assistant gas pressure [bar] 0.35

The resulting cuts were digitalized and measured using a Keyence VHX-7000 digital
microscope. This high-resolution microscope allowed for precise measurement of the kerf
widths, providing accurate data for subsequent analysis. The kerf widths were measured at
multiple points along each cut to assess the consistency and variability.

Figure 2: Kerf measuring inside the Keyence interface.

RESULTS

The dataset was subjected to statistical analysis using the STATISTICA 12 software. Prior
to this, data was checked and any extreme outliers were removed to ensure normal
distribution, while also confirming equal variances among groups. Subsequently, the data
was categorized and descriptive statistics (Table 2.) were computed to validate the ANOVA
assumptions. This was followed by a multi-factor analysis of variance with interaction. The
p-values resulting from the analysis are presented in Table 3.
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Table 2: Results of descriptive statistics for Kerf widths
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Table 2. presents the descriptive statistics for kerf width measurements across various
wood-based materials and positions (bottom and top) when cut with a CO2 laser. The
results show that HDF consistently has the smallest and most uniform kerf widths,
indicating high precision. In contrast, Spruce exhibits the largest and most variable kerf
widths. Natural woods like Spruce and Oak demonstrate higher variability, as reflected by
their larger standard deviations, variances, and wider confidence intervals. The coefficient
of variation (CV) is lowest for HDF and Oak at the top position, indicating higher
consistency, while Beech and Oak at the bottom position have the highest CVs, showing
greater variability.

These findings support the hypothesis that materials with more uniform properties exhibit
more consistent kerf widths. Engineered materials like HDF provide smaller and more
consistent kerf widths compared to natural woods.

Table 3: Results from multi-factor analysis of variance (ANOVA)

Kerf width F- | Kerf width p-
value value

Material 4301.0 0.00
Position 749.4 0.00
Speed [mm-s™!] 16881.5 0.00
Power [%] 4254.8 0.00
Material*Position 3123.1 0.00
Material*Speed [mm-s™'] 178.7 0.00
Position*Speed [mm-s™] 5476.4 0.00
Material*Power [%] 68.4 0.00
Position*Power [%] 8315 0.00
Speed [mm-s~!]*Power [%] 104.7 0.00
Material*Position*Speed [mm-s™'] 236.4 0.00
Material*Position*Power [%] 80.0 0.00
Material*Speed [mm-s~']*Power [%] 22.5 0.00
Position*Speed [mm-s™!']*Power [%] 101.7 0.00
Material*Position*Speed [mm-s™']*Power [%] 22.3 0.00

The kerf width measurements for different wood-based materials cut with a CO2 laser at
various power levels and cutting speeds are shown in Figure 3.

Across all materials, increasing cutting speed reduces kerf width at all power levels (40%,
60%, 80%, and 100%). Higher laser power results in wider kerf widths at lower speeds, but
this effect lessens with increased speed. This finding is supported by studies from
Eltawahni et al. (2013) and Ravins et al. (2024), who also observed that optimizing cutting
parameters is crucial for improving cut quality and consistency [4,7].

Specifically, Beech Plywood and Pine Plywood show significant reductions in kerf width
with higher cutting speeds, with Pine Plywood generally having slightly larger kerf widths.
HDF consistently exhibits the smallest kerf widths, indicating its uniform density leads to
more precise cuts. This aligns with previous findings by Eltawahni et al. (2011), who also
reported high precision in CO2 laser cutting of MDF. The consistency in kerf widths for
HDF is attributed to its uniform density and structure, which is a characteristic shared with
MDF [3].
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Figure 3. Kerf widths comparisons across different materials.

Beech shows a sharp decrease in kerf width with increasing speed, especially at higher
power levels. Oak's kerf width decreases moderately with speed but remains larger than
Beech and HDF. Spruce has the largest kerf widths at lower speeds, particularly at 40% and
60% power, and decreases with higher speeds but is still larger compared to other materials.
This is consistent with the findings of Guo et al. (2021), who observed significant kerf
width variation in pine wood due to its heterogeneous anatomical properties. The variability
in natural woods can be attributed to differences in grain structure and density [5].

At lower power levels (40% and 60%), all materials exhibit a significant decrease in kerf
width as speed increases. At higher power levels (80% and 100%), the decrease is less
pronounced for Spruce and Oak due to their larger and more variable kerf widths. HDF
achieves the smallest and most uniform kerf widths, likely due to its engineered
homogeneity. Error bars indicate that HDF and Beech Plywood have smaller standard
deviations, suggesting more consistent cuts, while Oak and Spruce have larger error bars,
reflecting greater variability due to their heterogeneous properties.

These results highlight the influence of material properties, laser power, and cutting speed
on kerf width in CO2 laser cutting. Engineered materials like HDF and plywoods provide
more consistent kerf widths compared to natural woods, which is advantageous for
applications requiring precise and uniform cuts.

CONCLUSIONS

e HDF Consistency: High-density fiberboard (HDF) exhibited the smallest and most
uniform kerf widths due to homogeneous property distribution.
e Natural Wood Variability: Natural woods like Spruce and Oak showed larger and
more variable kerf widths, attributed to their heterogeneous properties.
e Impact of Cutting Parameters: Higher cutting speeds resulted in narrower kerf
widths, while higher power levels led to wider kerf widths.
Future Research: Further investigation into microstructural and surface morphology
changes during laser cutting and the impact of different laser parameters will be looked
into.
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MONITORING THE DIMENSIONAL STABILITY OF HORNBEAM
LUMBER IN THE PROCESS OF AIR DRYING

Hugo M. Uli¢ny — Peter Vilkovsky — Ivan Klement
Abstract

The dimensional stability of hornbeam lumber (Carpinus betulus L.) during air drying was
tracked in the study, aiming to compare the shape changes in two types of logs, those with
and with no spiral grain. The primary objective was to differentiate the impact of spiral
grain on the warp cup and warp twist during air drying. Over three months, temperature
and relative humidity were diligently measured. The statistical analysis revealed no
statistically significant difference in warp cup between the samples with and with no spiral
grain (p-value = 0.9599). However, a significant difference was observed in warp twist
between the samples with spiral grain and those with no spiral grain. The p-value for this
type of warp was (p-value = 0.00002). These findings have significantly contributed to a
deeper understanding of the effect of spiral grain and the drying process on the
dimensional stability of hornbeam lumber, which holds immense value for the woodworking
industry.

Keywords: Hornbeam, Shape Changes, Air Drying, Lumber, Cup, Twist

INTRODUCTION

Hornbeam (Carpinus betulus L.) is a tree that has yet to find its place in the woodworking
industry. Its relatively large shape instability makes it problematic for final wood products.
Despite its high density and strength, like beech (Fagus sylvatica L.), its low durability
hinders outdoor use (FANNI FODOR A CoL., 2017). The Green Report 2023 from the
Ministry of Agriculture and Rural Development of the Slovak Republic indicates a growing
share of hornbeam in our forests yearly, even at the expense of other valuable trees, such as
those from the genus (Quercus). The current percentage representation is at the level of 6%
with a growing tendency. The percentage representing similar trees in beech forest is at the
level of 35.1%. These two trees are found in the same stands, which can save harvesting
funds in the future. The research by the authors (KIAEI A ABADIAN, 2018) on the physical
and mechanical properties of the common hornbeam (Carpinus betulus L.), with an
emphasis on its location in the stand, revealed significant differences in the mechanical
properties of hornbeam lumber growing in denser stands. In terms of physical properties, it
was found that the tree location does not affect its physical properties. According to other
studies, the trees on the forest border have a more pronounced spiral grain than those inside
the forest stand (WELLNER A LOWERY, 1967).

Shape changes caused by changes in humidity during drying or operation are a significant
problem for lumber intended for timber structures. Changes in moisture content are
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accompanied by significant drying shrinkage or swelling of the material. The stability of
structural lumber is often associated mainly with the so-called cylindrical geometry caused
by growth rings, the orthotropic nature of the wood material, and the tendency of the wood
fibers to grow spirally around the trunk, which is often considered the most damaging
deformation of lumber (ORMARSSON A KoL., 1998). (FORSBERG A WARENSJO, 2010) found
that the angle of rotation of the fibers on the surface of the trunk and the slope of the angle
of the fibers of the curve is strongly correlated with the angle of rotation. In the study of
(EKEVAD, 2005), he described the basic mechanical understanding of the causes of shape
changes associated with the spiral grain. In his study, Shape changes in dried lumber can
depend on several factors. One of them is the original position of the lumber in the log
before the cut. This issue was addressed by several authors (ORMARSSON A KoOL., 1999),
(ORMARSSON A KoL., 2000), (ORMARSSON A JOHANSSON, 2006) and
(STRAZE A KoL., 2011) who focused on the original position of the lumber in the log with
subsequent comparison of shape stability. The warps created during the log processing and
the remaining growth stresses affect the shape changes after drying (ORMARSSON A
JOHANSSON, 2006).

MATERIAL METHODS

The sampling for the research was conducted in the district of Ziar nad Hronom, in the
cadastral territory of the village of Hronska Dubrava, at an altitude of 457 a.s.l. The
research was conducted on two logs, one with spiral grain and one with no. The ages of
logs ranged from + 52 to + 60 years. The density was measured according to the standards
STN EN 384+A2 (49 1533) on Structural wood and (EN 384: 2016 + A2: 2022) on
Determination of characteristic values of mechanical properties and density. The
dimensional characteristics of the logs are detailed in Tab. 1.

Tab. 1 Dimensional characteristics of selected logs

Log in with the spiral

Log with no spiral grain. grain.
Small end diameter 0.380m 0.350 m
Center diameter 0.410m 0.370 m
Large end diameter 0.490 m 0.430m
Log length 2.965m 3.040 m
Deviation per 1 m of length
before air drying x 0° 5.8°
Deviation per 1 m of length
after air drying x 3° 10.6°
Sample density po 1158.14 kg/m?3 1151.56 kg/m3

A live sawing pattern (Fig.1), the most used sawing pattern for hardwoods, made the log.
The sawing was processed on a Mebor 1200 log horizontal band saw. Unplastered boards
were produced and subsequently plastered into samples with dimensions (t) = 0.025 m,
width (w) = 0.095 m, and length (I) = 2 m. The length of 2 m was chosen based on the
standard STN EN 1309-3 (49 1013). Finally, samples for the research were made from the
lumber.
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a) b)
Figure 1. Position of the samples in the log a) with no spiral grain and b) with spiral grain
Air Drying Conditions

The samples were stored in cages during air drying. Air drying occurred from November
10, 2022, to February 14, 2023. Air drying conditions were recorded using the Data device
Logger Comet S3631. The device recorded temperature in °C and relative humidity in % at
hourly intervals. One piece was selected from the remaining ten pieces of lumber, from
which drying samples were sawn for monitoring and calculating moisture content during
the drying process. Moisture samples with spiral grain and with no spiral grain had the
fronts on both sides covered with a silicone layer, which served against rapid moisture loss.
Moisture samples were weighed once a week.

Measured Change of Shape by STN EN 1309-3.

Shape changes were measured once a week throughout the entire course of the research.
The size of the shape changes depends on the density and the orientation of the wood
fibers. In our logs, po in the log with no spiral grain density was 1158.14 kg/m?, and in the
log with spiral grain density, it was 1151.56 kg/m*. On the pieces of lumber from the top
layer of the drying cages, which were intended for research, shape changes were measured
according to the standard STN EN 1309-3 (49 1013) (Logs and lumber. Methods of
measuring dimensions. Part 3: Signs and biological damage).

During the research, absolute warp cup and warp twist were measured. The measurement
methods are shown in Fig 2. Measurements were made using a measuring device on a flat
surface in the laboratories of the Technical University in Zvolen.
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Measured Warp Cup

a) b)

Figure 2. Measured shape change— a) warp cup and b) warp twist

RESULTS

Air drying conditions (Fig.3) were recorded, and temperatures ranged from 9°C in
November to 15°C in February. Humidity ranged from 90% in November 2022 to 60% in
February.

Figure 3. The conditions of air drying during three months of research
Warp cup

The warp cup of the samples due to air drying with and with no spiral grain is
approximated in Figure 4. In the case of warp, approximately the same increase in warp for
both types of samples can be observed. The rise in warp occurred at the material moisture
content M. = 59.38%. In samples without spiral grain (1/N, 2/N), an interesting situation
was observed over two months, as the warp cup increased from the beginning and then
decreased from 1.96 mm to 1.12 mm. This phenomenon occurred at almost final moisture
content M¢ = 33.57%. After a week of decreasing warp, all samples leveled off with other
values. The warp values of the spiral grain samples ranged from 0.7 mm to 1.09 mm. The
drying curve, determined from the drying samples, is shown by the red dotted curve (Fig.
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4). The moisture content of the drying sample was at the M. level at the end of air drying =
33.82%.

Figure 4. The warp cup during the three-month research

There is no statistically significant difference in warp cup between the samples with and
with no spiral grain. The p-value = 0.9599 means that the warp cup did not depend on the
spiral grain in the research (Fig. 5).

Figure 5. Statistical evaluation — warp cup

Warp twist

(Fig.6) show warp twist during three months of air drying on samples with spiral grain and
with no spiral grain. An increase in warp occurred at the same angle in the second week of
measurements. An increase in warp occurred at Mc = 52.11%. The warp values ranged from
16.83 to 23.96 mm for spiral grain samples. Conversely, the values ranged from 4.36 to

7.87 mm for samples with no spiral grain. An increase in warp was linear until the end of
the research.
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Figure 6. The size of the warp twist during the three-month research

A significant difference in warp twist exists between samples with spiral grain and with no
spiral grain. The p-value for this type of warp is 0.00002, indicating that the spiral grain
affects the warp (Fig. 7).

Figure 7. Statistical evaluation — Warp twist

DISCUSSION

In the research on monitoring the dimensional stability of hornbeam lumber in the air
drying process, it was found that spiral grain affected warp twist but not warp cup. Similar
findings were also reported by (ORMARSSON, 2000), who simulated board drying using
three-dimensional theory to numerically simulate shape changes caused by humidity
fluctuations. (ORMARSSON, 2000) conducted research on spruce (Picea abies (L.) H.
Karst.), emphasizing the dependence of shape changes on the original position of samples
for both species. This observation is also noted by other authors (STRAZE A KoL., 2011),
(SANDBERG, 1997), and (ORMARSSON A KoL., 2000). According to (HARALD SALL, 2002),
warp cup primarily arises due to humidity changes, a conclusion with which we concur
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following the completion of our research. Over subsequent weeks, as temperatures dropped
below freezing, warp cup increased. Warp cup was not observable before air drying,
especially on samples without spiral grain, a finding similarly noted in research by
(ORMARSSON A JOHANSSON, 2006). (ZHAN JIAN-FENG A KoL., 2007) assert that sample
width can significantly influence the final warp cup size.

Warp twist is predominantly influenced by samples with spiral grain. Following one week
of air drying, warp increased dramatically and continued to grow significantly over the next
two weeks. Our research data indicate that warp was not influenced by the initial sample
position but was affected by the presence of spiral grain.

CONCLUSION

e The warp cup of the samples during air drying was not significantly affected by the
presence of spiral grain.

o No statistically significant difference was found in warp cup between the samples
with spiral grain and with no spiral grain. The p-value was 0.9599, indicating that
spiral grain did not affect the warp cup in our research.

e There is a significant difference in the warp twist between the samples with spiral
grain and with no spiral grain. The p-value achieved was well below 0.05
(0.00002), indicating that spiral grain affects warp.

e According to the measured values for warp twist, the warp depends on the spiral
grain.

e The shape stability can also be influenced by the drying conditions in which the
material was located.
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MODEL OF ENERGY CONSUMPTION IN DRILLING PROCESSES
OF WOOD-BASED MATERIALS BASED ON CUTTING FORCE

Joanna Zielinska-Szwajka ! — Krzysztof Szwajka?

Abstract

Wood-based boards are becoming more and more widely used in many areas of industrial
production. Their growing popularity is determined by numerous advantages over natural
wood. Smart drilling, i.e. real-time adjustment of cutting parameters, requires the evolution
of cutting process variables. In addition, it is necessary to create and manage a database,
process data and adjust processing parameters in real time. Machinability is one of the
most important technological properties in the machining process, enabling the
determination of the material's susceptibility to machining. One of the machinability
indicators is the unit cutting resistance (kc1.1). An innovative method for determining the
value of unit cutting resistance (kc1.1) was proposed. The obtained results were used to
determine the machinability index. The results obtained during the tests showed that the
specific cutting resistance is constant for a given workpiece and does not depend on the
cutting parameters.

Key words: drilling, cutting resistance, cutting force, torque

INTRODUCTION

There are many ways to process chipboard [1, 2], so the machinability of these materials
can be tested in many ways. Nevertheless, the machinability of any type of chipboard when
drilled is one of the most important issues from a practical point of view. This general
belief can be proven in many ways, but it seems that two basic arguments suffice. Firstly,
resistance to axial screw removal is one of the most important technical parameters
characterizing chipboards. This resistance should be determined experimentally in
accordance with the detailed standard [3]. The experimental procedure requires drilling an
appropriate hole in order to install the screw, which is why drilling is a very basic form of
chipboard processing. There are many ways to process chipboard [4], so the machinability
of these materials can be tested in many ways. Nevertheless, the machinability of any type
of chipboard when drilled is one of the most important issues from a practical point of
view. This general belief can be proven in many ways, but it seems that two basic
arguments suffice. Firstly, resistance to axial screw removal is one of the most important
technical parameters characterizing chipboards. This resistance should be determined
experimentally in accordance with the detailed standard [5]. The experimental procedure
requires drilling an appropriate hole in order to install the screw, which is why drilling is a
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very basic form of chipboard processing. Secondly, drilling is now used not only to make
holes for construction purposes. Drilling tests are widely considered the most convenient
(fastest and most economical) method for the relative assessment of the machinability of
any wood or wood-based materials [4, 5, 6]. Any scientific study of machinability must be
strictly experimental. In general, it has long been known that any attempts to theoretically
determine (predict) machinability based on the mechanical properties of the material are
pointless [6]. This may contradict the belief that, for example, knowledge of the tool
geometry, cutting parameters and standard material properties allows for the theoretical
determination of cutting forces. Previous research shows that real cutting processes, such as
drilling, are too complex from a physical point of view to find a direct relationship between
cutting forces and the tensile or shear strength of the processed material [4, 5]. We are
simply forced to conduct experimental research. Unfortunately, there is no generally
accepted standard that can be directly applied to testing the machinability of particleboard.
The problem of machining quality may significantly limit the scope of application of the
construction material, and excessive drilling resistance may result in the need to limit the
feed speed and reduce machining efficiency.

MATERIAL AND METHODS

In the tests, four types of wood-based materials were used as the processed material:
Medium-Density Fiberboard (MDF), chipboard, plywood and High Pressure Laminate
(HPL). The tests used a typical cutting tool intended for wood-based materials, a single-
edge drill with a diameter of 10 mm with Polycrystalline Diamond (PCD) blades from
Leitz® Diamaster PRO. The drill marking is: DP/D10/NL30/S10x27/GL70/RL. This drill is
used in processing materials such as: wood, chipboards, resin boards, plastics, reinforced
plastics.

As part of the research, holes were drilled on a CNC milling machine in prepared samples
cut from processed materials with dimensions of 130 x 30 x 18 mm. Except for the HPL
board, which was 10 mm thick. The axial force (F;) and cutting torque (M;) signals were
measured using a KISTLER® 9345B sensor. Signals from the sensors were recorded on the
hard drive of a personal computer (PC) in digital form via a National Instruments® 6034E
analog-to-digital card. The sampling frequency of signals during the experiments was 50
kHz, and the measurement resolution of the card was 16 bits. Table 1 lists the cutting
parameters used during drilling experiments. Three repetitions were performed for each set
of cutting parameters.

Table 1. Machining conditions.
Thickness of the cutting layer (mm)  Feed per tooth (mm)  Feed speed (mm/min)

0,05 0.07 177
0,10 0.14 354
0,15 0.21 530
0,20 0.28 707
0,25 0.35 884
0,30 0.42 1061
0,35 0.49 1237

The research involved drilling with a drill with a diameter of 10 mm, after previously
drilling a hole in the material with a drill with a diameter of 3 mm. In this case, only the
axial force (Fy) and cutting torque (Ms) signals were recorded. The above-described
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research methodology was repeated for all four types of processed materials. This allowed
for the experimental determination of cutting resistance. Figure 2 shows the distribution of
cutting forces and torque during drilling.

Figure 1. Distribution of forces.

After a preliminary analysis, it was determined that in the case of tests during drilling in
wood-based materials, an effective solution would be to carry out the drilling process using
different thicknesses of the cut layer. It was assumed that to determine the cutting resistance
for each of the tested materials, it would be optimal to determine seven values of the
thickness of the cut layer, starting from 0.05 mm and successively in steps of 0.05 mm up
to 0.35 mm. For each cutting depth, the feed per tooth and the feed speed increased
similarly. Before starting the research, the basic geometry of the drill cutting edge was
determined. The entering angle of the drill's cutting edge is: k=45°, which means that
sink;=0.707. Determining the cutting depth, we obtain: a, =3.5 mm. Then, the cutting width
(b) was determined, which was a constant parameter for all drilling tests: b=ap/sini=4.95
mm.

RESULTS AND DISCUSSION

Analyzing the course of the axial force (Fi) and cutting torque (Ms) recorded during the
tests (Fig. 2), it can be noticed that there are characteristic fragments in the signals, i.e. the
entries and exits of the tool from the material, in which the value of the axial force signal
and cutting torque characteristically increases or decreases accordingly. Force fluctuations
can be distinguished in the signal, related to the passage of the cutting tool through layers
of workpiece material of different density. It was noticed that during drilling, characteristic
fragments of the axial force (F;) signal could be extracted. The first fragment is the area
where the drill enters the workpiece material, the axial force increases, and the drill point
presses the workpiece material (just before cutting starts). Then the drill starts cutting the
outer layer of the material with the highest density. In the case of HPL boards, this does not
occur because the density of the material is similar throughout the entire cross-section of
the board. When the drill leaves the area of the material with increased density, the force
decreases because the drill cuts in the lower density middle layer. Then there is a signal
fragment in which the drill penetrates to a depth equal to the height of the drill's cutting
blades. This is cutting with a constant cross-section of the cut layer in the middle layer of
the plate. This results in stabilization of the axial force value. At the beginning of the next
signal fragment, the value of the axial force begins to increase due to the fact that the drill
begins to enter the outer layer of the material with a higher density. The value of the axial
force drops to zero at the end of the last signal fragment, when the drill is already leaving
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the workpiece. In the case of cutting torque (M), there is a fragment of the signal in which
there is no cutting action and only the cutting edge is pressed into the workpiece.

Figure 2. Torque and thrust force signal.

In this part of the signal, the cutting torque value is close to zero. The drill then sinks into
the workpiece material, which increases the cutting torque value. The period of this
increase lasts until the drill reaches the maximum cross-section of the cut layer. The next
fragment of the signal is cutting with a constant cross-section of the cut layer in the middle
layer of the plate. This results in stabilization of the cutting torque value. In the next signal
fragment, as in the case of the axial force, the cutting torque value begins to increase. This
is due to the fact that the drill begins to penetrate the outer layer of the material with
increased density. As the drill begins to exit the workpiece, the cutting torque value begins
to decrease. The cutting torque value drops to zero at the end of the signal when the drill
has exited the workpiece. As mentioned earlier, the specific cutting resistance is defined as
the quotient of the cutting force to the cross-sectional area of the cut layer and it is
experimentally derived from this relationship. To determine the cutting resistance
parameters (Kc) for the tested materials, it was necessary to determine the instantaneous
value of the cutting torque (Ms) occurring in the drilling process. The cross-sectional area
of the cut layer was variable, depending on the feed speed values used. The cutting width
(b) remained constant, while the thickness of the cut layer changed depending on the
drilling parameters, therefore, before determining the specific resistance, it was necessary
to calculate the surface area of the cut layer for all drilling tests using the equation:

A4 =hb @

Knowing the values of the cutting force (F¢) and the cross-sectional area of the cut layer
(Aq), the values of specific cutting resistance were determined at given drilling parameters
for all tested materials. For this purpose, the distribution of cutting resistance values
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depending on the considered point on the cutting edge was described (Fig. 3). As can be
seen from Fig. 3, the cutting resistance k) acting on the infinitesimal element dAq of the
cross-section of the drill cutting edge gives the elementary moment dM; relative to the drill
axis:

dMS = kc(p) P dAd (2)

where:

ke(p)- cutting resistance on the radius p,

p — radius,

dAd — elementary area of the cutting layer.

M = f dM; = f kc(p) "prdAg (3)
Ag Aq
Figure 3. Distribution of cutting resistance along the cutting edge of the drill..

The equilibrium conditions show that the sum of these elementary moments collected over
the entire length of the drill's cutting edge must be equal to the moment Ms acting on the
drill:

After transforming expression, we obtain the relationship determining the cutting
resistance:

3-M,-R

Ke = ————r
¢ h-(R3—r3)

(N/mm?) 4)

The procedure for determining the cutting resistance from equation (4) was repeated for all
tested materials. In such a case, it was possible to obtain the value of the unit cutting
resistance (Kc1.1) and the exponent (mc) for each tested material. The charts and the results
obtained are presented below.
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Figure 4. Cutting resistance in the drilling process.

CONCLUSIONS

1.

2.

Determination of cutting energy based on the signal of force and cutting torque is based
on the value of unit cutting resistance (Kcy.1).

As expected, the specific cutting resistance (Kc1.1) varied in value depending on the type
of material being processed, which allows for a clear distinction between materials. The
results show that the proposed methodology can be used as an intelligent technique in
the drilling process to identify machined materials.

REFERENCES

Szwajka, K.; Zielinska-Szwajka, J.; Trzepiecinski, T. Experimental Analysis of Smart
Drilling for the Furniture Industry in the Era of Industry 4.0. Materials 2024, 17, 2033.
Zhu, J.; Wang, X. Research on enabling technologies and development path of
intelligent manufacturing of wooden furniture. J. For. Eng. 2021, 6, 177-183.

Wenkler, E., Arnold, F., Héanel, A., Nestler, A., & Brosius, A. (2019). Intelligent
characteristic value determination for cutting processes based on machine learning.
Procedia CIRP, 79, 9-14.

. Vrchota, J.; Rehot, P.; Maiikova, M.; Pech, M. Critical Success Factors of the Project

Management in Relation to Industry 4.0 for Sustainability of Projects. Sustainability
2020, 13, 281.

Szwajka K., and Trzepiecinski T. On the Machinability of Medium Density Fiberboard
by Drilling. BioResources 2018, 13(4), pp. 8263-8278.

Brozzi, R.; Forti, D.; Rauch, E.; Matt, D.T. The Advantages of Industry 4.0
Applications for Sustainability: Results from a Sample of Manufacturing Companies.
Sustainability 2020, 12, 3647.



A= CHIP AND CHIPLESS WOODWORKING PROCESSES, 14(1): 215-220, 2024
Zvolen, Technical University in Zvolen, ISSN 1339-8350 (online), ISSN 2453-904X (print) 215

DECAY RESISTANCE VALUATION FOR FALSE HEARTWOOD
AND MATURE BEECH WOQOD

Zuzana Vidholdova — Gabriela Slabejova

Abstract

Timber made of beech (Fagus sylvatica, L.) is frequently used indoors, mostly in the
production of flooring and furniture, but its higher susceptibility to decay by fungal attack
is of great concern. This study examines the influence of mature beech wood and native
false heartwood on its resistance to selected wood rot fungi - the brown rot fungi
Coniophora puteana and Serpula lacrymans as well as the white rot fungus Trametes
versicolor. It has been found that (a) mature beech wood and native false heartwood are
highly susceptible to decomposition by brown and white rot fungi, (b) mature beech wood
and native false heartwood are equally resistant to brown and white rot fungi, (c) Fungi
species have an influence on the resistance of beech wood — very significantly in the “wood
part*fungus” interaction. Both the formation of a large amount of free water and an
increase in their moisture content occur in tandem with the decomposition process.

Key words: beech, false heartwood, fungi, mature wood

INTRODUCTION

Indoor wood rot fungi cause many problems worldwide; Fungi that attack roofs, walls,
ceilings, floors, doors, windows, etc. represent a group of different basidiomycetes and
their degradation modes can be divided into white rot or brown rot. Typical brown rot fungi
are Serpula lacrymans, Coniophora puteana and Gloeophyllum trabeum. S. lacrymans is a
fungus that causes more damage to buildings than its close relatives and other wood-
decaying fungi found in forests (Watkinson and Eastwood 2012). Several characteristics of
the fungus probably contribute to this. Its ability to infect and colonize wood in buildings
has long been linked to its ability to survive and thrive in a spatially discontinuous supply
of moisture and nutrients. This adaptation was likely refined during its evolution by
ancestors that grew in temperate and boreal regions. C. puteana is a fungus that is very
common in buildings (Rypacek 1957, Reinprecht 2008, Watkinson - Eastwood 2012,
Gabriel - Svec 2017).

It is often used as an important test fungus in rot tests that determine a fungus's
tolerance to several organic wood preservatives. Rhodonia (Postia) placenta is one of the
most common types of brown rot on wood products. It is also tolerant of copper-based
preservatives and is often used as a test fungus in evaluating new wood preservatives. S.
lacrymans and C. puteana are the most common fungi found in damaged buildings in
Europe (Gabriel — Svec 2017). Woods do not necessarily occupy the same relative position
in the order of rot resistance when in contact with the ground as when in contact above
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ground. Results with the test fungi R. placenta and Trametes versicolor provide information
about the class of rot resistance that can be expected when in contact with soil. Although
G. trabeum is less able to attack resistant woods than the others, it is believed to be a better
indicator of the resistance class expected above ground.

Beech (Fagus sylvatica L.) is abundant and grows in managed forests throughout
Europe. Due to its significant occurrence in the forest, it is one of the most commonly used
commercial hardwoods. In Slovakian forests, deciduous trees predominate at 64.5%,
including mainly beech (35.1%) and oak (10.4%) (Green Report 2023). Long-term forest
planning assumes a lower proportion of spruce and a higher proportion of beech. It is a
challenge for wood processors who need to forecast and align their production towards
higher value-added end products. The disadvantage of beech wood is its relatively low
proportion of trunk wood, which is only around 50% compared to 90% for spruce (P6hler
et al. 2006). Another disadvantage of beech wood is that it is not durable (EN 350:2016)
and is therefore not suitable for outdoor use and uses such as garden furniture, decking or
flooring. But beyond that, beech is an excellent hardwood for a variety of applications,
from construction and furniture making to flooring and sports equipment. Due to its
strength and smooth surface, beech wood is also widely used in the manufacture of
furniture, flooring, plywood, veneers, musical instruments, sports equipment, construction,
furniture, turned items and small wooden items. Beech wood is easy to work with. It is easy
to machine, cut, glue, turn, plan, drill, mill and machine. It can be stained and polished
(Slabejova 2013). Because beech wood is easy to bend and turn, it is often used to make
turned objects such as toys, kitchen utensils, tools, and decorative items. Beech is also used
in model making. Beech is an extremely hard and strong wood, making it an excellent
choice for flooring, especially in busy commercial areas. Beech floors do not wear out as
quickly. However, it is prone to decay and cannot be used outdoors. Beech is also
commonly used to make household furniture, chairs, beds, tables and more. Beech furniture
is very stable and heavy and lasts a very long time with little maintenance. Beech is also
used for making parts of musical instruments such as guitar bodies, drums, etc. When
making drums, beech is often used as a substitute for maple. Beech veneer is used for
structural and decorative purposes. Beech wood is less prone to warping or splitting.
However, false heartwood is an important factor affecting wood use, quality and its
aesthetic appearance, as it could limit the processing options of beech wood and reduce its
market price (Trenciansky et al. 2017, Klement and Vilkovska 2019, Rohanova 2022).

False heart wood is classified as a wood structural defect and is known for its great
variability of morphological forms. The formation of a false heart in a living tree as well as
a colour change during storage or drying leads to a significant loss of financial value of the
beech (Pohler et al. 2006). Log quality standards are already based on the presence of
certain types of false hearts in the logs and automatically classify these logs into lower
quality classes.

The aim of this study is to determine the resistance of false heartwood and old beech
wood to selected wood rot fungi. For this purpose, a laboratory mycological test was
carried out.

MATERIALS AND METHODS

European beech (Fagus sylvatica L.) from the Stiavnické vrchy region in Slovakia was
used to prepare the test samples. Three sections of different trees with healthy, round
pseudo-heartwood were selected for the research. Lumber was made by sharp cutting. By
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spreading the middle wood with a thickness of 50 mm and handling it crosswise, blanks
with dimensions of 32 x 50 x 800 mm were produced (Figure 1). A total of 270 beech
microsamples measuring 25 mm X 25 mm X 5 mm (longitudinal x tangential x radial) were
used in the experiment (180 from heartwood and 90 from mature wood). In addition, 60
samples of pine wood (Pinus sylvestris L.) were used as samples for the virulence test for
brown rot fungi and 30 mature samples of beech wood were used as samples for the
virulence test for white rot fungi. All samples were oven-dry in the Memmert UNB 100
oven (Memmert GmbH + CoKG, Schwabach, Germany) at 103 + 1 °C, then cooled in
desiccators to 20 + 2 °C and finally weighed with an accuracy of 0.001 g (mo).

—_ | )

———\ /ﬂ o — Blank with mature wood

 A—— — H

IZ:> = Centrd Do—  Blanks with [:> g
———— lumber g ~  false heartwood
7 o-— . Micro-samples
Blank with mature w

~—~ U a th mature wood 25@) % 25() x 5ry mm

Roundwood/logs
with false heartwood

Figure 1. Scheme of preparation of samples.

Micro-samples of the mature and false heart beech wood and 2 virulence woods were
attacked with the brown rot fungi Coniophora puteana, BAM Ebw. 15 and Serpula
lacrymans BAM 87, and the white rot fungus Trametes versicolor, CTB 863A,
respectively. Mycological tests were performed in glass Petri dishes with diameter of 100
mm. The microsamples were placed on plastic mats under which a fungal mycelium had
already grown on a 3—-4 mm thick solidification layer of 4.5% malt agar (HiMedia Ltd.,
India). Two microsamples of the false beech wood species, one microsample of the mature
beech wood and one microsample of the virulence wood were placed in each petri dish
(Figure 2). The reference woods were selected based on the types of fungi used (pine
sapwood for brown rot fungi and beech wood for white rot fungi).

A - False heart beech A A A - False heart beech
sample sample
B C
B - Mature C — Reference
beech sample pine (beech) sample

Figure 2. Mycological test in Petri dishes — scheme of test samples for introduction.

The incubation period for fungi lasted 8 weeks at a temperature of 24 + 2 °C and a
relative humidity of 90 + 5%. After fungal attacks, the microsamples were carefully lifted
from plastic mats, cleaned of fungal mycelia and weighed with an accuracy of 0.001 g
(MEungal Attack). Likewise, microsamples after drying at 103 °C until a constant weight was
achieved weighed with an accuracy of 0.001 g (Mo-rungal Attack)-
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The decay resistance of false heartwood and mature beech wood was evaluated based
on their mass loss (4m), which was determined in percent [%] for each microsample in the
absolutely dry state before (mo) and after fungal attack (mMo-rungalatack) by Equation 1:

Mo —Mo—Fungal Attact | 100 (1)
mo

Am =

The moisture content — MC of false heartwood and mature beech wood samples after
fungal attack was determined using the gravimetric method. The moisture content in
percent (%) was calculated using Equation 2,

MC = MFungal Attact_™M0—Fungal Attact 100 (2)
Mo—Fungal Attact

RESULTS

The mass loss - Am [%] of the tested beech microsamples with false heartwood or
mature wood against the brown rot fungi C. puteana and S. lacrymans as well as the white
rot fungus T. versicolor is given in Table 1.

Following the standard EN 350:2016, it is suggested that the median (central trend) can
be determined better than the average. The influence of certain deviating data with extreme
value deviations was eliminated by using the median value. The validity of the test was
confirmed by the satisfactory virulence of each brown rot fungal strain, which in the
reference samples of sapwood of pine wood caused a mass loss of 20.02% for C. puteana
and 26.09% for S. lacrymans - i.e. more than that for this reference type of wood requires
20% according to EN 113-2:2020. For the white rot fungus T. versicolor it was 27.06%,
although according to EN 113-2:2020 it is very close to the threshold value (more than
20%).

Table 1 Basic statistical characteristics of mass loss — 4m [%] of beech wood part by
selected fungi after 8 weeks.

Mass loss — Am [%]
Fungi C. puteana S. lacrymans T. versicolor
Wood Part False Mature False Mature False Mature
Heart Heart Heart

Median X 14.50 28.73 24.99 15.14 20.42 27.95
Average X 17.11 25.78 25.68 17.22 21.31 27.23
Minimum Xmin 5.78 6.46 13.33 12.00 7.45 21.19
Maximum Xmax| 36.46 42.64 43.94 32.57 38.18 33.11
Standard SD 9.68 10.64 7.51 4.87 7.99 3.40
Deviation

Based on the results (Tables 1 and 2), we can say that the influence of the type of
decaying fungi and the “wood part*fungus” interaction on the mass loss is statistically
significant. However, the influence of part of the beech wood — false heartwood or mature
wood — is statistically insignificant. The dependence of the mass loss on the selected rotting
fungus species and the wood content is shown graphically in Figure 3.

False heartwood and mature wood from beech woods were also resistant to rotting
fungi. These results are also influenced by the increased variation in the mass loss values of
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individual samples, which is reflected in the determined minimum and maximum values or
standard deviations.

Table 2 Analysis of variance for mass loss — Am [%] of beech wood part by selected fungi
after 8 weeks.

Sum Degrees . Significance
of Squares | of Frgeedom Deviation F test I?evel -p
Absolute member 99 586 1 99 585 1628 0.000
Wood Part 206.6 1 206.6 3.378 0.067
Fungus 384.0 2 192.0 3.139 0.045
Wood Part *Fungus 2718 2 1359 22.22 0.000
Error 13 760 225 61.16

Figure 3. Mass loss — Am [%] for beech wood withdrawn to fungi species (C. puteana, S.
lacrymans, and T. versicolor) and wood part (HW — heartwood and MT — mature wood).

After the decay resistance test, a moisture content that was significantly above the fiber
saturation point was achieved in all cases (Table 3). As expected, these fungi showed the
ability to produce significant amounts of free water by decomposing relevant basic
components of the wood structure (polysaccharides or lignin) in mature and false core
beech wood.

Table 3 Basic statistical characteristics of moisture content — MC [%] of beech wood by
selected decaying fungi after 8 weeks.

Moisture content — MC [%]

Fungi C. puteana S. lacrymans T. versicolor
Wood Part False Matur False Matur False Matur

Heart e Heart e Heart e
Average x 51.26 53.40 54.64 57.27 55.31 58.30
Median X 52.22 54.76 55.16 57.44 55.93 58.68
Minimum Xmin 41.92 29.51 21.50 49.81 45.02 54.07
Maximum Xmax 57.98 44.10 43.83 62.34 61.55 61.54
Standard SD 4.58 5.43 4.64 2.59 4.02 2.32
Deviation




220 DECAY RESISTANCE VALUATION FOR FALSE HEARTWOOD AND MATURE BEECH WOOD

RESULTS

The results of this laboratory study on decay resistance of beech wood are as follows:
o Native false heartwood and mature wood are equally resistant to brown and white
rot fungi;
e Fungi species have an influence on the resistance of beech wood - very
significantly in the “wood part*fungus” interaction;
e The decomposition process is accompanied by the formation of a significant
amount of free water and an increase in their moisture content.
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