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Preface

This Special Issue, entitled “Advances in Wood Processing Technology”, focuses on high-quality
original research articles and reviews on the latest (innovative) approaches in the development of
wood-based material processing, new ecological wood-based composites, advanced wood processing
functions, and further advances in industrial production research in the field of wood-based materials
and their applications. Wood is an attractive construction material and has several favorable
properties and advantages. However, it also has shortcomings and various limitations, such
as limited fire resistance, dimensional instability, and susceptibility to various biotic and abiotic
damages. Today, it is possible to improve some properties of wood with the help of extensive
innovative methods. Technical progress is largely conditioned by the process of discovering and
improving technological processes and methods. New ideas do not usually arise by chance, but
social conditions are necessary for this (achieving a certain state of knowledge and technology that
requires a new quality, the accumulation of knowledge about a given problem). We are very grateful
for contributions concerning the latest technologies for the processing of both growing wood and

wood-based composites.

Martin Kuéerka, Alena O¢kajovd, and Richard Kminiak
Editors
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An Overview of Published Articles

The primary goal of this Special Issue, “Advances in Wood Processing Technology”,
was to showcase cutting-edge research and development in the field of wood-based ma-
terials. It aimed to promote innovative approaches for processing wood, creating novel
ecological composites, enhancing wood processing functions, and optimizing industrial
production processes. Ultimately, this Special Issue sought to contribute to the advance-
ment of wood as a sustainable and high-performance construction material by addressing
the challenges and limitations of traditional wood-based materials.

Wood, a naturally abundant and renewable resource, offers numerous advantages as a
construction material, including strength, durability, and aesthetic appeal. However, its
susceptibility to fire, dimensional instability, and biological degradation poses challenges
for its wider application [1]. This Special Issue focused on addressing these limitations
through technological innovation [2]. By exploring new processing techniques, developing
advanced wood-based composites, and optimizing industrial production, researchers
aimed to unlock the full potential of wood as a high-performance material [3].

The first article [4] concludes that wood density directly affects its Brinell hardness
and capacity for self-re-deformation. Specifically, denser woods like beech have a lower
percentage of permanent indentation, indicating a higher ability to recover shape. This
recovery ability in radial and tangential sections is influenced by both density and applied
force, whereas in longitudinal sections, it is solely dependent on density. This study
highlights that side compression of wood cells is mostly reversible, contrasting with the
irreversible damage caused by longitudinal deformation.

The aim of another paper [5] was to investigate the possibilities of increasing the
lifetime of woodworking tools through the application of thin hard layers. These layers,
applied by physical or chemical vapor deposition methods, have the potential to signifi-
cantly increase the wear resistance of tools. The results of this study show that multi-layer
coatings, especially chromium-based coatings, are the most promising. Coatings with a
lower coefficient of friction were found to exhibit higher wear resistance. This property
has been shown to be a more important predictor of tool life than the hardness of the
coating itself.

The primary goal of the article [6] is to optimize the CO, laser cutting process for
spruce wood by using an artificial neural network (ANN) to predict cut characteristics.
This article specifically focuses on identifying the critical role of laser performance and
cutting speed in wood cutting quality and efficiency, developing an ANN model to predict
cutting kerf properties and the heat-affected zone based on laser power and the wood’s
annual ring count. The next section addresses the verification of the model predictions
against the existing literature [7-10] and finally proposes the determination of the optimal
laser power to achieve the desired quality of spruce wood cut.

The study [11] analyzed the performance of the edge banding module in a fully
automated wooden door production line. By examining production data, researchers aimed
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to identify factors influencing module efficiency. Results indicate that the module operates
flexibly and independently of control parameters, suggesting potential for operational
improvements and optimized work scheduling across the entire production line.

The article [12] by Koleda et al. was focused on the determination of the size of wood
dust particles generated during milling of chipboard using an experimental optical method.
The results showed that the proposed optical method allows more accurate determination
of particle size and shape compared to the traditional sieve method. This method provides
more detailed information on the composition of wood dust, which can be useful for further
research and applications.

The article by Hortobagyi et al. [13] investigated the feasibility of using vibration
monitoring on a pneumatic gripper for adaptive control during the milling process. This
study analyzed vibration data collected during milling operations, employing fast Fourier
transform to identify the dominant frequencies related to tool cutting [14,15]. Statistical
analysis revealed that tool type, spindle rotation, and material significantly influenced
vibration patterns. While feed rate showed less impact, the results suggest that vibra-
tion monitoring can potentially serve as a valuable signal for adaptive control. Future
research will focus on combining vibration data with surface roughness measurements and
developing a smart pneumatic gripper for the woodworking industry.

The research by Suleiman et al. [16] shows the potential to increase the value of Por-
tuguese eucalyptus forests by using them for glulam production. This research succeeded in
producing glulam from eucalyptus without changing the standard production process. The
resulting glulam exceeded the strength requirements for high-strength softwood glulam.

The aim of the paper by Abdullah Beram [17] was to improve the properties of black
poplar wood through impregnation with calcium oxide solutions. This research compared
vacuum and immersion impregnation methods, using different solution concentrations.
The results showed that both methods improved the wood’s thermal stability and flame
resistance while reducing water absorption and swelling. The impregnation process also
affected the wood’s surface properties, increasing roughness but decreasing water con-
tact angle. This study concludes that calcium oxide is effective in improving the overall
performance of black poplar wood.

The study [18] compared the embedment strength of cross-laminated timber (CLT)
reinforced with glass fiber-reinforced polymer (GFRP) or densified wood. The results
showed that both reinforcement methods improved embedment strength, with densified
wood offering the highest values. The embedment strength was higher when the load
was applied parallel to the outer layers of CLT [19]. The NDS formula (National Design
Specification) provided the most accurate prediction of embedment strength compared to
other models. This study concludes that both densification and GFRP reinforcement can
enhance CLT performance, but densification appears to be a more effective option.

A recent paper by authors Marina Chavenetidou and Vasiliki Kamperidou [20] inves-
tigated the surface roughness of chestnut wood in different anatomical regions and trunk
heights. This research found that surface roughness varied significantly depending on the
orientation of the wood grain, with measurements perpendicular to the grain resulting in
higher roughness values. While no significant differences were observed between heart-
wood and sapwood roughness, tangential surfaces exhibited the highest roughness overall.
This study concludes that surface roughness in chestnut wood is primarily influenced by
wood grain orientation and is consistent across different trees and trunk heights.
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Abstract: The aim of this paper is to determine the particle size composition of the wood particles
obtained from CNC milling the chipboard using an experimental optical granulometric method.
Composite materials (chipboard) are the most-used materials in the woodworking and furniture
industries. The proposed optical method of measuring particles’” dimensions is compared to the
sieving technique. The researched experimental method allows for the determination of not only the
size of the fraction of an individual particle’s fraction but also more detailed information about the
analyzed wood dust emission, for example, the largest and smallest dimension of each single particle;
its circularity, area, perimeter, eccentricity, and convex hull major and minor axis length; or the color
of the particle.

Keywords: wood particles; optical analysis; MATLAB

1. Introduction

Machining is one of the highly used processes in modern-day industrial applications,
with increasing demands from customers all over the world in areas such as transportation,
medicine, surgery, automobiles, space, aeronautics, etc. [1]. The development of industry
and the economy puts pressure on the speed of production for products and goods. In
addition to the advantages, this trend also has many negative aspects, for example, the
excessive production of waste material that can largely be recycled. Waste in the form of
particles is also generated during the production of semi-finished products. This is mainly
particles and dust, which must be removed so that they do not affect the production process
and the operators.

In the specialist literature, sawdust is characterized as a polydisperse bulk material
consisting of coarse and medium-coarse fractions, i.e., a bulk material with grain sizes
above 0.3 mm, while the proportion of finer fractions with smaller chip sizes is not excluded.
According to the classification indicators of bulk materials stated in STN 26 0070, sawdust
is classified as B-45UX i.e., a fine-grained loose mass (0.5 + 3.5 mm) that is hygroscopic,
and low-flowing and an abrasive mass with a tendency to clump [2].

Sawdust can be used as a secondary raw material. It is one of the starting raw materials
for the production of agglomerated chip materials and the chemical processing of wood,
a valuable raw material for energy use by direct combustion, and the basic raw material
for the production of dimensionally and energetically homogenized fuel (briquettes and
pellets) [3].

The carcinogenic risk to humans posed by occupational exposures to wood dust and
formaldehyde needs to be evaluated, since a number of occupational situations that involve
exposure to wood dust also entail exposure to formaldehyde, such as in plywood and
particleboard manufacturing, furniture- and cabinet-making, and parquet floor sanding
and varnishing. The highest occupational exposures were noted to occur in wood furniture
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and cabinet manufacturing, especially during machine sanding and similar operations, in
the finishing departments of plywood and particleboard mills, and in the workroom air of
sawmills and planer mills near chippers, saws, and planers. Citing findings from several
recent well-designed case-control studies, this study concludes that occupational exposure
to wood dust is causally related to adenocarcinoma of the nasal cavities and paranasal
sinuses [4-6].

Wood processing into a final product is a very complex technological process. The
main aim of wood processing is to create a workpiece with the required shape, dimensions,
and surface quality [7]. One of the most-used methods of woodworking is milling [8-13].
The quality of the processed surface by milling is affected by various factors, such as the
cutting conditions, the blunting of the tool, and the appropriately chosen tool [14-18]. In
the case of the wear of the tool during a long period of milling, the vibration frequency may
increase, resulting in a decrease in the quality of the milled surface. Tool wear is affected
by many factors including the workpiece material, cutting parameters, tool geometry and
materials, tool temperature, and cooling methods. All these parameters affect the service
life of the tool [19-21].

Currently, the chipboard production is a priority direction in the development of the
woodworking industry. Particle board (chipboard) is a material used in the production of
cabinet furniture and construction. The popularity of chipboard is also due to the fact that
manufacturers of this board material are trying to introduce the promising developments of
scientists, to keep up with the times [22,23]. The technology for the production of particle
boards is a complex process including a number of important operations. The quality
indicators of the finished product largely depend on it. For this reason, we chose this
material as the material for our experiment. In addition to the purely technological aspects,
the environmental safety of chipboard production is the most relevant, which is reflected in
the modern patent, scientific, and technical literature. Chipboard is composed of particles
and thin slivers of wood that are made by cutting the wood feedstock with rotating knives
and shearing the wood into small elements. The characteristics of chipboard are its low cost,
its high thickness, and the capability to manufacture large-dimension boards. Chipboard
manufactured from waste materials has an extra carbon offset value, making a contribution
to a sustainable environment.

Particleboard is a composite panel product consisting of cellulosic particles of various
sizes that are bonded together with a synthetic resin or binder under heat and pressure. Par-
ticle geometry, resin levels, board density, and manufacturing processes may be modified
to produce products suitable for specific end uses. At the time of manufacture, addi-
tives can be incorporated to impart specific performance enhancements including greater
dimensional stability, increased fire retardancy, and moisture resistance.

Today’s particleboard gives industrial users the consistent quality and design flexibility
needed for fast, efficient production lines and quality consumer products. Particleboard
panels are manufactured in a variety of dimensions and with a wide range of physical
properties that provides maximum design flexibility for specifiers and end users.

2. Materials and Methods
2.1. CNC Machine

The experiments were carried out on a 5-axis CNC machining center SCM Tech Z5
manufactured by the company SCM Group, Rimini, Italy.

The basic technical parameters of the machining center given by the manufacturer are
provided in Table 1.
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Table 1. Technical and technological parameters of CNC machining center SCM Tech Z5.

Parameter Range
Userful desktop 3050 x 1300 x 300 mm
X-axis speed 0-70 m-min !
Y-axis speed 0-40 m-min~!
Z-axis speed 0-15 m-min !
Vector rate 0-83 m-min~!
Revolutions 600-24,000 rpm
Power 11 kW
Maximum tool diameter D =160 mm
Maximum tool length L =180 mm

2.2. Tool Parameters

A diamond shank cutter tool with two rows of cutting diamond blades (Diamond
Router Cutter Economic Z2 + 1 — D18 x 26L85S =20 x 50) was used, manufactured by
IGM Tools and Machines (Figure 1). The basic technical and technological parameters given
by the manufacturer are provided in Table 2. This tool was chosen for its frequent usage in
small woodworking companies due to its high tool lifetime and relatively low cost [24-26].
The cutter was used in previous experiments. The usage time was approximately 120 min.

L

Figure 1. Diamond Shank Cutter Economic Z2 + 1 — D18 x 26L85.

Table 2. Technical parameters of the milling tool.

Diameter of

Working Working Length L . Number of Material of
Name Diameter D (mm) (mm) Chucking Shank Cutting Blades Cutting Edges
S (mm)
Router Cutter 18 26 20 2+1HW Diamond

Economic Z2 + 1

2.3. Milling Wood Samples

A pressed chipboard was used as a sample for milling. The sample had a raw sur-
face without processing, moisture content of 9.5%, and panel density of 600-640 kg-m?3.
Samples of particleboard blanks with the following dimensions, thickness t = 18 mm,
width w = 300 mm, and length 1 = 500 mm, were used in the experiment. The specimens
were machined by cylindrical, circumferential milling through the entire thickness, with a
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; feed speed
vf=4,6,and 8 m-min~!. For each combination of parameters, six specimens in total were
collected. The conventional milling (up-milling) method was used for the experiment.

The sawdust obtained during milling was then scanned using a Nikon D5200 camera.
This camera was placed on a tripod above the scanned area. The shooting lens was a
standard camera lens, Nikon AF-S Nikkor 18-55 mm f/3.5-5.6 GDX VR II (Nikon, Bangkog,
Thailand). This lens is designed for use with Nikon’s DX-format single-lens reflex cameras.
A 3x zoom covers the commonly used focal length range of 18-55 mm and a Silent Wave
Motor (SWM) from Nikon offers quiet autofocus. Its view angle is 76-28°50'.
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During scanning of the measured sawdust, particles may overlap each other. In this
case, the overlapping sawdust would be evaluated as one particle, which would introduce
an error into the measurement. So that the sawdust in the sample does not overlap, the
particles are separated from each other during the scanning itself using a vibrating table
(Figure 2).

Digital camera

Nikon 5200

L |

scanning
direction

Eccentric electrical motor

Steel plate ~<—-Steel spring

Figure 2. Vibrating table for separating wood particles.

The vibrating table was assembled from two steel plates, which are connected by four
springs. The springs were placed in the corners of the plates and fixed by welding. On the
bottom of the upper plate, there is an eccentric electric motor in the middle, the movement
of which creates an oscillating movement by the upper plate. The speed of the motor and,
thus, the strength of the vibrations are adjusted by regulating the supply voltage for the
motor. A simple circuit with an LM317 regulator was used as a voltage regulator (Figure 3).

3 2 o
LM317
R2
” 240 Q
Vin
12 VD
VDC Cl == o= Vout
0.1uF/100V 10uE/50V
R1
5kQ

Figure 3. Circuit for voltage regulation. LM317 pins: 1: Adjust; 2: Vour; 3: ViN.

LM317 is a monolithic integrated circuit in TO-220 packages intended for use as a
positive adjustable voltage regulator. It is designed to supply more than 1.5 A of load
current, with an output voltage adjustable over a range from 1.2 to 37 V. The nominal
output voltage is selected by means of a resistive divider, making the device exceptionally
easy to use and eliminating the stocking of many fixed regulators. The input voltage for
the controller was 12 VDC voltage from the main adapter. The output voltage from the
regulator ranged from 1.25 to 11.3 V. This voltage powered the eccentric motor in the
vibrating table.

The particles were scanned with the following parameters (Table 3):
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Table 3. Shooting parameters.

Parameter Value
ISO sensitivity 100
Shutter speed 6.0s

Aperture /5.6
Focal length 55 mm
Effective pixels 24.2 Mpix
Sensor format APS-C
Image sensor type CMOS

Scanning of the samples was carried out in low light so that the shadow of the particles
was not visible. Therefore, images were recorded with a long exposure, 6 to 15 s.
A sample of an image with analyzed particles is shown in Figure 4.

Figure 4. Image with analyzed particles.

Images of sawdust taken in this way were subsequently analyzed in the MATLAB
program (MathWorks, Natick, MA, USA), using the proposed program (Figure 5).

Background color select

4 Wood chips 2D = O X
| File _ N Analysis
starting

Opening picture
with particles s

Saving of
measured data

Scale select

Required
Number of information
umber o ! L
measurements displaying
Table name Program
for data saving olocing

Figure 5. Proposed MATLAB program for wood particles’ analysis.

The text block of the displayed required information was mainly used for the design
of the application for listing certain information, for example, the value of the content of
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the test object. During the experiment, the total number of found objects in the currently
analyzed image was written into this block.

The “Analysis” button was designed for quick analysis of measured data, such as a his-
togram of detected particle areas. However, it was not used in the experiment; all analyses
were performed in the program Statistica (TIBCO Software Inc., Arlington, VA, USA).

The program works according to the following algorithm (Figure 6).

D ®

‘ Open picture with scanned scale ‘ Measurement of sawdust
1 dimensions
‘ Selection of scale ‘
. are all images
Entering the number of 8
analyzed?
measurements
‘ Open picture with sawdust ‘ saving the results

: I

‘ Background color setting ‘ Analvzi P
nalyzing o

results
® |
< Close >

Figure 6. Program algorithm.

First, an image with a reference distance is opened, which helps to determine the
scale of the conversion from digital image to the metric system. This step is important
to accurately determine the dimensions. The MATLAB program detects all dimensions
from the digital image; therefore, the measured values are in pixels. For the conversion to
metric dimensions, a conversion coefficient is found. To calculate it, a known distance is
scanned in the first opened photo. In the experiment, an office ruler was used. In this ruler,
2 points with a known distance were selected by clicking the mouse. When clicked, the X Y
coordinates of the given points were determined, and the distance between the points in
pixels was calculated using relationship (1).

Distp, = \/(Xz — X2+ (Y2 — 1) 1

where

Distpy—distance between the selected points in pixels;
X1, Y1—coordinates of the first selected point;
X, Y,—coordinates of the second selected point.

From this distance in pixels in the image and from the known distance on the ruler,
the conversion coefficient is then calculated according to relationship (2):

Distym

Con.Coef = Distp

@

where

Con. Coef—conversion coefficient;
Disty;;;—known distance in metric system (mm);
Distpy—known distance in pixels.
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Subsequently, the analyzed image is opened, in which it is necessary to select the
background color of the sawdust, which depends on whether there are light wood particles
on a black background or dark wood particles on a white background. These combinations
are suitable for the contrast between the searched sawdust and the background, so that they
can be easily identified. In the case of a background with a similar color to the searched
objects, particles may be incorrectly assigned to the background, or false objects may be
created [27,28].

For next analysis, this image is converted into binary form using a function:

im2bw(I, graythresh(I)) 3)

where [—a variable representing the loaded image.

Function im2bw converts the input image to a binary form, in which the pixels
belonging to the sawdust have the value of 1 (white), and the other pixels have a value of
0 (black). The decision level for this transfer is calculated using a function: graythresh(I).
This computes a global threshold T from grayscale image I, using Otsu’s method. Otsu’s
method chooses a threshold that minimizes the intraclass variance of the thresholded black
and white pixels [27-29]. During this binarization, fictitious holes may be created, due to
the structure of the sawdust. These are subsequently removed using a function:

imfill(BW, holes’) 4)

where

BW—input binary image;
‘holes’—parameter of the imfill function.
Function imfill(BW, holes’) fills holes in the input binary image BW. Using parameter

‘holes’, only holes in objects are removed (Figure 7). Hole is a set of background pixels that
cannot be reached by filling in the background from the edge of the image.

Original Image Original Image Converted to Binary Image Filled Image

Figure 7. Removing holes in objects [30,31].

In a binary image modified this way, the dimensional characteristics of the sawdust
are subsequently detected by pressing the “Measurement” button.

It is possible to determine the dimensional parameters of the sawdust in the digital
image modified in this way. The following functions were used in the MATLAB program
to determine sawdust parameters:

regionprops(BW, properties)

bwferet(BW, properties) ®)

where

BW—input binary image;
properties—specified, required calculated properties.

Using the regionprops function, the required properties of the found particles are
calculated. The list of these characteristics is specified as Properties in the function region-

10
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props. To measure the dimensions of the sawdust, the following were determined: Area,
Perimeter, Centroid, Orientation, and Circularity.

Function bwferet measures the Feret properties of objects in an image and returns the
measurements in a table. The input properties specify the Feret properties to be measured
for each object in input binary image BW. The measured Feret properties include the major
and minor axis length, Feret angles, and endpoint coordinates of Feret diameters.

The Feret properties of an object are measured by using boundary points on the
antipodal vertices of the convex hull that encloses that object (Figure 8).

Figure 8. Major and minor length.

Area of individual sawdust is determined with a parameter ‘Area’. This parameter
counts all pixels belonging to individual sawdust in the binary image.

The Perimeter measurement of sawdust is determined using a parameter ‘Perimeter’.
Function regionprops computes the perimeter by calculating the distance between each
adjoining pair of pixels around the border of the region.

The position of the center of sawdust is determined by a parameter ‘Centroid’, which
detects the horizontal and vertical coordinates of the position of the center of particle in
the image.

The rotation of sawdust in the image is detected by a parameter ‘Orientation’. This
represents an angle between the x-axis and the major axis of the ellipse that has the same
second moments as the region, returned as a scalar. The value is in degrees, ranging from
—90° to 90° [27,28].

Roundness of objects is returned as a structure with parameter ‘Circularity’. The
structure contains the circularity value for each object in the input image. The circularity

value is computed as
4-Area-m ©)
Since MATLAB detects dimensional information about found objects in pixels, the
obtained information is converted to metric system. This is accomplished by multiplying
the perimeter and the min and max dimension data by the conversion coefficient that was
calculated at the beginning of the measurement. Particle area data are multiplied by the
square of the coefficient. The circularity parameter is not recalculated by this coefficient
because it is a relative quantity. The measured data are sent to an Excel table. The data
modified in this way are saved in an Excel table using the “xIswrite” function. The data can
be further processed in the Excel program. We exported these data to the program Statistica.

Perimeter?

11
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3. Results

The proposed program allows for the measurement of the dimensions of each individ-
ual particle. A sample of the determined dimensions is displayed in Figure 9.

% * Centroid
— Major length
— Minor length

(b)

Figure 9. Section from the analyzed image with sawdust: (a) original image; (b) analyzed image.

The found dimensions were analyzed by one-way ANOVA in the Statistica program
(TIBCO Software Inc., USA). Figure 10 shows the weighted means of the area of the
analyzed sawdust for individual feed speeds.

0.13 1.25

0.12 1.20
o T 115
N
E 410 E 110
g o
= % 1.05
T 0.09
g £ 100

[0]

i Q 095

0.07 0.90

0.06 0.85

4 6 8 4 6 8
Feed Speed [m.min™"] Feed Speed [m.min™]
(a) (b)

Figure 10. Weighted mean of dimensional characteristics of the analyzed sawdust: (a) sawdust area;
(b) sawdust perimeter.

As shown in Figure 10, the area and perimeter of the sawdust are changing with
different feed speeds. The smallest particles were formed by milling with the smallest feed
speed. By increasing the feed speed, the size of the generated sawdust also increased. The
largest sawdust was created at a feed speed of v¢ = 6 m-min~1.

The weighted means of the major and minor axes are shown in Figure 11.

To measure by area and perimeter, the major and minor axis dimensions were recorded
at a feed speed of 4 m'min~!. At higher feed speeds, the dimensions were larger. The

largest sawdust dimensions were recorded at a feed speed of 6 m-min~!.
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4 6 8
Feed Speed [m.min™']

== Major Axis
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Figure 11. Weighted mean of the largest and smallest dimensions of the analyzed sawdust.

The statistical significance of the detected parameters in the change in speed was
determined using Duncan’s test (Table 4).

Table 4. Duncan’s test of areas.

Feed Speed {1} {2} {3}

4 m-min~! 0.000011 0.000009
6 m-min~? 0.000011 0.011701
8 m-min~? 0.000009 0.011701

Table 3 shows that the change in feed speed is statistically significant because the
probability of the similarity of the datasets is less than 5%.

Using the described method of determining the sawdust dimensions, it is also possible
to determine the roundness of objects (Circularity). For a perfect circle, the circularity value
is 1.

As shown in Figure 12, the shape of the sawdust is similar to a circle in the sample.
For small particles, however, the circularity increases, which is due to the fact that these
small particles have a needle-like shape. They have a small area but a larger perimeter. For
larger particles, the roundness is smaller because these particles have a shape similar to a
circle. The analysis of the variance of the circularity is shown in Figure 13.

60,000
50,000
40,000
Frequency
30,000
20,000

10,000

Figure 12. Circularity of sawdust in different areas.
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Figure 13. Analysis of variance of circularity.

For a comparison with the sieve analysis, the obtained results were converted from
the percentage representation of the sawdust to an area corresponding to the sieves with
fractions: 2, 1, 0.5, 0.25, 0.125, 0.063, 0.032, and less than 0.032 mm. Figure 14 shows
the results.
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Figure 14. The percentage of individual sawdust fractions.

Figure 14 shows that the largest share of the sawdust was from the fractions 0.25
and 0.5 mm. The major factions (2 a 1 mm) had a small share, approximately 5% at each
feed speed.

4. Discussion

An optical analysis of the sawdust and other small materials encounters the problem
of overlapping particles during scanning. When several particles overlap each other, such
a cluster is typically identified as one separate particle. This problem can be solved using a
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vibrating table, on which the particles of re ias separated from each other using vibrations
before scanning.

Another problem can be capturing all the particles for analysis. The particles” removal
efficiency during CNC machining of the particleboard highly depends on the operation type
realized by the CNC center as well as the machining pathway [32,33]. For pocketing, the
quantity of particles that remained on the panel after routing was negligible and, therefore,
the exhaustion efficiency was near 100%. For milling, however, it was at the level of 87%,
which was not satisfying. In this study, a particle size analysis of the sawdust was also
performed. It showed that the wood particles left over on the machine and around it were
not smaller than 0.1 mm. The efficiency of the wood particles’ removal decreased with the
particles’ size increase.

It is possible to identify the effect of shear force on the proportion of the smaller
particles within the fine fractions in terms of the influence of the physical and chemical
properties of sawed and sanded material, as well as the shape, the dimensions, the sharp-
ness of cutting tools, and technological factors. A feed rate reduction means a decrease in
the nominal thickness of the particle, and, thus, the particles move between finer fractions.
This fact was also confirmed by other studies [34-36]. The formation of dust particles can
occur in all open places of machines as well, especially on the premises of CNC machines
as a result of maintenance, repairs, cleaning, inspections, tool changes, etc. [30,31,37-39].

This paper is based on the standard scientific methodologies for the evaluation of
particles from the wood milling process, which are accepted for their scientific capacities,
but, at the same time, we consider it necessary to discuss this topic from the point of view
of objectivity and in the context of the stated findings.

As Kminiak (2021) wrote, it is very difficult to determine the content of the finest dust
particles. This content may not be captured by the camera due to the complicated shape
of the particles, leading to a possibly incomplete data analysis. Therefore, a smaller focal
length camera or a microscope should be used for wood dust with a larger dimensional
span. Only then is it possible to detect and quantify the content of the finest dust particles
and, thus, to estimate the occupational health risks accordingly [40,41].

One of the ways to improve the chips’ geometric measurement is to use the optical
method, which was proposed by Sandak et al. (2005) and also by Palubicki et al. (2007).
This method has many advantages, since it is simple and fast, does not use very expensive
equipment, and has high accuracy [42,43].

5. Conclusions

This research demonstrated the possibility of a more complex analysis of sawdust
using the proposed program. In the commonly used methods, for example sieve analyses,
the result is only the percentage representation of the size of the individual fractions
compared to the total sample [44,45]; thus, the described method allows for obtaining
more information about the measured sawdust sample. The dimensional characteristics
are determined for each individual particle.

During the analysis of the particles generated during the milling process at different
feed speeds, it was found that the smallest particles are generated at a feed speed of
4 m-min~!. The largest sawdust particles were generated at a feed speed of 6 m-min .
In order to reduce health risks during milling, it is, therefore, not advisable to use low
feed speeds. They produce smaller chips and dust that could endanger the health of the
operating personnel.

The formation of fine wood dust particles represents a significant occupational hazard
to the health and safety of workers. The results obtained can be used for optimizing the
technological programs of CNC milling machines, thus reducing the occupational exposure
to harmful wood dust emissions in the wood processing industry.

The improvement of the work environment in wood processing and furniture enter-
prises, by adopting adequate occupational safety and health practices, is desirable not only
from the perspective of workers but also because it contributes substantially to labor pro-
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ductivity by enhancing workers” motivation, increasing competitiveness, and promoting
economic growth.

During particle scanning, this method was found to be quite time-consuming. This was
mainly due to the dark contrasting background of the sawdust. For further experiments, it
would be more appropriate to provide light under the sawdust, which would speed up the
scanning. Moreover, the particles illuminated in this way would have sharper contours.

In this experiment, a standard lens for a Nikon camera was used. Its maximum focal
length is 55 mm. For further research, we plan to try other lenses with longer focal lengths
as well as other cameras with extra-long focal lengths. A longer focal length allows for
shooting at a smaller view angle. Therefore, the investigated particles scanned in this way
should have clearer details.
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Abstract: Milling with use of CNC machines is a well-established method and much research was
concluded on this topic. However, when it comes to wood and wood composites, the material non-
homogeneity brings a lot of variability into cutting conditions. As a part of research into potential
signals for nesting milling, material vibrations at clamping points were examined in this study. The
main goal was to conclude if cutting parameters have a statistically significant effect on measurement.
The place of measurement was analyzed so it was accessible to the machine operator. Medium
density fiberboard and particleboard specimens were cut through by razor and spiral mill, with
spindle rotating 10,000 and 20,000 min~! and feed rates 2, 6, 10 m-min~!. Vibrations were measured
at vacuum grippers, and were then processed by fast Fourier transform. Then, frequency spectrum
maxima were compared, as well as amplitude sizes. Main frequencies were of roughly 166 Hz and
multiples, suggesting their origin in tool rotation. When maxima were compared, tool use, spindle
rotation, and feed rate seemed to affect the result. Frequency spectrum amplitudes were subjected to
analysis of variance, significant effect was found on spindle speed, tool, and specimen material. No
significant effect was found with differing feed rates.

Keywords: MDF; CNC; milling; vibration measurement

1. Introduction

The technology of machining native wood and wood-based materials by multi-axis
CNC machining centers is increasingly used especially in the manufacturing of complex
parts, or so-called nesting milling. CNC machines are often used without direct control
by a human operator and, therefore, the setting of appropriate technological parameters
is extremely important for trouble-free machining, achieving the required quality of the
workpiece, minimizing vibration and electricity consumption, and, last but not least,
ensuring adequate work environment [1,2]. The ongoing digital revolution (Industry 4.0)
brings techniques for inspection and for collecting data on the production process and
their online processing remotely using interconnected cyber-physical systems. It does
not have to be only about evaluating data in real time, but also about their prediction
with the aim of environmental protection and sustainability industry [3]. The problems
related to this can result in the development of new intelligent sensors, methods, and
procedures for measuring quantities that indirectly characterize the machining process
(energy consumption, acoustic emissions, vibrations, dust) and are suitable for creating a
digital twin of intelligent production [4].

Milling is a well-known manufacturing process, where many problems already have
been addressed. Many studies were conducted to find dependence of roughness of ma-
chined material on cutting parameters. Generally, the surface roughness depends on
spindle speed, feed rate, and tool diameter. To achieve a smoother surface, high spindle
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speed with slow federate should be used, ideally with a small diameter tool [5-13]. How-
ever, such parameters also create higher cutting forces which are undesirable [14]. A big
aspect is from material itself. Especially where wood is concerned, material homogeneity
plays a big role.

Medium density fiberboard (MDF) is a wood-based industrial product. It is made
from wood waste fibers bonded together by resin, while heated under pressure. MDF has
certain advantages when compared to native wood and is currently preferred in many
applications [10]. MDF roughness from manufacture increases with rising compression
strength [15]. It is generally denser than particle board as well as plywood. Even though it
consists of fibers and not veneers, it can be applied as a construction material in most cases,
where plywood is used nowadays.

The density of a typical MDF is between 500 kg-m 3 and 1000 kg-m > whereas the
density of a particle board is in the range from 160 kg-m 3 to 450 kg-m 2. In contrast to
natural wood, MDF does not contain knots or rings [16]. Experimental studies provided
assessment of the concrete cutting parameters for machining isotropic and orthotropic
wood-based materials [17,18].

Vibrations during the machining process were subjected to multiple studies. Vibrations
are often frequent problem which affects dimensional accuracy of the parts being machined,
surface finish quality and tool life. Vibrations are induced due to machine faults, cutting tool,
cutting parameters, workpiece deformation, etc. These vibrations are generally measured
using accelerometers mounted on various machine parts elements [19].

From the point of view of vibration measurement, several articles were published,
especially in the area of metal materials machining. A relation was found for steel [20]
and titanium [21] machining, that surface roughness is most dependent on feed rate, while
cutting speed has the highest effect on tool vibration. Similar results were found for
aluminum in [22]. Other studies were focused on finding a relation between vibrations
and surface finish, with signal spectrum analysis and wavelet packet transform (WPT),
where it resulted in vibration ranges correlating the vibration amplitudes with resultant
surface roughness. The measured vibration and wavelet packet transform method could
be effectively applied for real-time, highly accurate, and reliable roughness monitoring,
with a low computation power cost in CNC machining [23]. Singular spectrum analysis
was also considered as a viable strategy for assessing vibration signals used to the real-time
monitoring of machined surface finish [24], as well as the calculation of surface quality in
CNC turning by model-assisted response surface approach [25]. Tool vibration signals were
experimentally monitored by spectral kurtosis and ICEEMDAN energy modes for insert
abrasion assessment [26]. Surface quality prediction models based on a regression method
and artificial neural network were developed in [27,28]. Multiple methods involving
machine learning were summarized and compared in [29]. Tool geometry was also found
to be a big factor, when vibrations are assessed [30-32].

The fast Fourier transform used in this study is a valuable tool in situations when
signal processing is needed. It is a computation instrument for easier signal analysis. FFT
can be used on computers for power spectrum analysis as well as for filter simulation. This
tool is basically an efficient way to calculate the discrete Fourier transform of data sample
sequences [33] and to transform the time domain signal into frequency domain [34]. The
Fourier transform was applied for surface roughness prediction to obtain the features of im-
age texture [35], and for real-time measurement and intervention system for build-up-edge
and tool damage to analyze the vibration signals for fast recognition of signal irregulari-
ties [36]. It was also successfully tested for on-the-fly CNC interpolation method [37]. In
this research, fast Fourier transform was used to find dominant frequencies which were
combined with noise in a composite signal. When multiple frequencies are combined, it is
almost impossible to decompose a signal into original elements by signal shape assessment.
After fast Fourier transform, two-sided amplitude spectrum and single-sided amplitude
spectrum can be calculated with use of signal length. Other examples of the fast Fourier
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transform use are the conversion of Gaussian pulse or the turning of periodical waves from
the time domain to the frequency domain [38].

Experiments with MDF routing showed that a suitable cutting edge angle, with
consideration of tool material, is in lower scope of ordinarily used HM tools. From the
range of the research, the best performing angle was roughly 40 degrees [39]. Another
factor that was both cause and effect of vibration is tool wear [2]. To mitigate this effect,
many methods were tested, with a range of them focusing on MDF routing. An adaptive
regulation system generating responses to advancing tool wear was developed in [40]. A
neural network was tested for tool wear monitoring, where several machining factors were
measured, including cutting forces, temperature, and power [41]. Mathematical models
were also used for the correction of size parameters at 13 levels of a tool wear, with resulting
control charts [42].

Another factor affecting vibration is clamping. Vacuum clamping systems, such as
the one used in this study, are usually used for particle boards milling on woodworking
machining centers. The vacuum gripper systems provide good access to the workpiece
edges during machining. A downside of this securing method is un-clamped board areas
with relative distance to nearest gripper. These are relatively free to vibrate in a wide
frequency range while machining takes place. Due to these vibrations, the roughness of the
machined edge is higher, and the process is accompanied by high acoustic emission [43].
However, all the above could be measured by other non-intrusive methods, such as vibro-
acoustic analysis [44—46], or by means of energy consumption tests [47,48].

This research focused on the evaluation of vibrations during milling of medium density
fiberboards on 5-axis CNC machine. The goal of the study was a confirmation of the effect
of changing the technological parameters of milling wood-based agglomerates on the size
of the vibration amplitude. Vibration measurement should serve as one of the appropriate
signals for an adaptive machining control system, which is the goal of ongoing research
of FMA analysis of potential signals suitable for adaptive control of nesting strategies for
milling wood-based agglomerates. The research was intended to confirm the hypotheses
that a change in spindle speed, feed rate, workpiece material, and a change in the tool
influences the change in the amplitude of the resulting vibrations. At the same time, one of
the goals of the article was to measure these vibrations in a place accessible to the operator.

2. Materials and Methods

Medium density fiberboards cut to 500 x 300 x 18 mm with weight 1960 g were used
as specimens. The density of these specimens was 720-740 kg-m 3. Particleboards of
the same dimensions were added as reference specimens. The density of particleboards
given by the manufacturer was 600-640 kg-m~3 (deciduous 10%, coniferous 90%), and urea
formaldehyde glue with paraffin admixture was used; both originated from Kronospan
Ltd., Zvolen, Slovakia. The manufacturer declared that the material complied with the EN
14,322 standard, EN 312-2, and emission class E1 (EN ISO 12460-5) [49-51].

A measurement was conducted on a 5-axis CNC machining center SCM Tech Z5
(Figure 1), in laboratories of Technical University in Zvolen. Table 1 provides the basic
technical-technological parameters given by the manufacturer.

Figure 1. CNC machining center SCM Tech Z5.
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Table 1. CNC machining center SCM Tech Z5 technical parameters.

CNC Machining Center SCM Tech Z5 Technical Parameters

Useful desktop (mm) X =3050,Y = 1300, Z = 3000
Speed in x axis (m-min—1) 0-+70
Speed in y axis (m-min~1) 0+40
Speed in z axis (m-min—1) 0-+15

Vector rate (m-min~1) 0-+83

Technical Parameters of the Electric Spindle with HSK F63 Connection

Rotation in C axis 640°
Rotation in B axis 320°
Revolutions (min~1) 600 + 24000
Electric power (kW) 11
Maximum tool dimensions (mm) D=160,L =180

Vibration was measured by PicoScope with MEMS accelerometer TA143 [52] with
parameters in Table 2.

Table 2. Basic parameters of accelerometer TA143.

Parameter Value
Maximum measurable acceleration t5g
Output 02V DC
Output scaling 99 to 122 mV-g~!
0 g output 0.85t01.15V

Specimens were clamped to four pneumatic grippers, each with surface 120 x 120 mm
and clamping force 16 kg/ m?2 (Figure 2). Each cut had a depth of 19 mm, and so, the whole
thickness of the material was machined in one run.

(a) | (b) o (c)

Figure 2. Measurement assembly. (a) Pneumatic grippers (G1-G4), (b) magnetic attachment of
accelerometer (1), (¢) NVH kit with PicoScope.

To emulate the conditions of nesting milling, a tool trajectory cut through the middle
of specimen. The spiral and razor cutter shown in Figure 3 were used as tools, with
parameters summed in Table 3.

Varying feed rate of 2, 6, 10 m-min~" was used, with 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 4 and Table 4 [53].

As seen in Figures 2 and 4, accelerometer probes were attached onto pneumatic
grippers. To select placement location, multiple tests were conducted with probes placed
on each gripper. An example of a result with spindle revolutions of 20,000 min~—! and feed
rate of 6 m-min~! is shown in Figure 5.

Although cutting parameters were the same, the placement of accelerometer had a
visible impact. Grippers G1 and G4 had a larger peak in the beginning of cutting, as they

1
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were closer to the start of tool path. However, there was still a big difference, due to tool
rotation. On gripper G1 and G2, vibrations were caused by conventional milling, while
grippers G3 and G4 side were experiencing climb milling. Another useful fact was that
vibrations in y axis never showed as maximum in measurement.

Therefore, it was concluded that four channels of accelerometer were used to simul-
taneously measure x and z axes of two grippers. Goal was to have at least one sensor as
close to the source as possible, and so, a pair of grippers, one near start and one near end
position, were chosen. Lastly, as grippers G3 and G4 showed larger extremes, they were
the final choice and sensors were placed as shown in Figure 4.

Data were then processed in MATLAB (MathWorks, Inc., Sentic, MA, USA). The initial
signal was cut, so only the milling part would be assessed, and measured voltage was
converted to acceleration by output scaling [52].

Figure 3. Cutters used in experiment. (a) Razor cutter, (b) spiral cutter.

Table 3. Tool parameters.

Parameter Razor Mill Spiral Mill
Flute diameter 16 mm 16 mm
Shaft diameter 25 mm 16 mm

1 max 24,000 24,000
Teeth 2 3

Cut direction straight up-cut

Cutting edge IGM D16 1L.28.3 solid

Chip breaker - yes

Tool carrier HSK 63 GM 300 HSK 63 GM 300
Reduction sleeve - 16-25
X
? zZ , 500
v +-

(6] |10 [€2

> ST > 50| 300

50 A
150 — G4 G3 F
d A A

10

Figure 4. Experiment layout: Specimen placement and tool path on CNC. G—pneumatic gripper,
A—accelerometer, x, y, z-orientation of accelerometer axes, G1-G4—Grippers no. 1-4.
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Table 4. Number of measurements for each combination of cutting parameters.

min—1
Cutting Parameters VF [m'min—1]

2 6 10
Tool n [min—1] Grip. X y z X y z X y z
1 - - - - - - -
g 2o
= S 3 3 - 3 3 - 3 3 - 3
g 4 3 - 3 3 - 3 3 - 3
©
= 1 - - - 3 3 3 - - -
Q.
? 8 2 - - - 3 3 3 - -
S 3 3 - 3 3 3 3 3 - 3
4 3 - 3 3 3 3 3 - 3
1 - - - - - - - - -
S 2 - - - - - - - - -
= ()
g S 3 3 - 3 3 - 3 3 - 3
E 4 3 - 3 3 - 3 3 - 3
g 1
g S 2 - - - - - - - -
[}
S 3 3 - 3 3 - 3 3 - 3
4 3 - 3 3 - 3 3 - 3
400 400
300 300
200 200
100 100
Eo Zo
=) pe=]
-100 -100
-200 -200
-300 -300 GZ
-400 -400
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t[s] t(s]
400 400
300 300

200

100

Eo
=
-100
-200
-300 G4 -300 G 3
-400 . -400
0 1 2 3 4 5 6 0 1 2 3 4 5 6
tfs] t[s)

Figure 5. Result of measurement on individual axes. (G1-G4)—pneumatic grippers no. 1 to 4,
blue—ux axis, red—y axis, green—z axis.

Parts of the signal which contained information from before and after the milling
process were cut. The threshold value + 7 mV was used to determine the beginning and
ending of the desired signal. Then, fast Fourier transform in MATLAB was used to calculate
single-sided amplitude spectrum of vibrations [38] (percent sign “%” marks comments in
MATLAB code):
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L =length (X);

Fs = sampling frequency;

T=1/Fs;

T=(0:L-1)*T;

Y = fft(X); % computing of FFT;

P2 = abs(Y/L);

P1=P2(1:L/2 +1);

P1(2:end—1) = 2*P1(2:end—1);

f =Fs*(0:(L/2))/L;

plot(f,P1); % generating of FFT graph;

title (“Single-Sided Amplitude Spectrum of S(t)”); % title of generated graph;

xlabel (“f (Hz)”); % x and y labels of generated graph;

ylabel(” | P1(f) | 7);

In this code, X is input variable as sequence of acceleration according to the sampling
period; L is number of samples in X; Fs is the value of sampling frequency; T is sampling pe-
riod; t is time of discrete sample according to sampling period; Y is result of FFT from signal
X; P2 are absolute values of Y/L ratio; P1 is computing of one-side spectrum amplitudes.

As there were multiple low peaks (noise) in mixture with significantly higher ampli-
tude peaks, a threshold value of | Y(f)| = 0.5 was set as minimum for result to be recorded.
Additionally, multiple frequency maxima were concentrated around certain values. For
better readability, only the maximal value was recorded from such groups. Original signal,
its cut form, and dominant frequencies with their maxima are shown in Figure 6.

The entire procedure of the experiment described in previous paragraphs is graphically
displayed in Figure 7.

Obor 1

m6 G4 - P4 Single-Sided Amplitude Spectrum of X(t)
f 5 XA f , ZA
1 165 93 0.9252 1 166 12 0.7951 =
2| 498 19 1.5626 2 ‘ 332 25 0.8491
= 311328 5 0.8426 3| 498 19 5.1503
i B 411494 19 0.5843 4| 664 33 1.0995
5| 830 25 1.2158
6| 996 38 21172
P IS PR S N Y P N T
0 2 3 4 5 0O 200 400 600 800 1000 1200 1400
(b]_) t[s] (bz) f(Hz) (b3)
m6 G3 - P3 Single-Sided Amplitude Spectrum of X(t)
f . XA f , ZA
1 165 93 1.9186 1| 166 12 3.2587
2| 498 38 1.8623 2| 332 6 0.9632
= 3| 829 66 0.5664 3| 498 19 9.7206
i 2 4| 996 19 0.9350 4| 664 33 1.2996
5| 830 25 1.3830
s | 996 19 0.7620
0 2 3 4 5 00 200 AOOA 60 50:; V—w‘ooi‘z;:;o
t[s] f(Hz)

Figure 6. Example of signal processing. (a) PicoScope output showing vibrations of four channels,
blue—x axis of gripper 4, green—y axis of gripper 4, red—x axis of gripper 3, yellow—y axis of
gripper 3, (b) MATLAB output, (b1) signal from PicoScope (b2) Amplitude spectrum as FFT result
(b3) list of peaks and their maxima, blue—x axis result, green—z axis result.
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. . . . . . )
eSawing of wood specimens with dimensions of 500 x 300 x 18 mm (length x width x
thickness)
Speci . .
przs;r:t?gn eMaterial of specimens: MDF and PTB )
«n: 10,000 and 20,000 min~ ! )
Bl Ve 2,6, 10 m-min” 1
WIS o tool: spiral and razor mill
parameters
eMeasuring of vibrations at all four grippers
sx::'r:i:gt eSellection of two grippers with highest amplitudes for further measurements
CNC machine J
eConversion of voltage signal in [mV] into acceleration in [m-s™ 2] A
Seedd e Calculation of amplitude spectrum using FFT function in MatLab
meésurled sFiltering amplitude spectrum with treshold value of 0.5 )
signa
eAnalysis of variance of milling parameters effect on vibrations amplitudes
Semdfell *Evaluation of probability of similarity of measured data at changed milling parameters using
analysis of Duncan test
amplitudes J

Figure 7. Scheme of experiment procedure.

3. Results

To enable data assessment, the results shown in Figure 6(b3) were also program-
matically saved to tables, as shown in Table 5. Each dominant frequency is marked by
bold font.

Table 5. Example of filtered output from fast Fourier transform.

G3X G3Z G4 X G4Z
f (Hz) Maxima f (Hz) Maxima f (Hz) Maxima f (Hz) Maxima
165.93 0.93 166.13 0.80 165.93 1.92 166.13 3.26
498.20 1.56 332.26 0.85 498.39 1.86 332.06 0.96
1328.06 0.84 498.20 5.15 829.67 0.57 498.20 9.72
1494.19 0.58 664.33 1.10 996.19 0.94 664.33 1.30
830.26 1.22 830.26 1.38
996.39 212 996.19 0.76
1162.52 0.69
1328.65 0.51

Dominant frequencies were summarized. In most cases, when no parameters changed,
they remained similar. A summary of their averages is shown in Figure 8.

Next, to determine if vibrations on the gripper could be used as a signal for adaptive
control, the dependency between cutting parameters and single-sided amplitude spectrum
amplitudes were assessed by analysis of variance (ANOVA). This analysis was conducted
for significance level p = 5%. Figure 9 shows the dependency of amplitudes when changing
spindle rotation from 10,000 to 20,000 min~!. As the revolutions increased, the vibration
amplitudes also increased.
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Figure 8. Summary of dominant frequency maxima though range of parameters.
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Figure 9. Box plot of 95% confidence interval of amplitude dependency on spindle rotation.

Figure 10 shows the dependency of amplitudes when changing the spindle rotations
for different materials. When milling particleboard, amplitudes were lower than in milling
MDF board.
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95% confidence interval of amplitude dependency on material and spindle rotation
5.0
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Figure 10. Box plot of 95% confidence interval of amplitude dependency on material and

spindle rotation.

Figure 11 shows the dependency of amplitudes when changing feed rate for different
experimental materials. As the feed rate increased, amplitudes increased at milling MDF
boards bud decreased at milling particleboards.

95% confidence interval of amplitude dependency on material and feedrate

4.5
=B MDF
HF P8

40}

35 ¢

3.0+

[P1()]

25¢

20}

1.5
2 6 10

vf [m-min~1]
Figure 11. Box plot of 95% confidence interval of amplitude dependency on material and feed rate.
Figure 12 shows the dependency of amplitudes for different tools and experimental

materials. The razor mill produced higher amplitudes of vibrations than the spiral mill at
both experimental materials.
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Figure 12. Box plot of 95% confidence interval of amplitude dependency on material and tool.

To verify the significance of differing parameters affecting amplitudes, the Duncan
test was performed. A significant difference was found between tools, as shown in Table 6,
spindle rotations are shown in Table 7, and materials are shown in Table 8. The change in
feed rate, as shown in Table 9, did not impact amplitudes significantly.

Table 6. Duncan test of spindle rotation effect on amplitudes.

No. n [min—1] Ampl. Mean 1 2
1 10,000 2.54 0.000842
2 20,000 3.32 0.000842
Table 7. Duncan test of tool effect on amplitudes.
No. Tool Ampl. Mean 1 2
1 spiral 1.80 0.000009
2 razor 3.59 0.000009
Table 8. Duncan test of material effect on amplitudes.
No. Material Ampl. Mean 1 2
1 MDF 3.28 0.000540
2 PTB 2.49 0.000540
Table 9. Duncan test of feed rate effect on amplitudes.
No. v¢ [m'min—1]  Ampl. Mean 1 2 3
1 2 2.96 0.899389 0.490981
2 6 2.92 0.899389 0.540870
3 10 2.75 0.490981 0.540870

4. Discussion

The fast Fourier transform brought several results. First, as shown in Table 5, were
dominant frequencies. The first peaks were observed at 165.93-166.13 Hz. The next peaks
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were observed at 332.26 Hz and 498.2 Hz. These, with rest of peaks, presented multiples
of the first value. In some cases, multiples are not seen in Table 5. However, these were
still present, but with maxima smaller than 0.5;0 they were filtered out. Similar results
were observed through use of all parameters. Therefore, it seems the main vibrations were
caused by the rotating tool.

This theorem would be supported by the maxima summary shown in Figure 8. When
maxima from spindle rotation 7 = 10,000 min~! are compared, the vibrations in x axis seem
smaller or equal to axis z. As expected, the spiral mill produced higher results mainly in
the z axis. With higher cutting speed 1 = 20,000 min~!, the use of spiral mill produced
larger maxima, which mostly seemed equally high in both x and z axis.

When comparing results from variance analysis, almost all parameter changes signifi-
cantly affected the results. In Figure 9, the results show that the spindle speed had an effect
on amplitude overall, with values in range (2.28-2.85) for 7 = 10,000 min~! and (2.95-3.7)
for n = 20,000 min—!. The significance of this result is shown in Table 6. When different
material was also considered, as shown in Figure 10, the results were similar—amplitude
ranges were higher with higher cutting speed. Ranges were overall smaller with MDEF,
when compared to PTB.

The effect of the varying feed rate, as shown in Figure 11, did not seem as clear. While
it could be stated for particleboard that a higher feed rate lowered maximum amplitudes,
the same cannot be deduced for MDEF. The result reached for PTB also seemed to contradict
research where a lower feed rate resulted in higher surface quality [7]. The uncertainty of
this result can be also seen in the results of the post hoc test shown in Table 9. This might
be due to varying density of boards, where a larger number of specimens would bring a
more definite result.

Lastly, as shown in Figure 12, the tool impacts were compared. In both materials, the
use of spiral mill caused smaller amplitude ranges—(1.75-2.25) for MDF and (1.45-1.8) for
PTB. The use of razor mill resulted in higher ranges (3.5-4.6) for MDF and (2.7-3.6) for PTB.
These results were also confirmed by the Duncan test, as shown in Table 7.

5. Conclusions

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

The most dominant frequencies (133 Hz and higher multiples) seemed to originate
from tool cutting into material. When single-sided spectrum maxima were compared, the
tool, spindle rotation, and feed rate seemed to affect the result.

The variance analysis and Duncan tests revealed a significant effect of tool, material,
and spindle rotations. The feed rate analysis did not show conclusive results where the
probability of similarity was over 5%.

Overall, vibrations measured at pneumatic gripper processed with fast Fourier analysis
seemed to be sufficient as a potential signal for adaptive control during milling, similarly
to [22,23]. As in [23], the roughness of specimens should be measured and paired with
vibrations in a further study, to provide data for adaptive control model.

The results and procedures of this study will also serve for measurements of amplitude
spectrum during nesting milling strategies in ongoing research. The limitation of the
investigated measuring and processing system was that if the signal is to be evaluated in
real time, it will require higher computational demands. The authors also intend to use this
system in the development of a smart pneumatic gripper for the woodworking industry,
where the modified procedures described in the article can be used.
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Nomenclature

CNC Computer Numerical Control

DC Direct Current

FFT Fast Fourier Transform

FMA Failure Mode Analysis

HM tools Hard Metal tools

ICEEMDAN  Improved Complete Ensemble Empirical Mode Decomposition with Adaptive Noise
MDF Medium-Density Fiberboard
MEMS Micro Electronic Mechanic System
N revolutions (min—1)

PTB Particleboard

WPT Wavelet Packet Transform

vf feed rate (m-min—1)
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Abstract: Wood constitutes a unique and valuable material that has been used from ancient times until
nowadays in a wide variety of applications, in which the surface quality of wood often constitutes
a critical factor. In this study, the influence of different wood areas and therefore, of different
anatomical characteristic areas of chestnut wood (Castanea sativa Mill.) on the surface quality, was
thoroughly studied, in terms of surface roughness. Five different chestnut tree trunks were harvested,
from which five different disks were obtained corresponding to five different trunk heights. Surface
roughness was measured on these disks on the transverse, radial, and tangential planes, on the areas of
sapwood and heartwood, measuring the roughness in each point both vertically and in parallel to the
wood grain. The results revealed that the examined roughness indexes (Ra, Rz, Rq) follow a parallel
path to one another. In the case of all surfaces (transverse, radial, tangential) of the disks examined,
when the measurement was implemented perpendicularly to the wood grain, a significantly higher
roughness was recorded, compared to the wood grain measurements being implemented in parallel
with the wood grain. Significant differences between heartwood and sapwood roughness were
not demonstrated, although sapwood often appeared to exhibit a higher surface roughness than
heartwood sites. Among the roughness values of the three different surfaces, the highest roughness
in the vertical-to-wood-grain measurements was recorded by tangential surfaces, with slightly lower
values on the transverse surfaces and the lowest roughness on radial surfaces. Meanwhile, for the
measurements in parallel with the wood grain, the transverse surfaces presented significantly higher
roughness values compared to the tangential and radial surfaces. Significant roughness differences
were not detected among the surfaces at different trunk heights. Although, significant differences in
roughness were recorded among different trees, it was observed that all the studied trees align with
the identified and described within-tree trends.

Keywords: heartwood; quality; radial; roughness; sapwood; structure; surface; tangential; texture;
wood

1. Introduction

The quality of wood surfaces is highly crucial for the manufacturing of qualitative
wood-based products and structures. More specifically, the surface roughness is a matter of
great interest for numerous applications of wood in small- or bigger-dimension structures
(furniture, floors, frames, paneling, table-tops, etc.), defining their appearance, texture,
aesthetics, and user-generated sensation, among others [1,2]. Furthermore, low surface
roughness values, with regard to several wood species and used adhesives, have demon-
strated higher shear bonding strength results [3]. Wood surface quality depends mainly on
the wood structure and the implementation of wood mechanical processing procedures,
such as cutting, sanding, finishing, painting, curving, applying preservation methods,
adhesives, coatings, other substance layers, etc. [4-7].
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As a biological anisotropic material with a multidimensional surface area, wood tex-
ture is closely related to its structural and anatomical features (fibers, pores, tracheids, rays,
etc.) and its formation and appearance are affected by various factors, either environmental
or genetic. Different wood species, either softwood or hardwood, of different origin appear
to show variability in structure and properties [8,9], while even in the same trunk, large
differences in wood structure can be detected and, therefore, in wood surface quality as
well. Characteristics, such as the growth ring width, their homogeneity and appearance,
cell wall thickness, cell type composition and wood density, heartwood and sapwood
ratio, earlywood and latewood ratio, wood moisture content, surface planes (tangential,
radial, transverse), etc., undoubtedly influence the quality of a wood surface, forming
numerous geometric peaks and valleys [10,11]. As reported by Sadoh and Nakato [12], the
diffuse-porous wood species present lower surface roughness values than the ring-porous
wood species. Ors and Giirleyen [13] reported that compared to the radial planes, the
tangential planes presented higher surface quality. Lower surface roughness has been
recorded in latewood than the earlywood [14], probably because of the thicker cell walls
and the higher density of latewood. The factors of ring width, wood density, and ring angle
also seem to highly influence the surface roughness [15].

Moreover, the mechanical processing using different cutting machines and tool influ-
ences also affect the wood surface roughness. The final quality of a wood surface is strongly
dependent on cutting procedure kinematics, the feed speed, the rake angle [14], and other
preparation processes such as sanding and finishing [16,17], with machining defects such
as fuzzy, torn, or raised grain being correlated with high surface roughness. According
to the literature, slow-feeding wood planes outperformed high-feeding wood planes in
terms of surface roughness [18]. The level of maintenance of these machines and the cutting
means they carry, the storage conditions of the wood, the moisture content fluctuation until
the final use, and the subsequent dimensional stability of the wood, all constitute factors
that usually provide a totally different wood substrate in terms of roughness [7,19].

Therefore, roughness reflects the combined effect of several different factors simulta-
neously interacting and perhaps that is one of the reasons why it has not been thoroughly
comprehended so far, although it constitutes a property that significantly affects the utiliza-
tion degree of wood in several applications. It has also been revealed that surface quality,
and more specifically, surface roughness, is closely related to the duration and service life
of timber and the respective structures it participates in [20]. Smoother surfaces prove to
be more resistant to stress and wear [14]. Since high roughness corresponds to discontinu-
ities in the wood tissue, it is expected and inevitable that this is also associated with the
retention of a higher moisture content, the higher potential of wood biological damage,
wood degradation by the action of microorganisms, a deterioration in wood substrate, etc.
Therefore, the smoothness of wood surfaces has been associated with a longer service-life
duration of wood and wood structures.

Currently, empirical procedures and models have been applied, using several surface
roughness indexes of Ra, Rz, Rq, Rk and Rap, among others [21]. However, the most
commonly used surface roughness indexes being recorded, in order to define wood surface
roughness, are as follows: Ra, which corresponds to the average of the values of the
roughness profile; Rz, the mean value of the roughness depths of different sampling
lengths; and Rg, the largest roughness depth width. Determination methods can be applied
either with or without contact with the wood surface. Contact methods employ a stylus tip,
pneumatic methods, and tactile sensation [22]. A quite commonly used method is the use
of a profilometer bearing a diamond stylus, which runs a path on the surface and records
the surface roughness in different directions of wood grain [20,22,23].

The wood of chestnut is regarded as being classified among the most valuable timber
species of Europe and presents a great range of uses and applications in the form of round
timber, technical sawn wood, floors, furniture, high-value items, etc. [24,25]. It is a ring-
porous hardwood species with earlywood vessels that are of significantly higher diameter
than those of latewood, presenting a clear ring arrangement [25]. Especially when sapwood
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is being transformed into heartwood, the earlywood vessels are usually full of tyloses, while
latewood vessels are polygonal and are found in groups generating a flame-like design.
This species’ rays are more often uniseriate, rarely biseriate, and of different heights [8].
The parenchyma is mostly apotracheal and rarely paratracheal in places [8,25,26]. Chestnut
wood is considered to be of medium density, approximately 0.57-0.63 g/cm?, and in
general, density is strongly related to ring width. Especially for ring-porous hardwoods
such as chestnut, growth rings of high width tend to demonstrate higher values of density,
due to the fact that earlywood remains more or less stable, while the increase in growth
ring width is attributed to the increase in the latewood part. However, density is also
slightly affected by the cambium age and appears to decrease as the tree ages [27,28]. The
outdoors exposure of wood, where intensive changes in environmental conditions take
place, concerning relative moisture content, atmospheric precipitation, UV radiation, etc.,
causes chestnut wood to gradually deteriorate and discoloration of the surfaces occurs,
regardless of whether the wood has been coated with mild hydrophobic solutions or not,
which subsequently deteriorate the quality and roughness of wood surfaces [29].

According to the literature, only Sutcu and Karagoz [30] have dealt with surface quality
of chestnut among other species. More specifically, they investigated how machining
conditions (feed rate, spindle speed, step-over, axial depth, etc.) affected the roughness
of chestnut, beech, and walnut specimens, concluding that the wood roughness was
greatly influenced by the factors of cut depth, feed rate, and spindle speed. Therefore,
a great lack of research measurements and data have been identified in the literature with
regard to the surface roughness of chestnut wood and the factors influencing it, although
chestnut constitutes such an important timber species, frequently used in applications
where roughness is a crucial parameter. To the best of our knowledge, in the literature, there
is no study providing surface roughness data of chestnut wood, concerning the potential
surface roughness vertical variability, the variability among wood sections horizontally
(sapwood, heartwood)/planes (transverse, radial, tangential), or findings/information
about any potential correlation between structural characteristics and the roughness of
chestnut wood.

Therefore, the aims of the current study are to thoroughly examine the surface quality
of chestnut wood, in terms of surface roughness, examining the potential differences in
the three wood surface planes (transverse, radial, and tangential), in the different areas
of sapwood and heartwood, and to examine the potential variability “among different
chestnut trees” and “among different trunk heights” of surface roughness. In addition,
“between different direction measurements” (vertically /in parallel with the wood grain)
will also be examined in order to conduct a thorough roughness characterization of chestnut
wood. Potential correlations between wood structure variables and surface roughness are
going to be examined. The implementation of the current research is anticipated to provide
an insight into the scientific field of wood surface quality and roughness, as well as the
impact of the anatomical characteristics of chestnut wood material on wood roughness and
its rational utilization in various applications.

2. Materials and Methods
2.1. Sample Preparation

For the purposes of this study, five chestnut (Castanea sativa Mill.) trees were harvested
from a coppice forest in Sithonia Peninsula (Chalkidiki, Greece). The trees were as straight
as possible, without any apparent defects. The trees were aged 25-27 years and their
diameter ranged from 19.1 cm to 24 cm. Tree trunk disks of 3 cm thickness were obtained
for approximately every 1 m of height from the tree trunk base (starting from the height of
1 m) to the top, taking a total of 5 disks per trunk (25 disks in total).

The disks were transferred to laboratory infrastructure and conditioned in a closed
chamber under stable conditions (60% relative humidity, 20 & 3 °C) until a constant weight
was achieved. The moisture content of the disk wood was recorded according to the ISO
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13061-1 [31] standard to be 7.6-8.5%. All the measurements were performed on the different
surface planes of these disks (Figure 1).

4

4

3 Tangentia - Rafial
28 H)

2 — J2 (S

1

Figure 1. Configuration of sampling method of the 5 disks per tree (on the left) and areas of interest for
measurement (on the right). The transverse surface/plane is perpendicular to the stem longitudinal
axis; the radial surface is oriented along the direction of a ray of the circumference described by the
stem; the tangential surface is perpendicular to the direction of a ray of the circumference described
by the stem. The arrows depict the direction of measurement (parallel with or vertical to the wood
grain); “H” corresponds to heartwood and “S” to sapwood area.

First of all, the disks were further cut using a band saw (Figure 2A) in order to form
samples of smaller dimensions bearing clear transverse, radial, and tangential surfaces
concerning the heartwood and sapwood areas of wood (Figure 2B). Afterwards, the samples
were code marked, sanded using 80-grit sandpaper on a sanding machine under the same
processing conditions (TC-US400, Einhell, Germany) (Figure 2C), and a polishing technique
was applied to all the samples to ensure the comparability and reliability of the results. In
general, if high-grit sanding is applied during surface preparation, roughness would be only
affected by wood structure and ingenuine properties. However, it is difficult to relate wood
anatomy to roughness, since sanding is a procedure that may be conducted in different
conditions and with different means. For instance, when high-speed cutting is performed,
softwood species are strongly affected [4,32]. Therefore, in the current study, only one and
the same person/operator implemented all the sample sanding processes, applying the
same sanding process on the same device, spending the same time on each wood sample
(approximately 2 min/surface). All the specimens were visually and empirically examined
and determined to have been appropriately sanded.

Figure 2. Chestnut wood disk/specimen preparation ((A) cutting, (B) marking, (C) sanding processes).
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2.2. Physical and Chemical Property Assessment

Prior to the roughness measurement, the dry density and maximum moisture content
of the samples (maximum moisture that can be absorbed/retained) were determined
according to processes described by Tsoumis [8], applying the equation of Ry = My/ V),
where Rg corresponds to the dry density (g/ cm?), My is the dry mass (g), and V) is the
dry volume (cm?). Specifically, samples were formed in stripes without bark (beginning
from the diameter line of the trunk cross-section) and then, each stripe was split into pieces
of approximately 2-5 annual rings. Dry volume of the pieces was estimated with the
application of the water displacement method based on Archimede’s principle (which
states that a body immersed in a fluid is subjected to an upwards force equal to the weight
of the displaced fluid. This is a first condition of equilibrium) and was the dry weight after
heating for 24 h in an oven at 103 £ 2 °C. Maximum moisture content was determined
by applying weight measurements before and after the kiln drying for 24 h and until the
stabilization of the values. In most cases, measurements were conducted before and after
the extraction of the samples with hot water, so as to evaluate the relation between the
extractives presence and maximum moisture content and dry density and therefore, also
with wood surface roughness.

The wood extractive content (of those extracted with boiling water, referring mainly
to tannins, gum, sugars, coloring substances) of chestnut wood was also measured in the
current research, applying the common lab process (100 °C, 3 h, in a thermal jacket and
water vapor cooler system) [9].

2.3. Roughness Measurements

The measurements were conducted using a profilometer “Mitutoyo Surftest SJ-301"
fine stylus, based on ISO 21920-2:2021 [33] methodology (Figure 3). The measurements
were implemented on the prepared disks, at selected wood surface areas without any
defect, both in parallel with and perpendicular to the grain, on transverse, radial, and tan-
gential sections/planes of heartwood and sapwood areas. The applied methodology [33],
as well as the instructions of the profilometer manufacturer and previous published stud-
ies [5,34,35] were followed. The parameters of roughness that were recorded were Ra
(mean arithmetic profile deviation), Rz (mean peak to valley height), and Rg (maximum
roughness), based on previous relevant studies dealing with wood surface quality. Approx-
imately 15 measurements were obtained from each studied case (heartwood/sapwood,
transverse/radial /tangential section, parallel /perpendicular to the grain).

Figure 3. Profilometer device and view of surface roughness measurements on wood on the right.

The measurement points were chosen randomly on the surface of the samples, in
order to ensure that both areas of earlywood or latewood in the three directions would be
involved and the whole surface area of each sample would be covered. More specifically,
a 2-dimensional rectangular sampling grid with points spaced 10 mm apart was placed over
each of these created areas of the wood disk specimens. Points found at each intersection
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of the grid were marked on the surface and included in the measurements. Particular
attention was paid to ensure the representativeness of the samples.

Additionally, prior to the process of roughness measuring, a calibration of the instru-
ment preceded, and temperature conditions were approximately 20 &+ 3 °C [7,34,36].

2.4. Statistical Analysis

The statistical analysis of the results was implemented, initially applying a one-way
ANOVA, using the statistical package of SPSS (Statistics PASW), in order to identify which of
the surface roughness values of these categories differed from one another in a statistically
significant manner. Secondly, a two-way ANOVA was applied examining each of the
variable pairs, in which significant differences were recorded. In this way, potential variable
correlations were investigated and the impact of each of the different factors (independent
variables) on the dependent variable, level of surface roughness (Ra), were assessed. All
possible pairings and correlations among the variables were examined using the “enter”
approach. Non-statistically significant variables were excluded from the analysis through
the “stepwise” approach. The “stepwise” method, known for its strictness, permits only
statistically significant variables with a meaningful effect on the dependent variable to be
included in the multiple linear regression analysis. To detect potential autocorrelation in
the residuals of the regression analysis, the Durbin Watson statistic was calculated. All
statistical analyses were conducted with a significance level set at p-value = 0.05.

3. Results and Discussion
3.1. Physical and Chemical Properties Assessment

According to the results of this research, the average wood dry density was approx-
imately 0.60 g/cm?® and ranged from 0.57 g/cm? to 0.63 g/cm? (Table 1). The mean
maximum moisture content of chestnut wood was measured to be 100.43%.

Table 1. Density (dry and basic), maximum moisture content values (%), and extractive content (%)
of the chestnut wood studied.

Tree Dry Density g/cm3 Basic Density g/cm3 Maximum MC % Extractives %

X 0.565 0.526 110.236 13.208

1 st 0.022 0.022 7.683 3.179
n 20 20 20 4

0.595 0.599 102.235 11.385

2 st 0.033 0.030 7.063 2.326
n 23 23 23 4

0.599 0.561 100.696 14.133

3 st 0.019 0.0202 4.736 2.6441
n 21 21 21 4

0.607 0.564 96.651 15.084

4 sE 0.025 0.026 5.958 3.2797
n 20 20 20 4

0.633 0.583 92.354 10.637

5 st 0.037 0.030 6.951 1.6802
n 23 23 23 4

Mean X 0.600 0.599 100.434 12.889

x: mean value, s£: standard deviation value, n: number of examined samples.

Extractive content, as well as other factors such as the presence of tyloses, especially
in the heartwood area, are considered to be strongly related to increased wood density
especially in the heartwood area, and as a result, to a decrease in surface roughness. The
roughness and, in general, the surface quality of wood, is closely related to its density, as
well as its anatomical characteristics and chemical composition [9]. More specifically, the
higher the density of the wood, the smoother its surface, most of the time.
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Therefore, as can be seen in Table 1, chestnut is a species with a high content of
extractives and this is in line with medium to high values of its density, especially in the
heartwood area [8,27].

3.2. Surface Roughness

The three examined roughness indexes, Ra, Rz, and Rg, follow a parallel path to one
another, a trend that is also highlighted in the provided summary/clustering diagrams of
the five trees (Figures 4-8). Based on this and the available literature, the Ra index was
used in the statistical analyses of the current study to detect correlations among different
wood structure factors.
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Figure 4. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in um) of tree
1 (including the 5 disks).
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Figure 5. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in pm) of tree
2 (including the 5 disks).
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Figure 6. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in um) of
tree 3 (including the 5 disks).
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Figure 7. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in um) of
tree 4 (including the 5 disks).

Chestnut wood, characterized by its medium value of density (approximately 0.57 g/cm?)
and relatively medium to high hardness values (approximately 41.07 N/mm? tangentially and
40.29 N/mm? radially), was expected to show medium surface roughness values [37-39]. In
general, density and porosity are inversely correlated with each other; therefore, both highly
affect smoothness, since high-density samples show lower roughness, though sometimes, also a
higher resistance during the sanding process [38,39]. Fortino et al. [40] found a correlation of
surface roughness with the hardness and scratch resistance of the wood, which applied in the
presence of different moisture contents. They concluded that the effect of wood structures such
as earlywood and latewood, and sapwood and heartwood were crucial factors. For instance, the
sapwood zones in softwood species show a higher scratch resistance (compared to heartwood),
with higher scratch resistance values recorded in the tangential direction. Finally, the scratch
resistance is lower in earlywood locations compared to latewood.
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Figure 8. Summary bar plot presenting the surface roughness index values (Ra, Rz, Rq in um) of
tree 5 (including the 5 disks).

In the current study, statistically significant differences in roughness were not detected
among the values of the different heights of the tree (among the different tree disks, 1-5,
of each tree) when comparing the roughness values in the same variables (measurement
direction, specimen’s surface planes, areas of sapwood/heartwood). More specifically,
according to the statistical analysis, the surface roughness (Ra) was affected by only 4.5%
by the height of the specimen location in the trunk (different disks), presenting higher
roughness in the higher tree heights. Statistically significant differences were recorded only
between the lowest disks (1-2) and the highest disk (disk 5), proving that there is a slight
difference in the surface roughness of the wood depending on the location of the wood
specimen in the trunk longitudinally (trunk height). This could be probably attributed to
the fact that in the lower tree heights, near the base of the tree, the wood is more mature
and the density is higher due to the higher proportion of heartwood, among other factors.

The surface roughness, in general, was affected by 72.9% by the factors “Measurement
Direction” (vertically /parallel), “Planes” (transverse, radial, tangential surfaces), and the
factor “Area” (sapwood/heartwood) in combination. The interaction of the factor trunk
“Height” with the abovementioned factors of “Direction”, “Planes”, and “Area” affected
the variability of Ra only by 8%, providing more evidence that the impact of trunk height
can be considered to be of lower significance.

Nevertheless, significant differences appeared among different trees (comparing the
values of measurements of the respective variables of direction, plane types, disks, etc.),
with “Tree 3” revealing the statistically significant and lowest roughness compared to the
rest of the trees, while the described within-tree trends that were detected apply to each of
the tree cases.

The results of the current study also revealed that in all surface planes (transverse,
radial, tangential) of the examined disks, when the measurement was implemented ver-
tically to the wood grain, a statistically significant higher roughness value was recorded,
compared to the measurement implemented in parallel with the wood grain, which cor-
responds to statistically significant differences in all the studied cases. It is characteristic
that 67.6% of the variability of roughness is being influenced by the factor of measurement
“Direction” (orientation of vertically /parallel to wood grain). This tendency could be easily
explained, taking into account that vertical to the wood grain, higher height differences
are encountered due to earlywood-latewood transition zone areas, different growth rings,
etc. Chestnut, as a ring-porous hardwood species, also demonstrates differences in cell
wall thickness between the earlywood and latewood areas and as is widely accepted [41],
the surface roughness is strongly associated with cell wall thickness. More specifically,
latewood fibers present thicker cell walls than those of earlywood [8]. The presence of
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earlywood vessels that are characterized by a much higher cell diameter compared to
latewood results in density differences in each of the growth rings [8].

In this study, statistically significant differences between heartwood and sapwood
roughness values were not demonstrated, although sapwood appeared in some cases
to exhibit slightly a higher surface roughness than the corresponding heartwood sites
(referring to the same direction of roughness measurement). The wood tissue found in the
heartwood part of the trunk consists of cells that have ceased to serve as part of the tree’s
conduit system and the cells have been filled with storage/healing substances, extracts,
etc., presenting a slightly higher density.

The density of wood, in combination with its structural characteristics and chemical
composition, are all strongly correlated with its roughness [9], with the higher density
corresponding most of the time to smoother surfaces.

Among the roughness values of the three different surfaces examined on the disks, it
was observed that the highest roughness values (Ra) were detected, in most disk cases, on
the tangential surface of the disks, then on the transverse disks, and finally, the lowest Ra
values were recorded on the radial surfaces (concerning the vertical-to-the-grain measure-
ments). This finding could be attributed to the presence of radii on the radial surfaces that
probably make the wood surface smooth, as well as to the fact that the tangential surfaces
in the samples taken corresponded mostly to the sapwood part of the tree, and therefore
contained a higher proportion of sapwood than heartwood, which probably contributed
to an increase in the surface roughness. Additionally, concerning the vertical measure-
ments of all the categories, statistically significant differences were not recorded among the
different categories. Meanwhile,, regarding the parallel-to-the-grain measurements of all
the categories, statistically significant differences were found, with the transverse surfaces
of the examined wood specimens to reveal the highest roughness values (Ra) (Figure 9).
Therefore, when the roughness measurements were conducted parallel to the wood grain,
the highest roughness was observed in transverse surfaces, which corresponded to a statisti-
cally significant difference between transverse and the other two surface planes (tangential
and radial), and these two did not differ significantly from one another. This much higher
roughness recorded in transverse surfaces (when measured parallel to the wood grain)
could be explained by the fact that chestnut is a ring-porous wood species and when the
measurement of roughness is conducted in parallel orientation to the wood grain, there
is a high potential for the measurement to be implemented alongside the earlywood area,
which consists of cross-sectional cut vessels (of large diameter) [8] that would definitely
increase the roughness of the surface.
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Figure 9. Estimated marginal means plot of surface roughness index of Ra (um), recorded in mea-
surements that were conducted in different orientations (vertically and parallel to the wood grain).
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After the examination of all possible pairs of factors in terms of combination and
interaction, we decided to apply a “decomposition” of the statistical analysis, abstract-
ing the factor “Area” (heartwood-sapwood) due to the fact that it did not demonstrate
a statistically significant impact. Moreover, the results of the remainder of the variable
combinations revealed that the 67.6% of the variability of surface roughness (Ra) is being
influenced by the factor of measurement “Direction” (vertically/parallel) and only 7.8%
by the factor “Planes” (transverse, radial, tangential), proving that the “Planes” variable,
although inducing statistically significant differences in roughness values, has quite a low
impact on the surface roughness (Figure 10).
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Figure 10. Clustering line chart of surface roughness index (Ra, um) depending on the different
planes (transverse, radial, tangential), area (sapwood, heartwood), and direction of measurement

(vertically, parallel).

Additionally, regarding the transverse plane measurements, the Ra variability was
found to be influenced by the factor measurement “Direction” (vertically / parallel) by 20.9%
(Table 2). In the radial plane measurements, the impact of the measurement “Direction”
factor on Ra was found to be 48%, while in tangential measurements, 50.7% of the Ra vari-
ability was affected by the “Direction” factor. The effect of the “Planes” factor (transverse,
radial, tangential) on the Ra values with regard to the vertical measurements was very low
(1.1%), while for the parallel measurements, it was 18.5%.

Table 2. Analysis of variance output—Univariate tests of Ra (dependent variable).

Mean

Surface Planes Sum of Squares df F Sig. Partial Eta Squared
Square
Contrast 1383.516 1 1383.516 395.408 <0.001 0.209
Transverse
Error 5227.442 1494 3.499
Radial Contrast 4972.470 1 4972.470 1421.129 <0.001 0.488
adia
Error 5227.442 1494 3.499
) Contrast 5373.363 1 5373.363 1535.704 <0.001 0.507
Tangential
Error 5227.442 1494 3.499

df: degrees of freedom, F: F-value is the ratio of between-group and within-group variation, Sig.: significance.
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4. Conclusions

The results of the current study revealed that the three roughness indexes, Ra, Rz, and
Rg, that were studied had a parallel progression with one another. When the measurement
was carried out vertically to the wood grain on any of the disks’ surfaces (transverse,
radial, or tangential), the resulting roughness was noticeably higher compared to when
the measurements were implemented in parallel to the wood grain. Although sapwood
seems to more frequently exhibit higher surface roughness than the comparable heartwood
areas, no discernible differences in roughness between the two types of wood were found.
When the roughness measurements were conducted vertically to the wood-grain, the tan-
gential surfaces demonstrated slightly higher roughness values among the three surfaces
(transverse, radial, and tangential), with the transverse surfaces showing slightly lower
roughness values, and the radial surfaces showing the lowest values. Nevertheless, when
the measurements were in parallel to the wood grain, the transverse surfaces had signifi-
cantly higher roughness values compared to the tangential and radial surfaces. There were
no significant variations in surface roughness among the different disks or trunk heights.
Conversely, notable variations in roughness were seen amongst the various trees, with
Tree No. 3 exhibiting the lowest roughness (and the most significant statistical difference
among the trees studied), when compared to the other trees. But, as it happened, each of
the studied chestnut trees was found to fit the recognized and described within-tree trends
in detail.

The findings of this research are expected to contribute to the rational and thorough
utilization of chestnut wood, which constitutes a particularly significant, commercially
valuable species of hardwood, as well as to the integration and advancement of funda-
mental scientific knowledge, which is crucial for guaranteeing the generation of wooden
structures characterized by superior surface quality and a longer service life.
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Abstract: Embedment strength is an important factor in the design and performance of connections
in timber structures. This study assesses the embedment strength of lag screws in three-ply cross-
laminated timber (CLT) composed of densified poplar wood with densification ratios of 25% and
50%, under both longitudinal (L) and transverse (T) loading conditions. The embedment strength
was thereafter compared with that of CLT reinforced with glass-fiber-reinforced polymer (GFRP).
The experimental data was compared with results obtained using different models for calculating
embedment strength. The findings indicated that the embedment strength of CLT specimens made
of densified wood and GFRP was significantly greater than that of control specimens. CLT samples
loaded in the L direction showed higher embedment strength compared to those in the T direction. In
addition, 50% densification had the best performance, followed by 25% densification and GFRP rein-
forcement. Modelling using the NDS formula yielded the highest accuracy (mean absolute percentage
error = 10.31%), followed by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA
(MAPE = 32.68%), and Dong (MAPE = 40.07%) equations. Overall, densification can be considered as
an alternative to GFRP reinforcement in order to increase the embedment strength in CLT.

Keywords: embedment strength; densification; cross-laminated timber

1. Introduction

Cross-laminated timber (CLT) is a type of wood product consisting of at least three
orthogonal layers of solid-sawn lumber bonded with adhesive, fasteners, or wooden
dowels [1]. Timber construction with CLT has gained popularity in both residential and
commercial applications.

Due to the load-bearing resistance of CLT, the efficacy of wood structures is highly
dependent on the applied connections [2,3]. In CLT structural systems, connections are
essential for lateral force transfer and energy dissipation [4]. Carpenter-made mortise and
tenon joints are typically found in traditional wood structures, but these conventional
connection types are rarely used in contemporary wood structures. Instead, a variety
of standard metal connectors and dowels are utilized [5-7]. Various factors can impact
the load-bearing capacity of connections between cross-laminated timber (CLT) elements,
including the type of wood species and technology used in CLT production, the specific
design of the engineering connection, environmental conditions such as ambient temper-
ature and air humidity, the type of applied load (static or dynamic), and the quality of
workmanship [8,9].
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Connections and fasteners in timber structures are subjected to numerous external
loading conditions, including the lateral load. Estimating the embedment strength of CLT
is essential, especially under lateral load conditions. In general, embedment strength is
a system property representing the resistance of wood to laterally loaded embedment
fasteners. When fasteners are inserted into the side face or the narrow face of cross-
laminated timber (CLT) at different angles relative to the fastener axis and load, the resulting
system property encompasses a range of inputs from the layers and laminations, which is
due to the varied load-grain angles [7].

Due to considerable variations in embedment strength, deformation, ductility, and
failure modes between the longitudinal and transverse layers, the orthogonal lamination
complicates the connection properties of CLT [1]. Additionally, due to the orthogonal
lamination, the embedment locations of dowels in CLT become more complicated. It is
possible to locate dowels parallel and perpendicular to the grain within and between a
single lamina in one layer as well as between layers when dowels are installed on the
narrow face of CLT [1]. Similarly, when installed on the flat side of the CLT panel, the
dowels may penetrate into multiple layers. Therefore, it is necessary to evaluate the
embedment strength in wood structures. The embedment strength of wood is necessary
for estimating the capacity of structural timber connectors using dowel-type fasteners.
This strength is derived from expressions that are based on tests carried out on timber.
Dowel-type connectors are the most frequent form of joint used in modern construction,
and they are typically made of wood or metal [10]. Dowel-type connections provide a
number of benefits, one of which is their ductile characteristic, which makes it possible for
considerable relative deformations and rotations to occur between the wood pieces [11].
Therefore, the embedding strength is not a specific attribute of the material but rather a
property of the system. Different empirical equations have been proposed to estimate
embedment strength. However, a thorough examination is necessary to develop novel
approaches that include relevant derived factors for the designer’s benefit [10].

Numerous factors influence the embedment strength of wood and engineered wood
products (EWPs), including the type of wood species, density, moisture content, loading
direction, dowel diameter, and so on [12].

Multiple studies have evaluated the embedment strength of connectors in CLT. Blafd
and Uibel [13] and Uibel and Blafs [14-16] conducted the first investigations of the embed-
ment strength of laterally loaded dowel-type fasteners in CLT. Santos et al. [17] observed
that wood density and embedment strength are related. This positive correlation was
also reported by [16]. A study on the nail-bearing strength of hybrid CLT composed of
Japanese larch and yellow poplar [18] revealed that increasing the higher ratio of minor
lamina thickness to nail depth resulted in a lower embedment strength in the hybrid CLT.
To obtain effective bearing resistance of the nail connection, the length of the nail used
for the mixed CLT should be chosen based on the thickness of the minor lamina. Several
additional studies [19-22] have investigated the embedment strength of connectors in CLT
and wood-based products. They worked on the embedment strength of EWPs such as CLT
made of various wood species.

The timber species used to manufacture CLT significantly affects its properties. Poplar
is a fast-growing tree, which is advantageous in nations with a wood supply shortage.
Several studies have examined the CLT properties of fast-growing timber species [23-29].

It is essential to reinforce the wood, notably at vulnerable connection points [30].
In addition, the low density of certain wood species, such as poplar, may results in un-
desirable mechanical properties. There are various techniques to reinforce EWPs and
improve the mechanical strength of timber structures, including but not limited to rein-
forcement using metals or fiber-reinforced polymers (FRPs). According to Saribiyik and
Akguuml [31], reinforcing the connections aims to preserve the continuity of structures and
lessen the drawbacks of connection elements with nails and bolts. Several investigations
on concrete [32,33], metal plates [32,34-36], rods, and bars as reinforcement in wood-based
products have been performed.
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Additionally, FRPs can be used in different ways for reinforcement [37]. Due to their
strength-to-weight ratio, glass-fiber-reinforced polymers (GFRPs) appear to be an optimal
fiber type for reinforcing wood components [31]. Douglas fir split timber stringers were
strengthened for shear and bending forces with GFRP layers. Depending on the severity
of beam fracture prior to reinforcement, the proposed strengthening design increased the
stiffness [38]. Hay et al. [39] showed that diagonal (0-90° lay-up) GFRP layers were more
effective than vertical ones in shear-strengthening creosote-treated Douglas fir beams with
horizontal fractures at their extremities. The mechanical characteristics of connecting points
of fiber-reinforced longitudinal notched lap joints fabricated from black pine lumber were
investigated [31]. The results demonstrated that GFRP could be utilized as a connecting
mechanism for timber members. Wu et al. [40] created a GFRP wood-affixed connection
as a replacement due to the potentially corrosive character of steel-plated pine wood
connectors. According to their findings, the majority of GFRP wood-bolted connectors
failed due to the bearing failure of the bolt openings in the wood panels when subjected to
lateral tension load.

Densification is another method for enhancing the mechanical properties of timber
and timber-based products that increases the strength, hardness, and abrasion resistance
of timber [41]. Densified timber can be utilized by creating laminates and processing the
densified wood with a similar construction to that of laminated veneer lumber (LVL), glue-
laminated timber (Glulam), and CLT. Feng and Chiang investigated the mechanical strength
of CLTs manufactured from densified wood [42]. The use of densified timber enhanced the
CLT’s bending strength and rigidity, with an increase in modulus of elasticity (MOE) and
modulus of rupture (MOR). A similar study on the use of densified wood was conducted
by Salca et al. [43], who manufactured and tested densified plywood. MOE, MOR, and
shear strength increased, as did the bonding quality of the adhesives between panels.

There is currently a knowledge gap on evaluating the effects of densification and
GFRP reinforcement on the embedment strength of CLT manufactured from fast-growing
poplar wood. Thus, this study aims to compare the embedment strength of CLT made of
densified timber with that of reinforced with GFRP in two loading directions in order to
determine which reinforcing technique may be more advantageous. In addition, different
approaches are used to calculate the embedment strength and find the model yielding
minimum error compared to the experimental data.

2. Materials and Methods
2.1. Materials and CLT Fabrication

Three-ply CLT panels made of air-dried poplar (Populus alba) wood with moisture
content of around 12% and oven-dry density of 400 + 10 kg/m> were used in this research.
CLT panels were produced in four groups. The thickness of the boards was 2 cm. One group
was reinforced with GFRP using a bidirectional (0° /90°) E-glass fiber fabric (fiber tensile
modulus and density of 70 GPa and 2.55 gr/cm?, respectively), as shown in Figure 1. Three
GFRP layers were added to each surface. Two groups were manufactured with densified
wood in two densification ratios (25% and 50%). In order to manufacture densified wood,
lumber panels were placed between heated platens in a hydraulic press and compressed.
Then, CLT panels were made from the densified wood. The last group consisted of CLT
with non-densified wood, considered as a control group (0). A summary of the sample
groups is detailed in Table 1. All components were cold-pressed for 150 min and pressure
of 1 MPa with one-component polyurethane glue.
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===
=: ==
Figure 1. GFRP arrangement in CLT layers.
Table 1. Sample groups and repetitions.
Sample Groups Repetitions Description
Control )
(unreinforced) 10 No reinforcement
OL, 0T (Loading direction: L = longitudinal, T = transverse)
Reinforcement with 25% densification (loading
25L 10 N oo
direction: longitudinal)
Reinforcement with 25% densification (loading
25T 10 L
direction: transverse)
Reinforcement with 50% densification (loading
50L 10 - oo
direction: longitudinal)
Reinforcement with 50% densification (loading
50T 10 L
direction: transverse)
GFRPL 10 Remfor.cerm.ent with GFRP (loading
direction: longitudinal)
GFRPT 10 Reinforcement with GFRP (loading direction: transverse)

Embedment Strength Modelling and Experiments

After preparing the CLT panel, specimens with dimensions of 15 cm x 8 X cm X 6 cm
(length x width x thickness) were cut from the panel for the embedment strength test
(Figure 2). A lag screw (s) with a diameter of 8§ mm was used as a fastener. The characteris-
tics of the fastener are detailed in Table 2.
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(a) (b)
Figure 2. Loading directions of CLT samples for embedment strength: (a) loading in longitudinal (L)
direction; (b) loading in transverse (T) direction.

Table 2. Characteristics of lag screw.

Length of the Head Height Da Ds Length of the

Lag Screw (DIN 571) Screw (L) (mm) (K) (mm) (mm) (mm) Thread (b) (mm)

54 5.5 8.5 7 44

da

Finally, the embedment strength (o) was calculated using o (mmﬁz> = £, in which F is

the yield load obtained from the 5% offset method (N) and A is the embedment area (mm?).

To determine the embedment strength, specimens were subjected to loading in two
directions of longitudinal (L) and transverse (T), as shown in Figure 3 using a Hounsfield
testing equipment model 0308 (Figure 3) and a loading pace of 5 mm/min.

|

Figure 3. The loading apparatus of CLT samples for embedment strength testing.
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2.2. Statistical Analysis

The data was assessed statistically as a complete factorial design consisting of two
factors using the SPSS 25 program. The densification ratio (in three levels: 0, 25, and
50) and two CLT loading directions (L and T directions) were the two factors that were
taken into consideration for the statistical analysis. ANOVA test used to analyze those
factors statistically through the main and interaction effects. Afterward, the results (means)
of densified CLT samples were compared to those reinforced with GFRP. Four different
sample groups, each with ten replicates, were put through their paces throughout the
testing process. These sample groups included control (unreinforced) CLT specimens,
CLT samples with 25% densified layers, CLT samples with 50% densified layers, and CLT
samples reinforced with GFRP, all of which were loaded in both the longitudinal (L) and
transverse (T) directions. The statistical differences between the means were analyzed
using the multiple range test developed by Duncan with a confidence level of 95%.

2.3. Embedment Strength Equations

Currently, a number of distinct models of computation for CLT embedment strength
are available. The most important calculation models are discussed in this part so that a
comparison can be made between them.

The Kennedy [44], NDS [45], Ubel and Blub [46], Dong [2], and CSA [47] equations
were used in this study to predict the embedment strength of CLT. These equations were
developed based on various factors, such as density, loading direction, and so on.

Kennedy et al. conducted a comprehensive study including about 720 embedment
tests on Canadian cross-laminated timber (CLT) using lag screws, as well as 360 tests
using self-drilling screws. The experiments included a range of screw sizes from 6.0 mm
to 19.1 mm. A regression model that is not influenced by the panel layup and fastener
diameter was constructed. According to Kennedy’s model, the embedment strength is
calculated as follows:

80(p12 — 0.12)M11
1.07(p12 — 0.12) " *sin6 + cos26

)

f ,avg,Ken =

where fg 504 is average embedment strength (MPa), p1 is density at 12% moisture content
(g/cm?), and 6 is loading angle relative to the grain of face layer (°).

Based on the NDS model, the strength of the face layer’s embedment is linked to the
“effective” bearing length of the fastener. This bearing length is changed proportionally
based on the embedment strengths of both the transverse layer and the longitudinal layer.

According to the NDS model, the embedment strength is calculated as follows:

; oy 77Go n 77Go
008 NDS 1" 0.36Gy 0B d055in20 + cos20 Ly 036Gy 025050526 + sin0

)

where Gy is measured relative density for the species or species group based on oven-dry
mass and volume; [ is the lag screw embedment length in parallel layer (s); L. | is the lag
screw embedment length in cross layer (s); [, is the embedment length of the lag screw in
CLT specimen; and d is fastener diameter (mm).

Ubel and Blub conducted pioneering research on the lateral loading behavior of
dowel-type fasteners in cross-laminated timber (CLT) panels. The researchers conducted
experiments on smooth dowels ranging in diameter from 8 mm to 24 mm. These dowels
were tested in both three- and five-layer cross-laminated timber (CLT) components. The
dowels were strategically placed at gaps of one to three layers and subjected to loading
at angles of 0°, 45°, and 90° with respect to the grain orientation of the face layer. The
model is formulated as a mathematical expression that incorporates the variables of fastener
diameter, overall wood density of the panel, and loading direction in relation to the strength
axis of the panel, namely the grain direction of the surface layers of the cross-laminated
timber (CLT) panel.
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According to Ubel and Blub’s model, the embedment strength is calculated as follows:

n ’7_1 t
i—1to Lj=1 90,j

t(l.25in29 + cosZG) t(1.2c0529 + sin29)

fouvgup = 111.7(1 — 0.016d) p15° x o

where £ is the thickness of the CLT longitudinal layer i, and tq ; the thickness of the CLT
transverse layer i.
According to Dong’s model, the embedment strength is calculated as follows:

R, 1-R,
) + ) >
1.41c0s%0 + sin“0  1.41sin"0 + cos20

fo.avg,Dong = 336.4(0.45 — 0.02d) py, x ( 4)

where R; the ratio between the total thickness of the transverse layers and the CLT thickness.
According to the CSA’s model, the embedment strength is calculated as follows:

0.9 x 82,,,(1 — 0.01d)
0.9 x 2.27sin%0 + cos26

fG,avg,CSA = (5)

All of the notation used in all equations is mentioned above. Mean absolute percentage
error (MAPE) values were used to evaluate the prediction performance of each model as
follows (Equation (6)):

i=1 Yi

where y; is the experimental value, y,, is the predicted value, and  is the total amount of
data. The lower the MAPE values, the smaller the difference between experimental and
predicted values.

& (i — vyl
MAPE = EZ ( 100 (6)

3. Results and Discussion
Effect of Densification Ratio and Loading Direction on Embedment Strength
With a confidence level of 95% (p-value > 0.05), the results of the analysis of variance

(ANOVA) shown in Table 3 suggest that both the densification ratio and the loading
direction had significant main impacts on embedment strength.

Table 3. ANOVA table for main and interaction effects of densification ratio and loading direction on
embedment strength of CLT samples.

Mean .
Property Source df Scquare F Sig.
Embedment Densification ratio 2 2079.221  124.640  0.000 **
Loading direction 1 151.877 9.104 0.004 **
strength

Densification ratio x loading direction 2 4.520 0.271 0.764 1s

** significant at 99% confidence level, ™ non-significant.

As can be seen in Table 4, when compared to the control specimens, the embedment
strength of CLT samples improved by 46% and 66.8%, respectively, with a 25% and 50%
increase in densification ratio. Furthermore, it was discovered that the embedment strength
of the CLT samples was 8% greater in the longitudinal (L) direction compared to the
transverse (T) direction when the main effect of the loading direction of the CLT samples
on embedment strength was considered. This was due to the fact that both of these factors
were changed simultaneously. In addition, the findings showed that the embedment
strength of CLT samples with a densification ratio of 0 (control samples), 25%, and 50%
in the longitudinal loading direction of CLT samples was 10.9%, 5.4%, and 8.8% greater,
respectively, compared to the transverse loading direction.
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Table 4. Main and interaction effects of densification ratio and loading direction on embedment
strength of CLT samples with Duncan test results.

Main Effects
0 29.8 (4.65)* A**
Densification ratio 25 43.7 (3.4) B
50 49.7 (4.76) C
Loading direction T 39.44 (9.29) A
L 42.62 (9.41) B
Interaction effects
Densification ratio Loading direction Embedment strength (MPa)
0 T 28.24 (4.88) A
L 31.33 (4.07) A
o5 T 42.52 (3.61) B
L 44.8 (2.92) BC
50 T 47.58 (4.19) C
L 51.75 (4.54) D

* The values in parentheses represent standard deviation. ** The letters show Duncan test results.

Comparing the embedment strength of CLT samples manufactured from densified
wood and those reinforced with GFRP was one of the goals of this investigation. The
embedment strength of the GFRP-reinforced CLT samples was compared with that of CLT
samples constructed out of densified wood, and the average embedment strength of the
CLT speciments is illustrated in Figure 4. The highest embedment strength belonged to
the 50L samples (51.75 MPa), while the lowest embedment strength belonged to the 0T
samples (28.24 MPa). The embedment strength of the CLT samples in the L direction was
greater than in the T direction. More specifically, the embedment strength of 0L, 25L, 50L,
and GFRPL samples was 10.9%, 5.4%, 8.8%, and 6.8% more, respectively, than that of their
counterpart samples tested in transverse direction. Reinforcement with 25% densification,
50% densification, and GFRP improved the embedment strength by 43%, 65.2%, and 43.4%,
respectively, compared to the unreinforced samples in the L direction (OL). On the other
hand, reinforcement with 25% densification, 50% densification, and GFRP improved the
embedment strength by 50.6%, 68.5%, and 49%, respectively, compared to the unreinforced
samples in the T direction (0T). In addition, no significant difference was observed in the
embedment strength of reinforced CLT samples with 25% densification and GFRP in both
directions (L and T). Therefore, it can be concluded that CLT with the same embedment
strength can be produced using wood with a densification ratio of 25% rather than rein-
forcing it with GFRP. This alternate method demonstrates more efficiency in terms of both
its cost and implementation. Previously, it was reported that embedment strength perpen-
dicular to the grain was lower than that parallel to the grain [1,2,48,49]. Reinforcement
with densification enhanced the wood density resulting in higher embedment strength of
CLT samples. From a designer’s point of view, wood density and dowel diameter are the
main properties of design. There are also some approaches where density is the only pa-
rameter [22,50]. Concerning face side insertion in CLT, Uibel and Blab [15,46] evaluated the
load-bearing capacity of dowels placed in manufactured with four distinct arrangements
and computed the embedment strength. The CLT embedment strength prediction model
was suggested based on the variable CLT lamination characteristics.
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Embedment Strength (MPa)
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40
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0L

31.33

0T 25L GFRPL GFRPT
28.24 44.80 42.52 .75 47.58 44.93 42.08

Sample Groups

Figure 4. Means and standard deviations of embedment strength of control, densified, and GFRP-
reinforced CLT specimens.

The load displacement of control, densified, and GFRP-reinforced CLT specimens is
shown are Figure 5. Accordingly, the yield points of the CLT samples in the L direction
were more than those in T direction. The yield points of OL, 25L, 50L, and GFRPL were
8636 (N), 11,900 (N), 16,080 (N), and 13,720 (N), respectively. The highest yield point in the
L direction belonged to the CLT sample reinforced with 50% densified wood. On the other
hand, the yield points of 0T, 25T, 50T, and GFRPT were 7947 (N), 11,450 (N), 13,152 (N),
and 12,120 (N), respectively. The highest yield point in the L direction belonged to the CLT
sample reinforced with 50% densified wood.

The failure modes of CLT specimens are depicted in Figure 6. The typical failure
modes of tested CLT specimens are different in the situation where the lag screw is loaded
in the L and T direction of the CLT specimens. Cracks occurred along the grain when the
load was applied along with the L direction, as shown in Figure 6 (OL, 25L, and 50L). Cracks
in 25L and 50L show that the densification reduced the length of the cracks compared to
the unreinforced samples (OL). However, compression failure occurred in the embedment
surface, as shown in Figure 6 (0T, 25T, 50T, GFRPL, and GFRPT), or cracks appeared on
both edges of the cross layers, as shown in Figure 6 (0T), when the CLTs were loaded in
the T direction. The compression failure might occur layer by layer, which results in stress
redistribution [1].

The results of the prediction models in comparison with experimental results are
shown in Figure 7. NDS showed the most accurate results compared to the experimental
findings, followed by the Ubel and Blub and then the Kennedy and CSA formulas. Finally,
the formula of Dong et al. showed the lowest accuracy in terms of the prediction of experi-
mental results. Previously, all of these equations were applied to predict the embedment
strength of fasteners in EWPs, such as CLT. Accordingly, various results were obtained
regarding the accuracy of these equations. The accuracy of the equations might be related
to factors including moisture content, density, diameter of fastener, or the loading direction.
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Figure 5. Load-displacement curves of the reinforced and unreinforced CLT samples.
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Figure 7. Comparison of the observed and predicted values of the embedment strength.
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The MAPE of all models is detailed in Table 5. The NDS formula showed the highest
accuracy (10.31%). After that, the Ubel and Blub formula showed the highest accuracy
(21.3%). On the other hand, Dong et al.’s formula showed the lowest accuracy (40.07%).
These findings indicate that the NDS and Ubel and Blub formulas are reliable in predicting
embedment strength in the tests related to loading directions and reinforcement factors.
The MAPE classification approach, which was established by Lewis [51], was used in this
investigation for the purpose of determining how accurately prediction models performed.
This categorization assigns models into one of four accuracy categories based on their mean
absolute percentage error (MAPE): excellent (MAPE < 10%), acceptable (MAPE 10-19%),
fair (MAPE 20-49%), and weak (MAPE > 50%). Future studies could consider developing
machine learning modeling for embedment strength prediction. In addition, nondestructive
testing methods such as acoustic emission monitoring could be used to further investigate
the failure mechanism [52].

Table 5. MAPE of equations for predicting embedment strength of CLT specimens.

MAPE (%)
Ubel and Blab Kennedy Dong et al. NDS CSA
21.30 28.86 40.07 10.31 32.68

4. Conclusions

This work evaluated the embedment strength of 3-ply poplar CLT samples reinforced
with GFRP and densified wood (25% and 50%) in two loading directions (L and T). Over-
all, reinforcement improved the embedment strength of CLT samples. The embedment
strength of CLT samples in the L loading direction (outer layers to the same fiber direc-
tion) was greater than those in the T loading direction. CLT samples made from 50%
densified poplar wood showed the highest embedment strength (50L: 51.75 MPa and
50T: 47.58 MPa). However, there was no significant difference in embedment strength
between CLT samples reinforced with GFRP and CLT samples made from 25% densified
wood (25L: 44.8 MPa, GFRPL: 44.93 MPa, 25T: 42.52 MPa, and GFRPT: 42.08 MPa). Mod-
elling using the NDS formula yielded the highest accuracy (MAPE = 10.31%), followed
by the Ubel and Blub (MAPE = 21%), Kennedy (MAPE = 28.86%), CSA (MAPE = 32.68%),
and Dong (MAPE = 40.07%) equations. Densification can be considered as an alternative
to GFRP reinforcement in order to increase the embedment strength in CLT. Statistical
analysis showed that in terms of main effects, densification ratio and loading direction
significantly affect the embedment strength. However, in terms of interaction effects, both
densification ratio and loading direction at the same time had no significant effect on the
embedment strength.

Further studies are recommended to evaluate the embedment strength of CLT rein-
forced with GFRP and densified wood made of more than three layers. Further studies are
recommended to evaluate the embedment strength of various types of nails and screws
in CLT reinforced with GFRP and densified wood. According to the results of this study,
considering the cost of the products, 25% densification might be used instead of GFRP for
CLT reinforcement. However, further investigations regarding the effects of densification
on CLT properties, such as bending, glue line, and debonding, are required.
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Abstract: The objective of this work was to improve the thermal stability, flame resistance, and
surface properties of black poplar (Populus nigra L.) wood via different impregnation methods. The
impregnation methods were employed through two distinct modalities: vacuum impregnation and
immersion impregnation. Here, poplar wood was impregnated with calcium oxide solutions (1%,
3% and 5%). Fourier-transform infrared spectroscopic analysis revealed a shift in the typical peaks
of cellulose, hemicellulose, and lignin depending on the impregnation method and solution ratio.
Thermogravimetric analysis and the limiting oxygen index indicated that the samples impregnated
with lime solutions exhibited higher thermal stability than the unimpregnated wood. Both impregna-
tion methods caused a decrease in water absorption and thickness swelling of the sample groups.
Using a scanning electron microscope, the effect of the impregnation process on the structure of the
wood was examined. In terms of surface properties, it was determined that the surface roughness
value increased. On the contrary, it was observed that the contact angle value also increased. A
significant difference emerged between the applied methods. In conclusion, the applied lime minerals
are suitable substances to increase the flame resistance and thermal stability of black poplar wood.

Keywords: black poplar; impregnation; surface properties; thermal stability; wood protection

1. Introduction

Wood, a fundamental natural resource, has been employed in various applications
since time immemorial. Its versatility, renewable nature, and wide availability have ren-
dered it an indispensable material in industries such as construction, furniture, and manu-
facturing [1-3]. However, one of the perennial challenges associated with wood products is
their susceptibility to combustion. The threat of fire not only poses safety concerns but also
has substantial economic and ecological ramifications. Hence, there has been an enduring
quest to enhance the fire-resistant properties of wood [4-10].

Among the numerous wood species available, poplar wood (Populus spp.) stands out
for its fast growth rate and ease of cultivation. Poplar is widely distributed across temperate
regions, and its utilization has surged in recent years, particularly in applications where
rapid growth is essential [11]. Black poplar (Populus nigra L.) is one of these species. Black
poplar is distributed in North Africa, Central and Western Asia, and Europe, especially in
wetlands along riverbanks [12]. The distribution of poplar species in the world is more
than 100 million ha. Tiirkiye ranks fourth in the world in terms of poplar plantation
area [13]. More than 3 million m? of wood are obtained annually from this species alone in
Turkiye [14]. Although black poplar wood is widely used in furniture production, it can
also find a place as a raw material in the packaging industry (boxes, crates, pallets, etc.) and
in the production of models, plywood, matches, composite panels, and prostheses [15,16].
Nevertheless, like many other wood varieties, poplar wood is inherently vulnerable to fire,
necessitating innovative approaches to improve its fire-resistant characteristics.

In this context, the impregnation of wood with fire-retardant chemicals has emerged as
a promising avenue for enhancing its fire resistance. Impregnation involves the penetration
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of wood with fire-retardant substances, which can alter the wood’s surface properties and
combustion behavior [17-19]. The choice of impregnation technique and the type of fire
retardant used are important factors in determining the effectiveness of this process. There-
fore, it becomes imperative to explore the influence of diverse impregnation techniques on
the surface characteristics and combustion behavior of poplar wood [20-25].

The practice of impregnating wood with various substances to enhance its properties
is a method that has been used for many years. It has been employed for centuries,
albeit with rudimentary techniques. Modern wood impregnation techniques have evolved
significantly [26-30]. One of the earliest methods involved simply soaking wood in a
solution containing fire-retardant chemicals. While this method is straightforward, it often
results in uneven impregnation and inadequate penetration of fire retardants into the
wood’s cellular structure. To address these limitations, vacuum impregnation and pressure
impregnation techniques were developed. Vacuum impregnation, in particular, involves
subjecting wood to reduced pressure before immersing it in a fire-retardant solution [24,31-34].

The choice of fire-retardant chemicals is a critical determinant of the efficacy of wood
impregnation. Fire retardants can be categorized into several classes, including inorganic
compounds, organic compounds, and intumescent agents [35-38]. Inorganic fire retardants,
such as ammonium phosphate and aluminum hydroxide, work by releasing water vapor
when exposed to heat, thereby reducing the wood’s temperature and retarding combustion.
One of these, calcium oxide (CaO), is a white, corrosive, and alkaline solid [39]. Calcium
oxide is used in the construction industry and in the production of paper, among many other
applications, such as the manufacture of various types of glass [39,40]. These compounds
are known for their non-toxic nature and widespread use in wood impregnation.

In this study, black poplar wood was subjected to different impregnation methods
with calcium hydroxide in order to improve its physical properties and resistance to
burning. Solutions prepared at different concentrations (1%, 3% and 5%) were used in
the vacuum method and the immersion method. The chemical and thermal changes
caused by the impregnation process in the samples were evaluated by comparison with the
control samples. The effects of different impregnation methods at different durations and
concentrations on the physical and fire properties of the samples were investigated.

2. Materials and Methods
2.1. Materials
2.1.1. Wood Material

The material of black poplar used in the study was obtained from Denizli Kirgiz
Timber Company, Tiirkiye. According to TS 2470 standards [41], the samples were made
from sapwood and first-class timber materials that are smooth fiber, knotless, crack-free,
without color or density differences, and with yearly rings perpendicular to the surfaces. A
total of 30 samples were taken for each experimental group.

2.1.2. Impregnation Material (Calcium Hydroxide (Ca(OH),))

Calcium oxide (CaO), often known as quicklime, is a substance that is frequently
utilized as a commercial product. At room temperature, it is an alkaline solid that is
white and caustic. In addition to CaO, quicklime contains magnesium oxide (MgO) and
silicon dioxide (SiO,), with minor traces of aluminum oxide (Al,O3) and iron oxide (Fe,O3).
This phenomenon is attributed to the inherent presence of these contaminants in the raw
material, ‘limestone’ [42,43] (Table 1). CaO powder was purchased from Ayteks Chemical
Industry Ltd. Denizli/Tiirkiye. Prior to its application in the impregnation process, calcium
oxide necessitates slaking (adding water to the lime). Afterwards, the powdered lime was
weighed to 1%, 3%, and 5% (w/v); the solutions were prepared through the slaking of lime
to Equation (1) [43].
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Table 1. Identifiers and properties of calcium oxide [43].

CAS number 1305-78-8
PubChem CID 14778
UN number 1910
Molecule formula CaO
Molecular mass 56.0774 g/mol
Appearance White to yellow /brown powder
Odor odorless
Density 3.34 gr/cm3
Melting point 2613 °C
Boiling point 3850 °C (100 hPa)
Solubility (in water) reacts to form calcium hydroxide
Acidity (pKa) 12.8

Calcium hydroxide exhibits a relatively low water solubility. Investigating its solubility,
it was determined [44] that it amounts to 0.0222 molal at 25 °C, corresponding to a low
solubility of 1.6 g in 1 kg of water.

CaO + H,O — Ca(OH), 1)

2.2. Methods
2.2.1. Impregnation Methods (Immersion Method and Vacuum Method)

Calcium hydroxide (Ca(OH);) solutions at concentrations of 1%, 3%, and 5% (w/v)
were prepared. According to the ASTM D 1413 standard, samples were impregnated with
these solutions using the medium-term (120 min) immersion method.

The vacuum method of impregnation of the test samples was carried out under the
conditions specified in ASTM D 1413. In this impregnation process, the samples were
subjected to pre-vacuum treatment at 760 mmHg ! with a compressor in a closed container
for 30 min. Then, the samples were removed from the closed container and impregnated in
solution at atmospheric pressure for 30 min [45].

The samples in wet weights were held in the air-conditioning cabinet at a temperature
of 20 & 2 °C and a relative humidity of 65 4= 5% until they reached equilibrium humidity
after impregnations. After being impregnated, the samples were maintained in an oven
set at 103 £ 2 °C until they were entirely dry. After these steps, the characterization was
conducted. The experimental design of the samples used in the study is given in Table 2.

Table 2. Experimental design of immersion and vacuum methods.

Method Sample Type Concentration of Solution (%) Impregnation Time (min)
Control A - -

B 1 120

Immersion C 3 120

D 5 120

E 1 30+ 30
Vacuum F 3 30+ 30

G 5 30 + 30

2.2.2. Preparation of Samples

Density (D), thickness swelling (TS) and water absorption (WA) experiments were car-
ried out with samples of 20 x 20 x 30 mm? (L x T x R) volume. The density, dimensional
change, and water uptake determinations of the samples were conducted in compliance
with TS 2472, TS 4084, and TS EN 317 standards, respectively [46—48]. For each treated
wood sample, the weight percent gain (WPG) was calculated according to Equation (2).
The oven-dry weight of each specimen was recorded before and after impregnation. The
assessment of surface and fire properties adhered to relevant criteria. The residues left on
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the wood surface from the impregnation process were removed before the tests to ensure
they did not affect the results.

(Wa —Wb)

WPG = Wh

x 100% 2
where W), is the oven-dry weight of specimens before treatment (g), and W, is the oven-dry
weight of specimens after treatment (g).

2.2.3. Testings of Surface and Burning Properties
e  Surface roughness test

Surface roughness measurements were conducted in accordance with the DIN 4768
(1990) standard [49], employing a stylus-type profilometer (Mitutoyo SJ-301, Mitutoyo
Corp., Kawasaki, Japan). The measurement was taken on the wood surfaces in parallel to
the grain direction (||). The roughness values were captured with a sensitivity of 0.5 pm,
ensuring precision in the measurements. The key instrument parameters included a measur-
ing speed of 10 mm/min, a pin diameter of 4 um, and a pin top angle set at 90 degrees. The
points selected for roughness measurement were deliberately marked in a random manner
across the sample surface. All measurements were conducted parallel to the direction of the
wood fibers. Three standard roughness parameters were determined: average roughness
(Ra); mean peak-to-valley height (Rz); and maximum roughness (Rmax). Ra values were
specifically employed for statistical evaluations. Additionally, measurements were repeated
whenever the scanning needle’s tip entered the cell spaces within the wood sample.

e  Water contact angle test

According to GB/T 30693 (2014), the water contact angle of the surface of wood was
calculated. KRUSS DSA30 water contact angle meter (KRUSS, Hamburg, Germany) was
used. The size of the water drop was 4 uL. The data were obtained 15 s after the water
droplet made contact with the wood surface. The contact angles were obtained at five
separate sites on the same sample surface using five replicates for each group, and the
mean value was calculated.

e FTIR analysis

The samples were finely ground, falling within the 40-100 mesh size range, in prepara-
tion for their utilization in Fourier-transform infrared (FTIR) spectroscopy and thermogravi-
metric analyses (TGA). Following the grinding process, pellets were created by subjecting
10 mg of wood flour and KBr to a 1:100 (w/w) ratio for each sample group. These pellets
were formed by applying a pressure of 602 N/mm?. For the FTIR analysis, a Perkin Elmer
BX FTIR spectrometer instrument (PerkinElmer U.S. LLC, Shelton, CT, USA) was employed,
operating at ambient temperature. The instrument covered a wavenumber range of 4000 to

400 cm™ !, with a spectral resolution of 4 cm~ L.

e DTG/TGA analysis

To assess the thermal stability of the samples, thermogravimetric analysis (TGA)
was conducted using an Exstar SII TG DTA 7200 (Exstar, SII NanoTechnology In., Tokyo,
Japan) instrument. The analysis was carried out under a nitrogen gas atmosphere, with
the samples experiencing a gradual temperature increase at a rate of 10 °C per minute,
spanning from 25 to 600 °C. Each sample was weighed at approximately 5 mg.

e LOI analysis

A flammability test to determine the limiting oxygen index (LOI) of wood samples
was carried out using a flammability tester (S.C. Dey Co., Kolkata, India). This test was
conducted in accordance with the ASTM D-2863 method [50]. The LOI value expresses
the minimum amount of oxygen required to start combustion. In the LOI apparatus, the
wood sample was positioned vertically and subjected to ignition for a minimum duration
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of 30 s. Throughout the ignition process, the ratio between nitrogen and oxygen in the
environment was carefully monitored and recorded.

e  SEM analysis

A scanning electron microscope (FESEM, Zeiss Gemini Sigma 300, Jena, Germany)
equipped with an energy dispersive spectrometer (EDS) system (Bruker XFlash 61100) was
employed to reveal the effect of impregnation on the particles.

e  Statistical analysis

Statistical analysis was performed on the study’s findings using SPSS® 20.0 for
Windows® software. The data were subjected to an analysis of variance (ANOVA) test. A
Duncan test was used to identify the various groups in cases where the ANOVA test re-
vealed statistical differences via SPSS® 20.0 for Windows® (IBM Corp., Armonk, NY, USA).

3. Results and Discussion
e  The physical properties

The physical characteristics of the samples of black poplar with different impregnation
methods are presented in Table 3. Using the ANOVA test, it was found that there was a
statistically significant difference between the control and impregnated sample sets in terms
of the physical characteristics of the experimental specimens. After applying the Duncan
test, four homogeneous clusters were delineated within each of the datasets corresponding

to Dy, TS-2, and TS-24 h and five homogeneous clusters were delineated within each of the
datasets corresponding to WA-2, WA-24, and WPG.

Table 3. The physical properties of impregnated wood samples.

Sample Type Dy (g/cm?) WA-2h WA-24 h TS-2h TS-24h WPG (%)

A 036(0.09) a2  3821(357)a  72.89(5.8%)a  14.86(243)a  17.26 (3.45)a -

B 0.41 (0.13) b 33.83(326)b  67.86(611)b  1323(131)b 1508 (3.04) b 0.62 (0.09) a
C 0.4 (0.09) ¢ 2942 261)c 6322 (5.67)c 11.38 (1.14) ¢ 13.77 (2.14) 0.73 (0.21) b
D 0.45 (0.11) ¢ 2655(1.93)d 5949 (493)d  1075(0.81)cd  1213(1.86)cd 091 (0.18)b
E 0.42 (0.12) b 31.26 (2.79) ¢ 63.92 (4.55) ¢ 11.49 (1.05) 1486 2.11) b 112 (0.30) ¢
F 0.46 (0.14) ¢ 2412 (244)d  5832(522)d 9.08(127)d  1222(137)cd  1.79(035)d
G 0.49 (0.09) d 22.07 (1.66) e 54.11 (4.83) e 8.83(0.95)d 11.45(1.96) d 228 (0.51) e

1. Standard deviation, 2: The same letters in a column of D0, WA-2, WA-24, TS-2, TS-24, and WPG are not
significantly different (p < 0.01). The post hoc tests (Duncan) for the DO, WA-2, WA-24, TS-2, TS-24, and WPG
were analyzed separately because the interaction factor was significantly different.

It was found that the density (D) and weight percent gain (WPG) rose when the lime
ratio increased in the two impregnation methods. When 1%, 3%, and 5% lime were added,
respectively, the Dy values were found to be between 0.41 and 0.49 g/cm?>. Depending on
this, the WPG increased between 0.62% and 2.28%. Applied impregnation methods with
lime progressively decreased water absorption and thickness swelling in the samples. It
was observed that WA-2, WA-24, TS-2, and TS-24 values decreased when 1%, 3%, and 5%
lime were added, respectively.

The WA-2 decreased between 11.5% and 30.5%, the WA-24 values decreased between
6.9% and 18.4%, the TS-2 values decreased between 10.9% and 27.6%, and the TS-24 values
decreased between 12.6% and 29.7% in the immersion method. In the vacuum method,
which is the other method applied, the WA-2 decreased between 18.2% and 42.2%, WA-
24 values decreased between 12.3% and 25.7%, TS-2 values decreased between 22.6%
and 40.5%, and TS-24 values decreased between 13.9% and 33.6% (Table 3). These data
are consistent with earlier research, which found that adding lime to wood increased its
physical qualities and made it more stable dimensionally [5,8,9,33]. In addition, there
appear to be obvious differences in physical properties between the applied methods. It is
seen that the vacuum method provides more stability to the wood material compared to
the immersion method [51-53].
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e  The surface roughness, contact angle, and LOI properties

Table 4 displays the surface roughness, contact angle, and LOI characteristics of
samples of black poplar treated with various impregnation methods. According to the
ANOVA test, a statistically significant difference was detected in the physical properties of
both control and impregnated sample groups. Following the implementation of the Duncan
test, we identified four consistent and similar groups within each dataset associated with
surface roughness, contact angle, and LOL

Table 4. Surface roughness, contact angle, and LOI properties of impregnated wood samples.

Sample Type Surface Roughness (Ra) ()  Changes (%)  Contact Angle (°) Changes (%) LOI (%) Changes (%)

A 2.77(0.31) 1 a2 - 41 (4.66) a - 23.16 (2.55) b -

B 3.36 (0.99) b 213 54 (4.34) b 317 26.75 (3.07) b 15.5
C 3.90 (0.83) 40.8 59 (5.27) ¢ 43.9 28.44 (2.43) b 2.8
D 4.12 (0.46) d 48.7 62 (4.02) d 51.2 30.08 (1.94) b 29.8
E 3.58 (0.60) ¢ 292 61 (3.95) ¢ 488 28.27 (1.64) b 22.0
F 435 (0.97)d 57.0 66 (6.26) e 60.9 30.62 (2.44) b 322
G 522 (0.44) e 88.4 68 (6.31) 65.8 31.23 (2.74) b 348

L. Standard deviation, 2: The same letters in a column of surface roughness, contact angle, and LOI are not
significantly different (p < 0.01). The post hoc tests (Duncan) for the surface roughness, contact angle, and LOI
were analyzed separately because the interaction factor was significantly different.

The average roughness parameter (Ra) increased with an increase in the solution
ratio. The values were found to be between 2.77 and 5.22. Compared to the control
group, the B group exhibited the smallest alteration, registering a 21.3% change, while
the G group displayed the most substantial variation with an 88.4% shift. Ra increases
the surface roughness of the impregnation process. It is explained that this situation is
related to the increase in the amount of substance on the surface as the amount of retention
increases [54-56].

The contact angle values of the groups included in the study are shown in Table 4.
It has been determined that as the lime concentration ratio increases, the contact angle
increases. The values were found to be between 41° and 68°. It has been determined
that the highest hydrophobic sample group with a contact angle of 68° is obtained with
group G, which increases hydrophobicity by 65.8% compared to group A. Similar to the
findings for water absorption, increasing lime particles increased the contact angle, which
was significantly higher in woods treated and impregnated [57-60].

The LOI values of the sample groups are summarized in Table 4. The values were
found to be between 23.16% and 31.23%. It has been determined that the highest fireproof
sample group with a LOI of 31.23% is obtained with group G, which increases fire resistance
by 34.8% compared to group A. In wood impregnated with lime minerals, the LOI value
increased as the lime ratio increased. LOI values were found to be between 26.75% and
30.08% in the immersion method and between 28.27% and 31.23% in the vacuum method.
The vacuum method is posited to yield a superior insulating effect against heat transfer
compared to the immersion method. The retardation of flame propagation appears to stem
from the lime’s capacity to facilitate the generation of char. This ensuing coal coating forms
an insulative barrier, impeding the passage of combustible gases that sustain the flame and
displaying resistance to heat transfer [61-63].

e FTIR analysis

FTIR analysis was employed to discern the functional groups and chemical interactions
among the materials. The FTIR spectrum exhibited observable shifts in the characteristic
peaks of cellulose, hemicellulose, and lignin, contingent upon the impregnation method
and the ratio of lime additive. FTIR spectra encompassing the impregnated black poplar
samples, as well as the control samples, were recorded over the wavelength range of
4000 to 400 cm~!. The control group and the groups impregnated with both impregnation
methods show absorbance peaks for wood fibers at 876 cm ™! (Si-O-C), 1060 cm ! (C-O-C),
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2910 cm ! (C-H), and 3450 cm~! (O-H). In addition, the impregnated groups showed a
new increase at 1450 cm ! for C=0 stretching vibration. The lack of a drop in the strength
of the band at 1060 cm ! indicates that the cellulose’s C-O-C bonds have not been harmed
by the procedure. It may be argued that the impregnated lime particles are to blame for
this phenomenon (Table 5 and Figure 1). The absorption bands over 1450 cm ™! can be
assigned to the stretching vibrations of (CO3)- anions present in the carbonate phase in the
sample. The behavior of Ca(OH), adsorbed on the surface was monitored, showing that
Ca(OH); continuously transformed into the carbonate phase and crystallization proceeded
first through the formation of aragonite-like and then calcium-like carbonates [64].

Table 5. Match of wood functional groups to IR bands of spectra [65,66].

Spectrum Band Position, cm~1 Active Wood Mass Group Type of Vibration
3450-3400 O-H of alcohols, phenols and acids O-H stretching
2970-2850 CH,, CH- and CHj3 C-H stretching
1462-1425 CH;, cellulose, lignin C-H deformations
1060-1025 C-O0-C Deformation

876 Anti-symmetric out-of-phase stretching in pyranose ring Stretching in pyranose ring
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Figure 1. FTIR Spectra of the impregnated and unimpregnated black poplar samples.

The presence of a band at 3450 cm ™! signifies a reduction in the quantity of OH groups,
leading to a further decrease compared to the control group. An examination of the FTIR
spectroscopy peaks reveals notable alterations in cellulose, hemicellulose, and lignin due to
the processing [23,66,67]. In contrast to the control group, the peak observed at 2910 cm !
is notably diminished. This decrease can be attributed to the asymmetric stretching of
C-H methyl and methylene groups [68-70]. Conversely, a noticeable increase is evident
in the peak at 1450 cm~! compared to the control group. This peak is characteristic of
lignin components and signifies symmetrical tension vibrations in C=0 and —-COQO groups
within aromatic rings [71-73]. Moreover, these changes elucidate the influence of functional
groups in the added lime minerals on the wood. Another significant observation is the
increase in the 873 cm ! band relative to the control group, which can be attributed to the
S5i-O-Al stretching mode associated with CaO [74,75]. Additionally, distinct peak bands are
discernible at 430 cm ! [23,76]. Those findings suggest that lime minerals were successfully
grafted into the poplar wood fibers.
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e DTG/TGA analysis

The TGA and DTG thermograms of the control and impregnated black poplar samples
are plotted in Figures 2 and 3.
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Figure 2. TGA thermograms of the control and impregnated black poplar samples.
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Figure 3. DTG thermograms of the control and impregnated black poplar samples.

The provided data in Table 6 summarize the initial decomposition temperature (Ty),
maximum degradation temperature (Tmax), final temperature (T¢), and residual weight
(RW, %) for the wood samples, both impregnated and control, with calcium hydroxide. The
onset of degradation occurred at 140 °C for both the impregnated and non-impregnated
black poplar samples, signifying the removal of water and certain extractive components
from the specimens up to this temperature [77,78]. After 140 °C, the decomposition process
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continued until 476 °C in the control sample, between 494 and 531 °C in the samples
impregnated with the immersion method, and between 532 and 584 °C in the samples
impregnated with the vacuum method. The highest final temperature was determined in
the G sample at 584 °C. The maximum degradation temperature is the lowest value in the
control sample at 329 °C and the highest value in the G sample at 347 °C. From 140 °C to
476 °C, and 584 °C, hemicellulose, the remaining extractives, lignin, and cellulose were
decomposed [22,79]. The residue weight varied depending on the method of impregnation.
The rate of RW at 600 °C in the samples was 16.2% in the control sample (A), between
18.3 and 22.3% in the samples impregnated with the immersion method, and between 19.8
and 24.9% in the samples impregnated with the vacuum method. The TGA study results
showed that as the concentration of calcium hydroxide increased, the heat resistance of the
fibers gradually increased. Additionally, the amount of residue detected in the vacuum
method is slightly higher than in the immersion method. These values are relatively low
when compared with the literature results [80-84].

Table 6. Thermal degradation temperatures and residue weight of black polar samples.

Sample Type Ty (°O) Tmax CC) T¢ (°C) RW at 600 °C (%)
A 140 329 476 16.2
B 140 332 494 18.3
C 140 337 503 18.5
D 140 338 531 22.3
E 140 339 532 19.8
F 140 342 576 24.4
G 140 347 584 249

Tp: Initial decomposition temperature, Tmax: maximum degradation temperature, Ty: Final temperature.

e  SEM analysis

Observation under SEM at high magnifications showed the samples of impregnated
and unimpregnated black poplar (Figures 4 and 5).

Figure 4. SEM topographs of black poplar: (A) control (500x); (E) impregnated sample (1000 x).
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Figure 5. SEM micrographs of impregnated samples of black poplar: (B-D) (500x), (E-G) (1000x).

SEM analysis of impregnated wood material revealed the presence of impregnation
substances concentrated along the wood lumen cell and transition edges. Additionally,
nanoparticles were observed to form clusters within certain regions of the trachea [85]. It
can be seen that the amount of impregnation filling the lumen cell is related to the change
in concentration.

4. Conclusions

This study was undertaken to enhance the surface characteristics and fire-resistant
properties of black poplar wood, a rapidly growing tree species. In pursuit of this ob-
jective, two distinct methods were employed for the impregnation of calcium hydroxide.
In comparison to the immersion method, the vacuum impregnation method produced
better results, showing lower water absorption and thickness swelling values. This resulted
in an increase in hydrophobic characteristics of the wood. Notably, an increase in the
weight percent gain (WPG) ratio corresponded with a successful impregnation process and
a concurrent elevation in limiting oxygen index (LOI) values, suggesting improved fire
resistance. The Fourier-transform infrared (FTIR) analysis findings aligned with the ther-
mogravimetric analysis-differential thermal gravimetry (TGA-DTG) results, demonstrating
an augmentation in residue content as the concentration rate of impregnation increased.
These analyses affirm enhanced fireproof properties. Examination of scanning electron
microscopy (SEM) images revealed some deposits in lumen cell occupancy, indicative
of a successful impregnation process. Additionally, it was observed that while porosity
decreased, surface roughness increased due to the disintegration of structural elements.
This effect, however, led to an increase in contact angle values and the filling of surface gaps
on the poplar wood. In conclusion, calcium hydroxide emerges as an auspicious candidate
for augmenting the fire-resistant attributes of wood materials. The applicability of this
approach should be considered in accordance with specific use cases and the structural
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limitations inherent to poplar wood, thereby facilitating the production of more efficacious
end products.
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