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The ongoing twin transition of the wood-based panel industry towards a green, digital,
and more resilient bioeconomy is essential for a successful transformation, with the aim of
decarbonising the sector and implementing a circular development model, transforming
linear industrial value chains to minimize pollution and waste generation, and providing
more sustainable growth and jobs. This green transition represents an opportunity to place
the wood-based panel industry on a new path of more sustainable and inclusive growth,
tackling climate change and reducing our dependence on fossil-derived raw materials, thus
improving the industry’s resource efficiency and security.

A crucial circular economy principle is exploiting natural resources more effectively to
produce various value-added wood-based products, as the demand for wood and wood-
based components is anticipated to triple between 2010 and 2050. In efforts to promote
effective recycling and reuse, the upcycling of wood and wood-based materials and the
search for substitute raw materials, recent legislative regulations and increased awareness
of social environments have posed new challenges to both industry and academia. These
regulations and laws are related to enhancing the “cascading use” of wood or prioritising
the value-added, non-fuel applications of wood and other lignocellulosic resources.

Wood composites are manufactured from different wood and non-wood lignocellu-
losic raw materials, bonded together with synthetic or bio-based adhesives and used for
particular value-added applications and service requirements [1-9]. Conventional wood-
based composites are manufactured with synthetic, formaldehyde-based resins, commonly
produced from petroleum-based components, such as urea, phenol and melamine [10-13].
The use of these thermoset adhesives has several drawbacks related to the release of harmful
volatile organic compounds, such as formaldehyde emissions from the created wood-based
composites. Free formaldehyde emissions from the created wood-based composites has
been linked to seriously detrimental human health effects, including irritation of the eyes,
nose, throat and skin; nausea (short-term exposure); as well as respiratory problems and
cancer (long-term exposure) [14-18]. The transition towards a circular, low-carbon wood-
based panel industry, increased environmental concerns related to the use of unsustainable
petroleum-based resources and the strict legislative requirements of free formaldehyde
release from engineered wood composites have tremendously increased the research and
development of ‘green’, eco-friendly wood-based composites [19-25], optimal valorisation
of available lignocellulosic resources [26-30], and use of alternative raw materials [31-39].
The adverse free formaldehyde emission from wood-based composites can be mitigated
by coating the surfaces of finished composites, by adding various organic or inorganic
formaldehyde scavengers to synthetic wood adhesives, or by using bio-based, environ-
mentally friendly wood adhesives [40—49]. The manufacture of binderless wood-based
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composites is another viable option since wood as a natural raw material is composed of
biopolymeric constituents, i.e., cellulose, lignin, and hemicelluloses [50-54].

In this Special Issue, 11 well-written, authentic pieces of research and critical anal-
ysis are collated to show instances of recent technological advances in the design, man-
ufacture, characteristics, and future uses of environmentally friendly wood and wood-
based composites.

Barbu et al. [55] investigated and evaluated the physical and mechanical characteristics
of Paulownia tomentosa x elongata plantation wood. These characteristics were determined
taking into consideration the effects of cross section position and stem height. This study
was conducted due to the increased interest in Paulownia as a fast-growing tree species.
The authors came to the conclusion that, in terms of wood density and dimensional
stability, Paulownia plantation wood becomes stable after the fifth year of growth, and they
recommended harvesting trees older than seven years in order to maximise the yield of
sawn wood. This recommendation was made in light of the fact that the authors harvested
trees younger than five years in order to obtain optimal results.

Bamboo is another sustainable and eco-friendly material that has attracted significant
study interest in recent years due to its multiple advantages and abundance, as well as
ability to be recycled and reused. Although bamboo is seen as a promising substitute of
wood, its poor stiffness and culm diameter are the key reasons restricting its widespread
use. To address these issues, bamboo culms can be disassembled into flat thin lamellae
and bonded together with an adhesive to create a certifiable structural material known as
laminated bamboo [56-58].

The components of bamboo-based composites were investigated by Hao et al. [59] for
their bending performance, fracture toughness, and enhancement mechanism. According
to the authors’ reports, the bamboo composites exhibited greater fracture toughness, com-
pared to bamboo itself. Additionally, the composites exhibited longer deformation and
less damage to fibre and parenchymal cell walls. The mechanical strength of cell walls,
particularly parenchymal cell walls, was found to be enhanced by phenol-formaldehyde
resin, as evidenced by an increase in indented modulus and hardness. According to the
authors, the main factor affecting the fracture toughness of bamboo-based composites was
the crosslinking effects of phenol-formaldehyde resin with the cell wall and fibres.

The shear performance of laminated boards fabricated from two Malaysian bamboo
species was studied by Mohd Yusof et al. [60]. The two species studied were seman-
tan (Gigantochloa scortechinii) and beting (Gigantochloa levis). Using phenol-resorcinol—-
formaldehyde (PRF) and polyurethane (PUR) adhesive systems, three-layer laminated
bamboo panels with two lay-up patterns, perpendicular and parallel, and three strip ar-
rangements (vertical, horizontal, and mixed) were fabricated. Board delamination, bamboo
failure, and shear strength were all measured. It was determined that the lay-up pattern
and adhesive type were the primary determinants of shear performance. The authors
reported higher values for shear strength and bamboo failure for laminated bamboo boards
bonded with PRF compared to those bonded with PUR resin. PUR-bonded bamboo, on the
other hand, had a significantly lower rate of delamination, indicating a more durable bond.
Overall, PRF was found to be the superior adhesive for bonding laminated bamboo boards
due to its superior shear performance.

Particleboard made of sengon (Paraserianthes falcataria) wood was fabricated by
Iswanto et al. [61]. In their study, single-layer particleboard with a density of 750 kg.m? was
produced. Urea—formaldehyde (UF) resin added with methylene diphenyl diisocyanate
(MDI) was used as a binder for the particleboard. The physico-mechanical properties of the
resultant particleboards were explored. Four different hot-pressing temperatures (130, 140,
150, and 160 °C) were used to produce the particleboard. Based on a total adhesive content
of 12%, the used UF/MDI mixtures were composed of 100% UF and 0% MDI, 85% UF
and 15% MDI, 70% UF and 30% MDI, and 55 UF and 45% MDI], respectively. Hot pressing
at 140 °C with an adhesive system consisting of 85UF/15MDI produced particleboard
with physical and mechanical properties meeting the requirements for type 8 boards, as
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specified in JIS A5908-2003. Additionally, the particleboard fulfilled the requirements for
type 2 boards according to EN 312 standards.

Another interesting study was carried out by Yusof et al. [62] on the influence of boric
acid pretreatment on bamboo strips. The physical and mechanical performance of the
pre-treated bamboo strips was assessed after boric acid treatment. Adhesion properties
were also studied, as well as the morphological characteristics of the bamboo strips. These
bamboo strips were derived from four widely distributed bamboo species in Malaysia:
Gigantochloa scortechinii, Gigantochloa levis, Bambusa vulgaris and Dendrocalamus asper. Ac-
cording to the authors’ findings, treating bamboo strips with boric acid improved their
wettability, dimensional stability, and mechanical properties, resulting in a greater poten-
tial for use in composite applications. Most importantly, treatment with boric acid may
improve the biological durability of the bamboo strips and broaden the range of potential
applications for these laminated panels in the exterior environment.

The ongoing digitalization of the wood-based panel industry via the adoption of
Industry 4.0 principles and technological advances, referring to enhanced automation and
use of smart, data-driven manufacturing systems, is a prerequisite for the green and digital
transformation of sector, enhancing its competitiveness and sustainability.

Kminiak et al. [63] used a computer numerical control machine for the adaptive control
of cutting processes to examine the impact of various input parameters on processing
wood-based composites (particleboards). The authors conducted experiments to determine
the relationship between feed speed, revolutions, and radial depth of cut, as well as the
equivalence of sound pressure level and milling tool temperature. The obtained results
show that the noise level and temperature of the milling tool were affected by all of the
investigated parameters, with the rate of radial depth of cut having the greatest influence
on the rise in temperature, and the number of revolutions having the greatest influence on
the sound pressure level.

Buildings are designed and constructed with careful consideration given to the se-
lection and application of structural materials that are renewable and friendly to the
environment. When compared to a reinforced concrete road bridge of the same span and
load, the performance of a cross-prestressed timber-reinforced concrete bridge is superior.
Mitterpach et al. [64] used the LCA principle to investigate and evaluate the environmen-
tal performance of each structure. The results show that the timber-reinforced concrete
bridge was more eco-friendly than the steel-concrete road bridges. The findings have
important implications for evaluating the ecological effectiveness of building components
and structures.

Adhering to circular economy practices, which include the upcycling of raw materials
and the increased utilization of by-products to manufacture new products with added value,
Pedzik et al. [65] studied the possibilities of using forest residues generated from Scots
pine harvesting as a substitutional material for manufacturing particleboards. Markedly,
the composites, fabricated from forest biomass residues, exhibited satisfactory mechanical
properties, fulfilling the requirements for type P5 particleboards, suitable for load-bearing
applications for use in humid conditions in accordance with EN 312 standard. However,
the lower dimensional stability of the produced composites allowed their classification as
type P2 particleboards, suitable for internal use (including furniture) in dry conditions.

Particleboard and oriented strand boards (OSB) are two types of wood-based compos-
ite that, if burned, could create a dangerous environment in homes and public buildings.
Markova et al. subjected unfinished particleboards and OSB panels were to radiant heat
testing and evaluation [66]. Mass loss and time-to-ignition of the composites were reported
to be significantly affected by heat flux. The experiment findings reveal that the ignition
time and the temperature at which thermal decomposition occurred were both significantly
higher for OSB panels than for particleboards.

Paulownia (Paulownia tomentosa (Tunb.) X elongata (S.Y. Hu)) sawn wood from three
European plantation sites was studied for its physical and mechanical properties by
Barbu et al. [67]. The results conclusively show that Paulownia wood’s physical and



Forests 2023, 14, 826

mechanical qualities were significantly affected by the growing conditions. Paulownia
wood was found to have a significant promise as an alternative natural feedstock to be
used in specialised applications, such as non-load-bearing structural components and
thermal insulation, despite having inferior physical and mechanical properties compared
to traditional tree species.

Finally, Maulana et al. [68] conducted a comprehensive overview on the latest ad-
vancements in the field of “green,” eco-friendly, starch-based wood adhesives. These can be
used to produce wood-based composites that are non-toxic, have low emissions, superior
properties and a reduced negative impact on the environment. The authors described and
analyzed the vast potential of starch as a cheap and abundant natural feedstock for use in
wood adhesives. New methods of starch modification were also discussed, with the goal of
enhancing the effectiveness of starch-based wood adhesives.

A significant precondition for the ongoing movement toward the production of envi-
ronmentally friendly, high-performance wood-based composites is the industry’s ongoing
transformation from a linear to a circular bioeconomy. This transition is a strong prerequi-
site for this production trend. This Special Issue provides a detailed summary of potential
developments in the design, production and applications of sustainable, environmentally
friendly wood-based composites with enhanced properties and a reduced carbon footprint,
which form the focus of this discussion.
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Abstract: The aim of this study is to analyze the properties of Paulownia tomentosa x elongata plantation
wood from Serbia, considering the influence of the stem height (0 to 1 m and 4.5 to 6 m above soil
level—height spot) and radial position from the pith to bark (in the core, near the bark, and in
between these zones—cross-section spot). The results show that most properties are improved when
the samples were taken from upper parts of the tree (height spot) and from the near bark spot
(cross-section spot). The mean density measured 275 kg/m? at the stem height between 4.5-6 m and
245 kg/m? for the samples collected from 0-1 m trunk height. The density had the highest value
on the spot near bark (290 kg/m?), for the mature wood at a height of 4.5-6 m, and near pith had
a mean density of 230 kg/m3. The Brinell hardness exhibited highest values in the axial direction
(23 N/mm?) and near bark (28 N/mm?2). The bending strength was 41 N/ mm? for the trunk’s height
range of 4.5-6 m and 45 N/ mm? in the cross-section, close to cambium. The three-point modulus
of elasticity (MOR) of the samples taken at a stem height of 4.5 to 6 m was up to 5000 N/mm?, and
on the spot near bark, the MOR measured 5250 N/ mm?. Regarding compressive strength, in the
cross-section, near the pith, the mean value was the highest with 23 N/ mm? (4.5-6 m), whilst it
was 19 N/mm? near bark. The tensile strength was, on average, 40 N/ mm? for both 0-1 m and
4.5-6 m trunk height levels and 49 N/mm? between bark and pith. The screw withdrawal resistance
measured 58 N/mm for the samples extracted at a stem height of 4.5 to 6 m and 92 N/mm for the
specimens collected near pith. This study stresses the influence, in short-rotation Paulownia timber,
of indicators, such as juvenile and mature wood (difference emphasized after the fifth year of growth)
and height variation, on the physical and mechanical properties of sawn wood. This study will help
utilize more efficient sustainable resources, such as Paulownia plantation wood. This fast-growing
hardwood species from Europe is adequate as a core material in sandwich applications for furniture,
transport, sport articles, and lightweight composites, being considered the European Balsa.

Keywords: Paulownia; wood properties; position in stem; plantation wood; Balsa

1. Introduction

Paulownia is a fast growing tree that originates in Asia, having at least nine species
within the family [1]; Paulownia tomentosa (Thunb.), Paulownia elongata (S. Y. Hu), and Paulownia
fortunei (Seem.) Hemsl. are intensely used and studied [2—4]. Paulownia hybrids can combine,
for example, Paulownia tomentosa x elongata [5] or Paulownia elongata x Paulownia fortunei [6,7].
In Europe, the most studied clones are Paulownia in vitro 112—Oxytree [1,8,9], BIO 125 [10],
or Cotevisa 2 [11].
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In the last decades, interest for agroforestry plantations of Paulownia for industrial
use has risen in Europe. As a result, the ecological footprint of Paulownia lumber from
Asia is diminished due to elimination of oversea transport costs. Paulownia plantations
contribute to the scaling down of soil hazards by tree intercropping in farmlands [7] and
crop fields. For example, when intercropped with wheat, the production rate was increased,
similar to the increase in ginger production [12]. It is recommended to intercrop Paulownia
with winter crops and vegetables, considering that the trees in the dormant season will not
compete for water and nutrients during the cold season [13]. Paulownia protects systems
against erosion, flooding, or wind damages [14], reduces soil degradation (by absorbing
heavy metals), diminishes air pollution (by cleaning the air of harmful gases due to its huge
leaves), and improves the microclimate [15].

Paulownia’s bark is commonly processed with its wood because the bark is thin,
difficult to remove, and accounts for less than 1% of the overall volume [16].

This species arrived in Europe over a century ago as a decorative tree. Paulownia and
its hybrids were naturalized in Europe after an adjustment process dependent on climatic
zones and soils. Literature on the properties of Paulownia wood sourced from European
plantations is in continuous development, yet still scarce [1], considering that studies on its
properties commenced a decade ago on the old continent [7].

This tree is renowned due to it being fast growing with a low density of 260 to
300 kg/m? [5], gaining in the last period the nickname of “European Balsa” [3] or the
aluminum of wood. The density correlates sharply with other physical and mechanical
properties and influences the woodworking and drying processes. The maximum moisture
content of this wood species measures 350% [17]; therefore, kiln-drying schedules should
be attentively selected and controlled. Paulownia air-dried wood is normally without
drying defects [18].

The fiber saturation point is 31.15% for Paulownia fortune and 29% for Paulownia
tomentosa. The chemical composition of the cell wall is as follows: 51% cellulose, 30%
hemicellulose, 23.5% lignin, and 11.8% extractives [17]. Depending on the species, the
porosity of Paulownia ranges between 75 and 88% [19].

Since the end of the last century, several countries, such as Austria, Italy, France, Serbia,
Spain, Romania, Bulgaria, Hungary, Israel, and Ukraine, are experimenting with Paulownia
plantations [4,7,20]. Paulownia was gradually introduced in South America (Argentina,
Brazil, Paraguay) and Australia and is used for timber production [2]. Paulownia exhibits
facile processability [21], acceptable fire resistance, and high rate of carbon absorption [22].
Magar et al. [12] calculated a rate of 33 t CO, per hectare per year for Paulownia. Paulownia
implemented in agroforestry systems can help to reduce the greenhouse emissions in cities
and neighborhoods of farmhouses, highlighting the carbon storage potential, which is about
50 fold, 30 fold, and 20 fold higher compared to oak, beech, and lime trees, respectively [23],
and at least 10 times more than any other tree species [24].

An adult Paulownia tree has a trunk of 10 to 20 m, with an increment of about 3 m/year
and a 40 cm diameter [25]. Harvesting of 15-year-old Paulownia trees from plantations with
about 2000 trees per hectare results in valuable timber [26]. Paulownia wood is used for
furniture construction [26], packaging, plywood, solid wood products (single-layered), and
pulp production [27]. The increased content of holo-cellulose (81%) determines a higher
pulp yield and acceptable strength properties [17]. Paulownia wood is also interesting
because it does not crack or warp and is not susceptible to decay [28]. It is light-colored, soft,
easy to carve, dimensionally stable, generally knot free and straight-grained [18], uniform
texture, and clear after plaining [4]. The absence of knots and fibers that run parallel to the
longitudinal axes are due to appropriate Paulownia plantation management, considering
the orientation (southern facing exposure with wind protection) and well-drained soil
(pH-value of 5-8). The tree should be irrigated until the root system is robust [29]. The
Paulownia is a light-loving tree and even slight shade can cause deformation in saplings.
At 70% shade, the younger trees can be completely damaged. Paulownia trees are coppiced
(the sapling is cut back to ground level, to determine the formation of a new shoot) during
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the second year of life (technical cut, maintaining 2 cm of plant) [30]. Only the best buds
will be selected to fully grow [29]. When the saplings are 2 or 3 years old, the pruning
should be done during the growing season, when new branches develop. The purpose
of the pruning is to raise the value of the timber by gaining much cleaner roundwood
(without knots). Unnecessary lateral branches should be removed; the branches of the
crown, however, should not be cut during the year of their emergence, since they will
constitute the sympodial monochasium of the trunk [29]. The condition is to keep the first
6—7 m of the stem clear of branches (75%) for a stem height of 7-8 m; after this height, the
canopy can be allowed to reach its natural shape [30].

Lower quality Paulownia trunks can serve as raw materials for biomass and biofu-
els [5], with potential for second generation bioethanol production [31]. The phenolic
compounds in Paulownia have antioxidant properties; therefore, can be used for medical
purposes [12]. In Asia, different elements as leaves, flowers, fruits, and barks were used for
centuries and served as traditional medicines [31].

Paulownia could be considered invasive according to [3,32,33]. Invasive tree species
are able to survive, to reproduce, and to spread over the landscape, sometimes at disturbing
quotes [34], aggressively competing with native plants. As reported by [35], the spreading
of this tree species can be considered as high or wide-ranging. Paulownia is not included
in the updated list of invasive alien species of the European Union [36].

To analyze the potential of Paulownia timber, is important to scrutinize the properties
of the length and cross-section of the tree stem. In this way, the influence of juvenile and
mature wood on the physical and mechanical properties of Paulownia plantation wood can
be studies. In most species, juvenile wood has a low density [37], not only in plantation, but
also in naturally grown trees. This can be attributed to the shorter tracheids (for softwood)
and fibers (for hardwood) with thinner cell walls. Transverse shrinkage is lower in a vast
majority of wood species. Juvenile wood has a significantly lower modulus of rupture,
modulus of elasticity, and reduced compressive and tensile strength [37]. Wood properties
of short-rotation plantation Paulownia trees can be controlled competently through forest
management. In general, the longer the rotation age, the more mature wood is harvested;
therefore, the better the mechanical properties for productive purposes. Estevez et al. [6]
estimated a minimum of 5 years for felling of Paulownia for its use as solid fuel (pellets)
and as solid wood

This research is a follow-up study of [5]. The aim of this study is to assess the properties
of Paulownia tomentosa x elongata plantation wood from Serbia, cut from different trunk
heights, namely 0-1 m and 4.5-6 m, and from three cross-section sites (near to bark, near to
the pith, and in between.

2. Materials and Methods

The raw material was provided by Glendor Holding GmbH Company (Kilb, Austria)
from a Paulownia plantation in Serbia (Figure 1). It consisted of two Paulownia tomentosa x
elongata trees (7 years old) cut at different stem heights (0-1 m and 4.5-6 m), resulting in 4
logs (Figure 2).

The logs were labelled 1-4, with log 1 and 2 belonging to the first tree and log 3 and 4
to the second tree (Figure 2).

The logs 1 to 4 were processed to sawn wood (Figure 3). Stem 1 and 3 were extracted,
at 0-1 m height, arising from the ground. Stem 2 and 4 were cut from the tree trunk
at a height of 4.5-6 m (Figure 4). These two stem height levels were chosen due to log
cleanliness and knots-free areas without growth defects.

11
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Figure 2. Four Paulownia logs extracted from two trees at different heights (0-1 m, 4.5-6 m).
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Figure 3. Marking of Paulownia sawn wood in the cross-section prior to the preparation of

testing specimens.

6 m) selected after harvesting for the

0-1 m and 4.5

Figure 4. Two spots on the Paulownia stem (

research investigation.
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F 3

The diameters of the four logs and cutting direction (parallel and perpendicular to the
grain) are presented in Table 1.

Table 1. Diameters of Paulownia logs depending on stem height.

Log (Extraction Position) Diameter (cm)
1 (0-1 m) (cut parallel to the grain) 32
2 (4.5-6 m) (cut parallel to the grain) 27.5
3 (0-1 m) (perpendicular to the grain) 26
4 (4.5-6 m) (perpendicular to the grain) 21

The sawn wood extracted from stems was labelled using letters from A to F (Figure 3).
The codification used to characterize the position in the cross-section was K—assigned
for the core area, A—assigned for the outer area, and M—assigned for the middle area
between the core and outer area (Figures 3-5). Determination of the properties within
the cross-section was carried out at the low and high height levels and the mean value
was calculated. The samples were extracted from the cross-section from sawn boards,
eliminating the spots with pith, and were divided equally for the spots representing the
core, middle, and edge. The results are shown in Figure 5. The samples were straight
grained and generally knot free.

Y

Middle Core Core Middle Edge

Figure 5. Radial areas from the pith to margins (core, middle, and edge) for the extraction of
the samples.

Prior to testing, the raw material was conditioned at 20 °C and 65% relative air
humidity for at least 30 days, until a constant mass was achieved. The moisture content
after conditioning was 12%.

Several tests were carried out according to EN, ISO, and DIN norms to determine the
physical and mechanical properties of Paulownia plantation wood from Serbia (Table 2),
differentiated through the position in trunk and in the cross-section. The mechanical
properties were tested with the Zwick Roell 250 universal testing machine (Ulm, Germany)
and Emco Test Automatic (Hallein, Austria).
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Table 2. Test preparation for Paulownia wood samples: norms, dimensions, and number of
testing specimens.

Test Norm Number of Sample Dimension
Samples [mm]
Swelling and shrinkage DIN 52184:1979-05 12 20 x 20 x 10
Bulk density (kg/m?) ISO 3131:1996 12
Brinell hardness (N/mm?) EN 1534:2011-01 10 50 x 50 x 10
3-point modulus of elasticity (MOE) (N/ mm?) DIN 52186:1978-06 12 20 % 20 x 360
3-point modulus of rupture (MOR) (N/mm?) DIN 52186:1978-06
Compressive strength (N/mm?) DIN 52185:1976-09 12 20 x 20 x 50
Tensile shear strength (N/mm?) DIN 52188:1979-05 16 20 Xb6 at predetermined
reaking point
Screw withdrawal resistance (N/mm) EN 320:2011-07 12 50 x 50

3. Results and Discussion

This section presents the results of the tests regarding density, sorption behavior,
Brinell hardness, three-point modulus of rupture, three-point modulus of elasticity, com-
pressive strength, tensile shear strength, and screw withdrawal resistance, measured at
0-1 m and at 4.5-6 m in the tree trunk height and also depending on the position in the
cross-section (near to bark, in the core near the pith, and in between these two areas).

3.1. Density

Within the same tree, significant variations in density occurred from the bark to the
pith, and up the trunk from level ground [38]. Variations in density in the cross-section of
the stem are correlated with the amount of juvenile and mature wood [37]. Compared to
mature wood, juvenile wood is characterized by a lower density, that increases significantly
with new growth rings [4].

The density of Paulownia samples, measured according to ISO 3131:1996 [39], increases
at 4.5-6 m (Figure 6). The average value of the bulk density at the basal portion of the
stem (0-1 m) measured 245 kg/ m3, and ata height of 4.5-6 m, it was 274 kg/ mS3 (30 kg/ m3
difference in density between these height spots). The wood extracted from the upper part
of Paulownia stem (4.5-6 m) has a higher bulk density, which can be explained by the
longer fiber length and lower microfibril angle. This tendency can be considered atypical,
because for most of tree species, the samples extracted from the top part of the tree have
lower density and strength properties [38,40].

In the cross-section, the bulk density increases from the core (near pith) to the edge
(Figure 7). Near the bark (edge), the density was measured at 289 kg/m3, in the middle
it was 257 kg/m?, and in the core it was 232 kg/m3. There is a clear difference between
juvenile (pith) and mature wood (near bark), with the former exhibiting a higher density
due to longer fibers and considerably thicker cell walls [37]. This progressive increase
in bulk density, from 202 kg/m? at the first ring (juvenile wood) towards 270 kg/m3 for
the sixth ring (mature wood), was determined by [4], who demonstrated that there is no
significant difference in densities between the fifth and sixth rings. This suggests that the
wood from the first to fourth rings can be considered juvenile wood, and from the fifth
ring it can be considered mature wood. Besides a lower density, juvenile wood has a larger
microfibril angle than mature wood [38].
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Figure 6. Density of Paulownia samples depending on the position in the tree trunk (0-1 m, 4.5-6 m).
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Figure 7. Density of Paulownia samples depending on the position in the cross-section (edge, middle, core).

Similar density ranges, but with no other details about the sample’s spot and origin in
tree, were reported in the study of Akyldiz and Kol [25], with a mean value of 272 kg/m?
for the basic species Paulownia tomentosa from Turkey. Esteves et al. [6] measured a density
of 460 kg/m?3 for Paulownia wood sourced from Portugal, which is way higher than the
density of spruce with 430 kg/m?> according to [41]. The lowest density of 216 kg/m?
for a Paulownia plantation wood in Spain was reported by [19]. Jakubowski [7] showed
that, at a 12% moisture content, Paulownia wood density varies from 220 to 350 kg/ m?3,
with an average value of 270 kg/m?. This variability in density is justified by the growth
conditions (soil, temperature, climate). Densities higher than 400 kg/ m? were determined
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for Paulownia tomentosa in Turkey [25] and Portugal [6], and for Paulownia Siebold and Zucc.
(from Bulgaria) [42].

3.2. Sorption Behavior

Figure 8 shows that the sorption behavior of wood, determined according to DIN
52184:1979 [43], was minimally influenced by the position in the tree stem. The mostly
increased swelling was measured in the tangential section. In the axial and radial direction,
wood swelling is less, as described by [38].

Axial0—1m Radial 0 — 1 m Tangential 0 — 1 m
Axial 4.5-6m Radial 45 -6 m [ Tangential 4.5-6m
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Figure 8. Sorption behavior in the axial, radial, and tangential direction of Paulownia samples
extracted at 0-1 m and 4.5-6 m from the tree stem.

From Figure 9, the results show that in the axial direction, the wood swelling was the
lowest (0.199%). In the radial direction, the shrinking was higher (0.456%). The differential
swelling and shrinkage in the tangential direction was the highest (1.266%), which was also
highlighted by [38].

B Axial Edge Radial Edge Tangential Edge
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Figure 9. Sorption behavior in the axial, radial, and tangential direction of Paulownia samples
extracted from the edge, middle, and from the core of the tree.

The samples seized from the edge of the stem showed very similar shrinkage compared
to the samples extracted from the middle area of the cross-section. For example, the samples
tested in the axial direction extracted from the edge area measured a shrinkage of 0.186%,
whereas the shrinkage of the testing specimens extracted from the middle area was 0.199%.
The shrinkage of the samples tested in the tangential direction showed only minimal change.
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In the cross-section, an average shrinkage of 1.394% in the edge area, 1.422% in the middle
area, and 0.981% in the core area were measured.

Similar values of shrinkage, in all cutting directions, were determined by [4]. For the
first and second year rings, the longitudinal shrinkage was under 0.25%, decreasing towards
areas with mature wood (fifth and sixth annual ring) to 0.1%. The radial shrinkage had
similar mean values in the stem’s cross-section. The tangential shrinkage exhibited higher
values for the first ring (6%), with a 25% decrease towards mature wood in the sixth ring [4].
These values are consistent with the findings of [17,44,45]. The high microfibril angle of
juvenile wood is one of the main parameters that influences shrinkage and shrinkage
anisotropy [46].

It is important to emphasize the lower swelling ratios of Paulownia wood, which
can be associated to narrower core rays [7]. The medullar rays control the wood in radial
direction and determine swelling up to 4% [47]. Moreover, the narrow core rays did not
influence higher swelling rates in the tangential direction [5]. It was observed that juvenile
wood had the lowest transverse shrinkage, which is consistent to the study of [37]. The
swelling and shrinkage behavior of wood is correlated with the bulk density, the proportion
of latewood, the anatomical structure, and the lignin amount. The low longitudinal swelling
or shrinkage is due to the orientation of the fibrils in the longitudinal direction and the
relatively low proportion of cell walls lying transverse to the direction of the fibers [38].

3.3. Brinell Hardness

Brinell hardness (HB) [48] increases with height in all main sections (axial, radial, and
tangential) (Figure 10). The HB values were, on average, one third higher for the samples
originating from a height of 4.5-6 m of the tree stem, especially in the axial direction.
For the samples collected from a height of 0 to 1 m from the stem, the Brinell hardness
was 4.16 N/mm? in the radial direction, 5.21 N/mm? in the tangential direction, and
17.87 N/mm? in the axial direction. For the samples extracted from log at the height of 4.5
to 6 m, these values of Brinell hardness increased in the radial direction to 6.98 N/mm?, in
the tangential direction to 6.24 N/ mm?, and in the axial direction to 23.23 N/mm?. There
is a direct correlation between Brinell hardness and density [38].
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Figure 10. Brinell hardness in the axial, radial, and tangential sections of Paulownia samples extracted
at 0-1 m and 4.5-6 m from the tree stem.

By analyzing the tree stem cross-section (Figure 11), Brinell hardness (HB) in the radial
direction tended to increase from the seventh to the first growth ring. Near bark, HB in the
radial direction was 5.19 N/mm? and increased to 7.65 N/mm? near the pith.
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Figure 11. Brinell hardness in the axial, radial, and tangential section of Paulownia samples extracted
from 10%, 50%, and 90% from the cross-section of Paulownia’s tree stem.

At the seventh growth ring, near the bark, the tangential HB value was 5.87 N/mm?,
and near the pith (first ring), it reached 5.32 N/mm?, which showed only a slight downward
tendency.

The values of the HB in the transversal direction measured a maximum of 27.61 N/mm?
on the seventh ring. In the middle area (between the third and fourth rings), HB was the
lowest at 15.23 N/mm?. Near the first growth ring, HB was 22.85 N/mm?.

The low values of Brinell hardness were influenced by the low density of Paulownia
wood, determining an increased indentation. Under a load parallel to the direction of
the fibers, HB is at least 2.5 fold greater than the hardness in the radial or tangential
direction [38]. Brinell hardness of Paulownia tomentosa x elongata plantation wood increases
from the first to the sixth rings and measures the highest values in the longitudinal direction,
as suggested by [4]. In the transversal direction, Paulownia hardness increases at the upper
part of the tree stem.

In the axial direction, at a trunk height of 0-1 m, the HB value was similar with the
findings of [1,5,25,42], but at a height of 4.5 to 6 m, the maximum of 35 N/ mm? calculated
in the present study had no equivalent in the studied literature. Akyldiz and Kol [25]
determined a maximum of longitudinal HB of 19 N/ mm?, 9 N/mm? in the tangential, and
8 N/mm? in the radial direction. Lower values of HB were determined by [49] as follows:
10.61 N/mm? in the longitudinal direction, 5.63 N/mm? in the tangential direction, and
5.46 N/mm? in the radial direction. A comparison with other studies regarding HB of
Paulownia samples extracted from different positions of the stem height is not yet possible
considering state of the art of Paulownia short-rotation plantation wood.

3.4. Modulus of Rupture (MOR) and Modulus of Elasticity (MOE)

The three-point MOR, determined according to DIN 52186:1978 [50], exhibits the same
tendency as bulk density (3.1): it increases with height (Figure 12) and it is at its highest
near the bark (Figure 13). MOR was 33.9 N/mm? at a height of 0-1 m and 41.18 N/mm? at
a height of 4.5-6 m. On the edge (Figure 10), MOR had an average value of 44.78 N/mm?.
In the central area, MOR was 33.44 N/mm?Z, and in the core area, it was 31.27 N/mm?.
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Figure 12. Modulus of rupture of Paulownia samples extracted at 0—1 m and 4.5—6 m from the
tree stem.
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Figure 13. Modulus of rupture in the cross-section of the Paulownia’s tree stem.

These MOR values are consistent with the interval of 23.98-43.56 N/mm? presented
in the review study of [7]. Lachowicz and Giedrowicz [19] reported values from similar
up to double at 23.89-53.17 N/mm?, with an average of 38.63 N/mm?. Esteves et al. [6]
measured a higher three-point flexural strength of 53.5 N/mm? for Paulownia plantation
wood from Portugal.

In the trunk area of 0—1 m, the MOE was 4123.75 N/mm?, and at a height of 4.5-6 m,
it was 4941.22 N/mm? (Figure 14).
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Figure 14. Modulus of elasticity of Paulownia samples extracted at 0—1 m and 4.5—6 m from the
tree stem.

For the trunk cross-section, a decreasing tendency of MOE can be observed from the
edge towards the core (Figure 15). On the edge, an average bending modulus of elasticity
was measured as 5249.37 N/mm?. In the core area, MOE was significantly lower, namely
3842.75 N/mm?.
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Figure 15. Modulus of elasticity in the cross-section of the Paulownia’s tree stem.

Relatively similar values were reported by [5], from 4500 to 4900 N/m?. Almost half of
these values, namely 1900 N/mm?, was MOE analyzed by [19]. The bending properties of
Paulownia were significantly influenced by the density and porosity of the wood. Kiaei [17]
measured a high porosity rate of 83% for Paulownia species sourced from Iran. In this
study, MOR was, on average, 41 N/ mm? and MOE was 3740 N/mm?2, which are consistent
with the finding of this study considering a trunk height of 0-1 m and the area positioned
between the pith and near the bark of the samples of Paulownia sourced from Serbia.
The high microfibril angle (mostly of juvenile wood) significantly influenced the elastic
behavior of Paulownia plantation wood. A comparison with other studies regarding elastic
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properties of Paulownia samples extracted from different height positions from the stem or
cross-sections cannot be made considering insufficient data on Paulownia plantation wood.

3.5. Compressive Strength

The compressive strength, according to DIN 52185:1976 [51], of Paulownia wood is
highest at a height of 4.5-6 m, with a value of 23.41 N/mm?, and also at the edge of the
log cross-section, with 25.11 N/mm? (Figures 16 and 17). At the height of 0-1 m, the
compressive strength reached 19.41 N/mm?. By scrutinizing the compressive strength
of the samples extracted from the trunk’s cross-section, the compressive strength in the
middle area was 18.65 N/mm? and in the core area 19.25 N/mm?.
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Figure 16. Compressive strength of Paulownia samples extracted at 0—1 m and 4.5—6 m from the
tree stem.
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Figure 17. Compressive strength of Paulownia samples extracted from the cross-section.

The compressive strength of Paulownia wood analyzed in the present study is similar
to the findings of [5], where compressive strength ranged from 19 to 23 N/mm?. Higher
values were reported by [25], of 26 N/mm?, and significantly higher values (36 N/mm?)
were measured by [52]; however, much lower values, 14 N/ mm?, have been reported in
the study of [19]. A comparison with other studies regarding the compressive strength of
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Paulownia samples extracted from different positions from stem height or cross-section
cannot be made yet considering state of the art of Paulownia short-rotation plantation wood.

3.6. Tensile Strength

Tensile strength, according to DIN 52188:1979 [53], decreases slightly when the samples
were extracted from the top part of the tree (4.5 to 6 m) (Figure 18). The average value of the
tensile strength was 40.44 N/mm? from 0-1 m height and 39.85 N/mm? from 4.5-6 m height.
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Figure 18. Tensile strength of Paulownia samples extracted at 0—1 m and 4.5—6 m from the tree stem.

It can be observed that in the core area of the tree trunk, the tensile strength decreased
significantly (31.07 N/ mmz), because the density in the core is very low and, therefore,
the wood can undergo little tensile stress. Between the bark and pith, the tensile strength
reached a maximum average value of 49 N/mm?. The tensile strength near the bark was
40.94 N/mm? (Figure 19).
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Figure 19. Tensile strength of Paulownia samples extracted from the cross-section.

The results of tensile strength are consistent with the findings presented by [5], from
36 to 44 N/mm? and 33 N/mm?, and as reported by [44]. A comparison with other studies
regarding the tensile strength of samples extracted from different positions of the stem
height or cross-section are not yet available.

3.7. Screw Withdrawal Resistance (SWR)

The higher the position of the extracted samples in the tree trunk, the higher the screw
withdrawal resistance (SWR). SWR was determined in concordance to EN 320:2011 [54]. In
the area close to the ground (0-1 m), the mean value of SWR was 54.77 N/mm, and at a
height of 4.5-6 m, it reached 57.82 N/mm (Figure 20).
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Figure 20. Screw withdrawal resistance of Paulownia samples extracted at 0-1 m and 4.5-6 m from
the tree stem.

In the stem cross-section (Figure 21), SWR measured 55.39 N/mm between the fifth
and seventh annual ring, 47.93 N/mm in the middle area (third to fourth growth ring),
and near the second and first annual ring, it was 41 N/mm. Typical values of SWR range
from 31 to 57 N/mm, per the results from the studies of [5,25]. Akyldiz [55] determined
significantly lower SWR in the tangential, radial, and transversal direction for Paulownia
tomentosa Steud., namely 19 N/mm, 18 N/mm, and 16 N/mm for the samples with a
moisture content of 12%.
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Figure 21. Screw withdrawal resistance of Paulownia samples extracted from the cross-section.

4. Conclusions

The present study assessed the physical and mechanical properties of Paulownia
plantation wood, which were determined considering the tree stem height and position
in the cross-section (near the bark, in the core, and in between these areas). The sampling
height and cross-section site are of importance to any studies and in the processing of
Paulownia plantation wood.

Fast-growing sawn wood from short-rotation plantations consists mostly of juvenile
wood, with a lower density and larger microfibril angle than adult wood. There are
clear differences between mature and juvenile wood, with higher strength properties for
the former. Juvenile wood has a considerably lower modulus of rupture and elasticity,
and maximum crushing strength in compression to that of mature wood. The relatively
lower values of overall mechanical properties are dictated by density, with an average of
270 kg/m?3. Moreover, the results of this study indicate that Paulownia tomentosa x elongata
plantation wood stabilizes from the fifth year of growth in terms of material density and
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shrinkage. For practical purposes, it should be considered the transition from juvenile
to mature wood and the fact that high quality Paulownia timber can be harvested when
the trees are older than 7 years. In this way, the yield of quality Paulownia sawn wood
increases substantially.

Paulownia sawn wood extracted from the upper part of tree trunk (4.5-6 m) has a
longer fiber length and lower microfibril angle, hence a higher bulk density that signifi-
cantly influences the mechanical properties. This tendency can be considered atypical for
Paulownia, because for most tree species, the samples extracted from the top part of the
tree have lower density and strength properties.

There are large fluctuations in strength within a log and, therefore, large variations
in mechanical properties. This could be important in raw material assessing, processing,
targeting the added value and sustainable new products.

Due to its physical and mechanical properties Paulownia wood cannot be used in for the
manufacture of structural components, where strong criteria are imposed for CE certification.

For further investigations, it is important to pay closer attention to the properties
of Paulownia lumber depending on the position in the stem. A precise determination
of wood characteristics should involve collecting samples from the whole tree height, at
different tree ages, with a maximum of 15 years, that deliver the best yield for Paulownia
short-rotation plantation timber.
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Abstract: This paper investigated the fracture toughness and enhancement mechanism for each
component in bamboo-based composites at the cellular level. In situ characterization techniques
identified the fracture behaviors of bamboo-based composites in three-point bending tests, and
scanning electron microscope (SEM) further visualized the crack propagation of the fracture surface.
In addition, the improvement mechanism of bamboo-based composites was illustrated by mechanical
properties at the cellular level assisted with nanoindentation tests. Our in situ test results showed that
the bamboo-based composites exhibited a longer deformation and higher bending load compared
with bamboo. The fracture was non-catastrophic, and crack propagated in a tortuous manner
in bamboo-based composites. Microstructural analysis revealed that phenol-formaldehyde (PF)
resin pulled out and middle lamella (ML) breaking rather than transverse transwall fracturing
occurred in parenchymal cells. The higher density of fibers in the bamboo-based composites triggered
massive interfacial delamination in the middle lamella (ML), which was a weak mechanical interface.
Furthermore, indented modulus and hardness illustrated that phenol-formaldehyde (PF) resin
improved the mechanical strength of cell walls, especially parenchymal cells. The crosslinks of PF
resin with the cell walls and massive fibers were the primary mechanisms responsible for the fracture
toughness of bamboo-based composites, which could be helpful for advanced composites.

Keywords: fracture behaviors; fibers; in situ bending tests; mechanical properties; parenchymal cells;
bamboo-based composites

1. Introduction

Bamboo is a biodegradable, rapidly renewable, and high-yielding natural material on
Earth [1,2]. Bamboo is composed of fiber cells, parenchymal cells, and vessels. The stiff
fibers embed into the soft parenchyma ground exhibiting remarkable mechanical strength
and fracture toughness, which has traditionally been used in the building industry, such
as flooring, roofing, walls, and scaffolding [3,4]. However, bamboo is highly variable in
mechanical properties owing to its hollow structure [5,6]. These unique characteristics
require great attention to bamboo-based panels or engineered products (bamboo plywood,
laminated bamboo lumber, bamboo particleboard, bamboo scrimber), in which component
preparation and adhesives bonding are critical to the manufacturing process to reduce the
environmental load [7,8]. Bamboo is a natural functional hierarchical structure material
composed of orientated stiff fibers and a soft parenchyma matrix [9-11]. At a macroscopic
scale, vascular bundles display a decisive role in the mechanical properties of bamboo; how-
ever, the parenchyma tissues contribute to transferring the stress. At the microscopic level,
fiber cell walls have a multilayered wall structure with a tiny lumen, and the parenchymal
cells have a thin wall and larger lumen [12-17]. Getting a deep study on the improve-
ment mechanism of different components in the bamboo-based panel could be helpful in
designing biomimetic polymeric composites.
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More research efforts have been made recently in studying the mechanical properties
and toughness mechanism by observing the fracture behavior of the hierarchical structure
in bamboo with the assistance of in situ mechanical testing, particularly at the cellular
level [18,19]. Among these efforts, most studies indicated that fiber gradient distribution
and parenchymal tissue displayed different fracture behavior under bending tests [9,10].
Parenchymal cells were weak points [18]; however, the oriented stiff fibers were attributed
to inhibiting crack growth as the bamboo fractured [19].

Bamboo scrimber is composed of bamboo fibers arranged in parallel with adhesive,
showing excellent strength and quality by condensation of fiber and bonding resin [20-35].
The study focused on investigating the structure—property relationships in the bamboo
scrimber. To preserve the morphology of fibers and parenchymal cells, the bamboo-based
composites in this study were prepared by the inside and outside thin bamboo strips.
Specially, we focus on the bending performance and fracture toughness of bamboo-based
composites. In situ bending tests were conducted to prevent the fracture behaviors of
bamboo-based composites. In addition, the fracture characteristics were observed by Field-
emission scanning electron microscope (SEM). Finally, nanoindentation tests were used to
illustrate the mechanical properties at the cellular level.

2. Materials and Methods
2.1. Samples Preparation

The 4 years old moso bamboo (Phyllostachys pubescens Mazel ex H.de Lehaie) was col-
lected from Zhejiang province in China for this study. The bamboo wall was 8-10 mm thick,
and the diameter at breast height was 120 mm. Samples were taken from the internodes
located at the culm height of 2 m. Then, the specimens were kept in an environment of 65%
relative humidity and a conditioning chamber (25 °C) until an EMC of 10%—-12%.

The distribution of vascular bundles in bamboo followed a gradually increased order
from the inner to the outer part along the radial direction showing a hierarchical charac-
teristic, as presented in Figure 1A. Bamboo was sliced into two pieces of ~1 mm thickness
strands from the inner and outer parts (Figure 1B) to prepare the bamboo-based composites
made from the different zone of the bamboo portion. The densities of inner and outer bam-
boo were 0.65 g/cm? and 0.9 g/cm?, respectively. The making process of bamboo-based
composites was as follow: firstly, the bamboo strips from the inner and outer part with a
dimension of 100 (I) x 10 (t) x 1 (r) mm® were immersed in a 15% aqueous solution PF
resin for 12 h. Then, samples were kept under ambient conditions for 12 h and were then
oven dried at 50 °C for 2 h. After oven drying, the specimens were conditioned at 60%
relative humidity (20 °C) to regulate moisture content. Four oven-dried resin-impregnated
specimens of each part were parallel glued and pressed at 150 °C under 3 MPa to obtain
bamboo-based composites with a dimension of 100 (1) x 10 (t) x 2 (r) mm? (Figure 1C), and
the density of bamboo-based composites is 1.10-1.15 g/cm?. The specimens were kept in
an environment of 60% relative humidity and a conditioning chamber to EMC of 10%-12%.

2.2. In Situ Mechanical Tests

The in situ bending tests were conducted in an SEM chamber (Quanta 2000, FEI,
Hillsboro, OR, USA) with a miniature mechanical testing device (Microtest 2000, Deben
Ltd., East Grinstead, UK) equipped with a maximum load capacity of 660 N (Figure 1D).
For the three-point bending tests, five samples were cut from the middle of the scrimber
(Figure 1E). The inner and outer parts of bamboo were also obtained as a control group
(Figure 1E). Then, the samples were polished by a sliding microtome. The dimension of
inner bamboo, outer bamboo, and bamboo-based composites was 30 (I) x 2 (t) x 4 (r) mm?,
30 (1) x 2 (t) x 4 (r) mm?, and 30 (1) x 2 (t) x 2 (r) mm? to obtain the load—displacement
curves. To obtain the microscopic images with equal precision, the dimension of inner
bamboo, outer bamboo, and bamboo-based composites was 30 (I) x 2 (t) x 2 (r) mm?.
The three-point bending tests were conducted according to the Chinese standard of GB/T

15780-1995 and the fracture process of the samples during bending tests was examined in
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real-time. The crack initiation and propagation mechanism in bamboo-based composites
and bamboo could be characterized simultaneously by the SEM images. The in situ tests
were taken at room temperature with an acceleration voltage of 5 kV.
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Figure 1. Schematic of test samples preparation. (A) images of bamboo culm; (B) bamboo strips
from the inside and outside; (C) bamboo-based composites; (D) bending tests; (E) flexural bending
configures of bamboo-based composites (mode A) and bamboo strips (mode B).

2.3. Morphology Characterization

Bending-induced fracture appearances of specimens were produced by a field-emission
scanning electron microscope (SEM, Hitachi, S-4800,Tokyo, Japan). Five specimens with a
dimension of 5 (I) x 2 (t) x 2 (r) mm?® were plated with gold, and the acceleration voltage
was 10 kV. The SEM experiments were operated at ambient conditions.

2.4. Nanoindentation and Dynamic Modulus Analysis

The nanoindentation and dynamic modulus maps tests (Hysitron TI 980 TriboIndenter,
Bruker, Germany) measured the mechanical properties of the cell walls in the bamboo-based
composites. Five samples with a size of 5 (1) x 1 (r) x 1 (t) mm? were prepared by grinding
and polishing to obtain a smooth surface. The Berkovich tip was loaded to a 10 mN peak at
a 20 uN-s~! rate and then held at a constant load for 5 s. The hardness and reduced elastic
modulus were calculated from the positions on each wall layer and middle lamellae (ML)
in fiber cells and parenchymal cells in bamboo-based composites. After indentation, the in
situ scanning probe microscopy images observed the indents’ position and morphological
characteristics. The nanoindentation tests were taken at room temperature.

3. Results
3.1. The Fracture Behavior of Inner Bamboo-Based Composites

The load—-displacement curves for in situ bending tests of bamboo-based composites
from inner bamboo and the inner part of bamboo were plotted in Figure 2. The results re-
vealed that the fracture of bamboo-based composites during bending was non-catastrophic
and more complicated than the failure of bamboo. The bending force in bamboo-based
composites with 1.15 g/cm® was ~50 N, which was higher than that of bamboo with
0.65 g/cm?3.
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Figure 2. The represented load—displacement curves and loading stage for in situ bending tests on
the specimens from the inner bamboo-based composites (a—c) and the inner bamboo (d).

A serious of SEM images corresponding to the bending strain detected by in situ tests
were also shown in Figure 3. As shown in Figure 3B, the initial cracks occurred in the outer
of the bamboo-based composites, and the cracks propagated across the parenchyma tissue
in a tortuous manner, which was accompanied by the first load drop (a) in Figure 2. In the
following process, the cracks reached fiber bundles and deviated from the initial direction
to the interface of fiber bundles. Once the cracks induce dramatic interface delamination of
fibers, the cracks developed in the parenchymal tissues on the side of the fiber, which also
showed a tortuous route, where the loading was indicated by points b—c. In accordance
with the in situ snapshots in Figure 3C, parenchymal tissue fracture and interfacial failure
were the dominant fracture mode in the bamboo-based composites. Meanwhile the inner
part of the bamboo failure displayed almost a brittle fracture, as indicated by points d in
Figure 2. The visible cracks initiated quickly within the bottom area in the parenchyma
cells (Figure 3E), which sharply propagated and resulted in a transverse wall failure of the
parenchymal tissues (Figure 3F).

Figure 3. In situ three-point bending tests of the inner bamboo-based composites (A—C) and the inner
bamboo (D-F).

Figure 4 further presents SEM images of the fracture surfaces and crack growth
of failure samples. According to the microstructure in Figure 4A, the bamboo-based
composites displayed almost ML breaking and pullout of the PF resin, exhibiting a rough
fracture surface. In addition, the crack propagated along the ML interface of parenchymal

32



Forests 2023, 14, 515

ML break&ug

. o

cells in a tortuous manner. Meanwhile, SEM images in Figure 4B illustrated that repeated
ML breaking and transverse wall of parenchyma cells were the most prominent feature in
the inner bamboo fracture surface with a straight fracture path. This could be PF resin filled
in the parenchymal cells and crosslinked with the cell wall and improved the mechanical
properties of cell walls. Therefore, the PF resin could help dissipate the stress and prevented
the parenchymal cells from failing.
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Figure 4. SEM images of three-point bending tests of the inner bamboo-based composites (A) and
inner bamboo (B).

3.2. Fracture Behavior of Outer Bamboo-Based Composites

In this study, the simultaneous detection of load—-displacement behaviors of the
bamboo-based composites from outer bamboo and the outer bamboo is shown in Figure 5.
According to the results, the bamboo-based composites exhibited a long deformation with
a maximum load of ~80 N, while the samples of bamboo indicated a short elongation
with a maximum load of ~40 N. During the bending process, the bending behaviors of
bamboo-based composites were more complicated, displaying a stepwise fracture process
from the higher force field (point a) to the lower force field (point d).

7 4 Outer bambo-based material

Outer bamboo D

Load/N

Displacement /mm

Figure 5. The represented load-displacement curves and loading stage for in situ bending tests on
the specimens from the outer bamboo-based composites (a—d) and the outer bamboo (e—g).

Figure 6 presents a series of SEM images of the instant crack initiation and propagation
process of the specimens in bending tests, corresponding to the various stages in Figure 5. At
first, when the bending load reached the maximized value, visible cracks were initiated and
occurred in the bottom area of the bamboo-based composites, which sharply propagated
to the closer fiber layer (Figure 6B), and an obvious yield point (a) took place in the load-
displacement curve as shown in Figure 5. Afterward, the closest fiber obstructed the crack
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extension, and the crack tip propagated along the interface of the fiber bundles, which
induced debonding of the fibers (Figure 6C). In the following process, the stiff fiber bundles
bore a high load, which resulted in the repeated process of crack propagating and interface
delamination with further increasing loading (Figure 6D). The cracks propagated in a layer-
by-layer path resulting in successive drop load from point a to b (Figure 5). Furthermore,
the bamboo-based composites with a higher density of fiber bundles were able to sustain
the higher bending loads.

e

ML b

reaking.

Figure 6. In situ three-point bending tests of the outer bamboo-based composites (A-D) and the
outer bamboo (E-H).

In the case of bamboo (Figure 6E), the initial cracks occurred in the bottom (Figure 6F)
and propagated perpendicular to the closest fiber layer (Figure 6G), which triggered a drop
from point e to g in Figure 5. In the flowing process, the cracks also resulted in interface
delamination in the fiber bundles (Figure 6H). The results showed that the degree of
deformation in bamboo-based composites was obviously larger than that in outer bamboo,
which can be attributed to more fiber density.

To further visualized the crack growth mode, Figure 7 showed the SEM images of the
bamboo-based composites and the outer part of bamboo specimens in bending. Micro-
structural images presented in Figure 7A revealed that the bamboo-based composites with
higher fibers exhibited longitudinal crack propagation, and the stiff fiber bundles obstructed
crack tip growing by fiber bridging and ML breaking, resulting in interface delamination.
In addition, the fiber bundles displayed a rough fracture appearance attributed to PF resin
coating. By contrast, the bending tests of bamboo with lower fiber triggered more fiber
failure displaying fiber pullout and bridging (Figure 7B). Compared with crack propagation
in the outer of the bamboo, the influence of higher fiber and PF resin in bamboo-based
composites blunted the transverse crack growth.

Figure 7. Micro-images of the outer bamboo-based composites (A) and the outer bamboo (B).
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3.3. Micro-Mechanical Properties of Cell Walls in Bamboo-Based Composites

Reduced modulus and hardness were obtained to investigate the mechanical proper-
ties of fiber and parenchymal cells in bamboo-based composites, which were showed in
Figure 8. In the fiber and parenchymal cells of bamboo-based composites, the structural
difference in cell wall layers resulted in the reduced modulus and hardness values varying
from the secondary cell wall to ML corresponding to bamboo. The storage modulus of
the s2, s1, and ML layers in the fiber cell was 27 GPa, 24 GPa, and 18 GPa, respectively,
which were higher than that in bamboo in our previous study [15]. Furthermore, the
storage modulus of the parenchymal cell walls and ML layer was 15 GPa and 13 GPa in the
bamboo-based composites, which were more than those in bamboo. The hardness in the
fibers (s2: 0.78 GPa, s1: 0.66 GPa, ML: 0.67 GPa) and parenchymal cells (s: 0.66 GPa, ML:
0.64 GPa) also exhibited increment compared to that in bamboo. These results may be due
to the cross-linking reaction between PF resin and cell walls in fiber and parenchymal cells,
which improved the mechanical strength of cell walls. Comparing with the mechanical
strength values of fiber and parenchyma cells, it was found that the increment rate of
indentation modulus and hardness values of parenchyma cells was greater than that of
fiber cells, which indicated more PF resin permeating in the cell walls in parenchymal cells.
Hence, cell wall failure of parenchymal cells in the bamboo-based composites occurred an
ML and PF resin breaking rather than transverse transwall fracture. Meanwhile, as shown
in Figure 8, the storage modulus of the ML in fiber and parenchyma cells was lower than
those of the cell walls, which were the weak interface in the bamboo-based composites.
Hence, interface delamination of fibers and ML-PF resin pullout in parenchymal cells were
the prominent fracture characteristic in the bamboo-based composites. While compared
with the fiber cells, the reduced modulus value of the s layer in parenchymal cells was
much lower than that in fiber cell walls. This may be accounting for the fiber cells being the
strongest interface in graded bamboo structure, which prevented fiber cells from bucking
under the external force.
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Figure 8. The modulus and hardness of the fiber and parenchymal cell walls and different layers in
bamboo-based composites (s2, s1: Fiber cell wall; F-ML: ML in fiber cell; s: Parenchymal cell wall;
P-ML:ML in parenchymal cell; 0-5: nanoindentation test number in fiber cells and parenchymal cells).

4. Discussion

Bamboo scrimber is prepared by bonding bamboo trips with PF resin, which show
well quality and strength compared with natural bamboo. A lot of attempts have been
made to illustrate the preparation and physical and mechanical properties of bamboo
scrimber. Meanwhile, very few studies focused on the improvement mechanism within
bamboo scrimber, especially at the cellular level. In situ detection of the fracture behaviors
of moso bamboo in bending tests illustrated that the synergistic effects of the fiber bundles
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and parenchyma ground played an important role in restraining crack propagation, which
was mainly responsible for the fracture toughness of bamboo [17,21]. In this study, we
performed in situ bending tests to directly observe the flexural response of the structural
components in bamboo-based composites. Since the fiber density increases from the inside
to the outside of the bamboo stem, the bamboo-based composites were composed of
thin inner and outer bamboo strips arranged in parallel with adhesive in this work to
get an understanding of the fracture behavior of the fiber and parenchymal cells. The
load-displacement curves revealed that inner and outer bamboo-based composites owned
higher fracture loads than that of natural bamboo. The failure load of inner bamboo-based
composites was two times that of inner bamboo. Compared with inner bamboo, the failure
process of inner bamboo-based composites was complicated, and the load—displacement
curve showed stepwise. The cured PF resin restrained the vertical crack propagation as it
acted in the inner bamboo, and it triggered the peeling and delamination of parenchymal
cell walls in the inner bamboo-based composites, which extended the crack growth path.
Compared with the outer bamboo, the fracture load of outer bamboo-based composites
increased with the fiber bundle density increasing. As the load increased, the fiber bundles
were peeled off from the outer layer to the inner layer until the composite was completely
destroyed, and the crack propagation path showed a zigzag crack growth mode, which was
similar to the fracture behaviors of bamboo [15,17]. Meanwhile, in the in situ bending tests
of outer bamboo-based composites, the fiber bundles with cured PF resin restrained crack
propagation, and the fiber bundles mainly acted as interfacial debonding and fiber bridging,
which showed few fiber bundle pull-out compared with the outer bamboo. As shown in a
series of in situ bending tests, the bamboo-based composites exhibited distinct asymmetric
crack propagation manners induced by the fiber and parenchymal cells as they acted in
the bending-induced fracture behavior of bamboo in the previous study [14,15,17,19]. In
this work, the cured PF resin exhibited a significant effect on crack propagation in fibers
and parenchyma cells. The crack propagation behaviors in bamboo-based composites
from inner bamboo showed that cracks generally occurred in the ML layer and PF resin,
which caused the peeling of the parenchymal cells and the tearing of the PF resin. Crack
propagation behaviors within bamboo-based composites made of outer bamboo showed
that the fiber bundles played an important role in restraining crack propagation, acting
as crack stoppers. In situ bending tests and the SEM micro-images illustrated the fracture
toughness attributed to the higher fiber density and PF resin crosslink with the cell wall in
fiber cells and parenchymal cells.

The nanoindentation characterization was conducted on the cell wall layer and ML
layer in the fiber cells and parenchymal cells. The elastic modulus of bamboo presented
a peak in the s2 (23.52 GPa) and declines in s1 (18.02 GPa), ML (15.91 GPa), and lumen
(14.63 GPa), in that order [22]. The elastic modulus in the parenchymal cell layers exhibited
a downward trend of s (10 GPa) and ML (5.57 GPa) [22]. The storage in the fiber cells
(s2: 27 GPa, sl: 24 GPa, ML: 18 GPa) and (s: 15 GPa, ML: 13 GPa) parenchymal cells
within bamboo-based composites exhibited higher values compared to natural bamboo.
We confirmed that fibers were indeed the strongest phase and ML was comparatively
weaker, while PF resin improved the mechanical properties of cell wall layers in bamboo.
By learning from the cellular structure of bamboo-based composites during real-time
bending deformation, it is possible to reveal the structure—property relationships of bamboo-
based composites and could be helpful in understanding and designing the advanced
biological composites.

5. Conclusions

In summary, the bamboo-based composites exhibited greater fracture toughness than
bamboo, showing a longer deformation and less damage to fiber and parenchymal cell
walls. The improvement mechanism was highly attributed to the reaction of PF resin with
cell walls and fiber density. In situ bending tests and SEM observing of bamboo-based
composites from inner bamboo illustrated that cracks generally occurred in the ML layer
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and PF resin, which caused the peeling of the parenchymal cells and the tearing of the
PF resin. The cracks propagated in a tortuous manner, leading to massive interfacial
debonding rather than transverse transwall fracture behavior for parenchymal cell walls in
bamboo-based composites.

Crack propagation behavior within bamboo-based composites made of outer bamboo
showed that the fiber bundles played an important role in restraining crack propagation,
acting as crack stoppers. More fiber bundles in the bamboo-based composites trigged
massive interfacial delamination, exhibiting ML breaking and fiber bridging. The cracks
propagated in a zigzag manner within the fiber bundles under bending, leading to inter-
facial delamination. The occurrence of parenchymal cell pealing, PF resin tearing, and
interfacial delamination was regarded as dissipating the crack energy.

Nanoindentation tests were conducted to reveal the improvement mechanism of
fiber and parenchymal cell walls. The fiber cell and parenchymal cells within bamboo-
based composites exhibited higher storage modulus compared to natural bamboo, which
indicated that the PF resin improved the mechanical properties of fiber and parenchymal
cells in bamboo-based composites. The effects of PF resin were regarded to be mainly
responsible for preventing cell walls from destruction, especially parenchymal cells.
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Abstract: Semantan (Gigantochloa scortechinii) and beting (Gigantochloa levis) bamboo are the two Malaysian
bamboo that are suitable to be converted into laminated bamboo boards. One of the main criteria
for laminated board is its good bondability, which is determined by shear performance. The shear
performance of laminated board is influenced by several factors such as the species used, adhesive
types and lamination configurations. Therefore, in this study, laminated bamboo boards were
produced using Semantan and Beting bamboo bonded with phenol-resorcinol-formaldehyde (PRF)
and polyurethane (PUR) adhesives. Different configurations (lay-up patterns and strip arrangements)
were used during the consolidation of the laminated boards. The bamboo strips were arranged
in three different arrangements, namely vertical, horizontal and mixed, and then assembled into
a three-layered structure with two lay-up patterns, which are perpendicular and parallel. Shear
performances, such as shear strength, bamboo failure and delamination of the boards, were evaluated.
The results revealed that the adhesive type and lay-up pattern were the most influential factors
on the shear performance. PRF-bonded laminated bamboo boards outperformed PUR-bonded
laminated bamboo boards in terms of shear strength and bamboo failure but PUR bonding had
better bond durability as indicated by its low delamination. Boards laminated parallelly significantly
outperformed those bonded perpendicularly. As for strip arrangement, PRF-bonded laminated
boards were less influenced by it compared to PUR-bonded laminated boards. The results suggested
that PRF is a better adhesive for bamboo lamination due to its higher shear performance and more
consistent performance across structural configurations (lay-up patterns and strip arrangements).

Keywords: semantan bamboo; beting bamboo; shear strength; strip arrangement; lay-up pattern

1. Introduction

Laminated bamboo board is an excellent substitute for wood, with performance com-
parable to or exceeding that of wood [1,2]. While maintaining the benefits of round bamboo,
studies have shown that laminated bamboo board can overcome round bamboo’s disad-
vantages such as size limitations and dimensional inconsistencies [3,4]. In Malaysia, there
are approximately 70 identified bamboo species [5], with 13 of them being commercially
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used [6]. Beting bamboo (Gigantochloa levis) and Semantan bamboo (Gigantochloa scortechinii)
are two bamboo species used commercially in Malaysia [6]. In Malaysia, G. scortechinii
has been widely used by researchers to produce laminated bamboo board [4,7], plybam-
boo [8] and polymeric bamboo composites [9,10]. Meanwhile, G. levis has also been used
to produce glued laminated bamboo lumber [11], plybamboo [12] and bamboo/epoxy
composite [13]. Given the abundance of these bamboos and their exceptional strength
properties, both G. scortechinii and G. levis could be viable commercial candidates in the
laminated bamboo board industry.

The performance of laminated bamboo boards is influenced by several factors such
as the layer structure [14], adhesive type, adhesive spreading rate and clamping pressure
and time [15]. Adhesive is critical in the formation of high-quality, long-lasting bonds
as well as in achieving the proper interface bond and penetration between the fibre and
laminas [16]. Adhesives are generally classified based on their chemistry, according to
Stoeckel et al. [17]. Adhesives are classified into two types based on this criterion: in situ
polymerised adhesives and pre-polymerised adhesives. Aminoplastic adhesives, phenol-
resorcinol-formaldehyde (PRF), and polymeric methylene-diphenyl-diisocyanate (pMDI)
are examples of in situ polymerised adhesives containing relatively rigid, highly crosslinked
polymers. Meanwhile, polyurethane (PUR) and polyvinyl acetate (PVAc) are examples
of pre-polymerised adhesives with flexible polymers. The ability of these two groups to
distribute moisture-induced stress in an adhesive bond varies significantly, resulting in
different failure mechanisms. However, the chemistry of the adhesives is not the only factor
to consider when categorising adhesives. One of the primary concerns is the mechanical
response of the adhesives [18]. Previous research by Guan et al. [19] discovered that the type
of adhesive has a significant impact on the shear bond strength of bamboo materials. The
penetration of the adhesive into the bamboo cell walls alters the bonding mechanism and
has a significant impact on the mechanical properties of laminated bamboo materials from
various bamboo species and densities. Dong et al. [20] studied the bonding performance of
cross-laminated timber-bamboo composites and concluded that the adhesive type is the
most important factor that affects its performance.

In comparison with other mechanical properties, such as compressive, tensile and
bending resistance, the bonding shear strength of the laminated materials, particularly
bamboo, has not been fully addressed [16]. This study focuses on investigating the effects
of adhesive types and assembly configurations on the bonding shear performance of
laminated bamboo made from two local bamboo species, G. scortechinii and G. levis. Phenol-
resorcinol-formaldehyde (PRF) and polyurethane (PUR) were used as adhesive for the
laminated bamboo boards’ fabrication. The laminated bamboos were consolidated using
different configurations, that is, different lay-up patterns (parallel and perpendicular) and
strip arrangements. Three strip arrangements, namely horizontal, vertical and mixed,
were used during the consolidation of the laminated bamboo boards. The bamboo strips
were consolidated into a three-layer structure horizontally, vertically and a combination
of horizontal and vertical, called a mixed pattern, in this study. Shear strength, bamboo
failure and delamination were evaluated as functions of the above-mentioned parameters.

2. Materials and Method
2.1. Preparation of Bamboo Strips

Gigantochloa levis, locally called Beting bamboo, and Gigantochloa scortechinii, locally
called Semantan bamboo were used to make 3-layer laminated bamboo in this study.
Three-year old bamboo culms were selected from a bamboo plantation near Nami, Kedah.
G. scortechinii and G. levis have average densities of 700 kg/m? and 751 kg/m?, respectively.
The modulus of rupture and modulus of elasticity of the former are 125 N/mm? and
10,039 N/mm?, while those of the latter are 163 N/mm? and 13,185 N/mm?, respectively.
G. levis is a large species of bamboo with an average culm size of 11-13 cm and a wall
thickness of 11-15 mm, with estimated height and length of 18-23 m and 35 cm, respectively.
The height of G. scortechinii is between 17 and 20 m. This bamboo’s internode is 42 cm
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long and has a culm length of 9-11 cm. The wall thickness ranges from 6 to 10 mm. The
culms were transported to Saudagar Bamboo Enterprise located in Kuala Nerang, Kedah,
for further processing. The culms were cut to 2 m long then ripped into splits of 22 mm
wide (Figure 1). The bamboo splits were then flattened and shaped using thicknesser
machine before being planed to a final thickness of 5 mm using a double-sided planer.
The final dimensions of the bamboo strips was 2000 mm long x 20 mm wide X 5 mm
thick. The bamboo strips were then soaked in 5% boric acid solution for 24 h and kiln dried
to a 12 £ 2% moisture content. The densities of the bamboo strips after conditioning are
685.51 kg/m? and 689.91 kg/m? for G. scortechinii and G. levis, respectively.

Figure 1. Splits of: (a) Gigantochloa scortechinii and (b) Gigantochloa levis.

2.2. Fabrication of 3-Layer Laminated Bamboo Boards

Prior to fabrication of laminated bamboo boards, the bamboo strips were sorted into
three categories, which are: (i) straight and square strips for edge bonding, (ii) slightly
curved and square strips for face bonding and (iii) reject strips due to being highly curved,
bent or not meet the desired size. The bamboo strips were consolidated by using different
configurations (lay-up patterns and strip arrangements) as shown in Figure 2. Three strip
arrangements, namely horizontal, vertical and mixed, were used during the consolidation
of the laminated bamboo boards. The bamboo strips were consolidated into 3-layer struc-
tures horizontally, vertically and a combination of horizontal and vertical, called mixed
pattern, in this study. In the mixed arrangement pattern, the bamboo strips were assembled
horizontally in the 2 outer layers of the boards and vertically in middle layer. All arrange-
ment patterns were laid parallelly (oriented at 0° to the adjacent layer) and perpendicularly
(oriented at right angles to the adjacent layer) (Figure 2). Therefore, laminated bamboo
boards with a total of 6 configurations were fabricated.
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parallel perpendicular

Figure 2. Parallel and perpendicular lay-up patterns of bamboo strips with different arrangements:
(a) horizontal; (b) mixed; and (c) vertical.

Two cold setting adhesives, phenol-resorcinol-formaldehyde (PRF) and polyurethane
(PUR) (supplied by AkzoNobel Sdn. Bhd., Petaling Jaya, Selangor), were used as bonding
agents for the laminated bamboo boards. The glue spread rate used was 250 g/m? and
200 g/m? for PRF and PUR, respectively, as recommended by the supplier. Each layer
of bamboo strips was edge glued firstly using a pressing pressure of 75 kg/cm?. The
formed layers were then face glued into a 3-layer structure using a pressing pressure
of 125 kg/cm?. Edge trimming and sanding were performed on the 3-layer laminated
bamboo boards to remove squeezed out adhesive for smooth and flat surfaces. A total of
144 boards (2 species x 2 adhesives x 6 configurations x 6 replications) with dimensions
of 300 wide x 1220 mm long were fabricated. The thicknesses of the final boards were
different according to different configurations, which were 54 mm vertically, 13 mm hori-
zontally and 27 mm mixed.

2.3. Evaluation of Shear Strength of Laminated Bamboo Boards

The shear strengths of the glue lines of the laminated bamboo boards produced in
this study were evaluated based on British Standard (BS) EN 392: 1995—Glued laminated
timber—Shear test of glue lines. Samples with dimensions of 40 mm wide x 40 mm long
with various thicknesses were prepared. Prior to testing, the samples were conditioned at a
temperature of 20 & 2 °C and relative humidity 65 & 5% until contact mass was achieved.
The conditioned samples were placed on a shear machine and load was applied at the glue
line between the laminations of the laminated bamboo until failure occurred (Figure 3).
The load was applied under a displacement control rate of 3 mm/min, ensuring failure
after no less than 20 s. The shear strength fo was determined for every tested glue line and
was calculated in accordance with the following formula:

fo=kt M)

where:

Fu is the ultimate load (in N);

A is the sheared area (in mm?);
k is factor: kv = 0.78 + 0.0044 t;
t is thickness (in mm).
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Figure 3. Shearing machine set up for shear strength test.

Twelve replications were tested for each species, adhesive and configuration. A total
of 288 samples (2 x 2 x 6 x 12) were tested. The shear strengths of the glue lines obtained
were then compared with EN14080:2013—Timber structures—Glued laminated timber and
glued solid timber—Requirements for parallel arrangement and EN16351:2021—Timber
structures—Cross laminated timber—Requirements for perpendicular arrangement. It is
stipulated in the standard that the minimum requirements for parallelly arranged laminated
boards shall be at least 4 N/mm? (EN14080) and at least 2 N/mm? for laminated boards
arranged perpendicularly.

2.4. Estimation of Bamboo Failure

The estimation of bamboo failure was performed on the sheared area specimens as
shown in Figure 4. Each failure surface was measured and the results were averaged. The
bamboo failure percentage was estimated to the nearest 5% by examining the total area
covered by the bamboo fibre (signifying bamboo failures) on the sheared area in comparison
to the area covered with glue failure.

Figure 4. Sheared samples for failure estimation after shear test.
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2.5. Evaluation of Delamination of Laminated Bamboo Boards

Three-layer laminated bamboo samples with dimensions of 75 mm wide x 130 mm
long and various thicknesses were prepared for delamination evaluation. The delamination
test was conducted according to the procedures specified in EN 391:2002—Glued laminated
timber—Delamination test of glue lines. The test cycle for method B was chosen. The
samples were placed in a pressure vessel as shown in Figure 5 and submerged in water at
ambient temperature. A vacuum of 60 kPa was applied and held for 30 min. Subsequently,
the vacuum was released and a pressure of 550 kPa was applied and retained for 2 h.
Once the vacuuming was completed, the test pieces were dried for a period of approx-
imately 10-15 h in a circulating oven at 65 £ 10 °C. Delamination was observed and
recorded when the mass of the test pieces had returned to within 100% to 110% of the origi-
nal mass. After removal from the oven, the samples were examined for the occurrence of
delamination or open glue lines. The length of the open glue lines was determined by first
inserting a thin metal probe between the two delaminated surfaces. Measurements count if
the depth of the delamination is less than 2.5 mm and more than 5 mm. Two attributes were
determined, (i) total delamination and (ii) maximum delamination of a test piece, according
to Equations (2) and (3):

Itot, delam

Delam tot = 100 -——————
Itot, glueline

(%) 2
Imax, delam

Delam max = 100 W

(%) ®)

where:

Itot, delam = the total delamination length (in mm);

Itot, glueline = the sum of the perimeter of all glue lines in a delamination specimen (in mm);
Imax, delam = the maximum delamination length (in mm);

I, glueline = the perimeter of one glue line in a delamination specimen (in mm).

Figure 5. Samples placed inside a pressure vessel for delamination tests.
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2.6. Statistical Analysis

Analysis of the obtained data were performed using statistical software IBM-SPSS
version 25.0 by employing one-way analysis of variance (ANOVA). Meanwhile, mean
separation was carried out using the Least Significance Difference (LSD) method.

3. Results and Discussion
3.1. Shear Strength and Bamboo Failure

Table 1 summarises the analysis of variance (ANOVA) results for the effects of species,
adhesive and lay-up on the shear strength and failure of laminated bamboo arranged
vertically, horizontally and in a mixed pattern. The shear strength of the laminated bamboo
in the horizontal and mixed arrangements is affected by the species (p < 0.05). The bamboo
species had no effect on shear strength in the vertical arrangement. Meanwhile, the shear
strength of the laminated bamboo in all arrangements is significantly affected by adhesive
type and lay-up (p < 0.01). On the other hand, adhesive type was discovered to have a
significant effect on bamboo failure, whereas species had no influence on bamboo failure.
Only the bamboo failure of laminated boards manufactured in a mixed arrangement was
significantly influenced by the lay-up pattern.

Table 1. Analysis of variance (ANOVA) for the effects of species, adhesive and lay-up on the shear
strength and failure of laminated bamboo arranged vertically, horizontally and in a mixed pattern.

p-Value
Source
Vertical Horizontal Mixed
Shear Bamboo Shear Bamboo Shear Bamboo
Strength Failure Strength Failure Strength Failure
. 0.4477 0.7913 0.0135 0.0041 0.0347 0.470
species ns ns * xx * Ins
. <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
adh651ve % % % *% *% %3
<0.0001 0.3030 0.0068 0.0674 <0.0001 0.0095
laY'up % ns *% ns *% *%

Note: ns not significant. * Significantly different at p < 0.05. ** Significantly different at p < 0.01.

Shear strength and bamboo failure of laminated bamboo of different configurations
bonded with PRF and PUR adhesives are tabulated in Table 2.

Table 2. Shear strength of laminated bamboo boards fabricated with different species, adhesives
and configurations.

Label Variable Shear Strength (N/mm?)
Species Adhesive Lay-Up Vertical Horizontal Mixed

BPA Beting PRF Parallel 5.52 B (1.58) 4218 (1.97) 7.99 A (2.42)
BPB Beting PRF Perpendicular 234D (0.82) 3.07 € (1.68) 2.36 € (0.80)
BUA Beting PUR Parallel 4.05€ (1.78) 7.55 A (3.33) 5.64 B (2.35)
BUB Beting PUR Perpendicular 3.31 € (0.39) 6.87 & (1.77) 2.63 € (1.07)
SPA Semantan PRF Parallel 7.91 4 (1.08) 6.69 4 (3.58) 6.41 B (2.57)
SPB Semantan PRF Perpendicular 2.44 P (0.50) 1.54 P (0.63) 3.32 € (0.59)
SUA Semantan PUR Parallel 3.71 € (1.51) 3.47 € (0.97) 3.16 € (1.91)
SUB Semantan PUR Perpendicular 1.86 P (0.31) 5.6 B (1.20) 2.66 € (0.99)

Note: Mean followed by the different letters 4B CD in the same column are significantly different at p < 0.05

according to LSD; Values in parentheses ( ) are standard deviation.
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Shear strength (N/mm?)

Laminated bamboo boards of vertical, horizontal and mixed arrangements record-
ed shear strength values ranging from 1.86 to 7.91 N/mm?, 1.54 to 7.55 N/mm? and
2.36 to 7.99 N/mm?, respectively (Figure 6). The highest shear strength was observed in
the samples fabricated parallelly with a mixed arrangement using G. levis (Beting bamboo)
bonded with PRF resin. Meanwhile, the lowest shear strength was recorded in the laminated
bamboo boards fabricated perpendicularly with horizontal arrangement using G. scortechinii
(Semantan bamboo) bonded with PRF resin.

PRF Parallel PRF Perpendicular PUR Parallel PUR Perpendiuclar

Vertical Horizontal Mixed

Arrangement

Figure 6. Effects of adhesive and lay-up pattern on the glue line shear for three different strip
arrangements. Note: Vertical line in every bar represents the standard deviation.

It was observed that the shear strength of the laminated bamboo boards with parallel
arrangements were greater than the minimum requirements (>4 N/mm?) as specified in
EN14080, with the exception of SUA (Semantan bamboo bonded parallelly with PUR resin)
for all arrangements (vertical, horizontal and mixed). Meanwhile, the shear strengths of
the laminated bamboo with perpendicular arrangements were relatively lower compared
with those using parallel arrangements, but still fulfilled the minimum requirements
of shear strength specified in EN16351, which is >2 N/mm?. The only exception was
found in SUB (Semantan bamboo bonded perpendicularly with PUR resin) in the vertical
arrangement and SPB (Semantan bamboo bonded perpendicularly with PRF resin) in the
horizontal arrangement.

The ANOVA results indicated that the interaction between adhesive and lay-up pattern
are significant on the shear strength of laminated bamboo boards. Figure 6 shows the effects
of adhesive and lay-up pattern on the shear strength of the boards.

The bamboo failure of laminated bamboo boards in a vertical arrangement ranged
between 3.75 and 80.67% (Table 3). For the horizontal arrangement, the bamboo failure
ranged between 5.08 and 92.0%, while for the mixed arrangement, the bamboo failure
ranged between 0.83 and 39.67%. The bamboo failure was higher in the laminated bamboo
boards bonded with PRF compared to that of PUR in all configurations. The average
bamboo failure was 22%-92% for laminated bamboo bonded with PRF and 3%-22% for
laminated bamboo bonded with PUR. Sikora et al. [21] discovered that the PRF has a very
good durability performance compared to that of PUR resin. The visual appearance of the
sheared samples is shown in Figure 7.
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Table 3. Bamboo failure of laminated bamboo boards fabricated with different species, adhesives
and configurations.

Label Variable Bamboo Failure (%)

Species Adhesive Lay-Up Vertical Horizontal Mixed
BPA Beting PRF Parallel 76174 (17.21)  77.67B(13.54)  28.25 A (14.85)
BPB Beting PRF Perpendicular 75754 (13.01)  87.42 2 (5.16) 39.67 & (17.79)
BUA Beting PUR Parallel 3.33 B (6.16) 5.08 D (6.19) 417 € (11.45)
BUB Beting PUR Perpendicular  7.58(9.31) 16.33 € (7.11) 18.08 B (23.48)
SPA Semantan PRF Parallel 75.75 2 (18.9) 86.334 (10.46) 354 (15)
SPB Semantan PRF Perpendicular  80.67 A (10.55) 924 (4.97) 22.25B (13.14)
SUA Semantan PUR Parallel 3.75B (5.28) 21.92€ (14.81)  0.83€ (1.95)
SUB Semantan PUR Perpendicular ~ 5.17 B (7.1) 10.5P (12.71) 22.67 B (20.02)

Note: Mean followed by the different letters €D in the same column are significantly different at p < 0.05
according to LSD. Values in parenthesis ( ) are standard deviation.

Figure 7. Sheared samples of laminated bamboo boards fabricated with different species, adhesives
and configurations. Note: SPA—Semantan PRF parallel; SPB—Semantan PRF perpendicular/cross.
SUA—Semantan PUR parallel; SUB—Semantan PUR perpendicular/cross; BPA—Beting PRF parallel;
BPB—Beting PRF perpendicular/cross; BUA—Beting PUR parallel; BUB—Beting PUR perpendicu-
lar/cross; v—vertical arrangement; h—horizontal arrangement; m—mixed arrangement.

47



Forests 2023, 14, 460

3.2. Delamination

Table 4 tabulates the analysis of variance (ANOVA) of the effect of species, adhesive
and lay-up pattern on the delamination of laminated bamboo boards. Species exert slightly
significant (p < 0.05) effects on the shear strength of vertically and horizontally arranged
boards, and the effects on mixed arrangement boards were highly significant (p < 0.01).
Meanwhile, adhesive types had significant effects on the delamination of horizontally and
mixed arranged boards. The lay-up pattern was found to be significantly affected vertically
(p < 0.01) and horizontally (p < 0.05) arranged boards.

Table 4. The analysis of variance (ANOVA) for the effects of species and adhesive for the delamination
of parallel laminated bamboo in different configurations.

-Val

Source df p-yaue

Vertical Horizontal Mixed

. 0.0126 0.0343 0.0025

species 1 . . o
adhesive 1 0.0657 :0.000l 9*.0050

ns

<0.0001 0.0106 0.1720
laY'up 1 3% * ns

Note: ns not significant. * Significantly different at p < 0.05. ** Significantly different at p < 0.01.

Table 5 shows the effect of species, adhesive and lay-up on the delamination of lami-
nated bamboo in three different arrangements. The delamination for vertically arranged
boards ranged from 0.78% to 26.66% The highest delamination was found in SUB (Semantan
bamboo bonded perpendicularly with PUR resin) samples while the lowest was observed
in SUA (Semantan bamboo bonded parallelly with PUR resin) samples. For horizontally
arranged samples, the delamination varied between 1.16% and 38.01%. The highest delami-
nation was observed in BPB (Beting bamboo bonded perpendicularly with PRF resin), and
the lowest was observed in BUB (Beting bamboo bonded perpendicularly with PUR resin)
samples. Meanwhile, for the mixed arrangement, the delamination ranged from 6.34% to
24.27%. The highest delamination was recorded in BUA (Beting bamboo bonded parallelly
with PUR resin) samples while the lowest delamination was recorded in SPA (semantan
bamboo bonded parallelly with PRF resin). Generally, the vertical arrangement has better
glue line durability compared to those of the mixed and horizontal arrangements, as shown
by lower delamination values.

Table 5. Delamination of parallel laminated bamboo boards fabricated with different configurations.

Label Variable Shear Strength (N/mm?)

Species Adhesive Lay-Up Vertical Horizontal Mixed
BPA Beting PRF Parallel 6.31 B (5.49) 28.32 B (6.54) 16.83 B (9.62)
BPB Beting PRF Perpendicular  7.64 B (3.94) 38.01 4 (18.11)  17.28 B (4.8)
BUA Beting PUR Parallel 2.73€ (3.6) 427D (3.62) 6.34 € (3.23)
BUB Beting PUR Perpendicular ~ 10.42 B (5.34) 1.16 P (2.71) 16.9 B (9.75)
SPA Semantan PRF Parallel 5.42 B (6.4) 16.85 € (6) 24.27 4 (10.17)
SPB Semantan PRF Perpendicular  9.82 B (6.11) 31.3B (4.5) 19.12 A (10.38)
SUA Semantan PUR Parallel 0.78 € (1.62) 6.98 D (6.52) 15.75 B (5.92)
SUB Semantan PUR Perpendicular 26.66 A (16.75) 2.78 P (2.9) 19.14 A (8.68)

Note: Mean followed by the different letters - < D in the same variable category are significantly different at
p < 0.05 according to LSD.
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Based on ANOVA, the interaction between adhesive types and lay-up were found
significantly affected the delamination percentage of boards in all arrangements. Figure 8
illustrates the effects of adhesive and lay-up pattern on the delamination of laminated
bamboo of all arrangements.

PRF Parallel PRF Perpendicular = PUR Parallel PUR Perpendiuclar

|

I I

Vertical Horizontal Mixed
Arrangement

Figure 8. Effects of adhesive and lay-up on the delamination of laminated bamboo boards of all
arrangements. Note: Vertical line in every bar represents the standard deviation.

Adhesive types had the most influence on the delamination of samples. PRF-bonded
laminated bamboo has a lower delamination percentage as compared with PUR-bonded
laminated bamboo in vertical arrangements. However, in the horizontal and mixed arrange-
ments, this relationship was reversed. The parallel lay-up pattern had a generally lower
percentage of delamination as compared with the perpendicular lay-up in all arrangements.
Although the delamination results varied significantly between samples, it was observed
that the mechanism causing delamination in the glue line was the same for all specimens,
i.e., delamination occurred in a single glue line on one side for vertical arrangements and
both sides for horizontal and mixed arrangements. Overall, PUR adhesive has a more
durable bond than PRF adhesive, despite better shear strength and bamboo failure shown
by PRF resin. A study by Lu et al. [22] also made a similar observation that PUR-bonded
samples displayed the lowest delamination. PUR is a flexible polymer; therefore, its capa-
bility to withstand moisture-induced stress might be better than PRF resin and thus lead to
better bond durability.

3.3. Effects of Variables on the Shear Strength of Laminated Bamboo Board

Table 6 compares the effects of single variables on the shear strength of laminated
bamboo boards. It can be observed that laminated bamboo boards made from Beting
bamboo have significantly higher shear strengths than those made of Semantan. Both
Semantan and Beting bamboo are members of the Gigantochloa family and thus have
similar anatomical structures. Both Semantan and Beting bamboo have type III vascular
bundles, according to Abdullah Siam et al. [6]. The study by Abdullah Siam et al. [6]
stated that Beting bamboo had higher density and mechanical properties compared to
Semantan bamboo. It was discovered that wood density positively affected the apparent
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shear strength of the wood [23]. However, the difference in density between the bamboo
strips used in this study is very small (685.51 kg/m? for Semantan and 689.91 kg/m? for
Beting). Therefore, the density did not play a prominent role in this study and the difference
in shear strength could be caused by other factors that require further investigation.

Table 6. Comparison between effects of variables on the properties of laminated bamboo board.

Variable Glue Line Shear (MPa)
Species

Beting (Gigantochloa levis) 4634

Semantan (Gigantochloa scortechinii) 4.068B
Adhesive

PRF 4484

PUR 4214
Lay-up

Parallel 5.53 A

Perpendicular 3.17B
Arrangement

Vertical 5198

Horizontal 6.50 4

Mixed 570 B

Note: Mean followed by the different letters * B in the same variable category are significantly different at p < 0.05
according to LSD.

Similarly, the effects of adhesive types also did not exert significant effects on the shear
strength of laminated bamboo boards. However, laminated bamboo boards bonded with
PREF resin was found to perform slightly better than those bonded with PUR resin. Studies
have shown that PRF performed better than PUR in bonding materials owing to superior
gap-filling properties of PRF resin [24]. Studies by several researchers also reported the
same observation that the PRF-bonded samples exhibited superior shear performance than
those of PUR-bonded samples [25-27]. Konnerth et al. [28] stated that PRF resin is able
to penetrate into the wood cell wall, therefore resulting in better bonding performance
compared to PUR resin, which is unable to penetrate into the wood cell wall.

On the other hand, the lay-up pattern of the bamboo strips was found to have sig-
nificantly affected the shear strength of the laminated board. Boards arranged parallelly
performed significantly better than those arranged perpendicularly. Because wood is
anisotropic, the fibre direction of the bonding interface has a significant impact on shear
strength. According to Qin [29], the shear strength of a perpendicular fibre direction is
two-thirds to three-quarters that of a parallel fibre direction. Several studies, for instance,
Ashaari et al. [30] and Rabi’atol Adawiah et al. [31], also found that the laminates assembled
parallelly displayed significantly superior mechanical performance than those assembled
perpendicularly. In terms of arrangement, laminated bamboo boards that were assembled
horizontally outperformed those assembled vertically and in a mixed pattern. The shear
strength for laminated boards constructed by arranging the strips horizontally is gener-
ally high despite having lower thicknesses (13 mm) than the vertical (54 mm) and mixed
(27 mm) arrangements. This could be due to the size effect, where laminated bamboo
boards in vertical and mixed arrangements with higher thicknesses had larger bamboo
volumes loaded under shear stresses and thus experienced more critical strength-reducing
defects than laminated bamboo boards arranged horizontally [32]. Therefore, the shear
strength for parallel lay-up boards is notably higher than perpendicular ones. The same ob-
servation was also made by several researchers. For instance, Sikora et al. [33] stated that the
thickness of cross-laminated timber (CLT) has adverse effects on the rolling shear strength
of the CLT panels. A study by Li (2017) also confirmed that the CLT panels with higher
thicknesses had lower rolling shear strengths compared to those with lower thicknesses.
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Figure 9 depicts the shear strength ratios of each arrangement in order to examine
the effects of strips arrangements in greater detail. The shear strength ratios of V/H, V/M
and H/M ranged from 0.41 to 2.36. Shear ratios revealed that strip arrangements had
less effect on PRF-bonded laminated bamboo boards, with values ranging from 0.76 to
1.23, all distributed around 1.0. Meanwhile, the arrangement had a significant impact
on PUR-bonded laminated bamboo boards, with strength ratios ranging from 0.41 to
2.36. Surprisingly, strip arrangements have very different effects on PRF- and PUR-bonded
laminated bamboo boards. The mixed arrangement has the highest shear resistance capacity
for PRF-bonded laminated bamboo boards, followed by the vertical arrangement and the
lowest being horizontal. The strip arrangement had little effect on the lay-up pattern for
PRF-bonded laminated bamboo boards, as both parallelly and perpendicularly assembled
boards showed a fairly consistent shear strength ratio. The high variation in the shear
strength ratio in PUR-bonded boards, on the other hand, revealed that the effect of strip
arrangement on the board’s shear strength is significant. The horizontal arrangement
of PUR-bonded laminated bamboo demonstrated the highest shear resistance capacity,
followed by mixed and then vertical. In comparison to parallel boards, perpendicularly
assembled laminated boards were heavily influenced by strip arrangement, as shown by
their extremely wide range of shear strength ratio. Xing et al. [16] speculated that the
low compatibility of PUR adhesive with bamboo materials and the inferior strength of
the resin itself may have contributed to the abnormal trend in PUR-bonded laminated
bamboo boards.

EV/H mV/M mH/M

PUR

Figure 9. Shear strength ratios of each arrangement of vertical (V), horizontal (H) and mixed (M).

4. Conclusions

In this study, laminated bamboo boards with various structural configurations were
fabricated from two local bamboo species, G. scortechinii and G. levis, and bonded with
PRF and PUR adhesives. The shear performance of laminated bamboo boards is heavily
influenced by the adhesive types and lay-up pattern (parallel and perpendicular). PRF-
bonded laminated bamboo boards outperformed PUR-bonded laminated bamboo boards
in terms of shear strength and bamboo failure. However, PUR-bonded laminated bamboo
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boards showed less delamination than PRF-bonded boards, indicating that PUR-bonded
boards have better bonding durability. Furthermore, boards laminated parallelly outper-
formed those bonded perpendicularly. It should be noted that the arrangement of bamboo
strips (vertical, horizontal and mixed) had no significant effect on the shear performance
of PRF-bonded laminated boards. The strip arrangements, on the other hand, had a sig-
nificant influence on PUR-bonded boards, with those assembled horizontally showing
the highest shear strength compared to the other two arrangements (vertical and mixed).
Furthermore, the effect is stronger in those laminated perpendicularly. According to the
findings, PRF is a better adhesive for bamboo lamination due to its higher shear perfor-
mance and more consistent performance across structural configurations (lay-up patterns
and strip arrangements).
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Abstract: Particleboard (PB) is mainly produced using urea—formaldehyde (UF) adhesive. However,
the low hydrolytic stability of UF leads to poor water resistance by the PB. This research aimed to
analyze the effect of hot-pressing temperatures and the addition of methylene diphenyl diisocyanate
(MDI) in UF adhesive on the physical and mechanical properties of PB. The first experiment focused
on pressing temperature treatments including 130, 140, 150, and 160 °C. The particles were bonded
using a combination of UF and MDI resin at a ratio of 70/30 (%w/w). Furthermore, the second
experiment focused on UF/MDI ratio treatment, including 100/0, 85/15, 70/30, and 55/45 (%w/w),
and the particles were pressed at 140°C. All of the single-layer particleboard in this research were
produced in 250 x 250 mm, with a target thickness and density of 10 mm and 750 kg/m?, respectively.
This research used 12% resin content based on oven-dry weight wood shaving. The pressing time
and pressing pressure were determined to be 10 min and 2.5 N/mm?, respectively. Before the tests,
the board was conditioned for 7 days. When studying the effect of treatment temperature, good
physical properties (thickness swelling and water absorption) and mechanical properties (MOR and
MOE) were obtained at 140 °C. However, no significant difference was observed in the UF/MDI
ratio between 85/15 and 55/45 using the same temperature. The increase in the MDI adhesive ratio
improves the MOE and MOR values. However, the internal bond was the contrary. This study
suggests that a combination of UF/MDI at a ratio of 85/15 and hot-pressing temperature at 140 °C
could produce a PB panel that meets a type 8 particleboard according to the JIS A5908-2003 standard
and type P2 according to the EN 312-2010 standard.

Keywords: basic properties; wood shaving; composite; composites materials; adhesive combination

1. Introduction

Urea—formaldehyde (UF) is an adhesive widely used to manufacture particleboard.
An amount greater than 70% of the total UF resin produced is used in the particleboard
and medium-density fiberboard industry [1], and its low price is the main reason this
adhesive is used. Furthermore, it has disadvantages in terms of low dimensional stability,
it is not moisture-resistant, and it has poor durability (biological and weather). Therefore,
it is only suitable for interior use. Mansouri et al. [2] and Guru et al. [3] stated that UF
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adhesive particleboard has low dimensional stability, which has also been supported by
other studies [4-10].

The advantages of 4-4 diphenylmethane diisocyanate (MDI)-based resins over UF
adhesive include good bonding performance, higher water resistance, aging resistance, and
no formaldehyde emission concerns [11]. In addition, the isocyanate group of MDI resins
may react with the hydroxyl groups in wood to generate a polyurethane bond, providing
direct covalent connections between the adhesive and wood [2]. A number of studies have
examined the wood-MDI cure using various techniques, including differential scanning
calorimetry (DSC) [12], infrared (IR) spectroscopy [13], and nuclear magnetic resonance
(NMR) spectroscopy [14]. In their research, they discovered that wood-MDI cure systems
frequently produce biuret, polyuret, and polyurea formations. Only when extremely high
doses of MDI were administered, however, were urethane linkages found to form.

Several studies have been conducted on improving composite board quality using
UF adhesives. Hybrid resin is one of the studies to improve the performance of UF
adhesives. Furthermore, melamine—formaldehyde (MF) has been fortified with melamine
urea formaldehyde (MUF) to reduce the weakness of UF adhesives. The UF adhesive
was modified by adding isocyanates to improve the thickness swelling properties of the
board [11-17]. Mansouri et al. [2] reported that adding a small amount of MDI into the UF
improved the performance of the adhesive. This kind of adhesive combination increases
the bonding quality of beech (Fagus sylvatica) plywood after immersion in hot (boiling)
water. Particleboards made with wheat straw and 4% MDI addition had better mechanical
properties and less thickness swelling than resin panels with UF, SPI (soybean protein
isolate), and SF (soybean flour). According to [18], three-layer UF-bonded particleboards
with 30% waste paper content and pMDI-bonded panels with up to 50% waste paper
content in the core layer in terms of mechanical properties meet the requirements of
European Standard EN312 for P2-type panels for furniture applications.

Meanwhile, the difference between this study and several others is the application
of hybrid adhesive with different ratios during the single-layer board manufacturing
process. This is accomplished by spraying the particles individually, with the UF adhesive
sprayed first, followed by the MDI adhesive. Iswanto et al. [5] reported that this application
technique improved the physical and mechanical properties of particleboards. Therefore,
this study aims to analyze the influence of pressing temperature and the ratio of UF and
MDI adhesive mixtures on the physical and mechanical properties of particleboards.

2. Material and Methods
2.1. Materials

Sengon (Paraserianthes falcataria) wood shavings were obtained from the wood industry
in Medan, Indonesia. Furthermore, the commercial UF adhesive (solids content 65.7% and
viscosity 210.5 mPa - s) was obtained from PT. Pamolite Adhesive Industry, Probolinggo,
Indonesia. The commercial MDI adhesive (solids content 99.5% and viscosity 212.4 mPa - s)
was obtained from PT. Polychemie Asia Pacific Permai, Jakarta, Indonesia.

2.2. Characterization of the Hybrid Adhesive Properties

The properties of the hybrid UF/MDI adhesives were determined according to the
published methods [19,20]. The viscosity of hybrid UF/MDI adhesives was analyzed using
a rotational rheometer (RheolabQC, AntonPaar, Graz, Austria) with a No. 27 spindle at
100 RPM and 25 °C. The gel time of neat UF resins and UF/MDI adhesives was measured
at 100 °C using a gel time meter (Techne GT6, Colepalmer, Vernon Hills, IL, USA). The
non-volatile solids content of the hybrid UF/MDI adhesives was determined by drying 2 g
of the sample in an oven at 105 °C for three hours and dividing the oven-dried weight by
the initial weight. Each experiment was repeated in triplicate.

The curing temperature (Tp) of the hybrid UF/MDI adhesives was scanned using
differential scanning calorimetry (DSC4000, Perkin Elmer, Hopkinton, MA, USA) from
30 °C to 200 °C with a heating rate of 10 °C/min under 40 mL/min of nitrogen gas. The
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spectra of hybrid UF/MDI adhesives were also recorded using Fourier transform infrared
(FTIR) spectroscopy (SpectrumTwo, PerkinElmer Inc., Hopkinton, MA, USA) with the
universal attenuated total reflectance (UATR) method in the range of 400-4000 cm~! at
room temperature to detect any changes in the adhesives’ functional groups.

2.3. Determination of Slenderness Ratio and Aspect Ratio

One hundred samples of wood shavings were obtained, and the length, width, and
thickness were randomly measured. The slenderness ratio (SR) value was determined
based on the length and thickness of the particles, while the aspect ratio (AR) value was
determined based on the ratio of the width and thickness.

2.4. Particleboard Manufacturing and Testing

The particles in the form of wood shavings were oven-dried at a temperature of
103 + 2 °C to reach a moisture content of 5%. Furthermore, the adhesive content deter-
mined was 12% based on the dry weight of the particles. Single-layer particleboards were
produced with a nominal density of 750 kg/m? and dimensions of 250 x 250 x 10 mm. The
boards were made using a specific pressure of 2.5 N/mm? and a pressing time of 10 min.
The treatment in the manufacture of the boards was divided into two stages, namely: the
influence of pressing temperature on board properties and the influence of the UF/MDI ra-
tio on board properties. After the pressing process, the boards were conditioned for 7 days
at ambient temperature. The test sample was cut before testing after the board conditioning
process, and it was consistent with the JIS A5908-2003 and EN 312-2011 standards. The
samples were air-conditioned under standard defined humidity and temperature condi-
tions until a constant weight was achieved. The test parameters included the physical and
mechanical properties of the board. The physical properties include the density, moisture
content, thickness swelling, and water absorption. Meanwhile, the mechanical properties
include the modulus of rupture and the modulus of elasticity in bending regarding EN 310
and internal bond regarding EN 319.

2.4.1. Influence of Pressing Temperature on Board Properties

In the first stage of the study, the PB was manufactured at different hot-pressing
temperatures including 130, 140, 150, and 160 °C. The adhesive used was a mixture of UF
and MDI with a ratio of 70/30 UF/MDI (%w/w) based on the determined content of 12%.
Furthermore, the use of adhesive content of 12% refers to Iswanto et al. [5]. The application
was conducted by spraying UF and MDI adhesive separately.

2.4.2. Influence of UF/MDI Ratio on Board Properties

At this stage, the board manufacturing process was treated as a mixture ratio of
UF and MDI adhesives consisting of 100/0, 85/15, 70/30, and 55/45 (%w/w) based on
the determined adhesive content of 12%. The pressing temperature used was the best
in the first stage of the study, which was 140 °C with the same pressing pressure and
time as the previous stage. The application was conducted by spraying UF and MDI
adhesive separately.

2.5. Scanning Electron Microscopy (SEM) Analysis

The morphological observation of the particleboard surface area was conducted by
scanning electron microscopy (SEM) JSM-6360 (JEOL Ltd., Tokyo, Japan). Previous imaging
demonstrated that the sample surface was coated with an 80 nm gold layer using a sputter
coater and then it operated at an accelerating voltage of 15 kV with a magnification of 500 x.
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2.6. Data Analysis

A non-factorial, completely randomized design was used, and the first stage of treat-
ment was pressing temperatures consisting of 130, 140, 150, and 160 °C. Furthermore, the
second stage of treatment was in the form of a comparison of UF/MDI adhesives consisting
of 100/0, 85/15, 70/30, and 55/45 (%w/w), and the number of board repetitions for each
treatment was three replications.

3. Result and Discussion
3.1. Properties of the Hybrid UF/MDI Adhesives

The characteristics of UF/MDI adhesives at various ratios are shown in Table 1. The
basic characteristics including non-volatile solids content, gel duration, and viscosity
influence the performance of the adhesives in wood-based panels. In general, the solids
content and viscosity of UF/MDI adhesives increased as a function of MDI content while
the gel time decreased. The increase in solids content is related to the addition of the MD],
which has a solids content of 99.5%. The high solids content of MDI indicates a high content
of active materials for bonding, resulting in the more excellent adhesion and cohesion
strength of the MDI adhesive [11-14]. Furthermore, the presence of MDI in UF resins
markedly increased the viscosity of hybrid adhesives. The increase in viscosity is probably
because of the reaction between -NCO groups and -CH,OH groups of the UF [21]. As a
result, the gel time of the UF/MDI hybrid adhesive decreased with a higher MDI content,
which in practice means that a higher MDI content makes the life of the UF/MDI hybrid
adhesive shorter.

Table 1. Basic properties of hybrid UF/MDI adhesives.

UF/MDI Ratio (%w/w)

Properties
100/0 85/15 70/30 55/45
Non-volatile solids content (%) 65.7 £+ 0.32 67.4 + 0.23 69.3 + 0.24 70.6 + 0.34
Viscosity (mPa - s) 210.5 + 6.48 230.4 +3.91 275.7 + 8.68 332.4 +6.98
Gel time (s) 202.0 +2.88 195.6 £ 2.89 180.2 £ 4.04 165.8 £ 3.21

The value after 4 indicates the standard deviation.

The DSC analysis showed the curing temperature (Tp) of the hybrid UF/MDI adhe-
sives as an exothermic reaction (arrow) (Figure 1a). The neat UF adhesive with 0% MDI
had a Tp around 136.2 °C. Regardless of the MDI content, incorporating MDI into the UF
adhesive decreased the Tp to 96.8 to 123.5 °C (asterisk). The decrease in Tp was probably
because of the reaction between the -CH,OH groups of the UF and the -NCO groups of
the MDI to form urethane bonds [21]. The -NCO groups of MDI are known to have greater
reactivity than other adhesive functional groups [12,14]. The ATR-FTIR spectra of hybrid
UF/MDI adhesives are displayed in Figure 1b. The spectra reveal several specific functional
groups, such as free -NCO groups and the C-C aromatic of MDI that were observed at
2250 cm~! and 1525 cm ™}, respectively, while the neat UF adhesive had C=O groups at
1650 cm 1. Regardless of the MDI content, adding MDI into the UF adhesive increased the
intensity of N-H at 3300 cm ! and C-H at 2948 cm ! and 2880 cm~!. The addition of MDI
into the UF adhesive formed urethane linkages at 1730 cm~! due to the reaction between
the -CH,OH groups of the UF and the -NCO groups of the MDL The hybrid adhesives
containing higher MDI content had -NCO groups at wavenumber 2270 cm~! from the
excess MDI. The free -NCO groups could further react with the -OH of wood [12-14].
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Figure 1. Characteristics of the UF resin and the UF/MDI hybrid adhesives (a) DSC thermogram of
the hybrid adhesives and (b) ATR-FTIR spectra of the hybrid adhesives.

3.2. Slenderness Ratio and Aspect Ratio of Particles

The distribution of SR and AR particles and the calculation results of these two
values are displayed in Figure 2. The results indicate that the SR value in wood shavings
is dominated in 20-30, while the AR is still below 2. The SR value is included in the
low category, and Maloney [21] stated that the ideal SR and AR values are 150 and 3,
respectively. The low SR value is one of the causes of the low bending value of the resulting
board. According to Maloney [21], particle geometry is one factor that influences the panel
modulus of rupture value. This particle geometry deals with size, slenderness, and aspect
ratio. The particles with a high slenderness ratio will be more accessible to orient since
the resulting board strength will increase and need less adhesive per surface area to bond
the particles.
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Figure 2. The distribution of the particles’ slenderness ratio and aspect ratio.

3.3. Density

Figure 3 shows that the board density value for the pressing temperature treatment
ranges from 545-689 kg/m?>. The board produced the lowest and highest density value
with a pressing temperature treatment of 140 °C and 150 °C. In addition, the density values
ranged from 545-640 kg/m? at different UF/MDI ratios. The lowest and highest were
obtained at UF/MDI ratios of 70/30 and 100/0. The resulting board density values for
the treatments, pressing temperatures, and the overall UF/MDI ratio were still below
the target. This is because the particles were removed during the board manufacturing
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process. Bufalino et al. [22] stated that the low-density value was caused by the loss of
particles during the manufacturing process. Similarly, Kelly [23] stated that the factors that
influence the board density value include the type of wood (wood density), the amount of
pressing pressure, the number of wood particles in the plinth, the adhesive content, and
other additives.
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Figure 3. The density of the particleboard. The bars indicate the standard deviation.

The statistical analysis showed that at the 95% confidence interval, the pressing temper-
ature treatment did not significantly affect the density parameter. Meanwhile, the UF/MDI
ratio treatment gave a significantly different effect. The final board’s density value complies
with JIS A 5908-2003 standard requirements, which range from 400 to 900 kg/m? [24] and
EN 312-2010, whose requirements indicate only +10% tolerance on the mean density within
a board [25].

3.4. Moisture Content

Figure 4 shows that the value of the board’s moisture content for the pressing temper-
ature treatment ranges from 5.5 to 6.6%. The particleboard produces the lowest and highest
moisture content values with a pressing temperature treatment of 160 °C and 130 °C,
respectively. The pressing process at a higher temperature causes a greater decrease in the
moisture content of the resulting board. Meanwhile, the temperature of 160 °C showed a
drastic decrease in moisture content. This was presumably due to the influence of lignin
melting at that temperature. This can lead to a partial closure of the cell cavities in the wood
particles and may result in limited water and water vapor accessibility. Ferra et al. [26]
stated that the pressing temperature would influence changes in chemical components,
such as the liquefaction of lignin. Furthermore, Iswanto et al. [27] reported that pressing
at higher temperatures on sorghum bagasse particleboard and jatropha rind produced a
lower response to moisture content.

The moisture content value for the treatment of the UF/MDI ratio ranged from 5.8 to
6.5%, where the lowest and highest values were obtained on the boards with a ratio of 100/0
and 55/45, respectively. Figure 3 shows that slightly increasing the MDI adhesive ratio
causes an increase in the moisture content value. The MDI proportion and the board density
value are inversely related when viewed from the board density value. Furthermore, the
low-density value contributed to the increase in the board’s moisture content. The statistical
analysis showed that at the 95% confidence interval, the pressing temperature treatment
and the UF/MDI ratio significantly differed in moisture content parameters. Generally, the
moisture content of the resulting boards meets the requirements of JIS A 5908-2003 and EN
312-2010 standards, which specify a moisture content in the range of 5-13% [21,24].
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Figure 4. Moisture content of the particleboard. The bars indicate the standard deviation.

3.5. Water Absorption

Figure 5 shows that the water absorption value of the board for the pressing tempera-
ture treatment ranged from 46.1 to 61.6%. The board produced the lowest and highest water
absorption values with a pressing temperature treatment of 140 °C and 160 °C, respectively.
The temperature and water absorption capacity of the board is directly proportional. In
the water absorption test, the board was immersed in water at a temperature 20 £ 1 °C
for 24 h. Therefore, the water absorption ability is largely determined by the adhesives’
performance. In the pressing temperature treatment, the particleboard uses a mixture of
UF and MDI adhesives with a ratio of 70/30, where the dominance is on the UF adhesive.
As previously reported, the ideal UF adhesive works at low temperatures. Therefore,
over-curing is impacted when the temperature increases during the same pressing period,
which influences the decreased adhesive ability. This is evidenced in the parameters of
the internal bonding of the boards produced for the treatment at a temperature of 160 °C,
which has the lowest value. Winandy and Krzysik [28] reported that increased pressing
time and temperature did not hinder the ability to absorb water from the panels.
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Figure 5. Water absorption of the particleboard. The bars indicate the standard deviation.

Meanwhile, for the treatment of the UF/MDI ratio, the water absorption value ranged
from 32.9-50.5%, where the lowest and highest values were obtained on the boards with a
ratio of 55/45 and 100/0, respectively. The MDI adhesive ratio and water absorption value
of the board are inversely proportional. This is consistent with the trend in the development
of board thickness. The statistical analysis showed that at the 95% confidence interval, the
pressing temperature treatment did not have a significantly different influence on the water
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absorption parameters. Meanwhile, the UF/MDI ratio treatment produced a significantly
different influence.

3.6. Thickness Swelling

Figure 6 shows that the value of the board thickness swelling for the pressing temper-
ature treatment ranged from 12.1-19.9%. The board produced the lowest and the highest
thickness swelling values with a pressing temperature treatment of 140 °C and 160 °C,
respectively. An increase in temperature causes a higher thickness swelling value. The
UF adhesive underwent over-curing at a higher temperature for the same pressing period.
In the hot pressing process of particleboard manufacturing with the UF adhesive, several
studies used temperatures varying from 120 °C to 160 °C with time variations between
4-10 min [29-33].
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Figure 6. Thickness swelling of the particleboard. The bars indicate the standard deviation.

For the treatment of the UF/MDI ratio, the thickness swelling value ranged from
9.8 to 13.7%, where the lowest and highest values were obtained on boards with a ratio
of 55/45 and 100/0, respectively. Figure 6 showed that the MDI adhesive ratio and the
thickness swelling value were inversely related. The MDI adhesive can bond chemically. It
is stronger than other exterior adhesives, such as PF, which only have mechanical bonding
capabilities. Furthermore, Veigel [34] and Mara [35] stated that there is a chemical bond
between the MDI adhesive and lignocellulosic material. It produces higher strength and
is more stable than mechanical bonds such as PF and UF adhesives. Isocyanates react
chemically with hydroxyl groups to form urethane linkages between wood particles [36].
The combination of nonpolar and aromatic compounds from MDI produces resistance to
hydrolysis reactions. In addition, isocyanates react physically with the water contained in
the wood to form polyurethane. The MDI adhesive usually penetrates the wood surface
to a depth of 1 mm [37]. The MDI should penetrate at least 0.3 mm for good adhesion to
wood, and the penetration capability results in suitable thickness swelling properties.

The statistical analysis showed that at the 95% confidence interval, the pressing
temperature treatment and the UF/MDI ratio produced significantly different effects
on the parameters of the thickness of the board. Generally, the resulting thickness swelling
value does not meet the JIS A 5908-2003 standard, except for boards with a UF/MDI ratio
of 55/45. In contrast, according to EN 312-2010 standard, each board except that obtained
by treatment at a pressing temperature of 160 °C meets the requirements (max. 17%) and,
due to the value of swelling thickness, is qualified as type P3, i.e., non-load-bearing boards
for use in humid conditions [25].

62



Forests 2023, 14, 320

3.7. Modulus of Rupture and Modulus of Elasticity

Figure 7 shows the board’s modulus of rupture (MOR) and modulus of elasticity. The
MOR value for the pressing temperature treatment ranged from 4.9-8.3 N/mm?, where
the board produced the lowest and highest values with a pressing temperature treatment
of 130 °C and 140 °C, respectively. The board’s strength decreased at temperatures above
140 °C because the UF adhesive was over-cured at high temperatures. Paridah et al. [38]
stated that the adhesive’s polymerization rate would increase or decrease depending on
the raw materials (wood and adhesive) used. This will directly influence the temperature
and pressing time in particleboard manufacturing. The conduction of hot pressing for
a long time can affect the over-curing of adhesives, and the strength may be negatively
influenced [39].
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Figure 7. Modulus of rupture of the particleboard. The bars indicate the standard deviation.

For the treatment of the UF/MDI ratio, the MOR values ranged from 8.3-11.1 N/ mm?,
where the lowest and highest values were obtained on boards with a ratio of 70/30 and
85/15, respectively. The MDI adhesive ratio and the MOR value of the board are inversely
related. The statistical analysis showed that at the 95% confidence interval, the pressing
temperature treatment and the UF/MDI ratio produced significantly different influences on
the MOR parameters of the board. The pressing temperature treatment of 140 °C resulted
in a MOR value consistent with the JIS A 5908-2003 standard. For the UF/MDI ratio, all of
the boards produced were consistent with the standard whereby JIS A 5908-2003 requires a
minimum MOR value of 8 N/mm? [24]. In terms of the EN 312-2010 standard, the board
produced with a UF/MDI ratio of 85/15, whose MOR is 12.6 N/ mm?Z, meets the minimum
requirements (11 N/ mm?) for board type P2, i.e., boards for interior fitments (including
furniture) for use in dry conditions, and the board with a ratio of 55/45 for board type 1
(10.5 N/mm?) [25].

The board’s modulus of elasticity (MOE) for pressing temperature treatment ranges
from 550-959 N/mm?. The board produced the lowest and highest MOE values with a
pressing temperature treatment of 130 °C and 140 °C, respectively. Meanwhile, for the
treatment of the UF/MDI ratio, the MOE values ranged from 959-1406 N/ mm?. The lowest
and highest values were obtained on boards with a ratio of 70/30 and 85/15, respectively.
According to Maloney [21], various factors influence the MOE value, including the resin
type, resin content, adhesive bond, and fiber length. The statistical analysis showed that
at the 95% confidence interval, the pressing temperature treatment and the UF/MDI ratio
significantly differed from the board’s MOE parameters. Furthermore, the treatment did
not produce boards that meet both standards as the JIS A 5908-2003 standard requires a
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minimum board MOE value of 2000 N/mm? [24] and the EN 312-2010 standard requires a
minimum of 1800 N/mm? (type P2) [25].

3.8. Internal Bond

Figure 8 shows that the internal bond value of the board for the pressing temperature
treatment ranged from 0.07 to 0.6 N/mm?. The board produced the lowest and highest in-
ternal bond values with a pressing temperature treatment of 160 °C and 140 °C, respectively.
Forging at a temperature of 140 °C was the optimal condition in this study and therefore,
the bond between the UF/MDI mixed adhesive at a ratio of 70/30 with wood shavings
particles. Temperatures below and above 140 °C are suspected of causing pre-curing and
over-curing, respectively. Both of these conditions reduce the value of the board’s internal
ties. Nemli [40] states that increasing pressure, pressing temperature, time, and adhesive
content are directly proportional to IB. This is closely related to resin maturation, decreased
particle wettability, and increased surface area [40]. Furthermore, Ferra et al. [26] reported
that the differences in the characteristics of IB using 10% UF adhesive at five different
temperatures were explained by two approaches: (1) the temperature influence the UF
bond on wood. It facilitates the movement of fluids in the wood and is accompanied
by an accelerated diffusion of resin molecules. The low temperature decreases the resin
dispersion in the wood, resulting in a decrease in mechanical interlocking. (2) The pressing
temperature influences chemical substrate modifications such as lignin fusion and hydro-
gen bonds associated with increasing the strength values. Low temperatures can inhibit
the mobility of the hydroxyl groups of the polymer. This will prevent the conversion of the
methyl ether bridge into a methylene bridge and decrease the bond strength’s value.
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Figure 8. Internal bond of the particleboard. The bars indicate the standard deviation.

For the treatment of the UF/MDI ratio, the internal bond values ranged from
0.5-0.8 N/mm?2. The lowest and highest values were obtained on boards with a ratio
of 55/45 and 100/0, respectively. The presence of the MDI adhesive resulted in a lower
internal bond value when compared to that without the MDI mixture. This was due to the
low moisture content of the particles used to accommodate the UF adhesive. This study
was conducted using a moisture content of 5% particles.

Furthermore, the MDI performance will be better in sufficient water. This is be-
cause there will be a reaction with molecules containing active hydrogen to produce basic
polyurethane and polyurea molecules. Active hydrogen sources can bind hydroxyl groups
in wood, wood extractives, or wood resins and their moisture content. Wood has a chemi-
cal functional group known as a hydroxyl group. Meanwhile, the MDI on the isocyanate
group (-N=C=0) reacts with the hydroxyl group to form a urethane chain. A combination
of nonpolar factors and MDI aromatic components are resistant to hydrolysis [35]. The
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statistical analysis showed that at the 95% confidence interval, the two treatments pro-
duced significantly different influences on the internal bond parameters. Most of the IBs
were consistent with the JIS A 5908-2003 standard which requires a minimum value of
0.15 N/mm? [24] except for the pressing temperature treatment of 160 °C. In terms of the
EN 312-2010 standard, all of the boards manufactured in the UF/MDI ratio and the boards
with the pressing temperature treatment of 140 °C meet the minimum IB requirements of
0.45 N/mm? for the board type P5, i.e., load-bearing for use in humid conditions, and the
board in the 100/0 ratio even type P7 (heavy duty load-bearing boards for use in humid
conditions)—0.75 N/mm? [25].

3.9. Scanning Electron Microscopy Analysis

The morphology of the particleboard surface using UF adhesive and UF/MDI adhesive
combination was observed by scanning electron microscopy (SEM). The UF/MDI ratios
observed in this research were 100/0, 85/15, and 70/30 (Figure 9). The hot-pressing process
resulted in densification on the cell wall of the wood particles as shown in the triangle area
in Figure 9a. This was described as the cells being flattened. The particleboard became more
compact, and the density tended to increase. The particleboard bonded by UF only showed
that UF was not distributed evenly as shown in the rectangle area and narrow in Figure 9b.
A more even distribution of MDI in particles can be seen in Figure 9c,d. This analysis proved
that adding MDI in a UF/MDI adhesive combination was required to create a more even
distribution of adhesive by filling the cell cavities among the particles. It was concluded
that the addition of MDI adhesive in the manufacture of a particleboard UF/MDI adhesive
combination was able to improve its dimensional stability and bending properties.

Figure 9. SEM analysis of the particleboards: (a) densification on the cell wall of wood particles and
(b) UF/MDI adhesive combination ratios 100/0, (c) 85/15, and (d) 70/30 in 500 x magnification.

4. Conclusions

In summary, the increased pressing temperature resulted in increased thickness
swelling and water absorption. The resulting swelling thickness value ranges from
12.1-19.9% On the contrary, the MOE, MOR, and internal bond values decreased. The
increase in the MDI ratio on the UF/MDI adhesive combination successfully improved
the water absorption, thickness swelling, and modulus of rupture (MOR) values of the
particleboards. Compared to several related studies, it was shown that the presence of
the MDI adhesive in the UF/MDI adhesive combination showed an improvement in
thickness swelling, MOE, MOR, and IB values. However, in this study, the IB value pro-
duced decreased. The optimum temperature to obtain the particleboard’s physical and
mechanical properties was 140 °C. The UF/MDI ratio of 85/15 was determined for an
optimum combination at this temperature. The increasing ratio of MDI in the UF/MDI
adhesive combination resulted in a more even distribution of adhesives. Consequently, the
particleboard’s water absorption, thickness swelling, and MOR properties were improved.
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Abstract: Bamboo requires treatment to extend its service life. However, as bamboo strips could
serve as a suitable candidate for lamination, the treatment may affect its bendability. The current
study investigated the effects of boric acid treatment on the physical, mechanical, adhesion, and
morphological properties of bamboo strips. Owing to their availability and popularity in local
industries, four Malaysian bamboo species were used in this study, namely Gigantochloa scortechinii,
Gigantochloa levis, Dendrocalamus asper, and Bambusa vulgaris. These four species’ bamboo strips were
treated with 5% boric acid and their properties were evaluated. The findings revealed that the boric
acid treatment had varying degrees of effect on the properties of the bamboo. Despite having lower
treatability and stability, both G. scortechinii and G. levis have greatly superior mechanical properties
that justify their use in the production of laminated products. The boric acid treatment was found to
provide several benefits to bamboo strips intended for lamination, including increased wettability,
dimensional stability, and mechanical strength.

Keywords: bamboo; boric acid; physical properties; mechanical properties; adhesion properties;
morphological properties

1. Introduction

Bamboo is regarded as an eco-friendly plant that grows and matures quickly, has a
versatile use, a unique appearance, is efficient at photosynthesis, and has great potential as
a substitute material for wood with the various fibre products that can be produced [1-3].
Because of its higher physical and mechanical properties, in comparison to some commer-
cial wood species, it has also been used for engineered products, offering higher value
addition and market potential [4-6]. Due to its high strength and rapid growth, bamboo
is the best alternative for replacing timber [7]. Bamboo is no longer restricted to round
forms, but has been extended to splits or strips, which have been encouraged to form
in engineered products such as composites, laminated bamboo boards, and plybamboo,
which can be used in structural applications [8-12].

In Malaysia, at least 70 bamboo species from 10 genera have been identified, with
59 of them found in Peninsular Malaysia. The top three most studied bamboo species in
Malaysia are Gigantochloa scortechinii (buluh semantan), Bambusa vulgaris (buluh minyak),
and Dendrocalamus asper (buluh betong), with G. scortechinii dominating the list. The basic
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properties of these bamboos, particularly G. scortechinii, have been extensively researched.
Local researchers have extensively studied the anatomical, physical and mechanical prop-
erties, machining properties, and chemical content of G. scortechinii [13-15]. Several re-
searchers [16,17] have also reported on the chemical composition, morphology, physical
and mechanical strength of B. vulgaris. In the meantime, there are few reports on the basic
properties of D. asper in comparison to the previous two bamboo species. D. asper, on the
other hand, is a favorite bamboo species among local researchers for the production of
wood-based products such as particleboard [18,19]. G. levis (buluh beting), on the other
hand, has received very little attention in the country. However, Siam et al. [20] found G.
levis to be a very promising bamboo species for laminated bamboo production. G. levis has
a culm wall thickness of 12 mm, a high density of 750 kg/m3, and superior mechanical
strength, making it a suitable candidate for laminated products. These four bamboo species
have been found in abundance in the surrounding forest. Furthermore, these are the bam-
boo species most commonly used in the local industry and community for the production
of various bamboo-based household products.

Bamboo culms, on the other hand, are easily impacted by fungus and insects due
to their high carbohydrate, including starch content. Improving bamboo’s mechanical
properties and fungi resistance is critical for increasing its outdoor use. Bamboo, like most
lignocellulosic materials, is vulnerable to biological degradation agents [21]. As a result,
treating the bamboo is required to extend the product’s service life. Chemical treatments
are the best option, because they ensure that the bamboo products have a longer service
life while also maintaining their quality [22]. The preservatives used determine the success
of the bamboo treatment. As many wood preservatives have already been banned due to
arsenic and/or chromium content, boron-based preservatives with lower toxicity, such as
boric acid, have become a popular alternative [23]. Boric acid is a water-based preservative
that is much less toxic than arsenic or chromium compounds. Boric acid is well-known in
wood preservation for its insecticide and fungicide properties [24].

However, while boric acid treatment improves biological durability, it may also change
the physical and mechanical properties of the bamboo. According to some studies, wood
treated with boric acid has lower mechanical strength than untreated wood [25,26]. Simsek
and Baysal [27], on the other hand, discovered that boric acid treatment increased the
surface roughness, density, and modulus of elasticity (MOE) of the treated wood. Because
bamboo has the potential to be used in lamination, it is necessary to investigate the effects
of boric acid treatment on the adhesion and bonding characteristics of bamboo, as well
as its buffering capacity [28,29], which measures the resistance of wood to changing pH
levels in acid or alkaline liquid. Density, moisture content, anatomical structure, buffering
capacity of the bamboo surface, and species, are all factors that influence bonding quality.
Therefore, the purpose of this study was to look into the effects of boric acid treatment on
the physical, mechanical, and adhesion properties of bamboo strips that will be used to
make laminated bamboo boards. This study used four Malaysian bamboo species based on
their abundance and importance in the local industry: G. scortechinii, G. levis, D. asper and
B. vulgaris.

2. Materials and Methods
2.1. Materials Preparation

Selected culms from a matured (3-5 years old) bamboo stand were harvested in a
forest area near Sik, Kedah. Four bamboo species, namely B. vulgaris (buluh minyak),
D. asper (buluh betong), G. levis (buluh beting), and G. scortechinii (buluh semantan) were
used in this study for the production of bamboo strips (Figure 1). These bamboos were
chosen due to their extensive use in the local bamboo industry and widespread distribution
in Malaysia.

To obtain shorter and more workable pieces, the harvested culms were cut to lengths
of 2 meters using a cross-cutting machine (CYM-001, Chang-hua Hsien, Taiwan). Before
being ripped into splits, the culms were further cut to 1 meter lengths. The hollow bamboo
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Bambusa vulgaris

(Buluh Minyak)

culms were longitudinally split into 22 mm width segments with a thickness of 7-9 mm.
The splitting of cylindrical bamboo stems resulted in slightly curved strips as shown in
Figure 1. The bamboo strips were flattened and shaped using a thicknesser machine before
being planed with a 2-side removal machine (PBM-TSP-001, Nagpur, Maharashtra, India).
The process removed the bamboo green and bamboo yellow to ensure the middle part of
the splits, called the bamboo timber, were extracted [30]. The strips had to be rectangular,
flat on each side, and without an inner or outer layer to ensure proper bonding on all four
sides. To ensure better bonding and no voids in the laminated bamboo sample, the bamboo
54S machine (MBXD-10B, Hangzhou, Zhejiang, China) was used to shape the strips into a
fixed width and thickness (20 mm width x 5 mm thickness).

Gugamtochloa scortechinit
(Buluh Semantan)

Gigantochloa levis

(Buluh Beting)

Figure 1. Splits of (a) Bambusa vulgaris (buluh minyak), (b) Gigantochloa levis (buluh beting),
(c) Gigantochloa asper (buluh betong), and (d) Gigantochloa scortechinii (buluh semantan).

2.2. Treatment of Bamboo Strips

A 5% boric acid solution was prepared for the treatment of the bamboo strips. The
treatment’s goal was to provide bamboo strips with short-term protection against biode-
grading agents, such as borers, termites, and fungi, before they were laminated. For 24 h,
the bamboo strips were immersed ina 1 m X 1 m tank containing a boric acid solution.
The strips were removed from the treatment tank after treatment, and the excess water
was drained. The strips were then kiln dried for three days at 60 °C and 40% RH until the
moisture content reached around 12%. After that, the strips were conditioned at 20 + 2 °C
and 65 £ 5% RH before testing

2.3. Evaluation of Physical Properties

The conditioned bamboo strips were then cut into samples with dimensions suitable
for the different properties” evaluations. Physical properties, such as moisture content,
specific gravity, moisture excluding efficiency, water absorption, thickness swelling, dry
salt retention, and weight percent gain, were determined according to the formula listed in
Table 1.

2.4. Surface Morphology Due to Boric Acid Treatment

The presence of boric acid in the bamboo strips was observed by using a Scanning
Electron Microscope (SEM, Leo 1455VP, Thornwood, NY, USA). The samples were taken
from both the treated and untreated bamboo strips. Cubes of 10 x 10 x 5 mm were prepared
using a sharp knife. Morphological investigations were performed on the untreated and
treated bamboo (boric acid) with a Scanning Electron Microscope (SEM, Leo 1455VP,
Thornwood, NY, USA) machine. The SEM instrument was used at an emission current of
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58 1A and an acceleration voltage of 5.0 kV; the working distance was set at 6.2 mm. Before
the SEM analysis, the samples were coated with gold.

Table 1. Experimental test methods of bamboo strips for the determination of physical properties.

Test Item

Dimension (mm) Formula

Moisture content (MC)

MC (%) = [(M; — Mo)/Mo] x 100
20 x 20 x 5 where, M; = initial weight of sample, g
M, = weight of sample after oven dry, g

p (kg/m3) =m/V x 1,000,000

Density (p) 20 x 20 x 5 where, m = weight of the sample, g
V = volume of the sample, mm?3
Specific gravity (SG) 20 x 20 x 5 SG = density of sample / density of water
. . MEE (%) = [(Eq — Et)/E¢] x 100
Mc;;st.ure ex(cli};g]i:r)lg 20 x 20 x 5 where, E,, = equilibirum moisture content of untreated sample, %
ethaency E; = equilibirum moisture content of treated sample, %
WA (%) = [(Wa — W;)/W;] x 100
. TS (%) = [(Ta — T;)/T;] x 100
Waterr?;i}olfpkt;on (WA) 20 x 20 X 5 where, W; = weight of sample before soaking, g
a lllirf (;3 W, = weight of sample after soaking, g
swelling T; = thickness of sample before soaking, mm
T, = thickness of sample after soaking, mm
. DSR (kg/m3) = [(1/V) x (concentration of boric acid solution/100)] x 1,000,000
Dry sa(}:t);;t)e ntion 1000 x 20 x 5 where, 1 = boric acid solution uptake, g
V = volume of bamboo culm, mm?3
. . WPG (%) = [(M; — M;)/M;] x 100
Welght(‘}/)\]elgz:;e)nt gam 1000 x 20 x 5 where, M; = weight of sample before treatment, g

M, = weight of sample after treatment, g

2.5. Evaluation of Adhesion Properties
2.5.1. Evaluation of Surface Wettability by Contact Angle

The contact angle measurements were performed on bamboo green (previously re-
moved during planing) samples measuring 60 mm in length, 20 mm in width, and 4 mm in
thickness. A Theta Lite (TL100 and TL101, Véstra Frolunda, Sweden) surface wettability
tester was used to measure the contact angle of the specimens. A microscope with an
attached camera was used to observe the contact angle. The specimens were conditioned
at 20 °C and 65% RH for 24 h. Distilled water was dropped onto the surface at room
temperature. To calculate the contact angle, the height and diameter of each droplet was
recorded, and the contact angle was observed and measured. Thirty replicated surfaces for
each species were tested.

2.5.2. Buffering Capacity

Samples of untreated bamboo strips were ground and dried. After that, fifteen grams
of dry bamboo particles were boiled in a 200 mL flask for 30 min. The mixture was filtered
using a glass crucible with a filter porosity (40-100 pm) (Carl Roth E562.1, Karlsruhe, Baden-
Whuerttemberg, Germany) equipped with an aspirator vacuum (A-1000S, Jalan Bukit Merah,
Singapore) and the filtrates were diluted with distilled water to a final volume of 200 mL
each. After that, the dilute extract was cooled at 20 °C for 24 h. A digital Mettler Toledo
Delta 320 pH Meter (MPN: 320, Columbus, Ohio, USA) was used to measure the actual pH
of the diluted sample before proceeding to the aqueous extraction. The aqueous extract
was manually titrated with 0.1 N sodium hydroxide (NaOH) and 0.1 N hydrochloride
(HCI) solution until pH 10.0 and pH 3.0, respectively. The pH value was recorded after the
addition of every 0.2 mL of titrant. After that, a graph of the pH vs. titrant volume (mL)
was plotted to examine the change in pH [31].
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2.6. Mechanical Properties

The samples were stacked in a conditioning chamber at 20 & 2 °C and a relative
humidity of 65 =+ 3% (EMC 12%) for a week prior to testing. The samples for static bending
and compression parallel to the grain were prepared in accordance with BS EN373:1957 [32].
A total of 240 specimens (30 samples X 4 species x 2 treatments) were tested. The test was
performed on an Instron Universal Testing Machine (UTM, Instron-3366, Norwood, MA,
USA) with a capacity of 100 kN. The loading rate and formula used to calculate the MOR,
MOE, and compressive strength parallel to the grain, are given in Table 2. Bamboo strips
were placed on the supporting span for the static bending test, with the bamboo green
surface facing the load of the testing machine.

Table 2. Testing parameters of bamboo strips for the static bending and compression parallel to the
grain tests.

Test Item

Dimension
(mm)

Total Loading Rate

Specimens (in/min) Formula

Bending

300 x 20 x 5

Modulus of rupture (N/ mm?) = 3FL/2bd?
where,
F =load at a given point on the load deflection curve, N
L = support span, mm
b = width of test specimens, mm
d = depth of test specimens, mm
Modulus of elasticity (N/ mm?) = PL3/4wbh?
160 (Control) 0.26 where,
160 (Treated) ’ P =is an increment of load in N on the straight-line portion
of the load deflection curve, mm
w = is the increment of deflection at mid-length
corresponding to P
L = span length, mm
b = width of test specimens, mm
h = depth of the test specimens, mm

Compression
parallel to the
grain

60 x 20 x5

Compression (N/mm?) = P/bt
where,
0.025 P = maximum crushing load, N
b = width of test specimens, mm
t = thickness of the test specimens, mm

160 (Control)
160 (Treated)

2.7. Experimental Design and Statistical Analysis

The collected data were analyzed using an Analysis of Variance (ANOVA). Meanwhile,
the mean separation was carried out using the Least Significant Difference (LSD) method.

3. Results and Discussion
3.1. Treatability of Bamboo
3.1.1. Weight Percent Gain (WPG)

Weight percent gain (WPG) represents the extent of chemical penetration into a mate-
rial and indicates its treatability. The WPG of bamboo strips is tabulated in Table 3. The
variation of WPG values is expected as it is highly dependent on the wood species. In this
study, G. levis has a higher treatability with a WPG of 3.61% or 25.34 kg/m3 compared to
D. asper, which has a WPG of only 1.47% or 8.97 kg/m>. Meanwhile, both B. vulgaris and
G. scortechinii have moderate treatability, as evidenced by their WPG values, which were
2.89% or 19.06 kg/m? and 1.98% or 13.51 kg/m?, respectively. The gain in weight is due
to the precipitation of boric acid. Boric acid dissolves in water primarily in the chemical
form of B(OH)3, with only a trace of boric acid dissociating into H" and B(OH)4 [33].
Yamauchi [34] discovered that B(OH)j is the dominant form of boric acid. According to
their research, B(OH)j3 localization occurs during the air-drying process. The analysis of the
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Fourier-transform (FT)-Raman spectra revealed that a portion of microcrystalline B(OH)3
precipitated in the lumen, while another portion of the B(OH)3 units penetrated the cell
wall of the samples [34].

Table 3. Weight percent gain of untreated and treated bamboo strips of four selected species.

Weight Gain
Bamboo Species kg/m3 %
Mean + SD Mean + SD
Dendrocalamus asper 8.97 +£4.27P 147 +0.71P
Bambusa vulgaris 19.06 +9.53 € 2.89 +£1418
Gigantochloa scortechinii 1351 +10.51 4 1.98 +1.57 ¢
Gigantochloa levis 25.34 +10.16 B 3.61 £ 1.284

ABCD

Means followed with the same letters in the same column were not significantly different at p < 0.05.

3.1.2. Dry Salt Retention (DSR)

The mean dry salt retention (DSR) of bamboo with different species of bamboo are
tabulated in Figure 2. Overall, the DSR of bamboo strips after boric acid treatment ranged
from 13-14 kg/m3. The highest DSR was recorded on the bamboo strips from D. asper
followed by B. vulgaris, G. levis and G. scortechinii, respectively. Comparing the WPG and
DSR, there are some discrepancies that occurred in terms of ranking treatability of the four
bamboo species. In WPG, the rank (descending order) was G. levis, B. vulgaris, G. scortechinii
and D. asper whereas in DSR, the rank was D. asper, B. vulgaris, G. levis, and G. scortechinii.

e~ Dendrocalamus asper
=z Bambusa vulgaris
Gigantochloa scortechinii

Gigantochloa levis

Hours

Figure 2. Mean dry salt retention of untreated and treated bamboo strips of four selected species.

3.2. Surface Morphological Due to Boric Acid Treatment

Figures 3 and 4 show the SEM images of untreated and treated bamboo strips. The
bamboo strips’ fibre lumen and parenchyma cells appear to have been filled with boric acid
(Figure 4). Gigantochloa genus has a complete vascular bundle structure that comprises
of three parts: a central, vascular strand, and two fibre strands, on each side of the central
strand [35]. Dendrocalamus genus contained two parts, a central vascular strand and one
fibre strand inside the central strand, while Bambusa vulgaris contained two parts, one fibre
strand at the bottom of the main vascular bundle and two fibre strands located above and
below the main vascular bundle [36]. This explained the reason why semantan and beting
generally behave similarly (in almost all of the properties mentioned above) as compared to
minyak and betong. Boric acid can remove the starch found in parenchyma, and improve
the bonding properties of bamboo strips.
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20.0(KV] SP-11.0 WD-11.9 x350

Figure 3. SEM for untreated bamboo strips of (a) Dendrocalamus asper, (b) Bambusa vulgaris,
(c) Gigantochloa scortechinii, and (d) Gigantochloa levis (350).

Figure 4. SEM for treated bamboo strips of (a) Dendrocalamus asper, (b) Bambusa vulgaris, (c) Gigan-
tochloa scortechinii, and (d) Gigantochloa levis (350 x ).

3.3. Physical Properties of Untreated and Treated Bamboo Strips

After a week of conditioning, the moisture content of the bamboo strips was within
the range of 7%-9.5%. The density and specific gravity (SG) for the treated and untreated
bamboo strips are shown in Table 4. The density of the strips varied between the four
species, ranging from 623.17 to 701.7 kg/m? for treated and 604.63 to 689.91 kg/m? for
untreated. The culms’ specific gravity ranged from 0.62 to 0.70 for treated and 0.60 to
0.69 for untreated. The moisture content of the bamboo strips ranged from 6.9 to 9.5%
for treated and 7.2 to 8.0% for untreated bamboo strips. The density of G. scortechinii
was higher than the others, with an average density of 713.35 kg/m3, closely followed
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by G. levis (696.28 kg/m3) and B. vulgaris (672.24 kg/m?), while D. asper had the lowest
density at 625.68 kg/m?>. The density result was close to previous research performed by
Siam et al. [20]. In general, the boric acid treatment increased both the density and specific
gravity, slightly. The increment in density and SG is mainly contributed to by the increment
in WPG mentioned above. The treatment, however, had the greatest impact on D. asper.

Table 4. Density and specific gravity of treated and untreated bamboo strips of four selected species.

Treatment Bamboo Species Density (kg/m3) MC (%) SG
Dendrocalamus asper 604.63 ° 8" 0.6°
(49.37) (1.3) (0.05)
Bambusa vulgaris 67532 4 7.3° 0.68
Untreated (78.1) (2.2) (0.08)
Gigantochloa scortechinii 685.51 A 750 0.69 A
(48.81) (0.95) (0.04)
. . 689.91 A 728 0.69 A
Gigantochloa levis (103.33) 1.9) o)
Dendrocalamus asper 623.17 ® 9.54 0.62 "
P (54.35) (0.98) (0.05)
Bambusa vulgaris 682.1 4 728 0.68 A
& 62.71) (0.87) (0.06)
Treated n & -~
; . 691.86 7.1 0.69

Gigantochloa scortechinii (38.34) (1.55) (0.05)

. : 701.7 A 6.9 ¢ 0.7 4

Gigantochloa levis (101.42) ) 01)

B,

Note: Values in () are the standard deviation. Means followed with the same letters 4B in the same column

were not significantly different at p < 0.05.

The moisture excluding efficiency (MEE) was calculated from the EMC to evaluate
the hydrophobic or hydrophilic properties of the material at high humidity [37]. Figure 5
depicts the effects of boric acid treatment on the MEE values. According to Figure 5, the
MEE for treated bamboo strips was higher than for untreated strips. For D. asper, B. vulgaris,
G. scortechinii and G. levis, the results were 7.98%, 4.34%, 5.62%, and 3.15% for untreated
strips and 9.52%, 7.08%, 5.60%, and 3.64% for treated strips. The results show that there
was no significant difference between the untreated and treated strips of G. scortechinii and
G. levis when compared to D. asper and B. vulgaris. However, bamboo strips treated with
boric acid become more hydrophobic when compared to untreated strips by an average of
12%-20%. D. asper had the highest MEE in this study, indicating that it is more resistant
to moisture uptake than the other species. All of the MEE values of the bamboo strips
increased after being treated with boric acid, regardless of species. Although D. asper
maintained its superiority, B. vulgaris improved significantly in resisting moisture uptake.
This characteristic may have a significant impact on bamboo bonding and coating.

The water absorption and thickness swelling of the bamboo strips for the four bamboo
species are shown in Table 5. A different pattern was observed for both water absorption
and thickness swelling, with the treated strips having the lowest values. After soaking in
water for 24 h, the untreated strips absorbed 2%-5% more water and swelled 1%-2% more
than the treated strips. Meanwhile, treated bamboo strips from D. asper, G. scortechinii, B.
vulgaris, and G. levis outperformed the untreated bamboo strips by 5.52%, 4.13%, 3.31% and
2.04%, respectively. The bamboo strips with a higher density had a lower WA value and
a higher TS value. Biswas et al. [38] found similar trends in both WA and TS for bamboo
strips, which supported this finding. A study by Borthakur and Gogoi [39] stated that the
bulking of the cell wall confers better dimension stabilization in bamboo. D. asper had the
least swelling, which could be attributed to its lower density. As evidenced by the high
WA of D. asper, low density bamboo has more void volume and, thus, can accommodate
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more water. The reduction in WA could be attributed to the precipitation of boric acid on
the bamboo and the reduced availability of voids for water absorption [40]. The reduction
of thickness swelling and water absorption of the treated bamboo strips could confer better
dimensional stability to the laminated products.

12
[0 Untreated M@ Treated
A
10 f
B
8 ¥ B
g £ C C
o 6
g C
D
4 T
2
0
Dendrocalamus = Bambusa vulgaris Gigantochloa Gigantochloa levis
asper scortechinii

Bamboo species

Figure 5. Moisture Excluding Efficiency (MEE) of untreated and treated bamboo strips for four
selected species. Note: Bars of mean followed with the same letters A,B,C,D were not significantly
different at p < 0.05.

Table 5. Water absorption and thickness swelling of untreated and treated bamboo strips for four
selected species.

Treatment Bamboo Species Untreated Treated with 5% Boric Acid % Reduction
Dendrocalamus asper 53.89 A 48.37 A 5.52
Bambusa vulgaris 48.98 A 45.67 B 3.31
Water absorption (%) Gigantochloa scortechinii 41518 37.38C 413
Gigantochloa levis 39.55 ¢ 3751 € 2.04
Dendrocalamus asper 5.01¢ 3.95€ 1.06
Bambusa vulgaris 7.89 A 6.56 B 1.33
Thickness swelling (%) Gigantochloa scortechinii 6.44 B 416¢ 2.28
Gigantochloa levis 5.49 B 411¢ 1.38

BC in the same column were not significantly different at p < 0.05.

Note: Means followed with the same letters A/
3.4. Adhesion Properties of Untreated and Treated Bamboo Strips
3.4.1. Wettability

The contact angle is formed between the surface and a liquid, and this provides useful
information about how well an adhesive wets, spreads, and penetrates into wood samples,
according to Paridah et al. [41]. In this study, all of the contact angles reached less than
30° after 60 s (Figure 6). Based on the smaller contact angle after 60 s, treated bamboo
strips appear to have better wettability than untreated bamboo strips, implying that the
surface of treated bamboo strips is more wettable and hydrophilic [42]. Boric acid treatment
increased the surface roughness of the bamboo, most likely due to raised fibres on the
bamboo surface. Higher roughness causes increased wettability [31], which explains the
increased wettability in treated bamboo. Lesar et al. [43] discovered that wood treated with
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boric acid is more hygroscopic than untreated wood. When compared to other bamboo
species, G. levis appears to be the least wettable, while B. vulgaris appears to be the most
wettable. It took more than 40 s for D. asper to reach the contact angle obtained for other
species. The increased wettability of the bamboo strips after boric acid treatment may
benefit the bonding quality of laminated bamboo boards by allowing the adhesive to
spread more easily.

Dendrocalamus asper Untreated Dendrocalamus asper Treated

Bambusa vulgaris Untreated

Bambusa vulgaris Treated
Gigantochloa scortechinii Untreated ——— Gigantochloa scortechinii Treated

Gigantochloa levis Untreated —— Gigantochloa levis Treated

—_——

0 10 20 30 40 50 60

Time (s)

Figure 6. Changes in the contact angle of untreated and treated bamboo strips for four selected
species.

3.4.2. Buffering Capacity of Bamboo Strips

Buffering capacity is the resistance of wood and non-wood materials to changes in pH.
Understanding the pH value and buffering capacity is critical because they influence the
curing behavior of resin [31,41,42]. The pH and buffering capacity values of untreated and
treated strips from the four bamboo species are shown in Table 6. As shown in Table 6 and
Figures 7 and 8, all of the untreated bamboo appeared to be more stable in acidic conditions
than in alkaline conditions because this required more HCl (2040 mL) to reach pH 3.0
rather than NaOH (12-27 mL) to reach pH 10.0. In contrast, treated bamboo is more stable in
alkaline conditions than in acidic conditions because a greater amount of NaOH (43-61 mL)
was used compared to HCl (15-25 mL) to achieve a pH 10.0 and 3.0, respectively.

3.5. Mechanical Properties of Untreated and Treated Bamboo Strips

Table 7 shows the mechanical properties of the treated and untreated bamboo strips of
four bamboo species. Treated strips appears to be much stronger compared to untreated
strips. Treatment with boric acid increased the MOR, MOE, and maximum load in bending,
as well as the compressive strength and the maximum load parallel to the grain. G. scorte-
chinii showed superior bending properties, while D. asper was the least strong irrespective
of the treatment. Similarly, concerning compression parallel to the grain, G. scortechinii
tops other species in both compressive strength and maximum load. D. asper remained the
weakest among the four species. The strength values for G. scortechinii and G. levis were
rather close, which may be due to being in the same genus and having a similar structure of
wall thickness among the bamboo species, and the internode lengths were longer than those
for D. asper and B. vulgaris, even though the wall thickness for both bamboo species, from
the bottom to the top portions, were the greatest [35]. The increased strength value can be
correlated with the formation of boric acid (salt crystals) within the bamboo’s microstruc-
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ture, which may aid in accommodating the applied force during loading [44]. Nevertheless,
some studies did report the negative effects of boric acid treatment towards the mechanical
strength of bamboo [25,26]. It could be because water-based preservative formulations
undergo hydrolytic reduction when they come into contact with wood sugars, causing a
reaction with the cell wall components. Wood strength may be diminished due to fixation,
a process that oxidizes the components of wood cell walls [45]. However, the goal of the
boric acid treatment in this study is only to provide the bamboo with short-term protection
against biodegradation agents. The concentration of boric acid used was relatively low, at
5%, and the WPG recorded was also low, ranging from 1.47 to 3.61% (Table 3). Therefore,
the increase in MOR and MOE could be attributed, primarily, to an increase in the density
of the treated bamboo strips.

Table 6. The pH and buffering capacity values of untreated and treated strips from four bamboo

species.
Treatment Species pH Acid * 0.1 N (HC1) (mL) Alkali ** 0.1 N (NaOH) (mL)
Dendrocalamus asper 6.48 39 A 22D
Bambusa vulgaris 5.92 210 27D
Untreated ) -
Gigantochloa scortechinii 6.02 19P 19P
Gigantochloa levis 6.12 29 B 12F
Dendrocalamus asper 6.24 24 € 51B
; D A
Treated with 5% Boric Bambusa vulgaris 6.32 21 61
Acid Gigantochloa scortechinii 6.26 14E 43¢
Gigantochloa levis 5.47 21 € 56 B

pH value

_ =
([

N W &~ O O NN o O

Notes: Mean value of 3 samples. * The amount of acid to reach pH 3.0. ** The amount of alkali to reach pH 10.0
Mean followed by the same letters (A~F) in the same column were not significantly different at p < 0.05.

Dendrocalamus asper Untreated

Dendrocalamus asper Treated

Bambusa vulgaris Untreated Bambusa vulgaris Treated

Gigantochloa scortechinii Untreated Gigantochloa scortechinii Treated

Gigantochloa levis Untreated —— Gigantochloa levis Treated

1 3 5 7 91113151719 21 23 2527 29 31 33 35 37 39 41 43 45 47 49 51 53 55 57 59 61

Volume (ml) NaOH

Figure 7. Stability of untreated and treated bamboo strips of four selected species in alkaline condi-
tions.
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Figure 8. Stability of untreated and treated bamboo strips of four selected species in acidic conditions.
Table 7. Mean values for the mechanical properties of untreated and treated bamboo strips from
different species.
Mean Values
Treatment Species Static Bending Compression Parallel to the Grain
Max Load Compressive Max Load
2 2
MOR (N/mm®) MOE (N/mm*®) N) Strength (N/mm?) (N)
b "’”d;‘;;g”m”s 129.01 B 16,555.33 D 183.19 B 41.85€ 4754.66 C
Bambusa 130.23 B 15,402.88 D 169.23 B 42,678 4781.19B
vulgaris
Untreated 1
nireate Gigantochloa 152.94 A 20,776.79 B 196.78 A 2708 443290 B
scortechinii
Glg“l’e‘:]‘l?sd‘l‘m 137.89 B 16,464.49 D 181.13 B 46.99 B 499834 B
b e”d;g;gm”s 133.37 B 17,405.28 € 185.27 B 39.95C 4574.63 C
Bambusa 156.88 A 17,503.49 € 201.10 A 46718 5278.52 B
vulgaris
Treated Gieantochl
igantociion 169.72 A 22,486.64 A 22293 A 62.75 A 7112.48 A
scortechinii
Glg”;;;?ghlm 161.53 A 18,700.80 € 211.414 49418 5402.29 B

ABCD

Note: Means followed with the same letters in the same column were not significantly different at p < 0.05.

3.6. Failure Behavior of Bamboo Strips in Mechanical Testing

The failure of bamboo strips loaded in static bending, for untreated and treated
bamboo, is depicted in Figure 9. The bamboo fails in in two ways: (a) brittle shear tension
mode, and (b) splintering tension mode. Brittle shear tension failure was caused primarily
by extensive longitudinal shear in the node section and occurred in all portions of the
node. Meanwhile, splintering tension failure was caused by splintering failure at the radial
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edge of the lower layer of the specimen and was common in the internodes of all portions.
This finding is consistent with previous research using Gigantochloa scortechinii bamboo
strips [46]. The bending failure for both the untreated and treated bamboo strips appeared
in the node of the strips and in the lower layer, for which the failure in both the parenchyma
and vascular bundles regions was due to the mechanical load applied to the specimens.
The parenchyma and vascular bundles were crushed and split extensively in the node,
whereas in the internodes, the failure only occurred in the parenchyma without any failure
in the vascular bundles.

0
ExtensiveShear \

Bending load

(a) (b)

Figure 9. Failure mode of strips from four bamboo species loaded in static bending: (a) brittle shear
tension mode, (b) splintering tension mode.

Figure 10 depicts the failure in compression of the bamboo strips, with various failure
behaviors observed in both the untreated and treated strips. The failure is illustrated in
Figure 10a, showing crushing from the bottom end and shear splitting in the middle and
upwards; the shear splitting propagated above the crushed area and upwards, due to a
weakness in compression. Figure 10b shows, on the other hand, that the crack tended to
form from the bottom end and from the middle, upwards, and sheared perpendicularly to
the maximum shear plane along 45° but terminated below the nodal area. At the node, the
crack occurred from the bottom end and sheared perpendicularly, while for the internode,
the crushing started from the bottom end and the shear splitting occurred in the middle,
upwards. After about 80% of the stress load, creases appeared on the compression side
of the bamboo. This could be attributed to the vascular bundle’s thick polylamellated
layer of fibre and the high percentage of parenchyma found in stress-resistant bamboo
complements. The frequency of occurrence of these failures in bending and compression
was nearly identical for both treated and untreated bamboo strips, indicating that the boric
acid treatment had no effect on bamboo strip failure behavior. Table 7 shows that, despite
the increased bending and compression of the treated bamboo strips, the values are not
statistically different from the untreated bamboo strips, with the exception of compression
in treated G. scortechinii.
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Crushing |

failure

(a) | (b)

Figure 10. Failure mode of strips from four bamboo species for compression parallel to the grain:
(a) failure due to crushing, (b) shearing failure in the bamboo strip.

4. Conclusions

The present study determines the effect of boric acid treatment on the physical, me-
chanical, adhesion and morphological properties of strips from four bamboo species (Den-
drocalamus asper, Bambusa vulgaris, Gigantochloa scortechinii and Gigantochloa levis). All four
species of bamboo can be treated easily with boric acid, with a reasonable DSR and WPG.
Based on the DSR and WPG values, the treatability of these bamboo species ranked (in
descending order) as follows: B. vulgaris, D. asper, G. levis and G. scortechinii. In general,
treatment with boric acid increased both the density and specific gravity slightly. D. asper
was the most affected by the treatment. Treatment with boric acid reduced the WA and TS
of the bamboo strips significantly. Based on the WA and TS results, D. asper was the most
stable (high WA, low TS) while the most unstable was B. vulgaris (high WA, high TS). G.
scortechinii showed superior bending properties, while D. asper was the least strong, irre-
spective of treatment. Similarly, concerning compression parallel to the grain, G. scortechinii
tops other species in both compressive strength and maximum load. D. asper remained the
weakest among the four species. Compared to B. vulgaris and D. asper, G. levis possessed
acceptable strength next to G. scortechinii. Based on the overall properties, and despite
having relatively poorer treatability and stability, both G. scortechinii and G. levis had greatly
superior mechanical properties, which warrants these species being considered for the pro-
duction of laminated products. Boric acid treatment was found to provide several benefits
to bamboo strips intended for lamination, including increased wettability, dimensional
stability, and mechanical strength.
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Abstract: The operation of CNC machining centers, despite their technological progress, can still be
affected by undesirable events associated with the technological parameters of their operation. The
minimization of these risks can be achieved via their adaptive control in the process of operation.
Several input parameters for adaptive control are still the subject of research. The work aimed to find
out the influence of the change in feed speed, revolutions, and radial depth of cut on the noise and
temperature of the tool during the milling of wood-based composite material particleboard. At the
same time, it was evaluated whether it is possible to use the measured values of these parameters
in the future in the process of an adaptive control of the CNC machine with the minimization of
their negative influence. The methods of measuring these parameters were chosen based on valid
legislation and previous research. The results of the research show that all parameters influence
both the noise and temperature of the tool, while the rate of the radial depth of cut has the greatest
influence on the increase in temperature, and the noise is most affected by the revolutions. The effect
of temperature during woodworking can also be characterized in terms of the potential long-term
wear of the cutting tool. The setting of optimization algorithms of monitored parameters in the
adaptive control of the CNC machining center will be the subject of further research.

Keywords: CNC machines; acoustics emission; wood-processing parameters; tool temperature;
adaptive control

1. Introduction

Universality, high precision, and product quality achieved through Computerized
Numerical Control machining centers (CNC machines) have caused their dynamic develop-
ment in practically all production spheres of industrial production [1-3]. These devices are
also financially available for small- and medium-sized enterprises. The producers of these
machines are looking for modern approaches to increase productivity and efficiency [4].
Modern CNC control units are designed to deal with obvious threats such as overload
(via various sensor systems) and collision (by checking the syntax of the NC code and
simulating it on the machine). However, despite these safety systems, various undesirable
events still occur during the machining with CNC machining centers. This means that
there are still risks that can seriously affect the operation of CNC machining centers [5].
Minimization of risks in the operation of CNC machines can be achieved by several ap-
proaches. A modern approach in this direction also represents the adaptive control of CNC
machines based on achieved parameters in the process of operation, using neural networks
and applying fuzzy logic approaches [6-10]. Since the machines work in different operating
conditions with different materials, the risks of their operation can differ significantly.
However, the basic risk factors from the point of view of machine operators include noise,
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vibrations, and from the point of view of their operation, the temperature of the cutting tool
and the machine [11,12]. When the CNC machine is turned on, the working spindle with
the tool, which rotates at a high cutting speed, produces noise. When in contact with the
material, this noise increases significantly. It is also important to how the machine works
and what material it processes. For example, in climb milling, the noise is greater than in
conventional milling. The feed speed also has a great influence on the noise of the CNC
machine [13-15].

The implementation of the Industry 4.0 philosophy, as well as the need to increase the
efficiency of production processes, creates pressure for an increasingly greater degree of
automation and leads to the minimization of the worker’s role in the working process. It is
becoming standard that one operator serves several production facilities and they perform
production operations autonomously. The worker performs only supervision, and his main
role has become interoperation control. Here, space is created for the application of control
and safety mechanisms that will replace the original role of the operator-to eliminate the
occurrence of unfavorable situations during the autonomous operation of the production
equipment itself.

One of the ways to solve this problem is the collection of all available continuously
measurable physical values and their subsequent interpretation using cyber-physical sys-
tems. The physical value that reacts more sensitively and faster to changes in the given
process has a higher informative value. Our work aimed to assess the response of the tool
temperature and the noise of the machining process to the change in the parameters of the
cut layer.

Problems with the operation and damage of tools, or in the case of wood and wooden
materials, the deterioration of the machined material also, can also be caused by high
temperature, which arises as a result of high revolutions, cutting speed, feed, tool and
workpiece materials, etc. In this direction, the temperature distribution on individual
parts of the machine, tool, and workpiece, or the use of coolant, is important. Keeping the
tool temperature below the critical level consequently extends its life [16-18]. Part of the
mechanical energy consumed during cutting and milling is converted into thermal energy
due to friction [19]. Unlike metals, the thermal conductivity of wood is low. Therefore, most
of the heat generated during milling is transferred to the tool, which leads to its increased
temperature [20-22]. The influence of the temperature of the tool during the cutting
process on the service life of the tool was dealt with by many authors who discovered the
influence of several parameters of the machining process, the properties of the tool, and the
material being machined. Some dealt with the issue experimentally, others analytically or
numerically, e.g., [23-25].

The current trend of setting and programming algorithms for CNC machines is for the
machine to be able to evaluate the critical values of the given parameter and accordingly
adjust the production cycle by adjusting the operating conditions. These conditions are met
using the process of adaptive control [26,27]. The first step for the implementation and cre-
ation of an adaptive control system is the interpretation of the measured critical parameters
into the creation of a structural model [28]. Such a system also helps in optimizing the time
schedule of preventive maintenance of the machine with an effective cost allocation [29,30].

Published works in this area focus mainly on research into the factors of wear of
cutting tools with selected cutting parameters. At the same time, adaptive control currently
relies mainly on mathematical models and not on direct evaluation of critical parameters of
the cutting process.

The aim of the work was to determine the influence of process parameters affecting the
size of the cut layer (revolutions, feed speed, and radial depth of cut) on the temperature
of the cutting tool and sound pressure level (A)-SPL (A) during the milling of the wood-
composite particleboard (PB). At the same time, it was evaluated whether the obtained
measured values of these parameters can be used in the future in the process of adaptive
control of the CNC machine with the minimization of their negative impact.
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2. Materials and Methods
2.1. Used Material and CNC Machine

Particleboards (PB) supplied by the company Kronospan Ltd., Zvolen, Slovakia,
were used in the experiment. The density of the material given by the manufacturer is
600 kg-m~3 - 640 kg-m 2 (deciduous 10%, coniferous 90%), and urea formaldehyde glue
with paraffin admixture is used. The manufacturer declares that the material complies with
the EN 14322 standard, EN 312-2, and emission class E1 (EN ISO 12460-5). These PB had a
thickness /1 = 18 mm, width w = 2800 mm, length / = 2070 mm. Within the experiment, a
modified particleboard format of 1000 mm x 1000 mm was used. For each combination of
considered parameters, 5 samples were used [31-33].

CNC machine specification:

The experiment took place on a 5-axis CNC machining center SCM Tech Z5 (Figure 1).
Table 1 provides the basic technical-technological parameters given by the manufacturer of
this machine.

Figure 1. CNC machining center SCM Tech Z5.

Table 1. Technical parameters of CNC machining center SCM Tech Z5.

Technical Parameters of CNC Machining Center SCM Tech Z5

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

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

Technical Parameters of the Main Spindle-Electric Spindle with HSK F63 Connection

Rotation axis C 640°
Rotation axis B 320°
Revolutions (rpm) 600 =+ 24,000
Power (kW) 11
. . . D =160
Maximum tool dimensions (mm) L =180

Tool Characteristics:

The experiment used a diamond-end mill IGM Fachmann Ekonomik Z2+1 from the
manufacturer of IGM tools from the Czech Republic (Figure 2). Milling-Cutter parameters:
working diameter 16 mm, working length 26 mm, the diameter of the clamping head
16 mm, the direction of rotation-right, maximum permissible revolutions 24,000 rpm .
This milling cutter was installed in hydraulic clamp SOBO 302680291 GM 300 HSK 63F,

manufactured by Giihring KG from Germany.

87



Forests 2023, 14,173

Figure 2. Diamond shank-type cutter IGM Fachmann Ekonomik Z2+1.

Parameters of milling process:

We carried out the high-speed milling process under the technological conditions
listed in Table 2. As a basis for choosing the technological parameters of the experiment,
the parameters recommended by the tool manufacturer were used. The revolutions were
used from 75% to 100% of the recommended, the radial depth of cut values were in the
range of % and }1 of the tool diameter, and the feed speed was in the range of +33% of the
value recommended by the manufacturer.

Table 2. Parameters of milling process.

Parameter Value
4
Feed speed (vy) (m-min—1) 6
8
4
Radial depth of cut (a.) (mm) 6
8
Axial depth of cut (ap) (mm) 18
15,000
Tool revolutions (1) (rpm-min~—1) 17,500
20,000
Milling direction Conventional milling
Machining strategy Finishing
Material orientation Technological dlrec)zzzi;)f production PB in

2.2. Noise Measurement Methodology

The measurement was carried out in the enclosed places of the machining hall of
the Technical University in Zvolen and was carried out under the same conditions that
workers are exposed to during their daily work. A Briiel & Kjeer type 2270 sound level
meter (Denmark) was used for the measurement, which made it possible to measure and
indicate sound pressure levels. It is a two-channel hand-held sound analyzer classified as
accuracy class 1 with a Briiel & Kjeer 4189 microphone. Its calibration was performed with
a Briiel & Kjeer 4231 calibrator. The sound level meter was placed on a tripod at a height
of 1.50 m behind the yellow line on the ground, which is at 1 m from the CNC machine
and serves as a safe distance for the worker, which he must not exceed during operation.
The distance of the sound-level meter from the place of machining was 2 m [34]. The
main descriptor was the equivalent sound pressure level A emitted by the CNC machine
tool during milling, depending on the revolutions, the radial depth of cut, and the feed
speed (Table 2).

During the measurement, the equivalent A sound pressure levels were recorded when
the CNC machine was switched on, including the time when it was not under workload.
During subsequent processing with the software Measurement Partner Suite (MPS-BZ 5503)
(Briiel & Kjeer, Naerum, Denmark), transitions were selected under the same operating
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conditions, which were repeated 3 times. The energy mean of these three values was
calculated according to Formula (1) [34]:

1
L = 10log-- Yy 1000k, (1)

where:

L is the energy mean of the equivalent sound pressure level A (dB),
n—number of measurement repetitions (3),
Li—sound pressure level (A) of the i measurement (dB).

2.3. Temperature Measurement Methodology

The temperature measurement in the process of tool-workpiece interaction was carried
out non-contact by means of two pieces of Raytek MI3 LTF pyrosensors (Raytek, Berlin,
Germany) connected to the computer through the RAYMI3-MCOMMN communication
interface (Raytek, Berlin, Germany). The layout of the measuring equipment is in Figure 3.
The sensors allow non-contact temperature measurement with an optical resolution of
10:1 in the range —40 to 1000 °C in the wavelength range of 8 um to 14 pm. The sensors
were placed at 100 mm from the surface of the workpiece, perpendicular to the machined
surface at a mutual axial distance of 50 mm in the direction of movement of the tool. The
diameter of the scanned area on the surface of the workpiece is 10 mm in this case. This
arrangement allows two tool-temperature measurements to be made in one tool pass. Data
recording was performed at a frequency of 30 Hz, which allowed the recording of 5 images
of the tool in the field of view of the sensor at the largest feeding speed. The emissivity
of the scanned surface was set to 0.9. The tool temperature was measured after milling
the 900 mm track, where the temperature conditions in the tool-workpiece environment
system were stabilized. The tool temperature was determined as the maximum recorded
temperature in the field of view of the sensors. The resulting temperature was determined
as an average of 10 measurements.

revolutions

Figure 3. Layout diagram of pyro sensors for temperature measurement.

3. Results
3.1. Noise

In Figure 4 is the dependence of sound pressure level (A)-SPL (A) on revolutions at
different feed speeds (gray 8 m-min~!, orange 6 m-min~!, blue 4 m-min~?!) and different
radial depth of cuts.

From Figure 4, the sound pressure level (A) of the CNC machine increases with
increasing feed speed (in the range of 15,000 min~! to 20,000 min~!) during all radial depth
of cuts. This is since the dominant source of noise is the aerodynamic noise caused by the
rotation of the CNC machine spindle. As the thickness of the removed chips only slightly
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decreases with the increase in revolutions, this phenomenon does not significantly affect

the noise level. As expected, the highest noise is at the highest feed speed of 8 m-min~!,

when the tool removes the largest amount of material per unit of time (significant increase

in chip thickness) and, on the contrary, the smallest at a feed speed of 4 m-min~!.
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Figure 4. Dependence of sound pressure level (SPL) on change in revolutions, feed speed, and radial
depth of cut ((a)—radial depth of cut 4 mm, (b)—radial depth of cut 6 mm, (c)—radial depth of
cut 8 mm).

On Figure 5 is the dependence of the sound pressure level (A) on the revolutions at
different material radial depth of cuts (grey 8 mm, orange 6 mm, blue 4 mm) and different
feed speeds. Even in this case, it is possible to deduce from the graph that the noise of
the CNC machine increases with increasing revolutions at all feed speeds. The highest
sound pressure level (A) was measured at the highest-used radial depth of cut of 8 mm
when there was the most pronounced interaction between the CNC milling cutter and the
workpiece. This is caused by the fact that the active length of contact between the tool
and the workpiece increases significantly when the material radial depth of cut increases.
From the analysis of the processed data, it is clear the SPL (A) value when the cutter is not
in engagement is at least 12 dB lower than it is in engagement for all set parameters. Its
value ranges from 68 dB to 78 dB. Therefore, this value does not significantly affect the
measurement results. The value of the extended measurement uncertainty ranges from
1.6 dB to 1.8 dB.

The results of the SPL (A) measurement at individual operating conditions show that the
tonal components are, as expected, integer multiples of revolutions. At 15,000 revolutions per
minute, the frequencies are 250 Hz, 500 Hz, and 1,000 Hz, and at 17,5000 and 20,000 revolutions,
the frequencies are 315 Hz, 630 Hz, and 1,250 Hz. Considering that it is a milling cutter
with two cutting edges, the highest tonal components are at frequencies of 500 Hz and
630 Hz (Figure 6).
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Figure 5. Dependence of sound pressure level (SPL) on revolutions at different radial depth of cuts
and different feed speeds ((a)—feed speed 4 m-min~!, (b)—feed speed 6 m-min !, (c)—feed speed

8 m-min~1).
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Figure 6. FFT analysis for 20,000 revolutions, feed speed 8 m-min~!, and radial depth of cut 8 mm.
The tone components are 315 Hz, 630 Hz, and 1,250 Hz, and the SPL (A) value at 630 Hz is 84,6 dB
(processed using Measurement Partner Suite software-Briiel & Kjeer, Denmark).

3.2. Temperature

On the graphs of the dependence of the temperature of the tool on the revolutions
at a constant value of radial depth of cut and feed speed (Figure 7), the influence of the
feed speed on temperature increase is relatively small. The temperature of the tool changes
only slightly with the increase in revolutions, which is since the thickness of the removed
chip (from 4 mm to 8 mm) only slightly decreases with the increase in revolutions. Wood
has a low value of thermal conductivity (0.10-0.25 W-m~!-K~!) and thermal diffusivity
(0.15-0.25-10~° m?-s~!) in the direction perpendicular to the fibers [35-37], which causes
slow heat transfer in the wood. Increasing the revolutions of the tool causes the thickness
of the chip to decrease, and therefore the tool separates a thinner layer at the next contact
of the blade with the material, which, due to thermal conductivity and diffusivity, has
a higher temperature. The result is a slight increase in the temperature of the tool with
increasing revolutions. However, this influence is not significant, because the thickness
of the chip changes only slightly. When the tool speed changes from n = 15,000 min~! to
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n = 20,000 min~!, the mean thickness of the chip decreases by approximately 25% (e.g., at
feed speed vf = 8 m-s—! and radial depth of cut 4, = 8 mm, it is from 0.189 mm to 0.141 mm).
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Figure 7. Dependence of temperature on change in revolutions, feed speed, and radial depth of cut
((a)—radial depth of cut 4 mm, (b)—radial depth of cut 6 mm, (c¢)—radial depth of cut 8 mm).

A more significant trend that can be seen from the graphs is that the temperature of
the tool decreases with the increasing value of the feed speed. This trend is caused by a
more significant increase in chip thickness (when the feed speed changes from vy = 4 m-s~!
tovr=8 m-s~!, the average chip thickness increases from 0.071 mm to 0.141 mm, i.e., by
100%), which, due to the small value of thermal conductivity and diffusivity, causes the
cutting edge to enter the colder material during the next cut of the tool. The length of
the friction surface, when the tool separates the chip, remains unchanged when the feed
speed is changed. The result is a temperature decrease in the tool, which is more effectively
cooled by the “cold” material than heated by the friction of the tool against the material.
This trend is best observed at the largest value of the radial depth of cut.

Other graphs show the dependence of the tool temperature change on the radial
depth of cut (Figure 8). It is clear from the trends that increasing the radial depth of cut
significantly affects the increase in tool temperature. The reason is the fact that as the radial
depth of cut increases, the contact length of the tool with the material increases significantly,
which results in a longer friction surface and a significant increase in the produced heat (at a
radial depth of cut of 4 mm, the length of contact between the tool knife and the workpiece
is 8.38 mm, and at a radial depth of cut of 8§ mm increases to 12.57 mm, i.e., by 50%). This
trend is clearly observable in all cases and is further synergistically supported by increasing
the revolutions, which causes a decrease in the thickness of the chip and thus an increase in
the temperature at the point of the cut due to the conduction of heat generated during the
previous cut in the material. Confirmation of the radial depth of cut as the most important
parameter affecting the temperature increase is also confirmed using statistics (Table 3).
The standard deviation was less than 2.0 °C in all measurements.
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Figure 8. Dependence of the temperature change in the tool on the radial depth of cut and revolutions
((a)—feed speed-4 m-min~!, (b)—feed speed-6 m-min~!, (c)—feed speed 8 m-min~1).

Table 3. The value of the correlation coefficient ryy between the machine parameters and the measured
temperature and noise parameters.

Parameter Noise Temperature
Revolutions 0.8739 0.2378
Feed Speed 0.3585 —0.5201

Radial depth of cut 0.2457 0.7908

Table 3 shows the correlation coefficients of noise and temperature depending on the
change in the operating parameters of the CNC machine. Sound pressure level (A) showed
the highest dependence on revolutions, while the extent of the radial depth of cut did not
show a significant effect. In adaptive control, it is, therefore, necessary to focus mainly
on the dependence of the sound pressure level (A) on the level of the revolutions for the
selected type of tool and workpiece.

The tool-workpiece interaction temperature showed the greatest dependence on the
radial depth of cut setting. As part of the adaptive control, it is, therefore, necessary to find
a balanced ratio between the set radial depth of cut and revolutions, where the optimal
value for both measured parameters appear to be between 15-17 thousand revolutions
and radial depth of cut of 6 to 8 mm for the selected type of tool and workpiece. The
dependence of temperature on feed speed is statistically confirmed only in an indirect
plane. Thus, feed speed affects the temperature partly indirectly (negatively).

4. Discussion

The methods of measuring and evaluating tool temperature in CNC machines were
objectified by Xie et al. (2009) [38]. Based on these principles, an objectified methodology
for measuring the temperature of the tool was chosen. The same trends of the depen-
dence of the tool temperature on the change in monitored parameters were identified
in the work [16]. However, tool temperature does not appear to be a major problem in
woodworking. The problem is rather in the machining of metallic materials due to the
energy management of the machine, where the design of cooling mechanisms is also nec-
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essary [17]. In woodworking, the use of coolants and lubricants has proven impractical.
Gisip et al. [39,40] demonstrated that the application of cold air or heat treatment of the
tool before processing wood-agglomerated materials can have an impact on the overall
life of the tool. Our results thus indirectly confirm that even if the temperature of the
cutting tool during woodworking does not move within critical values, the application of
this parameter in the adaptive control of CNC machines has significance. As part of the
conducted research, the measured temperatures do not approach the “critical values”. The
critical temperature is considered to be approx. 400 °C, when there are visible changes in
the color of the wood surface.

The parameter sound pressure level (A) has not been shown to be fundamental in
terms of wear of the cutting tool [41]. In woodworking, noise as a more fundamental
problem from a hygienic point of view was manifested earlier in sawmill wood processing
and on technologically older machines than in CNC woodworking [42,43]. Monitoring the
sound pressure level parameter (A) has, however, the importance in terms of its changes
with a connection to the change in the cutting parameters of the machine and the tool used.
Fluctuations in noise when changing cutting parameters can have a negative impact on
the machining process in a long-term context. Therefore, it is advisable to incorporate the
identified changes in this parameter into the adaptive control algorithm.

The presented results point to the fact that the noise of the tool as well as its tempera-
ture interacts with the thickness of the cut layer. When determining the thickness of the
cut layer as an optimization parameter, both signals have the potential to be used for the
identification of limit states as well as the optimization of process parameters.

The obtained results confirm the assumption that unfavorable machining conditions
will be manifested by an increase in the tool temperature and the noise of the machining
process. The common practice of operators, adjusting the parameters of the cut layer
based on a subjective assessment of the noise level of the machining process or visual
assessment and identification of thermal traces on the machined surface, is also based on
this assumption.

5. Conclusions

The results of this study show that operating parameters affect both noise and tool
temperature. As expected, the lowest SPL (A) = 84.7 dB was achieved at 15,000 rpm, 4 mm
clearance, and a feed speed of 4 m-min~?, and the highest SPL (A) = 95.1 dB at 20,000 rpm,
a radial depth of cut of 8 mm and a feed speed of 8 m-min~!. The lowest temperature of
59.7 °C was reached at 15,000 rpm, a 4 mm radial depth of cut, and an 8 m-min~! feed
speed, and the highest temperature was 84.0 °C at 20,000 rpm, an 8 mm radial depth of
cut, and an 8 mm feed speed. m-min~!. SPL (A) is most dependent on revolutions and
interaction temperature is most sensitive to the radial depth of cut setting.

The applied methodology objectifies the given method and by its nature is suitable for
application within adaptive control systems. For real use, however, it is necessary to expand
the spectrum of the obtained data, not only in the range of the combination of parameters
modulating the size of the cut layer but especially by the development over time resulting
from the wear of the tool. A real application would help not only in the optimization of
machining parameters but would also represent a suitable economy-detection tool. Based
on the development of the monitored physical values, it would be possible to determine
exactly the level of wear of the tool, at which it is necessary to replace it, without the
need to remove the tool from the machine and procure specialized, financially demanding
measuring equipment.
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Abstract: Through its anthropogenic activities in construction, human society is increasingly bur-
dening the environment with a predominantly adverse impact. It is essential to try to use building
materials that allow us to build environmentally friendly buildings. Therefore, this article deals with
the determination of the environmental performance of a cross-prestressed timber-reinforced concrete
bridge using life cycle assessment (LCA) compared with a reinforced concrete road bridge with a
similar span and load. The positive environmental performance of the wooden concrete bridge was
proved, with a relatively small (22.9 Pt) total environmental damage. The most significant impact on
the environment is made by the wood—concrete bridge materials in three categories of impacts: Res-
piratory inorganics (7.89 Pt, 79.94 kg PM2.5 eq), Global warming (7.35 Pt, 7.28 x 10* kg CO; eq), and
Non-renewable energy (3.96 Pt, 6.01 x 10° MJ primary). When comparing the wood—concrete and steel
concrete road bridge, a higher environmental performance of 28% per m? for the wood--concrete bridge
was demonstrated. Based on this environmental assessment, it can be stated that knowledge of all
phases of the life cycle of building materials and structures is a necessary step for obtaining objective
findings of environmental damage or environmental benefits of building materials or structures.

Keywords: LCA; wood; concrete; road; bridge; environmental impact

1. Introduction

With the world’s growing population, it is necessary to travel and overcome longer
distances. This is also connected with the broader use of roads and bridge structures. The
bridges are becoming more and more loaded, and which necessitates their reconstruction
or complete replacement. In the Czech Republic (Central Europe, total area 78,866 km?,
population 10.52 mil.), there a total of 17,850 bridges, 13.76% of which are in poor condition,
5.03% are in very poor condition, and 0.45% are in critical state condition. For bridges
located on the class 2 roads (the connection between the districts) and class 3 roads (the
connection between the municipalities or their connection to the other roads), 16.18% of
bridges are in poor condition, 6.02% are in very poor condition, and 0.58% of the bridges
are in a critical state condition. A significant part of the bridges in poor to critical state
conditions are bridges placed on class 2 and class 3 roads [1]. From this information, almost
23% of class 2 and class 3 road bridges need to be renovated or completely replaced.

According to several world studies, infrastructure is the main cause of greenhouse
gas (GHG) emissions, as infrastructure designs influence more than half of global climate
change emissions [2—4]. Therefore, it is necessary to evaluate the time in which structural
systems and the materials used for construction have the potential to minimize the impact
on the environment [5-7]. Several authors, such as Balogun et al. [7], Horvath and Hen-
drickson [8], Zhang et al. [9], Du and Karoumi [10], and Pedneault et al. [11], conducted
detailed studies comparing basic material groups in the construction of bridges, for ex-
ample, steel, concrete, aluminum, etc., in their environmental impact assessment. Similar
publications focused on the environmental impact of bridges [4,12-16] proved that there is
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a clear need for environmental information at various stages of the life cycle of the bridge
structures.

The evaluation of the publication by Niu and Fink [17] confirms the fact that the phase
of production of structural materials has the largest share of the environmental impact of
bridges. Habert et al. [18] proved that two phases mainly contribute to the environmental
impacts: the production of the materials and the maintenance of the bridge. Du et al. [19]
found that regardless of the bridge type, the material manufacture phase dominates the
whole life cycle in all indicators. The material production stage shall be considered carefully,
since it is usually identified to contribute the largest share of environmental impact [17,20].

The bridges where the main structural material is concrete or various material variants
of its reinforcement are dealt with by studies [16,21] considering the environmental impact.
In publications, there are evaluations of the environmental impact of individual alternative
solutions to the change in the material base of the reinforcement. In the case where concrete is
used as the material for the main load-bearing structures of the bridge deck, it has been found
that in the area of CO, emissions, the use of high-performance concrete caused 66% lower
emissions than in the case of normal concrete [22]. For example, in the case of steel-concrete
main load-bearing structures [23], these bridge decks are more expensive than concrete in
terms of price but have a lower environmental impact. As part of material reuse, structural
steel in reinforced concrete structures has significantly higher recyclability than concrete—up
to 98% recyclability [10,24]. A comparison of composite bridge structures, for example, steel
beams connected with an aluminum bridge deck or steel beams connected with a concrete
bridge deck, is dealt with in [11]. It is obvious that the material composition of the structure
has an important role in the life cycle stages of bridge structures.

However, in connection with structural materials, the construction design phase is also a
very important phase of the life cycle of construction. This phase mainly affects the method
of use, the amount of material used, and the impact on CO, emissions [25]. The SEGRO
algorithm was used to design prefabricated bridges made of two isostatic beams with a
double U-shaped cross-section and isostatic spans. [26]. It has been shown that using the
algorithm in the bridge design phase reduces CO; emissions. The combination of bridge
length with material and construction solutions also has an impact on the environment [27,28].
It is obvious that the design solution can affect not only the choice of the bridge material used
but especially its environmental impacts during the life cycle.

Therefore, this article deals with determining the environmental performance of
material composition on the classification and quantification of environmental impacts of a
transverse prestressed Wooden—Concrete Bridge (WCB) for road transport (with a small
bridge up to 10 m). In the next step, the design level and its environmental impacts are
evaluated, and the WCB is compared with a similar Steel Concrete Bridge (SCB) per m? of
the bridge area.

2. Materials and Methods
2.1. Characteristics of the Road Transverse Prestressed Wooden—Concrete Bridge (WCB)

The transverse prestressed wooden—concrete bridge (WCB) for road transport is in
the village of Bohunice in the Czech Republic (Central Europe) (Table 1, Figures 1-3).
The bridge is located on road 2 class, and it was designed as a single-field bridge (one
field between two supports) to short span; the length is 13.650 m with a total width of
6.230 m. The reconstruction of the bridge was focused on the part of the substructure and
on the superstructure. The foundations of abutments and piers, of which the originals were
retained, were designed as spread footing. Bridge abutments, capping beams, and abutment
walls are made of concrete with strength class C30/37 with a resistance to corrosion induced
by chlorides and a resistance to alternate freeze and thaw attacks. The description of the
concretes used in the construction is specified in European standard [29]. The concrete is
reinforced with steel-bar reinforcement. The shaft width of concrete abutments is 2.725 m.
The capping beams and the abutment wall are reinforced with concrete reinforcement with
a diameter of 12 mm and the binder bars with a diameter of 8 mm by 200 mm. The linear
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elastomer bridge bearing system was chosen and placed on the capping beam mainly due to
its low height, with dimensions of the elastomer system 200 x 52 x 300 mm. The structure
was also anchored in the horizontal and transverse directions by means of steel loop with a
bolt. The superstructure of the bridge was placed on the bridge bearings. The horizontal
bearing structure is a patented system, coupling load-bearing wooden parts and reinforced
concrete. The wood-—steel part is made of transversely prestressed beams made of spruce
glued laminated timber (GLT) of strength class GL32h. The height of the wooden beams
is 600 mm, and the width is 100 mm. The prestress is realized by means of high-strength
steel bars. The prestressing bars are equipped with large steel backplates and nuts on both
sides. The beams are protected by polyurea insulation spray. The wood-steel load-bearing
structure was placed directly on the elastomer bridge bearings and anchored with an
anchoring loop. The roadway was reinforced and cast on the self-supporting structure. The
bridge deck is reinforced concrete with strength class C30/37 with resistance to corrosion
induced by chlorides and with the resistance to alternate freeze and thaw attacks with
a maximum height of 300 mm. The transverse prestressing bars are 14 mm in diameter
at an axial distance of 100 mm. Coupling between the wood-steel part and the concrete
deck was performed using special coupling screws VB-48-7.5x165. All steel elements were
heat galvanized. The roadway of WCB is directly movable with short parapets made of
reinforced concrete C30/37. Both parapets are fitted with 1.100 m high steel railings made
of structural steel with a yield strength of 235 MPa (5235). The parameters of the steel used
are given in [30].

Table 1. Structural units and materials composition of WCB and SCB bridges.

WCB SCB
Structural Elements Material m3 t m3 t
Abutments and piers Concrete C30/37 65.160 162.900 31.009 77.523
Reinforcement B500B 0.917 7.200 0.480 3.765
Capping beam Concrete C30/37 3.507 8.767 13.166 32.915
Reinforcement B500B 0.022 0.172 0.019 0.149
Abutment wall Concrete C30/37 3.163 7.908 3.163 7.908
Reinforcement B500B 0.006 0.047 0.006 0.047
Main construction and bridge deck ~ Concrete C30/37 17.100 43.180 16.801 42.003
Glued laminated timber GL32h 33.000 20.483 - -
Steel - - 1.670 13.128
Reinforcement B500B 0.080 0.626 0.803 6.302
Shear connections—engineering steel ~ 0.036 0.279 0.041 0.320
Prestressing elements 0.220 0.600 - -
Bridge bearing Elastomer 0.178 0.570 0.031 0.100
Bridge top Polyurea 0.082 0.004 - -
Asphaltic concrete - - 2.898 6.376
Connecting spray PS - - 0.090 0.019
Medium grain aggregates (16+) - - 2.898 4.637
Mastic asphalt - - 1.932 2.125
Concrete - - 1.932 4.250
Bridge equipment Railings structural steel 27.300 0.493 0.139 1.090
Concrete monolithic parapet C30/37  4.100 10.430 5.148 12.870
Reinforcement B500B 0.038 0.301 0.147 1.151
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Figure 1. Digital picture of WCB bridge.
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2.2. Characteristics of the Road Steel Concrete Bridge (SCB)

The composite steel-reinforced concrete bridge, Steel Concrete Bridge (SCB), for road
transport is in the village in the municipality of Glov¢in (Czech Republic, Central Europe)
(Table 1, Figures 4-6). The SCB was designed as part of road class 2. It is a single-field (one
field between two supports) bridge construction with a total bridge length of 11.064 m.
The total width of the bridge is 5.1 m. The reconstruction of the bridge was focused on the
part of the substructure and on the superstructure. The bridge abutments were founded at
strip foundation, which remains as the original, made of reinforced concrete with strength
class C25/30. The substructure of the bridge includes two monolithic reinforced concrete
abutments. The shaft of abutments, capping beams, and abutment walls were designed
from the reinforced concrete with strength class C30/37 with resistance to corrosion induced
by chlorides and a resistance to alternate freeze and thaw attacks. The description of the
concretes used in the construction is specified in the European standard [29]. The width of
the abutments shaft is 1.300 m. The load-bearing structure was mounted on two rectangular
reinforced elastomeric bridge bearings on each abutment. The elastomer bearings were
located on capping beams in the axes of the main beams. Elastomer bearings were anchored,
i.e., structurally secured against movements in the open joint between the bearings and
the subsequent construction. One omnidirectionally movable elastomeric bearing and one
longitudinally movable elastomeric bearing were designed on abutment 1. One transversely
movable elastomer bearing, and one fixed elastomer bearing were designed on abutment 2.
The SCB bridge was designed as a full-beam girder with a lower steel-concrete bridge deck.
The load-bearing structure of the bridge includes two main longitudinal beams with a span
of 12.0 m.

The main beams were designed as welded I profiles with a height of 1.47 m with
both-side column bracing. The mutual axial distance of the beams is 4.75 m. The beams
are interconnected in the bottom part by an oblique end and perpendicular intermediate
crossbeams at a distance of 1.5 m. The bottom bridge deck is made of a system of longi-
tudinal beams and cross beams. Crossbeams with a span of 4.75 m were designed from
cold-rolled profile HEB 260 and carry internal longitudinal beams, which are also designed
from cold-rolled profiles HEB 260 at a mutual distance of 1.50 m. For the structural coupling
of the reinforced concrete slab of the bridge deck with steel structure, perforated coupling
strips made of the structural steel with a yield strength of 355 MPa were welded to the
upper flanges of the bridge deck steel crossbeams. The properties of the steel used are
specified in the European standard [30]. A railing with vertical infill made of structural
steel with a yield strength of 235 MPa (5235) was welded to the upper flange of the main
load-bearing beams. The load-bearing steel beams were composed of structural steel with
a yield strength of 355 MPa (5355). The bridge deck slab was designed as monolithic
reinforced concrete, 4.736 m wide and 13.06 long. The thickness of the slab is variable.
The minimum slab thickness is 200 mm. The slab is designed from reinforced concrete
C30/37, and it supports the roadway. The crossbeams and reinforced concrete slab are
connected in the roadway part. Coupling was realized by means of the coupling strip
made of 12 mm thick sheet steel, which is perforated with a diameter of 30 mm holes and
welded to the upper flange of the crossbeams by a T-filled weld. The bottom primary load-
bearing reinforcement of the concrete slab was passed through the holes at the coupling
strip. The roadway structure on the bridge comprises asphalt concrete with a thickness of
40 mm, connecting spray, coated medium grain aggregates, 35 mm thick mastic asphalt,
and NAIP insulation on the sealing layer. On both sides of the bridge, monolithic parapets
are composed of reinforced concrete with strength class C30/37 with resistance to corrosion
induced by chlorides and with the resistance to alternate freeze and thaw attacks. The
monolithic parapets are 618 mm wide. On both sides of the bridge, a 1.30 m high railing is
designed with a vertical infill made of structural steel, which is anchored to the parapet via
anchor plates by means of glued anchors.
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Figure 4. Digital picture of SCB bridge.
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2.3. Life Cycle Assessment Methodology

The Life Cycle Assessment (LCA) method was chosen for the environmental impact
assessment [31,32]. The system boundaries for LCA included in the assessment were
divided into construction materials (product stage for raw material supply, transport to the
manufacturer, and manufacturing). The materials in Table 1 were included in the inventory
analysis. The functional unit was the whole WCB selected for the WCB environmental
performance calculation. For the comparison of WCB and SCB, a functional square meter
(1 m?) of bridging was chosen to consider the different bridging lengths and different
widths of bridge structures, and thus the results can be used for other environmental
comparisons for low-span road bridges.

The SimaPro 9 database software [33] and the IMPACT 2002+ method [34] were
used for life cycle impact assessment (LCIA). LCIA was evaluated at midpoints of envi-
ronmental damage: Respiratory inorganics (kg PM2.5 eq), Global warming (kg CO; eq),
Non-renewable energy (M] primary), Land occupation (m20rg.arable), Terrestrial ecotoxic-
ity (kg TEG soil), Non-carcinogens (kg C,H3Cl eq), Carcinogens (kg C,H3Cl eq), Mineral
extraction (M] surplus), Terrestrial acid /nutria (kg SO, eq), Aquatic ecotoxicity (kg TEG
water), Respiratory organics (kg CoHy eq), Ionizing radiation (Bq C-14 eq), Ozone layer
depletion (kg CFC-11 eq), Aquatic acidification (kg SO, eq), and Aquatic eutrophication
(kg POy4 Pyim)- The dataset covers all relevant process steps and technologies over the sup-
ply chain of the represented cradle-to-gate inventory with good overall data quality [35].

3. Results and Discussion
3.1. Life Cycle Impact Assessment of WCB

The largest overall impact has the WCB structural elements: Abutments and piers
(56.7%, 13 Pt), followed by the Main construction and bridge deck (33.4%, 7.66 Pt), and
Bridge equipment (3.41%, 0.78 Pt) (Figure 7). A Monte Carlo simulation on a single score of
the whole WCB showed a mean of 22.27, median of 22.26, standard error of the mean (SEM)
of 0.23, standard deviation (SD) of 3.06, and coefficient of variability (CV) of 13.75%. In the
environmental impact categories at the midpoints (Tables 2 and 3), the greatest negative
impact is found on Respiratory inorganics (34.4%, 7.89 Pt, 79.935 kg PM2.5 eq), followed by
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Global warming (32%, 7.35 Pt, 7.28 x 10* kg CO, eq), and Non-renewable energy (17.2%,
3.96 Pt, 6.01 x 10° MJ primary). Additionally, according to the results of Du et al. [19],
Global Warming, Human Toxicity, and Particulate Matter Formation are the most important
environmental damage categories. This finding points to a significant negative impact
of the construction materials used on the quality of human health, as PM2.5 particles are
known to penetrate the pulmonary alveoli of the lower respiratory tract.

1p 1p 1p 1p 1p 1p 1p
1. Abutments and 2. Capping beam 3. Abutment wall 4, Main construction 5. Bridge bearing 6, Bridge top 7. Bridge equipment
piers and bridge deck

13 Pt 36.7 % 0.461 Pt 201 %] 0.296 Pt 1.29 %[ | 7.66 Pt 334% 0.731 Pt 3.18 % L 0.00476 Pt 0.0207 % | | 0.781 Pt 3.41 % |

Figure 7. WCB structural damage tree (SimaPro, IMPACT 2002+).

Concrete and steel are the biggest contributors to the overall negative impacts. The
negative effects of the use of other materials due to their quantity are less significant
compared to concrete and steel. The findings of this research are similar to the results of
other authors, such as Liu et al. [4], Du et al. [19], and Hettinger et al. [36]. According to
Du et al. [19], steel and reinforcement are key materials that affect GWP (global warming
potential) and CED (cumulative energy demand), and this means the bridge, which uses
steel as the main load-bearing structure, has a much higher potential in the GWP impact
mitigation. When looking at the initial construction of equivalent bridge designs, steel-
reinforced concrete girders appear to have lower overall environmental effects than steel
girders. However, steel girders are reusable and recyclable at the end of their useful life [8].
Habert et al. [18] found that, within concrete structures, the concrete used for the bridge
deck clearly dominates in the impact on a conventional bridge. This effect is significantly
reduced for a high-performance bridge. The carbon emission of cement is the greatest in
the material production stage, which has the greatest impact on the environment in the
whole life cycle of the bridge. Therefore, the decarbonization of the cement industry will
have a significant impact on the carbon reduction of the infrastructure industry [4].

In the case of the alternative use of concrete reinforcement in bridge construction,
namely variants of bars made of different composite materials [16], the net difference
between the variants has been shown to be approximately 35.500 kg in CO, production.
Composite materials in bridge structures [37-39] may be an alternative to the currently
most widely used steel. Therefore, WCB is trying to replace concrete and steel and instead
use composite materials based on renewable raw materials, i.e., wood. In their study,
Jena and Kaewunruen [38] compared the use of LCA two bridge systems for footbridges
made from modern composite materials. The results showed the importance of composite
materials in reducing the environmental demands of bridge infrastructure.

The use of the materials itself seems important, but it is also necessary to point out
the structural level of the bridge and its environmental design. Therefore, in the following
sections of this article, in addition to examining the uncertainty analysis, the research
focuses on comparing the environmental properties of materials for two similar bridges,
but on a different design basis and materials basis.
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Table 2. WCB environmental damage (Pt), midpoint categories, SimaPro, IMPACT 2002+: 1. Abut-
ments and piers, 2. Capping beam, 3. Abutment wall, 4. Main construction and bridge deck, 5. Bridge
bearing, 6. Bridge top, 7. Bridge equipment.

Impact Category Unit Total 1 2 3 4 5 6 7
Total Pt 229 13.0 0.461 0.296 7.66 0.731 476 x 1073 0.781
Respiratory Pt 7.89 4.54 0.152 9.09 x 102 2.64 0.206 1.34 x 1073 0.254
inorganics
Global warming Pt 7.35 4.63 0.175 0.121 2.00 0.142 9.23 x 1074 0.289
Non-renewable Pt 3.96 2.17 793 x 1072 527 x 1072 118 0310 201 x 1073 0.155
energy
Land occupation Pt 122 0.202 726 x 1073 473 x 10 0.988 304x107%  198x107° 113 x 1072
Terrestrial ecotoxicity Pt 1.14 0.659 218 x 1072 128 x 102 0.387 271x 1072 176 x 10 3.31 x 102
Non-carcinogens Pt 0.729 0.455 144 x 1072 7.98 x 1073 0.221 9.36 x 1073 6.09 x 107° 2.13 x 1072
Carcinogens Pt 0.539 0.285 865x10-3 446 x 10~ 0.197 295x 1072 192x 107 1.33 x 102
Mineral extraction Pt 457 x 1072 2.75 x 1072 7.69 x 107* 339 x 1074 1.48 x 1072 9.55 x 1074 6.22 x 107¢ 141 x 1073

Terrestrial acid /nutri Pt 3.86 x 1072 1.93 x 1072 1.06 x 1073 9.60 x 107* 1.38 x 1072 1.63 x 1073 1.06 x 107° 1.77 x 1073
Aquatic ecotoxicity Pt 2.36 x 102 147 x 1072 458 x 1074 246 x 1074 7.20 x 1073 6.15 x 107 4.00 x 107¢ 4.09 x 1074
Respiratory organics Pt 1.27 x 1072 7.57 x 1073 231 x 104 1.21 x 1074 3.79 x 103 6.20 x 107 404 x 107 3.68 x 107*
Tonizing radiation Pt 387x103  165x10°  730x10°  579x105  147x10°  429x 107  279x10°°  182x10°*
Ozone layer depletion Pt 647 x 104 364x 10  134x10°  894x10°  197x10*  452x10°  294x107  1.85x 1075

Aquatic

eutrophication Pt - - - - - - _ B

Aquatic acidification Pt - - - - - - - -

Table 3. WCB characterization, midpoint categories, SimaPro, IMPACT 2002+: 1. Abutments and
piers, 2. Capping beam, 3. Abutment wall, 4. Main construction and bridge deck, 5. Bridge bearing,
6. Bridge top, 7. Bridge equipment.

Impact Category Unit Total 1 2 3 4 5 6 7
Respiratory inorganics kg PM2.5 eq 79.935 46.018 1.540 0.921 26.778 2.088 0.014 2.577
Global warming kg CO; eq 728 x 104 458 x 104 173 x 10> 120 x 10° 198 x 104  1.40 x 10° 9.14 2.86 x 10°
Non-renewable energy M] primary 6.01 x 10° 330 x 10° 121 x 10* 800 x 10°  1.80 x 10° 470 x 10*  3.06 x 10>  2.36 x 10*
Land occupation m?2org.arable 15,293.188 2544.069 91.185 59.383 12418.011 38.155 0.248 142.137
Terrestrial ecotoxicity kg TEG soil 198 x 106 1.14x 106 377 x 10° 222 x10* 670 x 10° 469 x 10+  3.05x 10>  5.73 x 10*
Non-carcinogens kg C;H3Cleq 1846.830 1151.506 36.526 20.225 560.850 23.717 0.154 53.852
Carcinogens kg C,H3Cl eq 1364.350 722.252 21.919 11.296 499.937 74.840 0.487 33.619
Mineral extraction M] surplus 6950.275 4176.453 116.894 51.509 2245.212 145.210 0.945 214.052
Terrestrial acid /nutri kg SOz eq 508.365 254.687 13.911 12.648 182.140 21.524 0.140 23.315
Aquatic ecotoxicity kg TEG water 645 x 10 4.01 x 10°®  125x10° 672 x10* 197 x10°  1.68x10°  1.09 x 10°  1.12 x 10°
Respiratory organics kg CoHy eq 42.308 25.220 0.771 0.402 12.610 2.065 0.013 1.226
Ionizing radiation BqC-14 eq 131 x 10° 558 x 10 247 x 10> 196 x 10° 497 x 10* 145 x 10* 9.43 6.15 x 10°
Ozone layer depletion kg CFC-11 eq 0.004 0.002 0.000 0.000 0.001 0.000 0.000 0.000
Aquatic acidification kg SO, eq 44.843 10.394 1.814 2.263 20.710 6.258 0.041 3.365
Aquatic eutrophication kg POy P-lim 8.873 5.089 0.196 0.137 2.706 0.471 0.003 0.271

3.2. Comparison of WCB and SCB Environmental Performance

The design level and its environmental impacts are evaluated via a comparison of
WCB and SCB (Table 1, Figures 4-6) per m? of the bridge area. Ideally, a WCB and an SCB
design for exactly the same situation would be the only comparable bridges but using m? is
the best solution for bridge structures of different lengths and different widths. LCIA was
evaluated with the IMPACT 2002+ method, which contains 15 midpoints of environmental
damage (Table 4). LCIA for bridge comparison thus provides a multicriteria analysis, using
not only inputs (Table 1) but also outputs (Table 4, Figure 8), where each bridge has its
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own different and unique material impact on the environment. Similar conclusions were
introduced by Hettinger et al. [36], who state that the environmental profile of the bridges,
defined by eleven indicators, is strongly connected to the bill of quantities. Du et al.’s [19]
interpretation of their environmental analysis indicates that the bridge’s environmental
performance is governed by multiple indicators. Each bridge has a unique performance
among different indicators.

Table 4. Characterization and environmental damage of WCB and SCB per m? (SimaPro, IMPACT
2002+, midpoint categories).

Impact Category Unit WCB SCB Unit WCB SCB
Respiratory inorganics kg PM2.5 eq 54.936 88.599 mPt 92.782 128.194
Global warming kg CO, eq 57,215.27 81,722.027 mPt 86.419 130.184
Non-renewable energy M] primary 468,549.53 701,965.683 mPt 46.540 75.441
Land occupation mzorg.arable 14,194.63 4420.413 mbPt 14.310 5.211
Terrestrial ecotoxicity kg TEG soil 1,333,088.65 2,042,480.86 mPt 13.415 16.439
Non-carcinogens kg C,H3Cl eq 1126.85 2041.858 mPt 8.575 10.757
Carcinogens kg C,H3Cl eq 866.241 1339.417 mPt 6.334 6.985
Mineral extraction M] surplus 3607.60 8748.035 mPt 0.538 0.773
Terrestrial acid /nutri kg SO, eq 622.813 382.403 mPt 0.454 0.650
Aquatic ecotoxicity kg TEG water 3,830,468.60 5,662,764.03 mbPt 0.278 0.225
Respiratory organics kg CoHy eq 25.169 49.209 mPt 0.149 0.203
Ionizing radiation BqC-l4eq 128,415.22 135,768.087 mPt 0.046 0.077
Ozone layer depletion kg CFC-11 eq 0.003 0.004 mPt 0.008 0.009
Aquatic acidification kg SO, eq 107.981 2.688 mPt 0.000 0.000
Aquatic eutrophication kg POy P-lim 7.292 7.98 mPt 0.000 0.000
Total - - - mPt 269.847 375.147
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Figure 8. Comparison of WCB and SCB environmental damage (mPt) per m? (SimaPro, IMPACT
2002+, midpoint categories).

From Table 4, where the specific values of emissions to the environment are given
at the midpoints (characterizations), and from Figure 9, where the total environmental
damage is presented in standard eco point units (mPt, mili eco point), it can be seen that
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the most significant damage from both bridges is within three categories of environmental
damage: Respiratory inorganics (WCB = 54.9, SCB = 88.6, kg PM2.5 eq), Global warming
(WCB = 57,215, SCB = 81,722, kg CO; eq), and Non-renewable energy (WCB = 468,549,
SCB = 701,965, M] primary). These three categories form the triangle of the most significant
environmental damage, accounting for 84% of the total negative environmental impacts for
WCB and 89% for SCB (Figure 9).
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Figure 9. Comparison of three most significant WCB and SCB environmental damage (mPt) per m?

(SimaPro, IMPACT 2002+, midpoint categories).

Pedneault et al. [11] analysis has shown a carbon footprint of 8960 kg CO, eq/m? for
a concrete deck on steel beams (CD) and 4870 kg CO, eq/m? for the aluminum deck (AD)
on steel beams according to the scope 2 (complete life cycle without traffic diversion), it
is slightly higher than the steel-concrete bridge with 4090 kg CO, eq/m? [40] and a few
times higher the concrete slab frame bridges with 1370 kg CO, eq/m? [19]. The study from
Hammervold et al. [12] demonstrates a ten times lower carbon footprint per m? compared
to the study from Pedneault et al. [11], but they considered only routine repair actions and
studied different bridge designs and lengths.

Compared to this case, the values are about 10 times smaller; for example, the amount
of steel in the study of Pedneault et al. [11] is 136.82 kg/m? for CD and 78.08 kg/m?
for AD, compared to 114.276 kg/m? for WCB and 418.824 kg/m? for SCB in this study.
Pedneault et al. [11] used the same evaluation method but different software to calculate
the damage. In addition, this research deals purely with the material level of the bridges
with different structural systems and a different scope of inventory analysis. The reserves in
the calculations using the database program are also confirmed by Habert et al. [18], which
state that for the prestressed steel, it is commonly accepted that this steel is essentially
produced using the blast furnace method. However, because the efficiency of a blast furnace
plant can be different from one plant to another, it was assumed that the environmental
load could be 20% higher than the load calculated with Ecoinvent data. Therefore, trends
may be more interesting than absolute numbers. Material damage trends are the same.
This means that the greatest damage to the road bridges that were compared is caused by
concrete and steel in the construction. The other materials used for WCB and SCB have a
significantly smaller impact on the environment than concrete and steel.

Several authors [7,8,41,42] concluded that concrete is a more environmentally friendly
material than steel, but steel is used in lower quantities for the same design conditions.
It may be similarly advantageous in terms of environmental impact in certain design
solutions. By comparing composite constructions, coupling steel beams with an aluminum
bridge deck, and steel beams coupled with a concrete bridge deck [11], it is shown that
all categories of environmental impact are in favor of aluminum bridge decks. One of the
reasons is the environmental contribution of the recycling of steel and aluminum. Their
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use as a substitute for original material (concrete) can reduce environmental impact by up
to 40%. Martinez-Mufoz et al. [28] state that prestressed concrete is the best alternative for
bridge lengths less than 17 m. The prestressed cellular concrete deck is the best alternative
for bridge lengths between 17 m and 25 m because no box girder solution is used. For
lengths between 25 m and 40 m, the best solution depends on the percentage of recycled
structural steel. If this value is more than 90%, then the best alternative is a composite
box-girder bridge deck. However, if the value of recycled structural steel is lower than 90%,
then the most environmentally friendly alternative is a prestressed concrete bridge deck.

It is desirable to minimize these two main materials (concrete and steel) in bridge
structures and to reasonably replace them with a suitable composite material incorporating
its design advantages and possibilities.

When comparing the environmental damages of WCB and SCB, it is clear that a
difference of 28% per m? is in favor of WCB. The difference in the use of steel in the
compared bridges is 304.547 kg/m?, and concrete 157.742 kg/m?. This means that the use
of a composite based on renewable raw material, i.e., wood, and its proper integration
into the bridge construction system can significantly affect the overall environmental
impacts as well as impacts on the individual components of the environment. The main
difference is in the categories of environmental impacts: Global warming (43.765 mPt,
14,506.757 kg CO; eq), followed by Respiratory inorganics (35.412 mPt, 33.663 kg PM2.5 eq),
and Non-renewable energy (28.901 mPt, 233,416.153 M] primary). The only two categories
of environmental impacts where the WCB has worse results are the Land occupation
(9.099 mPt, 9774.217 mzorg.arable) and the Aquatic ecotoxicity (0.053 mPt, 183.229 x 10* kg
TEG water) (Table 4, Figure 8). This is understandable in context with the use of wood as
a construction material. Given their overall impact (Figure 9, Table 4), they appear less
significant. Hettinger et al. [36] dealt with a similar topic. The result of this research is that
the composite bridge generates significantly less environmental impacts than its equivalent
made of prestressed concrete.

As already mentioned, wood as a material is considered one of the main renewable
resources. From the point of view of ecology and environmental sustainability, the use
of wood and wood-based composite materials is also very advantageous in construction
because it is one of the major contributors to greenhouse gas emissions. When comparing
different wood products, bricks, concrete, and steel products in terms of global warming
impact, it has been shown that concrete and brick are at the lower end of the wood GWP
range, and the cement and steel are at the top of the wood GWP range [43]. Wooden beams
have become an ecological and cost-effective variant for steel and concrete elements. In
terms of the structural system in bridge engineering, wood most often appears as a glued
laminated timber (GLT) element in arched, girder, or hybrid structural systems. GLT is, in
many cases, combined with steel or concrete in the form of slabs to increase the overall
load-bearing capacity of the structural systems [44,45]. The planned timber is most often
used for the construction of truss, hanging, and strut-framed constructional systems. The
advantage of these systems is not only the use of renewable material but also the use of a
lower volume of materials for a larger span than other constructional systems. In terms of
mechanical parameters, wood can fully replace other commonly used materials and at the
same time contribute to improving the quality of the environment.

4. Conclusions

Human society is increasingly burdening the environment with its anthropogenic
activities in construction. It is therefore essential to try to use building materials and
construct buildings that are environmentally friendly. Therefore, this article deals with
determining the environmental performance of a road wooden—concrete bridge using Life
Cycle Assessment (LCA). The research was a comparison of the wood—concrete bridge with
the steel-concrete bridge, where both serve as a road bridge for short spans.

When comparing the wood—concrete and steel-concrete road bridges, higher environ-
mental performance for the wood—concrete bridge was demonstrated. The comparison
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showed that the wood—concrete bridge has more favorable environmental properties. The
advantage of WCB is, for example, the use of renewable resources, especially wood, as
a material for the main load-bearing structure. WCB is an adequate alternative to steel,
concrete, and other composite structural systems with similar load and dimensional param-
eters. It can be observed that the involvement of renewable bio-material resources in the
construction industry in road infrastructure can have a positive impact on the environment.
At the same time, it turned out that the environmental properties of wood-based composite
materials will have a significant positive effect with the help of a suitable construction
solution.

The results can be used for a good comparison of the environmental characteristics
of bridge structures, roads, or urban infrastructure. WCB is an innovative design system
that has proven to be suitable for environmental impact due to its LCA method evaluation.
Based on this environmental assessment, it can be stated that clear knowledge of all phases
of the life cycle of building materials and structures is a necessary step to obtain objective
findings about environmental damage or the environmental benefits of building materials
or structures.
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Abstract: Expanding the base of raw materials for use in the production of wood-based materials,
researchers and panel manufacturers around the world are increasingly trying to produce panel
prototypes from raw materials available in a given area and climate, or by managing waste from wood
industry processing. The aim of the study was therefore to test the hypothesis that forest residues
de-rived from Scots pine roundwood harvesting have the same suitability for the production of
three-layer particleboard as the wood of the most valuable part of the Scots pine stem, by comparing
selected properties of raw wood material and final product—particleboard. Characterization of both
the raw material and the physical-mechanical and hygienic properties of the produced panels was
carried out. For these panels from the tree trunk, MOR was 14.6 N/ mm?, MOE 1960 N/mm? and IB
0.46 N/mm?. The MOR and IB values turned out to be higher for the panel from the branch and are
16.5 and 0.72 N/mm?, respectively. Excessive swelling of the panels resulted in all manufactured
particleboards meeting the standardized performance requirements of EN 312 for interior furnishing
panels (including furniture) for use in dry conditions (type P2).

Keywords: wood-based materials properties; formaldehyde; alternative raw materials; forest residues

1. Introduction

According to the Food and Agricultural Organization of the United Nations report [1],
global roundwood production in 2020 (including wood fuel (WF) and industrial roundwood
(IR)) was estimated at 3966 million m® (WF—1945 million m? and IR 2021 million m3).
Compared to 2000 [2], global timber production has increased by about 24%. Available
models and calculations show that if the world’s human population reaches 10 billion, the
demand for wood will be higher than the world’s supply of this raw material, which may
lead to increased wood prices and uncontrolled deforestation of protected forest areas for
illegal wood trading. The importance of forests and the need to protect its resources is the
reason to take steps toward environmental sustainability as one of the main parameters
when selecting raw materials for industrial purposes. Therefore, to maintain stability in the
production of wood and protect the most valuable wood resources, measures should be
taken to increase the production of wood-based materials that can replace raw wood.

Forests residues (FR) represent a raw wood material which occurs during logging
operations in both mature stands and thinning interventions [3,4]. Forest residues that are
eligible for further use include branches, with needles and leaves, and tree tops, as well as
undersized or damaged stem parts [5]. FR is usually left to decompose naturally or for the
local population, for domestic heating purposes [5-7]. However, FR has the potential to be
a suitable renewable source of energy also at the industrial scale [8]. While searching for
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alternative uses of a given raw material, it is necessary to take into account the three pillars
of sustainable development, which are environmental, social, and economic aspects [9].
According to estimates, the amount of forest residues available for further use in Polish
forests ranges from a few to several million cubic meters [10,11]. The average share of FR
in the total mass of harvested wood is about 11% and depends mainly on the fertility of the
habitat [6,12]. The average wood volume of forest residues (mainly pine wood residues) in
the total harvest was estimated at 37.7 m3/ha [6].

Besides utilizing FR for energy purposes [5,13-15], one of the possible alternative use of
forest residues is to exploit them as material for wood-based boards, i.e., particleboards [16,17].
Currently, forest wood, lignocellulosic biomass [18,19], recycled wood [20,21], and indus-
trial wood (residues in the form of cuttings and sawdust) [22-24] are processed for the
production of wood-based materials including particleboards. Combinations of lignocellu-
losic raw materials, recycled wood and industrial particles [25], and even wood bark [26,27]
can also be used. By expanding the base of raw materials for use in the production of wood
materials, researchers and panels producers from all around the world are more and more
often trying to produce prototypes of boards from raw materials available in a given area
and climate, or using waste from the processing of the wood industry for added-value
applications. The search for new alternative raw materials is one of the key issues in line
with the bioeconomy approach, especially for particleboard production, which is in high
demand [28].

In addition, it is possible to produce boards from raw materials of other origins,
such as annual plant residues, e.g., straws and grasses [28,29], crop residues [30,31], post-
production residues from the food industry, e.g., seed husks [32,33], or residues from garden
tree pruning [34,35], sugarcane bagasse [29] and other lignocellulosic wastes [18,19]. When
cereal straw is used, to obtain a satisfactory board quality, binders other than those used
commonly are often employed to improve the adhesion of straw particles [36,37]. When
using alternative raw materials other than wood, it is most advantageous to use mixtures of
wood and non-wood raw materials, as this allows to control of the strength parameters of
the manufactured boards and reduces the radicality of adjusting technological parameters.
At the same time, the use of alternative raw materials additives contributes to the reduction
of significant amounts of waste (of various origins) and also reduces the costs of purchasing
raw materials, which has positive environmental and economic aspects.

Several studies have focused on the evaluation of FR for particleboard production.
Iwakiri et al. 2017 reported that it is possible to produce particleboards based on 50% of
forest residues from branches, tree tops, stumps, and roots in a mixture with industrial
pine particles highlighting that the obtained panels meet the requirements of EN 312
standard [38]. Panels produced from a mixture of industrial particles and forest residues
in a 50/50% ratio were considered the maximum possible, as they showed a statistically
equal average to panels produced with a predominance of industrial particles and tree
tops and branches (in a 75/25% ratio) and also a mixture of three other types of materials.
Wronka and Kowaluk (2022) proved that there is a possibility to use different content (up to
50%) of Scots pine (Pinus sylvestris L.) branches to produce three-layer particleboard. Their
results indicate that the higher bulk density of branch particles than the industrial material,
along with an increase in the content of branch particles, results in a significant increase
in internal bonding. On the other hand, the values of flexural strength and modulus
of elasticity decreased with an increase in the content of branch particles up to 100%.
Therefore, a 50% content in the panel of branch particles characterized by a maximum
diameter of 40 mm was also considered maximum [39]. Nurek et al. 2019 showed that
the mean density of unfractionated forest residues was app. 800 kg/m? [8]. They also
noticed the correlation between density and practicle size—the smaller the fraction the
greater the density. Rahman et al. (2013) showed that a practical board from stem wood
has better properties than particleboard made from branches and twigs of surian tree
(Toona sinensis Roem) [40]. In addition, wood from garden resources (citrus branches)
and beech twigs (Fagus orientalis Lipsky) and poplar wood trunks (Populus alba L.) can be
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successfully used to produce particleboards with good mechanical properties [41]. On
the other hand, Nemli et al. 2004 identified the presence of branch wood as a parameter
which is negatively influencing the mechanical properties of particleboards produced from
black locust biomass [42]. The same phenomenon was observed by Kowaluk et al. (2011).
Therefore, further research is needed to test the possibility of applying FR in the sustainable
production of particleboards and converting them into value-added products [43]. Most
of the published studies are focusing on the properties of wood-based boards produced
from mixing wood and branches wood [30,39] or other materials [19,33,35,41]. Moreover,
in particular, knowledge about the properties of particleboards produced from FR derived
from logging interventions in Scots pine (Pinus sylvestris L.) stands is still limited.

The aim of the study was therefore to test the hypothesis that forest residues derived
from Scots pine roundwood harvesting have the same suitability for the production of
three-layer particleboard as the wood of the most valuable part of the Scots pine stem, by
comparing selected properties of raw wood material and the final product—particleboard.

2. Materials and Methods
2.1. Raw Wood Material

The wood used in the study was harvested as part of a clearcut in a 94-year-old Scots
pine stand in the State Forests in Poland. Wood raw material from 3 trees was taken and
debarked for laboratory analyses and particular board preparation. Figure 1 presents
graphically the elements of the raw material obtained at individual stages.

Figure 1. The process of obtaining individual elements of raw materials.

A 1.0 m long log was taken from each tree, measured from the base of the trunk,
and pieces of branches were cut from each crown. Immediately after the tree was cut,
approximately 4 cm thick discs were cut at the breast height from each tree for green (GD)
and basic (BD) density estimation. Respectively the same was done with branches. Each
disc was weighed with an accuracy of 0.001 g using a Steinberg laboratory scale (Steinberg
Systems SBS-LW-2004, Berlin, Germany). After weighing, the thickness of each sample was
measured to an accuracy of 0.01 mm using a certified Vogel calliper in five different places,
and the diameter of each disc was measured by using the cross-over method according to
the minimum and maximum size of the sample (Vogel Germany GmbH & Co. KG, Kevelaer,
Germany). Then, the volume of each disc was calculated by Equation (1) according to
Pérez-Harguindeguy et al. dimensional methodology [44]:

V=mx (0.5r)> x h (m3) (1)
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where V is the volume of disc, r is the average diameter of the disc, and h is the average
height of each sample.

In the next stage, discs were transported to the laboratory where were dried for 48 h
at 105 °C in a laboratory oven. After drying the samples were placed in a desiccator
until cooled. Next, each sample was weighed and measured by the same procedure that
had been used for samples in fresh condition. The green density was calculated using
Equation (2), while basic density was calculated using Equation (3):

GD ==L (kg/m?) @)
BD =" (kg/m®) 3)

where my is the mass of fresh felled wood, m; is the mass of an oven-dried sample and vy, is
the volume of the fresh sample.

The remaining parts of both raw materials were first cut into smaller elements on a
format saw (Felder, Hall in Tirol, Austria) and then shredded in a cutting mill Condux
(Mankato, MN, United States). Obtained particles were divided into fractions on a vibrating
sorter (Allgaier, Uhingen, Germany) equipped with sieves with mesh sizes: 8.0, 2.0, 1.0, and
0.5 mm. The core layer fraction consisted of particles retained on a 2.0 mm sieve, and the
surface layers were particles from a sieve 1.0 mm in diameter and smaller. The fractional
composition of the tree stem and branches stem intended for core layers are determined
on a laboratory vibrating screen AS 200 tap (Fritsch, Idar-Oberstein, Germany) with the
following sets of mesh sieves: 8.0, 4.0, 2.0, 1.0, 0.50, 0.25, and <0.25 mm. Their bulk density
(p) was also determined according to Equation (4):

M

T (kg/m?) @)

p= v

where m. is the weight of the measuring vessel with the raw material (kg), m;, is the mass
of the measuring vessel (kg) and V is the capacity measuring vessel (m?).

2.2. Adhesives

A melamine-urea-formaldehyde (MUF) adhesive (Swiss Krono Sp. z 0.0., Zary, Poland)
was used for the production of particleboards. Table 1 presents the selected properties
of the adhesive. The resination was 11% for the surface layers and 9% for the core layer
particles of dry resin content referred to dry particles (w/w). The hardener is a 40% water
solution of NH4NOj3; which was used in an amount of 2 wt.% for a core layer and 3 wt.%
for the surface layers. A paraffin emulsion (0.8 wt.% for the core layer and 0.2 wt.% for
the surface layers) was also added to the resin to protect the manufactured boards from
exposure to water.

Table 1. Properties of MUF adhesive.

Properties Value
Dry mass 67.5%
Relative density 127 ¢/ cm®
pH 8.4
Dynamic viscosity 326 mPa s
Gel time 95 s

2.3. Particleboard Production

Two three-layer particleboards with a nominal density of 670 kg/m? and dimensions
500 x 700 x 16 mm were produced the share of surface layers in the panels was 35 wt.%.
The raw materials were dried at 100 °C to a moisture content of 2-3% in a chamber dryer
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with forced air circulation (Ashaki Kagaku Co., Ltd., Tokyo, Japan) and then glued in a
rotary laboratory sealer with pneumatic spraying (Lodige, Paderborn, Germany).

The boards were pressed on a hydraulic single-level press (Simpelkamp, Krefeld,
Germany) using the pressing parameters: unit pressure 2.5 MPa, temperature 200 °C,
pressing factor 7 s per one mm of nominal board thickness After manufacturing, respec-
tively, the boards were conditioned in an air-conditioning chamber at a relative humidity
of 65 £ 5% and a temperature of 20 & 2 °C. Then parameters were determined, such as
density, modulus of elasticity in bending (MOE), modulus of rupture (MOR), internal
bond (IB), thickness swelling (TS) after 24 h water immersion, and water absorption (WA),
formaldehyde content by perforator method and formaldehyde emission by the chamber
method according to procedures defined in the European standards: EN 120 [45], EN
310 [46], EN 317 [47], EN 319 [48], EN 323 [49], EN 717-1 [47].

2.4. Statistical Analysis

In the first step, the Shapiro-Wilk test was performed to verify the normal distribution
of data. The result of the test rejected the normal distribution hypothesis. To compare data
between samples the non-parametric Mann-Whitney U test was performed. Statistical
inference was performed at significance level « = 0.05. The program Statistica 13.1 (TIBCO
Software Inc., Palo Alto, CA, USA) and RStudio and the R package (R Core Team 2022)
were used for the calculations.

3. Results
3.1. Characteristics of Raw Material

Wood discs collected from branches were characterized by a greater green density
of wood than wood collected from tree stems. The difference between these two wood
locations was app. 11 kg/m?3. The maximum GD of branches was over 1000 kg/m? and
was higher than the maximum stem wood GD by 61.83 kg/m?3 (Table 2).

Table 2. Basic statistics of green density (kg/m?) of raw wood material collected from tree stems and
branches of wood.

Raw W?Od Mean Sd. Dev. Minimum  Maximum Median U-w
Material Test
Tree stem 982.26 6.69 976.21 989.44 981.13 Ns *

Tree branches 993.20 40.18 938.75 1051.27 995.52

* Ns—no significant differences.

When in the case of basic density wood from branches was characterized by lower
density. The differences between obtained results from the stems and branches were app.
160 kg/m? and was statistically significant (Table 3).

Table 3. Basic statistics of basic density (kg/ m?) of raw wood material collected from tree stems and
branches wood.

Raw food Mean Sd. Dev. Minimum Maximum Median U-w
Material Test
Tree stem 555.07 14.02 545.95 571.22 548.05 0.03

Tree branches 395.41 35.54 340.40 436.53 393.88

The bulk density of the material is closely related to the density of the raw material
from which it was obtained. Already shredded to particle form, the material from the tree
trunk showed a bulk density of about 90 kg/m?3, while that from tree branches was about
70 kg/m3.
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Figure 2 presents the fractional composition of particles from tree stems and branches.
The analysis shows that the fractions with the size of 4.0, 2.0, and 1.0 mm represent the
largest mass share of particles obtained from the tree stem, respectively 30, 36, and 28%. In
turn, for the particles from the branches, the largest fraction came from the 2.0 and 1.0 mm
sieves—a total of 72% of the entire particle mixture. Very small amounts of fine particles
from the sieve with a mesh smaller than 1.0 mm were observed for the trunk particles it is
approx. 7% and for the branches particles approx. 4%.

40

N w
o o
"

Content of the fraction [%)]
I

<0.25 0.25 05 1 2
Width mesh sieve [mm]

M Tree branches [ Tree stem
Figure 2. Fractional composition of particles from tree stem and branches.

3.2. Properties of Particleboards Depending on Raw Wood Material

Physical-mechanical properties of the investigated particleboards are reported in
Table 4 and the hygienic properties are given in Table 5. No statistically significant dif-
ferences were found regarding MOR. All the mechanical properties of the manufactured
boards have met the requirements of P3 type 16 mm thick boards—non-load-bearing boards
for use in humid conditions. For these panels, MOR 14.6 N/ mm?Z, MOE 1960 N/mm? and
IB 0.46 N/mm?2 were obtained. On the other hand, the MOR and IB values turned out
to be higher for the branch panel and are respectively 16.5 and 0.72 N/mm?2. Such high
values made it possible to qualify the board to the P5 type—load-bearing boards for use
in humid conditions. Comparing the achieved results of internal bond tests to the EN 312
standard requirements it should be noted, that the IB values of tree branches panels exceed
the minimal requirements for P7 type—heavy duty load-bearing boards for use in humid
conditions, which is 0.70 N/mm?2. In the case of TS and WA, the stem panels showed better
performance, but were still insufficient to achieve adequate water resistance.

Table 4. The mean value and standard deviation of examined properties of 3-layer particleboards
from tree stem and branches wood.

Raw Wood MOR MOE 1B TS WA
Material [N/mm?2] [%]
Tree stem 146419 2960 £190 046+ 008 312+ 149 784+ 3
Tree branches 165+ 09 2640 120 072 +004  37.6+ 2.07 977 +1
U-W test Ns * 0.0031 0.0009 0.0006 0.0008
result

* Ns—no significant differences.
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Table 5. Hygienic properties of 3-layer particleboards from tree stems and branches of wood.

. Perforator Value Formaldehyde Emission
Raw Wood Material [mg/100 g Oven Dry Board] [ppm]
Tree stem 1.2 0.025
Tree branches 15 0.021

The formaldehyde content was determined using the EN 120 perforator method, and
it was found that boards manufactured with formaldehyde-containing resin achieved
very low formaldehyde content. Many factors can affect the formaldehyde content of
particleboard, and certainly, these are the pressing parameters, the raw material, the type
and amount of hardener, and the properties of the resin itself: the type of resin and the molar
ratio (of urea and formaldehyde) and the formaldehyde content in the resin [28]. A lower
formaldehyde content was observed in panels made from the stem portion of 1.2 mg/100 g
oven dry board. The obtained formaldehyde emission level is also satisfactorily low. For
the E1 emission class, acceptable values for raw wood-based boards are <8mg/100 g oven
dry board content and release <0.124 mg/m? air.

4. Discussion

The main aim of this study was to estimate the suitability of forest residues (pine
branches) for the production of three-layer particleboard. Moreover, particleboards from the
stems of trees from which the forest residues were collected, were produced for comparison.

Raw wood material collected from pine stems was characterized by a mean green
density of around 982 kg/m3 when the basic density of the same material was 555 kg/m?3.
Obtained green mean values results were similar to results noticed on freshly felled pine
logs by Tomczak et al. (2020) and Tomczak et al. (2016) [50,51]. The wood of branches is
characterized by a different anatomical structure and structure than stem wood [52]. Mainly
due to the high occurrence of reaction wood, which, among other things, has an impact
on wood density [53,54]. The mean value of wood branches green density was 993 kg/m?
when the basic density was 395 kg/m?. Findings about branches basic density concerning
mostly tropical species [55-57]. When studies about wood branches properties of European
species are very limited. The basic density of branches of wood was significantly lower
than the density of samples collected from the steam. This result is not comparable with
a study carried out by Dibdiakova and Vadla (2012) [58] and Gryc et al. (2011) [59], who
compared the basic density of branches and wood basic density of the steam of spruce from
different sites. In both presented studies obtained branch wood density was higher than in
our study.

Currently, alternative lignocellulosic raw materials are high in high demand [19]
which will be able to compete with other industries due to the lack of wood, such as the
paper industry, or for energy purposes. Forest residues also could be a good alternative
for high quality as a raw material for board production. Alamsyah et al. (2020) produced
OSB and particleboard from branches and twigs of surian tree (Toona sinensis Roem) [60],
Rahman et al. (2013) manufactured boards from branches and stem wood in three types:
only from stem wood, only from branch wood and stem-branch mix of bahdi (Lannea
coromandelica Merr.) [40]. According to the comparison they presented, stem particles
were characterized by the highest mechanical properties, then branch-stem particles, and
the lowest quality were obtained in branch particles. In the study by Jahan-Latibari and
Roohnia (2010), two types of forest residues were used to make particleboard, they were
poplar branches, small-diameter poplar wood (3-8 cm), and beech wood [61]. Their results
showed that the characteristics of particleboard made from poplar branches and small-
diameter wood were comparable to that made from mature beech wood. In our study
panels made of branch particles were characterized by significantly higher quality than
stem ones. Which led to classified branch panels as P7 type—heavy-duty load-bearing
boards for use in humid conditions according to EN 312. Such differences between our and
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presented studies can be explained by species’ wood properties. At the stage of production
of wood-based materials, it is important to increase the durability of products, which
extends their life cycle, thus influencing the extension of the period of carbon sequestration
in the wood contained in them, which is a beneficial environmental aspect. The use of
a board with such good mechanical parameters for the manufacture of furniture from
them can allow reducing the amount of waste wood-based materials created by slower
consumption of products and replacement with new ones. Due to the non-emissivity of
wood-based panels, the control of free formaldehyde content and emissions is important.
Sustainable production of low-emission materials raises ecological issues that are extremely
important for the environment and subsequent use, without polluting the air and disposing
of products.

In our study, the bulk density of raw material obtained from stem wood was higher
than the bulk density of the wood from branches. The research of Kowaluk et al. 2019 used
a mixture of industrial wood chips only with an admixture of coniferous wood (mainly
Pinus sylvestris L.), thanks to which it obtained a bulk density of approx. 164 kg/m?> [62].
In the same study, applewood particles (classified as moderately heavy species) were used,
the density of which was approx. 245 kg/m?3. The higher the bulk density of the ligno-
cellulosic material, the smaller the thickness of the mat prepared to be pressed to form a
particleboard. Knowledge of the material density is especially important when preparing
mats from alternative lignocellulosic raw materials, which are characterized by a much
lower density than pine wood particles. An example is straw particles obtained from alter-
native lignocellulosic raw materials, such as rapeseed—approx. 42 kg/m? and rye approx.
25 kg/m? [36]. The lower bulk density of materials may cause some technical limitations
in the industrial-scale manufacturing process. In addition, there may be some logistical
problems in developing an optimal and sustainable transportation mechanism [28]. Due to
the high volume of logged timber—around 40 mln m® per year, State Forests (SF) in Poland
are a huge source of forest residues [63]. The exact amount of FR production is difficult to
estimate. Due to many environmental factors that affect the amount of waste [6,12]. Gendek
et al. [6], in reference to estimates in a paper by Zajaczkowski (2013) [64], estimated that
forest residues in Poland in 2031 could amount to 2.34 million m3, an increase of 12.5% over
the 2021 estimate. In recent years SF in Poland offer to sell FR for energy purposes as M2E
assortments [65]. The starting price of the auction starts around 4-5 EUR/ m? (accessed on
1 September 2022). According to the results of our study, this raw material is also relevant
and sustainable for high-value particleboard production. Due to the relatively low price,
high accessibility, and quality of the final product. Unfortunately, the destabilization of
the timber market in Poland, caused among others energy problems and war in Ukraine
(stopped wood import). Moreover, EU sanctions have stopped the import of forest residues
from Belarus. Therefore currently the final auction price of wood biomass sells by State
Forest significantly increased even to over 100 EUR/m3.

From an environmental and economic point of view, particleboard production could
be based on the idea of using less valuable wood waste and residues. For example, those
generated in the woodworking process like particles and residues from the production of
wood-based panels, constitute a significant waste [66]. This would create a value-added
product that contributes to improved waste management. Moreover, additions of other
materials such as waste from the leather industry [67,68], tetrapak packaging [69,70], and
construction materials [71,72] can be used. When material innovations are used to make
panels, the hygienic properties of the panels made from them must be controlled, the
standards of which must be strictly observed. When using wood material, the likelihood of
high emission values and formaldehyde is much lower than for alternative raw materials.
There are many additives to amine resins that are designed to reduce formaldehyde content
in the board, but often their mechanical and physical properties are adversely affected. An
example of the use of formaldehyde (FS) Scavenger Solution described in Basbog 2022,
which was synthesized using a mixture of monoethanolamine (MEA), ammonium chloride
(AC), and distilled water (DW) [73]. Adhesives that are considered biobased on a mixture
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of citric acid and glycerin [74], waste melamine impregnated paper [75], protein-based [76],
and cornstarch and tannin-based wood adhesives [42,77] can be used.

5. Conclusions

One possible alternative use of forest residues is their use as an alternative material for
wood-based panels, namely particleboard. Based on the research, it can be concluded that
forest biomass in the form of pine branches can replace roundwood. The results obtained
clearly show that the use of wood material in the form of forest biomass residues improves
MOR, which is worth noting, and significantly increases the IB value from 0.46 N/ mm? for
boards made of stem wood particles to 0.72N/mm?. Mechanically, the obtained panels meet
the minimum requirements for P5-type boards, but nevertheless, the TS value is insufficient.
All of the particleboards produced met standardized performance requirements, making
them suitable for use as a board for interior fitments (including furniture) for use in dry
conditions (type P2).

Future research should be directed toward improving the quality of particleboard
produced from raw materials that are alternatives to roundwood. Consideration should be
given to raw materials with lower market prices and the use of additives in the form of
alternative adhesives, including those that increase water resistance. In addition, further
research is needed to reduce competition for raw materials in the energy sector, which is
currently a major obstacle to the cultivation of many industrial crops.
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Abstract: Particleboards (PB) and oriented strand boards (OSB) are commonly used materials in
building structures or building interiors. The surface of boards may hence become directly exposed
to fire or radiant heat. The aim of this paper is to evaluate the behaviour of uncoated particleboards
and OSB exposed to radiant heat. The following ignition parameters were used to observe the
process of particleboard and OSB ignition: heat flux intensity (from 43 to 50 kW.m2) and ignition
temperature. The time-to-ignition and mass loss of particleboards and OSB with thicknesses of 12, 15
and 18 mm were monitored and compared. The experiments were conducted on a modified device in
accordance with ISO 5657: 1997. Results confirmed thermal degradation of samples. Heat flux had a
significant effect on mass loss (burning rate) and time-to-ignition. OSB had higher ignition time than
particleboards and the thermal degradation of OSB started later, i.e., at a higher temperature than
that of particleboards, but OSB also had higher mass loss than particleboards. The samples yielded
the same results above 47 kW.m~2. Thermal analysis also confirmed a higher thermal decomposition
temperature of OSB (179 °C) compared to particleboards (146 °C). The difference in mass loss in both
stages did not exceed 1%.
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1. Introduction

The production of wood-based boards encompasses the utilization of wood of lower
quality classes [1-4] and obtaining suitable materials with improved physical and mechani-
cal properties [5-10]. Properties of particleboards (PB) are described in detail in the work
of [11,12]. The oriented strand boards (OSB) belong to this product group, but they are
also considered an input material in the furniture and construction industries [9,13-15].
A description of OSB in terms of their preparation and properties is defined in the work
of [16,17]. These materials are also analysed within the scope of insulation materials [18-21].
They are a part of sandwich panels in low-energy houses [22-25]. They are typically used
as an interior sheathing material [26] or furniture [27-30]. Research on the fire resistance of
the mentioned materials is also rich [31-35].

Large-size wood-based materials form the largest percentage of wood material in
timber houses [36-38]. These materials can be directly exposed to fire [39-41] or the effect
of radiant heat [42,43]. Thermal degradation and potentially even ignition of wood-based
boards are caused by the action of the ignition source [41-48]. These processes are affected
by both the combustible material and the environment in which it is located [49,50]. The
ignition process cannot be characterized by a single property [51]. Rantuch et al. [52] used
ignition parameters to define the term ignition. Two of these ignition parameters (critical
heat flux and ignition temperature) are used here to compare OSB and PB with thicknesses
of 12, 15 and 18 mm. This article presents the differences in the results of the research
between PB and OSB due to the influence of external heat flux.

Ignition is the ability of a sample to ignite under the action of an external thermal
initiator and under defined test conditions, according to [53]. According to ISO 3261 [54],
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it is the ability of a material to ignite. The process of ignition is characterized by the time-
to-ignition of a sample, which depends on the ignition temperature, thermal properties
of materials, sample conditions (size, humidity, orientation) and critical heat flux [55].
Definition of “ignition temperature” can be interpreted as the minimum temperature to
which the air must be heated so that the sample placed in the heated air environment
ignites, or the surface temperature of the sample just before the ignition point [56-58].

Separate attention is paid to the issue of simulating the ignition of wood under external
heat flux from calculations of ignition parameters [59,60]. A prediction model presented
in Chen et al.’s paper [61] studies the pyrolysis and ignition time of wood under external
heat flux. The solution of the model provides the temperature at each point of the solid
and the local solid conversion, and the time-to-ignition of the wood is predicted with the
solution of surface temperature [62]. Chen et al. [61] obtained good agreement between
experimental and theoretical results.

The aim of this paper is to evaluate the behaviour of uncoated particleboards and
OSB exposed to radiant heat. The significant influence of board density and thickness on
time-to-ignition and mass loss of PB and OSB samples is monitored and observed. At the
same time, the difference in the thermal degradation of PB and OSB samples is sought by
comparing the results between time-to ignition and mass loss of PB and OSB samples.

2. Materials and Methods
2.1. Experimental Samples

Particleboards (PB) and OSB with thicknesses of 12, 15 and 18 mm (Figure 1a) were
used as samples. Selected thicknesses correspond to those typically used in the construc-
tion and insulation of houses, in the construction of ceilings, soffits, partitions, etc. The
samples were sourced from the company BUCINA DDD, Zvolen, under the product name
Particleboard raw unsanded (Table 1). These particleboards contain softwood strands,
mainly spruce, and a urea—formaldehyde adhesive mixture [63].

The samples of oriented strand boards were obtained from the company Kronospan-
Jihlava, under product name OSB/3 SUPERFINISH ECO (Figure 1b), without surface
treatment. These OSB are multi-layered boards made of flat wood chips of a specific shape
and thickness. The chips in the outer layers are oriented parallel to the length or width of
the board, the chips in the middle layers may be oriented randomly or generally perpen-
dicular to the lamellae of the outer layers. They are bonded with melamine formaldehyde
resin and PMDI, and they are flat-pressed. The boards contain mainly a mixture of different
softwood species [64].

a)

Figure 1. Example of experimental samples prepared in accordance with ISO 5657 [65]: (a) particle-
board (PB); (b) OSB.

The samples of OSB were cut to specific dimensions (165 X 165 mm) according to
ISO 5657: 1997 [65]. Selected sheet board materials were stored at a specific temperature
(23 °C £ 2 °C) and relative humidity (50 £ 5%).

There were tested air-conditioned samples, because the change in moisture will affect
the thermal parameters of the samples and subsequently the thermal processes [16,66]. The
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density of samples (Table 1) was determined according to EN 323: 1996 [67]. The remaining
parameters were obtained from the safety data sheets (Table 2).

Table 1. The density of PB and OSB samples according to EN 323: 1996 [67].

Samples Designation Density (kg.m—3) for Thickness (mm)
12 15 18
Particleboard (PB) PB 690 £9.8 713 £9.7 644 £10.1
Oriented Strand Boards (OSB) OSB 562 +7.9 570 £ 12.1 569 +12.8

Table 2. Physical and chemical properties and fire-technical characteristics of particleboards and OSB
with thicknesses of 10-18 mm.

Parameters PB [64] OSB [63]
Density (kg.m~3) 665 630
Moisture (%) 5 5
Swelling (%) 35 15
Thermal conductivity (Wm~2K™1) 0.10-0.14 0.13
Specific heat (J. kg~ 1.K~1) [67] - 1460-1470
Formaldehyde content (mg.100 g~ 1) 6.5 8
Flame spread rating (mm.min~!) - 83.8
Reaction to fire D-s1,d0

2.2. Methodology
2.2.1. Determination of Mass Loss and Time-to-Ignition

The measuring instrument was calibrated, and heat flux values used for selected
samples were logged in Turekova et al. [68,69].

Time-to-ignition and mass loss were determined for the selected level of heat flux
density and thickness of the sheet board materials according to a modified procedure based
on ISO 5657: 1997 [65]. This modification included a change of the igniter. The ignition was
caused only by heat flux, without the use of an open flame (Figure 2).

1

Figure 2. Scheme of the equipment for determination of flammability of materials at radiant heat flux
of 10-50 kW.m 2 according to ISO 5657: 1997 [65]. (a) Real test equipment and equipment scheme.
(b) Scheme of the used equipment with description of components: 1—heating cone, 2—board for
sample, 3—movable arm, 4—connection point for recording experimental data. (c) Detailed look at
the burning of the particleboard sample with 18 mm thickness in 100 s.

The samples were placed horizontally and exposed to a heat flux of 43 to 50 kW.m 2 by
an electrically heated cone calorimeter. Orientation experiments determined the minimum
heat flux required to maintain flame combustion. Time-to-ignition and mass loss were
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monitored in the interval of 43 to 50 kW.m 2 at each thickness of the sheet board material
in a series of five repetitions.

The factors which affect time-to-ignition and mass loss are type of sample, board thick-
ness and heat flux density. The obtained results of the ignition and mass loss temperatures
were statistically evaluated by statistics. The following factors were used: mixture samples,
board thickness (12, 15 and 18 mm) and heat flux density (from 43 to 50 kW.m2).

2.2.2. Thermal Analysis (Thermogravimetry TGA) of PB and OSB

This analytical method was chosen as the weight of the analysed samples in milligrams.
These methods are used in observations and comparison of thermal decomposition of
samples, and in the research of the changes and conditions of the chemical reaction course.
Thermogravimetry (TGA) studies the course of both thermolysis and polymer burning
and records the changes in the weight of the heated sample. The sample was stabilized for
24 h under standard conditions; the test was conducted on a Mettler TA 3000 with a TC
10A processor and TG 50 thermogravimetric weights module in the air and flow rate of
200 mL.min~!. The heat increased at a rate of 10 °C.min~'. The test was carried out up to a
temperature of 700 °C. The samples for TGA were specifically prepared by disintegration,
and the weight of the OSB sample was 10.225 mg and PB was 10.543 mg.

3. Results and Discussion

The minimum value of radiant heat flux for particleboards and OSB was approximately
43 kW.m~2. This value represented the critical heat flux for the selected samples. The
maximum value of the radiant heat flux, to which the selected sheet board materials were
exposed, was 50 kW.m~2. The heat flux was gradually increased by 1 kW.m~2 (Table 3).

Table 3. Time-to-ignition and mass loss of samples with different thicknesses using heat fluxes from

43 to 50 kW.m 2 at a distance of 20 mm.

Radiant Heat
Flux (kW.m~2)

Thickness (mm)

PB

OSB

Time-to-Ignition (s)

Mass LossAm (%)

Time-to-Ignition (s)

Mass Loss Am(%)

12 89.0 £5.215 17.108 £ 0.520 107.4 £ 32.920 19.018 £ 0.742
43 15 92.6 £ 3.441 14.604 + 0.375 172.8 + 68.271 16.528 £ 1.103
18 117.0 £ 5.513 13.198 £ 0.173 170.0 £ 19.279 12.436 £ 0.402
12 80.0 £ 5.366 17.594 + 0.409 80.80 £+ 14.372 20.188 £ 1.210
44 15 86.4 £ 4.882 15.452 + 0.355 108.0 &+ 31.093 16.092 £ 0.885
18 102.8 + 4.308 13.754 £ 0.239 140.0 £ 31.698 13.256 £ 0.745
12 78.2 £0.748 17.96 £ 0.301 100.2 £ 21.673 20.870 £+ 0.889
45 15 84.4 + 2.057 15.27 + 0.294 86.4 + 10.442 17.026 £ 0.541
18 92.2 +£2.481 13.87 £ 0.286 111.2 £+ 24.235 13.716 £ 0.303
12 71.6 £1.624 18.406 £ 0.522 84.4 £ 9.002 21.868 £+ 0.879
46 15 76.0 + 2.280 15.714 £ 0.290 93.4 + 21.767 17.272 £ 0.647
18 89.0 £7.974 13.776 £ 0.565 98.8 £ 12.592 13.504 £ 0.228
12 66.4 £ 2.870 18.91 £ 0.288 71.0 £ 8.671 22.026 £+ 0.908
47 15 73.8 £0.797 16.23 + 0.363 67.08 £ 5.403 17.500 +£ 0.455
18 75.6 £3.720 14.48 £ 0.339 103.6 £+ 18.391 13.818 £ 0.266
12 64.0 £1.490 19.11 £ 0.338 58.60 £ 5.953 23.206 £ 0.505
48 15 69.4 + 1.959 16.27 + 0.373 63.40 £ 7.116 18.366 £ 0.910
18 75.0 £ 2.000 14.65 £ 0.225 77.60 £ 25.881 14.222 £ 0.826
12 60.6 £2.241 19.75 £ 0.439 65.0 £ 11.436 23.578 £+ 0.858
49 15 66.0 £ 2.283 16.59 + 0.333 62.20 £ 3.2497 18.764 £ 0.571
18 67.2 £1.166 15.17 £ 0.131 63.20 £+ 3.187 14.678 £ 0.899
12 59.8 £+ 2.638 19.91 £ 0415 56.80 £ 2.039 24.302 + 0.814
50 15 64.4 + 2.497 16.5 £ 0.335 59.40 £ 5.607 19.402 £ 0.586
18 66.8 £ 2.093 15.94 £ 0.945 60.20 £+ 5.741 14.846 £ 1.033

128



Forests 2022, 13,1738

The sample was placed horizontally under the cone calorimeter and exposed to
selected heat fluxes which led to gradual thermal degradation and generation of flammable
gases. Thermal degradation (Figure 3) is manifested by mass loss (Table 3). Ignition
occurs when the critical temperature is reached [69]. Time-to-ignition was recorded, while
considering only the permanent ignition of the surface of the analysed sample when
exposed to a selected level of heat flux density. The carbonized residue (Figure 4) remained
on the surface which has been exposed to radiant heat [70-73], which proves the thermal
insulation properties of the particleboard and OSB [25].

Figure 3. (a) Burning process of particleboard samples with 15 mm thickness after their ignition by
radiant heat at 48 kW.m~2 in 80 s; (b) OSB sample with 15 mm thickness during experiment in 80 s at
48 kKW.m ™2,

"o

Figure 4. Cooled samples 10 min after the end of the experiment, sample thickness of 18 mm: (a) PB;
(b) OSB.

Time-to-ignition of particleboard and OSB samples of the same thickness (Figure 4)
differed in experiments with lower heat flux values, i.e., at 43 to 46 kW.m 2. Particleboards
and OSB with thicknesses of 12 and 15 mm had the same time-to-ignition values starting
from 47 kW.m 2 (Figure 4 and Table 1). Samples of particleboard and OSB with a thickness
of 18 mm showed the same time stamps starting from 48 kW.m~?2 (Figure 5).
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In comparison with OSB, particleboards generally showed lower time-to-ignition
values. The cause can be found in the board structure. OSB consist of larger wood chips
compared to particleboards.

The box plot graph for time-to-ignition OSB and PB samples shows the dispersion
of the obtained data (Figure 5c). PB samples, in all thicknesses, have comparable results
(in Figure 5c), marked with the numbers 2 as PB 12, 4 as PB 15 and 6 as PB 18. The above
matrix presents the data obtained from heat flux 43 to 50 kW.m~2. It confirms the fact that
the thickness of the sample does not have a significant influence on time-to-ignition for PB
samples. OSB samples show a significant dispersion of the obtained data and confirm the
ratio with increasing heat flux; the ignition time is shortened (see also in Figure 5a).
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Figure 5. Comparison of time-to-ignition and mass loss values of particleboards and OSB depending
on the heat flux values. (a) Comparison of time-to-ignition results with box graph, where X Axis is
heat flux 43-50 kW.m 2 and Y Axis is time-to-ignition for PB and OSB samples. (b) Comparison of
mass loss results with box graph, where X Axis is heat flux 43-50 kW.m 2 and Y Axis is mass loss
for PB and OSB samples. Legends: PB 12—PB samples with 12 mm thickness, PB 15—PB samples
with 15 mm thickness, PB 18—PB samples with 18 mm thickness, OSB 12—OSB samples with 12 mm
thickness, OSB 15—OSB samples with 15 mm thickness, OSB 18—OSB samples with 18 mm thickness.
Box graphs have X Axis marks as 2—43 kW.m2; 3—44 kW.m2; 4—45 kW.m2; 5—46 kW.m 2%;
6—47 kW.m~2; 7—48 kW.m ~2; 8—49 kW.m~%; and 9—50 kW.m 2. Confidential interval 95%.

The values of time-to-ignition and mass loss of OSB have a greater dispersion of
results, as evidenced by the created box graphs (Figure 5). The variability results from
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the nature of the board, which is composed of large-area wood particles from pressed flat
chips that are pressed under the influence of high pressure and temperature (Figure 6). The
binder is a formaldehyde-based resin [74]. Osvald et al. [75] do not assume the influence of
the bonding material (glue as well as other additives) on the thermal degradation of the

OSB surface.
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Figure 6. Graphical representation of time-to-ignition and mass loss dependence on board thickness
and heat flux with box plots. Legends: blue colour is marked for OSB samples, PB is marked by red,
linearny OSB is linear OSB curve and Linearny PB is linear curve of PB. Confidential interval 95%.

When comparing the mass loss of particleboards and OSB, lower mass loss values
are observed in particleboards of all thicknesses. This difference decreases with increasing
sample thickness. Mass loss values of particleboard and OSB samples with a thickness of
18 mm are the same (Figure 5b). A detailed analysis of time-to-ignition and mass loss results
for individual sample thicknesses exposed to selected heat flux values is shown in Figure 6.
The comparison of time-to-ignition values of particleboards and OSB showed interesting
results, apart from the results with the heat flux of 43 kW.m 2 (Figure 6a). Figure 6 shows
the linear dependences of time-to-ignition increase on the sample thickness. At the same
time, the graphs are supplemented with quantitative analysis through box graphs. The
presented graphs confirm the description of the behaviour of OSB and PB due to the action
of radiant heat. Particleboards record lower time-to-ignition values than OSB up to the heat
flux of 47 kW.m~2 (Figure 6b—e). Subsequently, the particleboard and OSB time stamps
become identical (Figure 6f-h). All linear dependences maintain an increasing tendency
(Figure 6a-h), i.e., the time-to-ignition increases with increasing sample thickness. The
given increasing tendency was, however, no longer found at heat flux of 49 and 50 kW.m 2
(Figure 6g,h).

Naturally, mass loss (Am) results show the opposite tendency: Am decreases with
increasing sample thickness (Figure 6i-p), while the Am of OSB is generally greater than the
Am of particleboards. Interesting results can be seen at the heat fluxes of 43 (Figure 6i), 44
(Figure 6j) and 46 (Figure 61) kW.m~2, where there is a change in Am occurring in samples
with a thickness of 18 mm. These cases show higher Am values of particleboard samples
compared to OSB.

The results confirm relatively similar behaviour of particleboard and OSB samples.
OSB have generally higher time-to-ignition values, i.e., they withstand the effect of radiant
heat longer than particleboards. On the other hand, OSB have a higher Am value compared
to particleboards during thermal degradation and subsequent combustion.

Our results show that as the thickness of samples increases, the differences in the
behaviour of the samples disappear under action radiant heat, which can be seen in Figure 6.
Practice should take into account the importance of thickness when applying these materials
in building structures or elements.

For the purpose of this analysis, another parameter evaluating the behaviour of solids
in the event of a fire was calculated, namely the burning rate of OSB (Figure 7a) and
particleboards (Figure 7b). The process of thermal degradation of wood-based materials
is associated with the charring of the surface, hence some authors [49] call this parameter
the charring rate. Once again, dependence between the increase in the rate of burning and
the increase in heat flux was confirmed. The burning rate (g.m 2.5~ 1) is calculated as the
ratio of mass loss Am to the time of thermal degradation. The results show a decrease in
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the rate of burning with increasing thickness of the sample (Figure 8), which is also stated
by Richter et al. [49]. This fact confirms that particleboards act as thermal insulators.
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Figure 7. Graphical dependence of burning rate of OSB and PB samples depending on thermal
stress. Legend: 12, 15, 18 are values of thickness. Box plots, have X Axis marks as 2—43 KW.m~2;
3—44 kW.m~2; 4—45 kW.m2; 5—46 kW.m~2; 6—47 kW.m2; 7—48 kW.m~2; 8—49 kW.m2; and
9—50 kW.m~2. Confidential interval 95%.
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Figure 8. Comparison of thermogravimetric records showing the decomposition of selected board

materials at a heating rate of 10 °C.min~! in an atmosphere of air.

The box plots added to Figure 7 show the same tendency for the burning rate to
increase. The values of 43,44, 45 and 46 kW.m 2 have exactly the same burning rate values,
and significant changes occur at heat flows of 48-50 kW.m 2.

Despite the previous linear dependences, it is not possible to draw a clear conclusion.
This fact is also confirmed in Figure 7. The results show a relationship between the thickness
of the samples and the burning rate, which is again linear, but the lines differ (Figure 7).
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Richter et al. [49] addressed the effect of oxygen concentration and heat flux on the
ignition and burning of particleboards. The experiments were performed on samples of
particleboards with different oxygen concentrations (0%~21%), heat fluxes (10-70 kW.m~2),
sample densities (600-800 kg.m_z) and sample thicknesses (6-25 mm). The results of
Richter et al. [49] showed the effect of heat flux and oxygen concentration on the rate of
burning, ignition time and combustion type (pyrolysis, smouldering, combustion).

Maciulaitis et al. [70] watched, among other things, the influence of 30, 35, 40, 45 and
50 kW.m ™2 heat flows in accordance with LST ISO 5657: 1999 [65] with 6 mm, 10 mm,
15 mm and 18 mm thick oriented strand boards (OSBs).

Statistical evaluation of measurement data

The assessment of the impact of the kind samples (PB, OSB) and the impact of thickness
(12,15 and 18 mm) on time-to-ignition and mass loss was carried out by statistical analysis.
We used the multifactor analysis of variance (ANOVA) using LSD (95% level of provability)
of the test (software Statistica 10).

Table 4 confirms significant differences for thickness. The OSB 18 mm has the highest
time-to-ignition value.

Table 4. The impact of samples (PB, OSB) and impact of thickness (12.15 and 18 mm) on the time-to-
ignition through the 1-factor analysis of variance (ANOVA) (o= 0.05).

Thickness Heat Flux (KW.m—1) Average Hd o5
Samples
(mm) 43 44 45 46 47 48 49 50
OSB 12 107.40 80.00 100.2 84.4 71.0 58.6 65.00 56.8 77.9a
OSB 15 152.80 108.00 86.40 87.2 67.0 63.4 62.2 59.4 85.8b
OSB 18 170.00 140.00 105.20 98.8 103.6 77.6 63.2 60.2 102.3¢
PB 12 89.00 80.00 78.2 71.6 66.4 67.0 60.6 59.8 71.6a
PB 15 92.60 86.00 84.4 76.0 73.8 69.4 66.0 64.4 76.6ab
PB 18 117.00 102.00 92.2 89.0 75.6 75.0 67.2 66.8 85.6b
Average 121.4e 99.6d 91.1d 84.5¢ 75.4b 68.5ab 64.0a 61.2a 4.47
ANOVA-LSD test (e = 0.5): a, b, ¢, d, e—statistically significant difference.
The mass loss for all samples was 15% of the original weight of the samples. The
obtained statistical data did not confirm the significance of the influence of the kind of
sample and its thickness on mass loss (Table 5).
Table 5. The impact of samples (PB, OSB) and impact of thickness (12.15 and 18 mm) on the time-to-
ignition through the 1-factor analysis of variance (ANOVA) (o = 0.05).
Heat Flux (kW.m~1) Average  Hd 405
Samples
43 44 45 46 47 48 49 50
OSB 15.6 16.5 17.2 17.5 17.7 18.5 19.0 19.5 17.1a
PB 14.5 15.6 15.7 159 16.6 16.7 17.2 17.3 16.1a
Average 15.2b 16.1a 16.5a 16.8a 17.2a 17.6a 18.1c 18.4c 3.45

ANOVA-LSD test (x = 0.5): a, b, c—statistically significant difference.

Thermal analysis is another method which uses constant heating to analyse the sample.
The results confirm thermal decomposition of samples in two stages [49], as is the case
with other cellulosic materials (Table 6). Individual stages of thermal decomposition of
particleboard and OSB samples were defined with the use of thermogravimetric analysis in
an atmosphere of air.
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Table 6. Thermogravimetric analysis of OSB and particleboard samples.

Drying Processes

Thermal Degradation Processes

Sample L. Stage II. Stage
Temperature o o Temperature ° o Temperature o o Crezist
Range (°C) Tp (°C) Am (%) Range (°C) Tp (°O) Am (%) Range (°C) Tp (°C) Am (%) %)
OSB 42-136 72.3 4.86 179-381 325.7 65.07 381-524 443.0 29.34 0.61
Particleboard 42-136 72.3 5.32 146-378 320.3 64.65 378-525 445.7 29.53 0.64

Thermal decomposition of the OSB sample (Figure 8) took place in two stages. The
first stage of thermal decomposition, the main decomposition of the sample, occurred at
a temperature of 179 °C. The highest mass loss (65.07%) was recorded at 325.7 °C within
the first stage of decomposition, which ranged between the temperature of 179 °C and
381 °C. The second stage of thermal decomposition began at 381 °C. At this stage, the
second maximum rate of mass loss was recorded at 443 °C, with a mass loss of 39.34% and
a resistant residue of 0.61% after decomposition.

A similar course of thermal degradation was observed in particleboards. The main
decomposition of the particleboard sample occurred at a temperature of 146 °C within the
temperature range of up to 378 °C. At the same time, the highest mass loss of 64.65% was
recorded at the temperature of 320.3 °C. In the second stage of thermal decomposition,
which took place at the temperature range of 378 °C to 525 °C, the second maximum rate
of mass loss was recorded at 445.7 °C. At this stage, there was a mass loss of 29.53% and
the resistant residue after decomposition amounted to 0.64%.

Given values show the behaviour of boards subjected to thermal stress, where the OSB
with a thickness of 12 mm begins to thermally degrade at 179 °C and its ignition time is
107 s at a heat flux of 43 kW.m 2.

Particleboard with the thickness of 12 mm begins to degrade at 146 °C and its igni-
tion time is 89 s. The reported results are consistent in all sample thicknesses and heat
flux values.

Sinha et al. [76] studied the effect of exposure time on the flexural strength of OSB and
plywood at elevated temperatures. They reached a critical temperature of 190 °C at which
the strength decreased and thermal degradation occurred. Very interesting research on
time-to-ignition on Ancient Wood was conducted by Wang et al. [77].

4. Conclusions
Based on the performed experiments, it is possible to draw the following conclusions:

1. The heat flux and thickness had a significant effect only on time-to-ignition.

2. OSB had a higher time-to-ignition than particleboards and the thermal degradation
of OSB started later, i.e., at a higher temperature than that of particleboards. Above
47 kW.m~2, the samples yielded the same results, but OSB had a higher mass loss
value than particleboards.

3. Thermal analysis also confirmed a higher thermal decomposition temperature of OSB
(179 °C) compared to particleboards (146 °C). The difference in mass loss in both
stages did not exceed 1%, and other parameters did not show a significant difference
in the behaviour of the samples.

4. Our results show that as the thickness samples increases, the differences in the be-
haviour of the samples disappear under action radiant heat, which can be seen in
Figure 6. Practice should take into account the importance of thickness when applying
these materials in building structures or elements.
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Abstract: The aim of this research is the characterization of physical and mechanical properties of
Paulownia sawn wood from three plantation sites in Europe, namely Spain, Bulgaria and Serbia. As
a fast-growing wood species, Paulownia has a significant positive forecast for the European markets
and a wide range of possible applications that still need to be explored. For this purpose, Paulownia
tomentosa(Tunb.) x elongata(S.Y. Hu) wood species was investigated. Sorption behaviour, Brinell
hardness, 3-point bending strength, flexural modulus of elasticity, tensile strength, compressive
strength and screw withdrawal resistance were examined in detail. The samples from Spain have the
higher average bulk density (266 kg/m?), 3-point flexural strength (~40 N/mm?), 3-point flexural
modulus of elasticity (~4900 N/ mm?), compressive strength (~23 N/ mm?), tensile strength (~44
N/mm?) and screw withdrawal resistance (~56 N/mm). The plantation wood from Bulgaria has
the highest average of annual ring width (46 mm). Paulownia wood has potential in lightweight
applications and can replace successfully expensive tropical species as Balsa.

Keywords: Paulownia tomentosa x elongata; plantation wood; lightweight; physical and mechani-
cal properties

1. Introduction

Of Asian origin, Paulownia is a fast-growing deciduous tree, with at least nine sub-
species [1]. In Europe, in the last decade, is growing interest on Paulownia as regards
tree cultivation and agro-forestry plantations for industrial use [2]. Paulownia was also
introduced in North America, Australia and Japan [3], and is cultivated worldwide in more
than 40 countries [4]. Other objectives of Paulownia plantations are to reduce soil hazards
by tree-crop intercropping in farmlands [5], to protect systems against erosion, flooding or
wind damage [6], to reduce air pollution and to secure the increasing energy demand [7].
Paulownia trees have exceptional root systems and can adapt easily to various soil condi-
tions [8]. Moreover, Paulownia has high tolerance to drought and salinity, representing
an easy solution for sand fixation, also for water and soil conservation [9]. Nevertheless,
the optimum soil and climate conditions and the most suitable plantation sites have not
been clarified yet, and at present there is no best practice guidance for forest farmers who
intent to manage Paulownia plantations [10]. This lightweight tree species gained interest
worldwide and is named a miracle tree, empress tree or princess tree [11], due to its high
rate carbon absorption and rated as fast-growing energy crop with C4 photosynthesis [12],
easy processability, and good fire resistance [13].

Paulownia trees can be harvested in 6-7 years for low-quality lumber and in 15 years
for worthwhile timber. The height of an adult Paulownia tree is from 10 to 20 m, its growth
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rate is up to 3 m in one year (in ideal conditions), allowing exploitation in short rotation
periods. The diameter of a 10 year Paulownia is 30-40 cm with a timber volume of 0.3—
0.5 m3 per log [3]. Paulownia wood is semi-ring porous to ring porous, soft, frequently
knot free, with an average density under 300 kg/m? [14]. The wood is light coloured, soft,
lightweight and easy to handle [15]. It dries quickly and is easy to shape; these properties
recommend it for industrial applications as furniture, building timber, packaging, plywood,
insulation [16], for sculptures and handicrafts [17] and as reinforcing filler for thermoplastic
composites [18]. The primary use of Paulownia includes solid wood products, veneer,
and pulp as a source for fine papers [19]. Products made from Paulownia wood do not
warp, crack, deform or decay easily [18], and are rot resistant [20]. It has a low thermal
conductivity and a high ignition point [14,19]. Less valuable stems can be chipped to
produce biofuels, biomass, electricity and contribute to air purification [21] or can be used
as raw materials for particleboard, OSB and MDF production [22]. Other uses of Paulownia
stems were introduced by the Chinese for medical purposes as a component of remedies
for infections, e.g., poliovirus [23], due to its antioxidant properties [24].

The variability of Paulownia species depends on plantation site, climatic conditions,
irrigations and forestry management [25]. Agro-forestry Paulownia plantations ensure
sustainability for small rural communities. The trees represent a source of lumber, firewood,
compost and coal and can easily adapt to new places. The Paulownia leaves are rich in
nitrogen and can be introduced as feed for livestock [26].

Although Paulownia has a significant value for agroforestry, wood processing in-
dustry and ensuring ecological maintenance, this wood species is still under-rated and
understudied [9]. Paulownia tomentosa is anywise considered invasive species, so its future
spread should be attentive managed [21,27].

The objective of this study is to determine the physical and mechanical properties
of Paulownia tomentosa x elongata sawn wood, grown in Spain, Bulgaria and Serbia and to
compare it with similar Paulownia plantation wood from Europe and with other lightweight
wood species as Balsa and poplar.

2. Materials and Methods

The Paulownia wood (Paulownia tomentosa x elongata) was provided from Glendor
Holding GmbH (Kilb, Austria) and originates from plantations from Spain, Bulgaria and
Serbia. Mostly juvenile wood samples from 5-7 years old trees were used for the tests. The
plantation wood was delivered as rough-sawn lumber of approximately 150 cm length, 20—
30 cm width and thickness of 2025 mm. Prior to testing, the raw material was conditioned
to constant weight at 20 °C and 65% relative air humidity for at least 14 days, until constant
weight was achieved.

Several tests were carried out to determine the physical and mechanical properties of
Paulownia wood from Spain, Bulgaria and Serbia (Table 1).

Table 1. Tests, norms, sample dimension and number of testing specimens for Paulownia wood from
Spain, Bulgaria and Serbia.

Test Norm n Sample Dimension
Samples nr. [mm)]

Swelling and shrinkage DIN 52184:1979-05 12 20 x 20 x 10

Bulk density (kg/m?) ISO 3131:1996 12

Brinell-hardness (N/mm?) EN 1534:2011-01 10 -

3-point modulus of elasticity (MOE) (N/ mm?) DIN 52186:1978-06 12 20 x 20 x 360

3-point modulus of rupture (MOR) (N/ mm?)  DIN 52186:1978-06

Compressive strength (N/mm?) DIN 52185:1976-09 12 20 x 20 x 50

Tensile shear strength (N/mm?) DIN 52188:1979-05 15 20 Xb6 at predetermined
reaking point

Screw withdrawal resistance (N/mm) EN 320:2011-07 9 50 x 50
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Physical and mechanical properties of the Paulownia wood samples were evaluated
according to European and German norms, specific for massive wood testing.

The differential swelling and shrinking (in all cutting directions of wood) after 24 h water
immersion was determined according to DIN 52184:1979-05 [28]. To measure the density
according to ISO 3131:1996 [29], the weight and dimensions (20 mm x 20 mm x 10 mm) of
samples were measured (i) after conditioning and (ii) after 24 h kiln drying.

The annual ring width was calculated as mean value from two opposing radii manually.
The authors would like to emphasize that the reported values are indicative.

The test for the Brinell-hardness, with respect to EN 1534:2011-01 [30], was performed
with the hardness tester Emco Test Automatic (Kuchl, Austria). The metal ball, with a
diameter of 10 mm, was pressed with the force ranging from 199-207 N into the three main
directions (radial, tangential and axial).

The tests for mechanical properties as bending strength, compressive strength, tensile
strength and screw withdrawal resistance were carried out using a universal testing ma-
chine Zwick Roell Z 250 (Ulm, Germany). For the bending test, the specimen was placed
on two bearings and continuously loaded with vertical force until breakage, according to
DIN 52186:1978-06 [31]. During the test, a sensor records the bending stress in N/ mm? and
thus determines the bending strength—modulus of rupture (MOR) and flexural modulus
of elasticity (MOE).

According to DIN 52185:1976-09 [32], for the compression test the specimen is loaded
in vertical direction with an increasing force until breakage.

The tensile strength was measured in the fibre direction with samples prepared as
DIN 52188 [33] requires (Figure 1).

Figure 1. Measuring of the tensile strength of a Paulownia sample from Bulgaria with universal
testing machine Zwick Roell Z 250 (in the background the device Emco Test Automatic for testing of
Brinell hardness).

The screw withdrawal resistance was tested on samples cut according to EN 320:2011 [34]
(Figure 2). The force was applied perpendicular to the screw. The standardized screw with
a diameter of 4.2 mm and a nominal length of 38 mm was countersunk into the wood
at a right angle to the grain. In this case predrilling was carried out in the pillar drilling
machine with a 2.8 mm drill bit. The specimens were fixed to the universal testing machine
Zwick Roell Z 250 (Ulm, Germany) in a special fixture with the screw clamped at the top.
The screw was pulled out with a specific and constant force.
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Figure 2. Measuring of the screw withdrawal resistance of a Paulownia sample from Spain with
universal testing machine Zwick Roell Z 250.

3. Results and Discussion

The results of this study include density (Table 2), sorption behaviour (Table 3), width
of annual rings (Table 4), Brinell hardness (Table 5), 3-point-bending strength (Table 6), flex-
ural 3-point-modulus of elasticity (Table 7), compressive strength (Table 8), tensile strength
(Table 9) and screw withdrawal resistance (Table 10). For each physical and mechanical
property, Paulownia wood sourced from Spain, Bulgaria and Serbia was compared with
the values of Paulownia wood from other European plantations and with Balsa, poplar and
spruce from the literature sources.

3.1. Density (ISO 3131:1996)

Physical properties of wood, especially density and water-related properties, are
important factors affecting wood quality [35].

Table 2. Basic statistics for bulk density of Spanish, Bulgarian and Serbian Paulownia plantation
wood and other Paulownia species from the literature; n (Spain) = 12; n (Bulgaria) = 12; n (Serbia) = 12
(standard deviation in parentheses) (kg/m?3).

Mean Value Bulk Density Min/Max
Wood Type (kg/m®) (kg/m®) Source
Paulownia tomentosa x elongata (Spain) 266 (22) 238/297 Present study
Paulownia tomentosa x elongata (Bulgaria) 250 (26) 198/307 Present study
Paulownia tomentosa x elongata (Serbia) 259 (31) Present study
Paulownia tomentosa (Hungary) 246 Koman and Feher [1]
Paulownia tomentosa (Hungary) 300 (26.59) 201/313 Koman and Vityi (2017)
Paulownia tomentosa (Ttirkiye) 272 Akyildiz and Kol [3]
. 152/237
Paulownia tomentosa (Portugal) 460 262,360 Estevez et al. [11]
Paulownia COTE-2 (Spain) 216 Lachowiz et al. [36]
Paulownia Sp. Siebold and Zucc 178/270
) . ’ 220 179/270 Bardarov and Popovska [37]
(Bulgaria)
Balsa 160 Wiekiping and Doyle [38]
Poplar 440 Grosser [39]
Spruce 430 Grosser [39]

Table 2 shows the values of density for Spanish, Bulgarian and Serbian Paulownia
plantation wood measured according to ISO 3131:1996 [29]. Results from the technical
literature about Paulownia and other lightweight wood species are listed for comparison.
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The average density of wood from all three sites for Paulownia fomentosa x elongata is
258 kg/m?3. The Paulownia wood from Spain had the highest average density of 266 kg/m?,
followed by the Serbian wood with 259 kg/m?, and the lowest average value had the
Bulgarian wood with 250 kg/m3 (Table 2).

In their study, Akyildiz and Kol [3] determined an average density of 272 kg/m? for
the basic species Paulownia tomentosa from Tiirkiye. This value is lower for Paulownia
wood from Hungary at 246 kg/ m?3 [1] or from Spain at 215 kg/ m?3 [36]. Estevez et al. [11]
reported a value of 460 kg/m?3 for Portuguese Paulownia wood, which is even higher than
the average density of spruce with 430 kg/m? according to [39].

Lachowicz et al. [36] measured the lowest value (Paulownia wood sourced from Spain)
with a mean density of 216 kg/m?3. Considering the values reported from [40,41], Balsa
wood has a lower density of 160 kg/m3. The lightweight hardwood species poplar, has a
density of 440 kg/m3 [39,42].

At 12% moisture content, Paulownia wood density varies from 220 to 350 kg/m?3, with
an average of 270 kg/m? [5]. This variability in density is determined by growth conditions.
Higher Paulownia densities, about 400 kg / m3, were reported for Paulownia tomentosa [3,11],
and for Siebold and Zucc. (Bulgaria) [37].

3.2. Sorption Behavior (DIN 52184:1979)

The measurement of the sorption behaviour for Spanish, Bulgarian and Serbian
Paulownia wood was carried out according to DIN 52184:1979 [28] and are shown in
Table 3. From raw 4 to raw 7 (Table 3) are listed comparative results from the literature.

Table 3. Differential swelling and shrinkage of Spanish, Bulgarian and Serbian Paulownia wood com-
pared to other Paulownia species from the literature; n (Spain) = 12; n (Bulgaria) = 12; n (Serbia) = 12
(standard deviation in parenthesis) (%).

Wood Type Mean Value Axial (%) Xailaizl\:i/},;le ]1\: f\agZIX?al:lu(?%) Source

Paulownia (Spain) 0.375 (0.048) 0.504 (0.077) 1.58 (0.234) Present study
Paulownia (Bulgaria) 0.157 (0.057) 0.52 (0.17) 0.978 (0.181) Present study
Paulownia (Serbia) 0.199 (0.050) 0.456 (0.087) 1.266 (0.277) Present study
Paulownia (Hungary) 0.69 3.2 5 Koman and Feher [1]
Paulownia (Ttirkiye) 0.07 0.17 Akyildiz and Kol [3]
Paulownia (Spain) 0.172 (0.118) 1.99 (0.44) 5.19 (0.62) Lachowicz et al. [36]
Paulownia (Croatia) 0.35 (0.332) 2.47 (0.631) 5.3 (0.969) Sedlar et al. [35]

Spanish Paulownia wood had shrinkage in the axial direction of 0.375%, in the radial
direction of 0.50%. In the tangential direction, with 1.58%, Paulownia wood has the highest
average values for shrinkage. Bulgarian Paulownia wood has an axial shrinkage of 0.157%,
in radial direction 0.52%, and in tangential direction 0.978%. Serbian paulownia wood has
the shrinkage in axial direction of 0.199%, a radial shrinkage of 0.456%, and a tangential
shrinkage of 1.266%.

It can be observed that the Bulgarian Paulownia wood swells and shrinks the least
in all cutting directions. Compared to the Paulownia, Balsa wood has a lower sorption
behaviour. In tangential direction, it shrinks and swells between 3.4%—-7%. Radial shrinkage
is 1.4%—2.1% and volume shrinkage is 5.1%-9.3% [38].

It is important to emphasize the lower ratios of swelling. This behaviour of Paulownia
wood can be attributed to narrower core rays. The rays are narrow, occupying a single row
up to 0.5 mm, but also multi-seriate rays can occur [5]. Firstly, the core rays control the
wood in a radial direction and ensure values of swelling up to 4% [35], such as for most
species (at this density). Secondly, the small width of core rays did not influence higher
rates of swelling in tangential direction.
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3.3. Width of Annual Rings

The widths of annual rings for Spanish, Bulgarian and Serbian Paulownia wood are
shown in Table 4.

Table 4. Tree ring width—comparison of Spanish, Bulgarian and Serbian Paulownia wood.
n (Spain) = 59; n (Bulgaria) = 7; n (Serbia) = 18 (standard deviation in parentheses) (cm).

Wood Type Mean Value Annual Ring Width (cm) i\c/[;;./Max.
Paulownia (Spain) 2.8 (1.08) 1.2/7.5
Paulownia (Bulgaria) 4.6 (0.62) 3.7/5.7
Paulownia (Serbia) 1.7 (6.77) 0.6/3.1

The average annual ring width of entire batch of Serbian Paulownia wood was 1.7 cm.
Paulownia trees from Spain had larger annual ring width of 2.83 cm, but the largest annual
ring width was measured for Bulgarian Paulownia, namely 4.6 cm.

Serbian Paulownia wood had the smallest annual ring width, which is due to soil and
climatic conditions. The tree ring width decreases as the height of the tree increases. The
diameter of the tree tapers with increasing height. Thus, the diameter decreases, and the
annual ring width consequently decreases. As already noted by [16], there are very large
fluctuations in tree ring width within the first five years (up to 30%) (from 1 to 3.5 cm).
From the beginning of the fifth year, the annual ring width becomes constant and is hardly
subject to fluctuations anymore.

3.4. Brinell Hardness (DIN 1534:2022)
The testing of Brinell hardness for Spanish, Bulgarian and Serbian Paulownia wood

was carried out according to DIN 1534:2022 (Table 5). In this Table 5, after the third row, are
listed comparative results from the literature.

Table 5. Brinell hardness—in axial, radial and tangential directions—comparison of Spanish, Bul-
garian and Serbian Paulownia wood with other wood species. n (Spain) = 10; n (Bulgaria) = 10; n
(Serbia) = 10 (standard deviation in brackets) (N/mm?).

Mean Value Brinell Hardness (N/mm?) Source
Wood Species
Axial Radial Tangential
Paulownia (Spain) 20.6 (5.56) 5.6 (1.53) 4.8 (1.19) Present study
Paulownia (Bulgaria) 18.7 (3.1) 5.6 (1.35) 5.3 (1.35) Present study
Paulownia (Serbia) 21.22 (7,64) 6.1 (3.23) Present study
Paulownia (Hungary) 26.74 (3.22) 9.51 (2.17) Koman and Vityi [16]
581 (2.13) Bardanovand
Paulownia (Bulgaria) 20 9.13 (2.16) Popovska [37]
Paulownia (Ttirkiye) 19.7 (0.37) 8.23 (0.09) Akyildiz and Kol [3]
9.016 (0.23) .
Balsa 7 Finger [43]
Black poplar 25-33 10-15 Richter and Ehmke [44]
Spruce 32 12 Richter and Ehmke [44]

In the case of Paulownia wood source from Bulgaria, Brinell hardness in axial direction
was 18.7 N/mm?, 5.6 N/mm? in radial direction and 5.3 N/mm? in tangential direction.
For Paulownia wood from Spain was measured the Brinell hardness in axial direction of
21.22 N/mm?, 6.1 N/mm? in radial direction and 5.81 N/mm? in tangential direction.
For Paulownia wood from Serbia were measured the highest values of Brinell hardness:
21.22 N/mm? in axial direction, 6.1 N/mm? in radial direction and 5.8 N/mm? in tan-
gential direction. The latter values in axial direction are consistent with the results of [37]
and [16]. Compared to Balsa wood, with a Brinell hardness of 7 N/ mm? [45], Paulownia
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has significantly increased hardness. Other lightweight hardwood species is poplar, with a
hardness of 25-33 N/mm? [43], in concordance with the results of [16] of 26.74 N/mm?.

3.5. Modulus of Rupture and Modulus of Elasticity (DIN 52186:1978)

Table 6 shows the measured values of the three-point bending tests (modulus of
rupture, MOR) for Paulownia wood sourced from Spain, Bulgaria and Serbia, measured
according to DIN 52186:1978. The fourth to eight rows in Table 6 show the comparative
results from the literature.

Table 6. 3-point bending strength (MOR)—comparison of Spanish, Bulgarian and Serbian Paulownia
wood with other wood species. n (Spain) = 12; n (Bulgaria) = 12; n (Serbia) = 12 (standard deviation
in parentheses) (N/ mm?),

Mean Values MOR Min./Max.

Wood Species [N/mm?] [N/mm?] Source

Paulownia (Spain) 39.77 (6.98) 28.96/50.5 Present study
Paulownia (Bulgaria) 35.53 (5.53) 24.57/43.99 Present study
Paulownia (Serbia) 37.54 (8.54) 24.84/59.48 Present study
Paulownia (Bulgaria) 35 Baranov and Popovska [37]
Paulownia (Tiirkiye) 43.56 (7.00) 33.36/60.37 Akyildiz and Kol [3]
Paulownia (Hungary) 32.3 (4.68) 28.65/48.65 Koman and Vityi [1,16]
Paulownia (Portugal) 53.5 (6) - Esteves et al. [11]
Paulownia (Spain) 38.63 23.89/53.17 Lachowicz et al. [36]
Balsa 16.63 (1.72) Kotlarewski et al. [45]
Spruce 80 ) Richter and Ehmcke [44]
Oak 95 Richter and Ehmcke [44]
Black poplar 55-65 Richter and Ehmcke [44]

Paulownia wood from Spain achieved the highest flexural modulus of elasticity of
4866.49 N/mm? and the highest flexural strength of 39.77 N/ mm? (Tables 6 and 7). The
Bulgarian Paulownia wood had the lowest MOR of 35.53 N/mm?. Paulownia wood from
Serbia is in the middle range with 37.54 N/mm? (Table 6).

Jakubowski [5] analysed in a review article the mechanical properties of Paulownia
wood and reported a range for static bending strength from 23.98 to 43.56 N/mm? [5].
Lachowitcz et al. [36] measured a similar bending strength ranging from 23.89 N/mm? to
53.17 N/mm? with a mean value of 38.63 N/mm? and Esteves et al. [11] found a higher
mean value of 53.5 N/mm? for Paulownia from Portugal. All these values are at least
two-fold higher compared to MOR for Balsa wood, which is about 17 N/mm? [44]. The
higher value for MOR achieved by the Palownia from Tiirkiye [3] was at least 20% lower
than that the one for black poplar [44]. Spruce has an MOR of 80 N/mm? [44] that is at
least two fold higher as MOR for Paulownia, which is also the case of oak (95 N/ mm?) [44].

The modulus of elasticity (MOE) for Paulownia ranges from 2651 to 4917 N/ mm? [5]
(Table 7).
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Table 7. Flexural modulus of elasticity (MOE)—comparison of Spanish, Bulgarian and Serbian
Paulownia wood with other wood species (N/ mm?).

Wood Species Mean Values Min./Max. Source

MOE [N/mm?] [N/mm?]
Paulownia (Spain) 4866.49 (797.84) 3580/5941 Present study
Paulownia (Bulgaria) 3714.14 (588.51) 2685/4899 Present study
Paulownia (Serbia) 4532.49 (900.92) 2733/6492 Present study
Paulownia (Spain) 1898.75 1167/2690 Lachowicz et al. [36]
Balsa 2900 - Sell [46]
Black Poplar 8800 - Grosser [39]
Spruce 11,000 - Richter and Ehmke [44]
Larch 13,800 Grosser [39]
Oak 13,000 - Grosser [39]

Lachowicz et al. [36] measured the lowest modulus of elasticity of Paulownia wood
with 1899 N/mm?. This mean value is lower than the minimum value of the wood which
was tests in this study.

When non-destructive methods were employed, a higher modulus of elasticity has
been reported for trees with larger diameters [5].

In comparison, spruce has an MOE of 11,000 N/ mm? and an MOR of 80 N/mm? [44].
Thus, spruce achieves a value twice as high. MOE for larch has even higher values, with
a bending MOE of 13,800 N/ mm? and a MOR of 99 N/mm? [39]. This value is almost
three times higher than that of Paulownia wood. MOE of Balsa wood is lower, averaging
2900 N/mm? [45], but still higher than the values resulted from the study of [36], namely
1900 N/mm?.

3.6. Compressive Strength (DIN 52185:1976)

The values of the compressive strength tests for Spanish, Bulgarian and Serbian
Paulownia wood measured according to DIN 52188:1979 are shown in Table 8, together
with other Paulownia species from Hungary, Spain and Tiirkyie and Balsa, spruce and
black poplar.

Table 8. Compressive strength—comparison of Spanish, Bulgarian and Serbian Paulownia wood
with other wood species. n (Spain) = 12; n (Bulgaria) = 12; n (Serbia) = 12 (standard deviation in
parentheses) (N/ mm?).

. Compressive Strength Min./Max.
Wood Species [N/mm?] [N/mm?] Source
Paulownia (Spain) 22.53 (3.17) 18.7/28.12 Present study
Paulownia (Bulgaria) 18.77 (1.5) 16.25/21.71 Present study
Paulownia (Serbia) 21.41 (4.55) 14.39/32.01 Present study
Paulownia (Hungary) 19.9 (1.78) 19.63/25.24 Koman and Vityi [1,16]
Paulownia (Spain) 14.24 (1.52) Lachowicz et al. [36]
Paulownia (Ttirkyie) 35.56 (6.95) 10.45,/18.29 Kaymakci et al. [47]
Paulownia (Ttirkyie) 25.55 (2.25) ’ ’ Akyildiz and Kol [3]
Balsa 10 Wiekiping and Doyle [38]
Spruce 45 20.35/29.42 Richter and Ehmke [44]
Black poplar 30 Grosser [39]

Paulownia wood from Spain has a compressive strength of 22.53 N/mm?. The Bul-
garian Paulownia wood has a compressive strength of 18.77 N/mm? and the Serbian
Paulownia wood has a compressive strength of 21.41 N/mm?. Other values of compressive
strength for Paulownia from other plantations are ranging from 25.55 N/mm? [3] and
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35.56 N/mm? [46] for Paulownia from Tiirkyie and significant lower, of 14.24 N/mm?, as
results from the research of [36].

In comparison, spruce exhibits a compressive strength of 45 N/mm?, which is twice
as high as the determined compressive strength of Paulownia wood [44]. The value is
comparatively similar for black poplar, which has a minimum value of 30 N/mm? [39].
The Balsa wood has a the lowest mean value for compressive strength of 10 N/ mm? [38],

3.7. Tensile Strength (DIN 52188:1979-05)
Table 9 shows the measured values of the tensile strength tests for Spanish, Bulgarian

and Serbian Paulownia wood according to DIN 52188:1979. The fourth line in Table 9
shows the comparative results from the literature.

Table 9. Tensile strength—comparison of Spanish, Bulgarian and Serbian Paulownia wood with other
wood species. n (Spain) = 15; n (Bulgaria) = 15; n (Serbia) = 15 (standard deviation in parentheses)
(N/mm?).

. Tensile Strength Min./Max.
Wood Species [N/mm?] [N/mm2] Source
Paulownia (Spain) 44.12 (10.66) 28.1/64.59 Present study
Paulownia (Bulgaria) 36.17 (6.69) 27.60/51.08 Present study
Paulownia (Serbia) 40.14 (9.11) 25.62/62.27 Present study
Paulownia (Hungary) 33.25(8.9) Koman and Vityi [16]
Balsa 14 Forest Products Laboratory

21.86/52.96 [48]

Spruce 95 Richter and Ehmcke [44]
Oak 110 Richter and Ehmcke [44]
Black poplar 77 Richter and Ehmcke [44]

The Spanish Paulownia wood has a tensile strength of 44.12 N/mm?. The tensile
strength of Paulownia wood from Bulgaria was 36.17 N/mm? and the tensile strength
for the wood from Serbia reached a value of 40.14 N/mm?. For Paulownia sourced
from Hungary Koman and Vityi [16] reported a tensile strength of 33.25 N/mm?, which
is consistent the values presented in this study. The tensile strength of Balsa wood is
considerable lower with 14 N/mm? [47]. The tensile strength of lightweight species as
black poplar is about 40% higher than that of Paulownia and for spruce is two-fold higher.
In the case of oak, its tensile strength exceeds with at least 60% the values for Paulownia [44].

3.8. Screw Withdrawal Resistance (EN 320:2011)

Table 10 shows the results of screw withdrawal resistance (SWR) measurements
according to EN 320:2011-07.

Table 10. Screw withdrawal resistance—comparison of Spanish, Bulgarian and Serbian Paulownia
wood with other wood species. n (Spain) = 9; n (Bulgaria) = 10; n (Serbia) = 9 (standard deviation in
parentheses) (N/mm).

Wood Species ;Zﬁ;:::iﬁ?&?g;& Min./Max. (N/mm) Source
Paulownia (Spain) 55.56 (6.6) 41.48/63.47 Present study
Paulownia (Bulgaria) 51.95 (13.66) 31.4/87.74 Present study
Paulownia (Serbia) 56.55 Present study
Paulownia (Ttirkiye) 50.5 (7.87) Akyildiz [49]
Black pine 152 34.24/91.72 Aytekin [50]
Fir 108 Aytekin [50]
Oak 170 Aytekin [50]
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Paulownia wood from Spain measured a screw withdrawal resistance of 55.56 N/mm.
The screw pull-out resistance of Bulgarian paulownia wood was 51.95 N/mm. Serbian
Paulownia wood reached a value of 56.55 N/mm. The results for SWR for the Paulownia
from Bulgaria are consistent with the findings of [48], where plantation wood was extracted
from Tiirkiye, therefore it can be supposed that Paulownia from Black Sea region exhibits
similar properties. Compared with SWR of hardwood species, the overall values for
Paulownia are at least two or three fold lower [49].

4. Conclusions

The physical and mechanical properties of Paulownia wood have shown that the
location of these plantations (Iberian Peninsula and Balkans), the type of soil and the
environmental conditions strongly influence the wood properties. The density is directly
corelated with the mechanical properties. The low density of all these tested samples
ensures that the wood is filled with a lot of air and thus has heat-insulating and light-
weight properties.

As expected, Paulownia wood achieved significantly lower values in physical and
mechanical properties compared to conventional species such as spruce, oak or poplar.
Paulownia wood can be classified very low and low for MOR, MOE and compression
strength. Paulownia is not recommended for structural uses, which require high mechanical
strength and stiffness.

For further investigations, it is important to pay close attention from which log section
was extracted the sample. There are large variations in strength within a log and therefore
different mechanical properties, depending on the spot of the log where the test specimen
was cut. There are significant differences in the width of annual rings which greatly affects
the woods properties.

In view of all the results, the conclusion is that Paulownia has enormous potential
for special lightweight application in construction, model making and thermal insulating.
Paulownia offers many possibilities in non-load-bearing structures and can successfully
replace other tropical wood species, which are more expensive and rarer. Paulownia wood
bears resemblance to Balsa wood concerning its lightweight. It is known that Balsa is one
of the best core materials embedded in lightweight sandwich structures, with distinctive
stiffness-to-weight and strength-to-weight ratios. The comparisons of mechanical proper-
ties of these two species demonstrates that it might be suitable to focus on the possibility of
using Paulownia wood as a substitute for Balsa wood as core material for composites.
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Abstract: In recent years, bio-based wood adhesives have gained an increased industrial and research
interest as an environmentally friendly and renewable alternative to the commercial petroleum-based
synthetic adhesives used in the wood-based industry. Due to its renewability, abundance, relatively
low price, and good adhesion properties, starch is a promising natural feedstock for synthesizing
bio-based adhesives for wood-based composites. This review aims to summarize the recent advances
in developing sustainable starch-based wood adhesives for manufacturing non-toxic, low-emission
wood composites with enhanced properties and lower environmental impact. Recent developments
in starch modification, physical, and enzymatic treatments applied to improve the performance of
starch-based wood adhesives, mainly in terms of improving their water resistance and bonding
strength, are also outlined and discussed.

Keywords: amylose; amylopectin; bio-based adhesives; starch; wood adhesives; wood-based panels

1. Introduction

Starch is an abundant natural polymer and the cheapest industrially available carbo-
hydrate. In recent years, it has attracted an increased commercial and research interest for
its potential in a wide range of value-added applications, including papermaking, food
processing, cosmetics, pharmaceutical products, additives, and industrial adhesives, due to
its annual renewability, relatively low price, and good adhesion characteristics [1-4]. Starch
is the mixture of two distinct polysaccharide fractions of amylose and amylopectin, which
both are made out of glucose of various sizes and shapes [5,6]. The proportions of these
components differ according to the starch botanical origin and subsequently affect adhe-
sives properties. The glucan structure of amylose is linear and relatively long, made out of
roughly close to 100% (1—4)- «-linkages and some (1—6)- «-linkages [6,7]. The degree of
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polymerization (DP) of amylose is around 500-5000, with the molecular weight around
105-106 Da. There are about 9-20 branches per molecule in the amylose structure, and each
branch chain has 200-700 units of glucose. Meanwhile, amylopectin is a polysaccharide
that has numerous branches consisting of (1—4)-a-linkages (95%) and (1—6)-«-linkages
(5%—6%). Amylopectin has a DP that varies around 9600-15,900, with a molecular weight
of 107-109 Da. Amylopectin molecular chain is shorter compared to amylose, consisting of
18-25 units of glucose (Figure 1) [6-8].
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Figure 1. Illustration of amylose and amylopectin structures [8].

Morphologically, the starch granule is a combination of amylose and amylopectin,
forming amorphous regions in semi-crystalline regions through hydrogen bonds between
molecules (Figure 2) [9]. The crystalline part hinders the water or any chemical components
from penetrating the starch structure and causes lower reactivity and a higher gelation
temperature [9]. Therefore, some modifications to the starch crystalline part or decreasing
the crystalline size has been recommended. Certain modifications have been propounded to
reduce the crystallinity of starch, including chemical (esterification, oxidation, cationization,
and etherification), physical (heat-moisture treatment, mechanical activation, ultrasonic
degradation, and microwave exposure), and enzymatic treatment [2,10-12].
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Figure 2. Starch structure illustration form to the unit of glucosyl; black lines represent the branched
part and double helices of amylopectin, while green lines represent the single helices of amylose, and
the double helices in an A-type or B-type polymorphic crystal from the top view are indicated by
circles [9].

The objective of this paper is to present a comprehensive review of the recent advances
in the field of starch-based wood adhesives used for manufacturing high-performance,
environmentally friendly wood-based composites. The main challenges and future per-
spectives of using starch as a natural feedstock to develop bio-based wood adhesives have
also been outlined.
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2. Historical Overview

Starch, a renewable, abundant, and inexpensive biopolymer has always been con-
sidered one of the most valuable materials used in many applications [2,4,13-15]. Early
starch uses can be seen on Egyptian papyrus strips, dated to the pre-dynastic period
(3500—4000 BC) and adhered together using a starch adhesive [16-18]. The historian and
philosopher Gaius Plinius Secundus described documents of 130 BC that were created by
smoothing the surface of papyrus by sizing it with modified wheat starch. Finely milled
wheat flour was used to make the adhesive, then heated with a diluted vinegar solution.
Papyrus strips were coated with adhesive and hammered with a mallet, and additional
strips were laid over the edges to create a wider sheet. Chinese paper documents, dated
about 312 AD, are reported to contain starch [16-18]. Chinese documents were later coated
with high viscosity starch to provide resistance to ink absorption and then topped with
powdered starch to give more weight and thickness. At that time, a starch made from rice,
wheat, and barley was regularly used. Dutch starch was thought to be of great quality
throughout the Middle Ages when wheat starch production in the Netherlands became
a significant industry. In the early fourteenth century, starch was introduced to stiffen
linen in Northern Europe. Coloured and uncoloured starches were used as cosmetics.
Uncoloured starch was used particularly as a hair powder. Before Queen Elizabeth banned
its use in 1596, blue starch was used by the Puritans. Yellow starch was fashionable until
a notorious woman prisoner was publicly executed wearing a bright yellow-starched ruffle.
Red starch cosmetics have stayed in fashion for many years [16].

In addition, in 214 BC, Emperor Qin Shihuang of the Qin Dynasty started to use
a special concoction to construct the Great Wall of China. The concoction was prepared
by boiling a large amount of glutinous rice into a thick soup, mixed with soil, wood, and
other materials and spread layer by layer, thus forming an ancient “concrete” structure.
It is a super-strong mortar made from sticky rice. Markedly, the archaeological evidence
suggests that sticky rice-lime mortar had already reached a mature stage of development by
the time of the South-North Dynasty (386-589 AD). Because of its excellent performance, the
sticky rice-lime mortar was widely used to construct many significant buildings, including
tombs, city walls, and water resource facilities. The resilience of the sticky rice mortar can
be attributed to amylopectin, a polysaccharide typically found in rice and other starchy
foods [19].

As starch became a more significant industrial commodity, extensive research on its
modification was carried out. This included Kirchoff’s great discovery in 1811 that the
acid-catalyzed hydrolysis of potato starch could produce sugars. Then, the torrefaction
methods for producing dextrins, now termed British gums, were accidentally discovered
in 1826 after a fire in a Dublin textile factory that used starch as a size. After the blaze
was extinguished, a worker noted that some of the heated starch was turned dark and
could quickly dissolve in water to create a thick adhesive paste. The new starch was
subjected to another roasting, and the resultant product demonstrated the previously noted
advantageous characteristics. Thus, heat dextrinization became known and later developed
into wider use [20,21].

The first wheat starch plant in America was founded by Gilbert at Utica, New York, in
1807 and later converted into a corn starch-producing factory. In 1842, the shift from wheat
to corn starch began with the development of a manufacturing process in which crude
corn starch was purified by alkaline treatment [16,22]. The manufacture of potato starch
began in 1820 in Hillsborough County, New Hampshire. The utilization of potato starch
increased quickly, and by 1895, there were sixty-four factories in operation, forty-four of
which were located in Maine. During approximately 3 months of operation, they produce
24 million pounds of starch annually. Most of them are sold to the textile industry. Rice
starch manufacture was begun in 1815 using the caustic treatment of rice.

Nevertheless, the production did not rise considerably and most of the later used
rice starch was imported [16,20]. By 1890, the number of starch plants in America had
risen to eighty; 240 million pounds of starch are produced annually. The National Starch
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Company of New Jersey was established in 1902 due to a merger between the United
Starch Company and the National Starch Manufacturing Company. The Corn Products
Company, which processes 1800 tons per day and accounts for 80% of the corn starch
market, was formed by a union of the National Starch Company of New Jersey, the Illinois
Sugar Refining Company, the Glucose Sugar Refining Company, and the Charles Pope
Glucose Company [16,20-22].

About 77% of the starch utilized globally and 95% in the U.S. comes from corn [22]. In
1995, the United States consumed around 3.6 x 109 kg of corn starch, with a 2% annual
growth rate [7,23]. This amounts to around 3% of the corn produced annually in the United
States. During the past decade, corn starch has averaged 0.2-0.3 USD/kg. However, due
to 1995’s poor weather and the subsequent high export demand, prices were higher in
that year. In the United States, potato starch prices are about 0.65 USD/kg and are mostly
imported from Europe. There are numerous starches produced that have been engineered
by chemical, physical, or genetic methods to suit the needs of various industrial uses better.
The price of starch in 2021 was roughly 0.25 to 2.20 USD/kg [24].

3. Sources of Starch

Most plants synthesize starch, a polysaccharide, to store energy [5,6]. It is kept within
cells as spherical granules that range in size from 2 to 100 pm [16,20]. Most starches sold
in markets come from tubers, such as potatoes, tapioca and cereals, such as corn and
wheat. These grains and tubers have a high starch content, often between 60 and 90% of
their dry weight [16]. The development of commercial techniques for the recovery of corn
starch was naturally prompted by the high starch content of corn, its ability to be stored
from one season to another, and its ready availability at steady and comparatively low
prices. Beginning with the early 19th century, when the recovery of corn starch was first
discovered by crushing soaked grains, the procedure progressively improved into the highly
advanced automated procedure used today, which results in a variety of beneficial culinary
and industrial products. Much of the early expansion of the corn starch industry was
encouraged by mechanical innovation created during full-scale operations [23,25]. Today,
rigorous pilot plant assessments, engineering studies, and research are more frequently
followed by process and product enhancements.

Starch is mostly derived from corn, wheat, sweet potatoes, cassava, and potatoes,
while rice, barley, sorghum, and other grains are minor sources in various regions of the
world [26]. About 98%-99% of the dry weight of starch composition includes amylose and
amylopectin, and the rest includes a small amount of damaged starch, enzymes, lipids,
proteins, ashes, minerals, and phosphorus [6,7,27].

Cassava (Manihot utilissima Pohl) is commonly cultivated in tropical climates, while
potatoes, wheat, and corn are often grown in temperate climates [23]. Manufacturing
plants for cassava starch are located near the root growing areas to minimize transport
costs and get the shortest tuber processing time. The roots delivered to the factory are
stored in concrete or wooden bunkers. Strict supervision of bunker filling and emptying
must be carried out to ensure that the first harvested roots are consumed first. The roots
are typically transported to a washing station by a belt conveyor. After washing, the
outer skin is removed. The cortex is not eliminated because it has some stable starch
in modern processes. Usually, the washer is a U-formed box with paddles that convey
the roots to the peeler. The roots are stripped by the abrasion of one against another
and against the walls and paddles of the machine. All cell walls must be ruptured to
recover the starch. This has been done occasionally by mild fermentation followed by
grinding into a pulp and the starch recovered by screening and washing or centrifugation.
The fermentation process does not produce good starch yields, and the starch quality is
generally inferior [11,14,28-32].

Rice (Oryza sativa L.) is the main diet of South, East, and Southeast Asia, wherein
90% of the rice crop in the world is grown and consumed [16,20]. Because brewer’s rice is
more expensive than other cereals and tubers, its use in the commercial manufacture of
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starches is limited. In the European Economic Community, only 7000 tons of rice starches
are produced annually in Belgium, Germany, The Netherlands, and Italy factories. Factories
in Egypt and Syria also produce rice starch, but it has not been produced in the United
States since 1943 [16,20]. Since most milled rice protein is an alkali-soluble protein known
as glutelin, sodium hydroxide is employed to purify the rice starch [33,34]. Hogan has
documented the commercial production of rice starch, and little has changed since the
1960s [16,20]. The step includes soaking rice in 0.3%—0.5% sodium hydroxide solution,
wet milling, removing cell walls, extracting the protein with sodium hydroxide solution,
washing, and drying. An initial cleaning removes trash and filth. The process of soaking
softens the grain and helps extract the protein. The soaking period is typically 24 h, and the
temperature ranges from ambient to 50 °C. Because dry milling causes more severe starch
degradation and causes more starch to dissolve in alkali, wet grinding is preferred.

Starch and gluten are significant and valuable co-products when wheat flour is wet pro-
cessed [25,26,35-37]. These products are moving into a new stage of development, mostly
due to the abundance of value-added goods being offered because of their sustainability.
Large-granule starch, resistant starch, low-moisture starch, cook-up, and pre-gelatinized
forms of untreated starch are the products provided on the wheat starch market for usage
in food and industry [38,39]. There are six common methods for separating wheat starch
and gluten: batter, dough, aqueous dispersion, non-aqueous separation, wet-milling of
kernels, and chemical dispersion [16,20,35,36,40,41]. Due to the low quality of the product,
high running costs, effluent issues, and ineffectiveness, the latter three methods are not
used [20].

The total potato starch production is smaller than the corn starch produced worldwide.
Potato starch production was estimated to be only 2.5 million tons per year, whereas corn
starch reached 45.8 million tons/year in 2005 [16,20,22,42]. Potatoes should have the most
starch possible to produce potato starch effectively. Hence, only specific kinds of industrial
potatoes are employed in current potato starch manufacturers in Europe. These potatoes
are not eaten as food because they are not particularly palatable due to their high starch
content. In Europe, potatoes are collected and processed between August and April; this
time frame is known as the starch campaign. Culled food potatoes are typically not used
because they have a low content of dry matter, and the starch granules are reasonably
small [20], which are more challenging to process. Food potatoes may occasionally be
processed in between European starch campaigns when the food potato price is low, owing
to excess production. On a limited scale, reclaimed potato starch is processed in Europe
and North America from the process waters of other potato processing companies, such as
the manufacturers of French fries, chips/crisps, and potato puree [16,20,22,42].

4. Starch-Based Wood Adhesives

Starch is an inexpensive material with good adhesive and film-forming properties and
represents a promising candidate for developing bio-based wood adhesives [2,3,36,43-45].
As shown in Figure 3, starch-based adhesives are typically composed of four main con-
stituents [1,17,37]. Although starch can be utilized to make bio-based adhesives, its bonding
capacity is based on hydrogen-bonding forces, which are considerably weaker than chemi-
cal bonds. Additionally, starch-based adhesives have a low water resistance due to their
ease in forming hydrogen bonds with water molecules. Hence, starch modification is
required to improve the functionality of starch-based adhesives by enhancing the molec-
ular structure and viscosity of the adhesive [16,33,46-48]. Different starch-based wood
adhesives, such as lignin-starch [4,45,49-51], protein-starch [37,52,53], tannin-starch [54,55],
starch-polyvinyl alcohol (PVOH) [3,56-58], and starch-isocyanate [59-63], have been ex-
plored by several studies. Chemical, physical, and enzymatic treatments are among the
most popular strategies to improve the properties of starch-based adhesives [64,65].
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Figure 3. Four main constituents of starch-based adhesives [1,17,37].

4.1. Chemical Treatments

The qualities of the starch-based adhesive have been improved recently using a va-
riety of starch modification techniques, such as acid hydrolysis [66-68]; silane coupling
agent [12,69-71]; heat pretreatment [1,16,72]; the addition of nanoparticles, such as nanosil-
ica and nanoclay [73-75]; sodium dodecyl sulfate (SDS) [14,76,77]; and dodecyl succinic
anhydride (DDSA) [2,78-80].

As presented in Table 1, acid hydrolysis is among the most prevalent modification
methods of starch. Acid hydrolysis significantly influences the amylose component of
starch [66,68]. Amylose content greatly affects the structural and functional characteristics
of starch. Amylose consists of linear chains that can form strong inter-chain linkages and,
therefore, play a vital role in bestowing good water resistance to wood-based composites. In
addition, acid hydrolysis could make the modified starch molecules react more readily with
grafting monomers by destroying hydrogen bonds and altering starch’s crystallinity [67].

Further, acid hydrolysis reduced the viscosity of the wood adhesive from corn starch.
Meanwhile, both shear strength in the dry and wet state improved from acid hydrolysis.
However, the shear strength decreased beyond 2 h of acid hydrolysis duration [66-68,81-83].
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Table 1. Effects of various modification methods on the shear strength of starch-based wood adhesives.

Treatment Strength (MPa) Reference
. . Tensile shear strength
Acid hydrolysis
Dissolved in hydrochloric acid (HCI) and grl}:)state—l.Zl MPa (0h) to 6.65 MPa [66]
gtg)red at60°C(0,05,1,1.5,2,2.5, and Wet state (23 °C)—0.8 MPa (0 h) to
3.6 MPa (2 h)
Tensile shear strength
Silane coupling agent Dry state—5.5 MPa (0%) to 6.7 MPa
v-Methacryloxypropyltrimethoxysilane  (6%) [84]
(KH570) (0%—-10%) Wet state (30 °C)—2.2 MPa (0%) to
2.6 MPa (4%)
Tensile shear strength
Dry state—4.43 MPa (3%) to 7.88 MPa
(9%)
Oxidation Wet state (30 °C)—0.76 MPa (3%) to
Hydrogen peroxide (3%-15%) 4.09 MPa (9%) [85,86]
olefin monomer (0%—-5%) Dry state—3.28 MPa (0%) to 7.30 MPa
(3%)
Wet state (30 °C)—1.40 MPa (0%) to
4.22 MPa (3%)
Tensile shear strength
%e&;top;e:;e;(t)r?ént Dry state—8.63 MPa (control) to [87]
it 10.17 MPa (90 °C)
Tensile shear strength
Dry state—3.41 MPa (1%) to 5.12 MPa
Silica nanoparticles (0%—-10%) (10%) [88]
Wet state (23 °C)—1.62 MPa (1%) to
2.98 MPa (10%)
Tensile shear strength
Dry state—5.60 MPa (0%) to 10.60 MPa
Montmorillonite (MMT, 0%-9%) (5%) [89]
Wet state (23 °C)—1.7 MPa (0%) to
3.9 MPa (3%)
- . Tensile shear strength
Anionic surfactant—Sodium dodecyl o
sulfate (SDS, 0%-2%) Bg/y)state—S.S MPa (2%) to 6.3 MPa [76]
Block shear strength
Esterification and polyisocyanate Dry state—2.3 MPa (0%) to ~12.0 MPa
pre-polymer crosslinking(0%-20% (10%) [13]
prepolymer) Wet state (30 °C) ~0 MPa (0%) to
4.0 MPa (10%)
Tensile shear strength
Esterification with dodecenyl succinic gi/y)state—l.Sl MPa (0%) to 2.61 MPa (78]

anhydride (DDSA, 0%-8%)

Wet state (63 °C)—0.58 MPa (0%) to
1.0 MPa (6%)

Another alternative way to improve starch properties is by oxidation. Oxidized starch
(OS) can be prepared by treatment with hydrogen peroxide (H,O;) [90-92]. Nevertheless,
the OS-based adhesive has inferior water resistance and bonding strength. Several addi-
tives, such as urea [93], sodium dodecyl sulfate [70], olefin monomer [1], silane coupling
agent [84], and isocyanates [59,94], have been introduced to the OS during the preparation
of wood adhesive. The prepared OS-based adhesive displayed markedly increased water
resistance and bonding strength. The study found that starch-based wood adhesives with
superior water resistance and bonding strength can be developed through graft copoly-
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merization of oxidized starch with an olefin monomer and a coupling agent [70,95]. The
OS-based wood adhesive’s dry and wet shear strength is enhanced with the addition of
olefin monomer, which acts as an oxidant. At 3% oxidant, the highest wood adhesive’s
starch-based shear strength was recorded. However, shear strength reduced as the oxidant
content raised from 3% to 5%. On the other hand, coupling agent content also significantly
affects wood adhesive’s starch-based shear strength. When coupling agent content was
expanded from 3 to 9%, the starch-based adhesive’s dry and wet shear strength increased
considerably but started to drop when more than 9% coupling agent was added [70,95].
A similar study was also made by Chen et al. [84], where the addition of 6% and 4% silane
coupling agent, y-Methacryloxypropyltrimethoxysilane (KH570), recorded maximum dry
shear strength and wet shear strength, respectively.

A series of works have been done to enhance the performance of starch-based wood
adhesives. Ammonium persulfate was employed as an initiator in the preparation of
starch-based wood adhesive using vinyl acetate grafted starch [14,96]. Unfortunately, the
produced adhesive has inferior performance due to its poor mobility and storage stability
due to starch retrogradation. On that account, a surfactant, such as sodium dodecyl sulfate
(SDS), was added to inhibit starch retrogradation [3,58,76]. Adding SDS improved the
adhesive’s storage stability and mobility (Figure 4). However, the shear strength of the
starch-based adhesive was adversely impacted, where the shear strength dropped from
6.3 MPa to 5.5 MPa when 2% SDS was added [76]. Therefore, nanoclay, montmorillonite
(MMT), has been added to compensate for the negative effects of SDS on the starch-based
wood adhesive [3,89]. The findings proved the addition of MMT promising, as the dry shear
strength of starch-based adhesive almost doubled when 5% MMT was added. Owing to
the strengthening effects of nanoparticles on the molecular structure of starch adhesive, the
incorporation of nanoparticles has been widely adopted to improve the performance of the
starch-based wood adhesive. Silica nanoparticles have been used as a reinforcing agent for
vinyl acetate (VAc) grafted starch in the production of starch-based wood adhesive [97]. The
results revealed that adding 10% silica nanoparticles has increased the dry shear strength
and wet shear strength of starch-based wood adhesive by 50% and 84%, respectively.
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Figure 4. Schematic of the starch-based wood adhesive’s amylose-SDS complexes: (a) without and
(b) with SDS [76].

Better water resistance and higher bonding strength of starch-based wood adhesives
can be achieved by combining starch with other components, e.g., PVOH [3,56-58], iso-
cyanates [61-63,98], formaldehyde [12,60,99,100], and tannins [54,101,102]. According to
several research works, vinyl acetate was grafted onto starch using ammonium persul-
fate as an initiator to create starch-based adhesives [14,96,97]. The studies demonstrated
that graft efficiency significantly affected the bonding performance of the starch-based
adhesive. Markedly, a high amylose content starch-based wood adhesive is identified by
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improved mechanical and water-resistance properties, which are necessary for bonding
wood composites in actual applications [103,104].

The hydroxyl groups on C2, C3, and C6 positions in each glucose unit of starch can
form hydrogen bonding. The main techniques applied for the chemical modification of
starch are presented in Figure 5 [8,83,105,106]. To increase the hydrophobicity of starch,
a common chemical modification called esterification transforms hydroxyl groups into
esters. The degree of esterification (DS) and the chain length of the esterification agent
determine the esterified starch’s water absorptivity and solubility. As depicted in Figure 6,
maleic anhydride (MA) was used to react maize starch to create esterified corn starch, which
was subsequently cross-linked using a poly-isocyanate pre-polymer [13,21]. Synthetic
polymer grafting copolymerization onto the starch backbone improved the starch bonding
properties. The authors reported that the optimal pre-polymer level was 10 wt%, which
produced 12 MPa of dry and 4 MPa of wet shear strength values. Another piece of research
described the addition of blocked pMDI (B-pMDI) and an auxiliary chemical to a starch-
based adhesive. When the mixture ratio of starch and the blocked isocyanate was 100/25
and 100/20, respectively, the wet and dry bonding strength peaked [59]. In addition,
attaching the isocyanate to the starch-based adhesive might make it less viscous. Bentonite
could be added to the adhesive to thicken it and increase its water resistance [61].

Starch oxides R-CH=OR'
Oxidation
Starch radicals O-CR-O
Esterification Starch Acetylation R-C=0-CH,
Starch Chemical
Modification
Carboxymethylation R-CH,-CO-OH
Etherification Hydroxypropylation R-OCH,CH(OH)CH;
Hydroxyethylation CH,CH,OH

Figure 5. Diagram outlining the classical chemical techniques for starch modification [83].
Reprinted /adapted with permission from Ref. [83]. 2017, Elsevier, License Number 5400551069466.
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Figure 6. Starch’s esterification reaction with maleic anhydride occurs at the C6 position [21].

Another study described the grafting of vinyl acetate monomer onto corn starch and
crosslinking polymerization, using N-methylol acrylamide to produce an environmentally
friendly starch-based wood adhesive for producing wood-based composites [44,107]. The
authors concluded that developing a complex network structure and greater crosslinking
density was responsible for the starch-based adhesive’s improved performance.
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Starch-based adhesives may also be crosslinked using epoxy resin. Combining epoxy
resins with polyvinyl acetate grafted starch adhesives has been tested as a method of
attaching veneers. According to the authors, epoxy groups can form three-dimensional
networks with good shear strength values in dry and humid environments [108-111].

Regarding the chemical modification of starch, an oxidation process forms a more
reactive wood adhesive. The peroxide oxidation splits H,O, into two OH radicals by Cu?*
which acts as a catalyst. The radical OH groups and catalyst then oxidized the OH of the
starch into aldehyde groups and released H,O. Further, the remaining H,O, converted
the aldehyde groups into carboxyl groups [90-92]. Therefore, greater H,O, /starch mole
ratios led to a greater DO due to the greater amount of H,O; in the system. B-pMDI
and citric acid (CA) have been used as cross-linker to enhance the performance of OS-
based adhesives [56,58]. The OS reacted with the isocyanate groups from the B-pMDI to
form amide linkages (Figure 7a), while it formed ester linkages by reacting with the CA

(Figure 7b).
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Figure 7. Possible cross-linking reactions of (a) B-pMDI/OS and (b) CA/OS [56].

An oxidation-gelatinization technique was used to synthesize a cornstarch adhesive,
after which its rheological characteristics were determined [112,113]. The apparent viscosity
was determined by shear rate, starch-to-water ratio, and temperature. It was found that
apparent viscosity reaches a peak value at 10 °C, and then decreases at higher temperatures,
increasing shear rate from 6-60 RPM, causing a slight decrease in viscosity. The starch
adhesive has fluid-like, pseudo-plastic characteristics. Oxidized starches typically react
responsively to heat, turning yellow or brown when subjected to high temperatures. The
aldehyde content has been linked to this drying tendency to turn yellow. The oxidized
starch in storage turns yellower with increasing aldehyde content. The yellowing of
oxidized starch dispersed in water by cooking or alkali is also related to aldehyde content.

Innovative formulations of starch-based adhesives are made with the addition of
a silane cross-linker (CH,=CH-5i(OC,H5)3), hydrogen peroxide, as well as vinyl and butyl
acetate [69,70,84]. They reported that when an oxidizing agent was present, the starch
hydroxyl groups changed into aldehyde and carboxyl groups. The graft copolymerization
enhanced the adhesive’s bonding strength, water resistance, and thermal stability. Accord-
ing to the optimization method, adding 3 wt% of oxidant agents and 9 wt% of coupling
agent produced a modified starch-based adhesive with wet and dry bonding strengths of
around 4.09 and 7.88 MPa, respectively.

Oxidation also affected the solids content, viscosity, and gelation time of OS-based
adhesives [56]. OS’s solids content and viscosity decreased as the HyO, /starch mole ratio
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increased while gelation time increased (Table 2). This meant that a higher H,O, /starch
mole ratio decreased the reactivity of the OS adhesive. The excess of HyO, at a higher mole
ratio probably remained in the OS, which decreased the solids content and viscosity of OS
and eventually increased the gelation time. The lower viscosity of the adhesive generally
increased the gelation time due to the adhesive system needing a longer time to evaporate
water and solvent. This phenomenon happened to OS adhesives, with a higher degree of
H,0, /starch mole ratio, which has a greater amount of H,O, in the system. The molecular
weight distributions of OS for different H,O, /starch mole ratios, such as Mw, Mn, and PDI,
of OS decreased as the H,O, /starch mole ratio increased. The Mw of native starch has been
reported to be around 800,000 g/mole [16,20,47], and the Mw decreased by a hundred times
after oxidation. It was obvious that the oxidation de-polymerized starch macromolecules
into smaller molecules, eventually lowering the molecular weight.

Table 2. Properties of oxidized starch adhesive at different H,O, /starch mole ratios [56].

H,0,/Starch Solids Content Viscosity Gelation Time Mw Mn Polydispersity
Mole Ratio (%) (mPa-s) (s) (g/mole) (g/mole) Index (PDI)
0.5 48.43 107.7 532 11,882 9881 1.19
1.0 41.82 76.0 547 11,000 9547 1.15
15 37.94 60.7 560 9835 8890 1.11
2.0 31.20 453 587 8010 7657 1.05

Other researchers have used urea-formaldehyde (UF) resin to create wood-based com-
posite adhesives by mixing it with varying ratios of starch [114], esterified starch [115,116],
and oxidized starch [45,93]. It was reported that a new adhesive system made of starch
and UF resin had improved water resistance and reduced formaldehyde emission and
brittleness. The UF resin adhesive with oxidized starch blending can be utilized in wood
adhesive applications because it has strong chemical stability, insulating qualities, tempera-
ture resistance, and aging resistance [93,117,118]. Good oil resistance and mildew resistance
are also features of oxidized starch-blend UF resin [99].

4.2. Physical Treatments

One of the physical methods of modifying starch that results in its depolymerization
is treatment with ultrasounds, using sound waves at or above the range of frequency of
15-20 kHz [119,120]. This procedure is considered more environmentally friendly than
chemical processes because it uses fewer chemicals and produces less waste and energy.
Without using p-toluene sulphonic acid, ultrasonication reduced the time required to
achieve octenyl-succinylated carboxymethylated (OC-CMS) potato starch from as long
as 24 h when done traditionally, to as short as a few minutes [8,121]. Numerous reports
suggest that ultrasounds physically degrade granules, leaving apparent fissures and pores
on the surface, but that the size and shape of the granules remain the same [119,122].
Additionally, the prolonged application of the high-energy ultrasound to polysaccharide
solutions results in an apparent decrease in viscosity brought on by the disintegration of
macromolecular chains.

Changes in granular structure, swelling power and solubility, gelatinization tran-
sition temperature, syneresis, and pasting properties were seen after ultrasonic treat-
ment [119,123]. As depicted in Figure 8, linear amylose was easier to attack by ultrasonic
treatment than highly branching amylopectin molecules and it degraded the amorphous
portions preferentially [38]. The number of modifications brought about by ultrasonic
treatment varied depending on the amylose content and the crystal structure of the starch.
It is also demonstrated that physical treatments made it possible to manufacture OS-CMS
derivatives, utilizing the microwave or ultrasonic irradiation, reducing the time needed for
esterification from the previously described conventional heating method of 24 h to only
a few minutes [120].
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Figure 8. An illustration of the starch granule swelling, gelatinization, and depolymerization pro-

cess [38]. Reprinted/adapted with permission from Ref. [38]. 2008, Elsevier, License Number
5400560644122.

The associative bonds between the starch in the granule determine the clarity of the
starch paste. Waxy or modified starches are typically utilized to avoid opacity if it is
an undesirable product attribute. Except for potato starch, native starch pastes exhibit
relatively poor clarity [119,120]. For rice, wheat, and corn starches, sonication in ethanol
resulted in a slight reduction in paste clarity but had no effect on paste clarity for potato
and corn starches. Water modifications greatly impacted the potato starch paste’s clarity,
increasing it, but they had no discernible impact on the other starches. The disruption
of swelling granules during the sonication process increased the clarity of starch pastes.
However, there is a lack of knowledge regarding this determination for granulated starches
that have been sonicated [119,120,122].

4.3. Enzymatic Treatments

The modification of starch, utilizing the enzyme porcine pancreatic (alpha-amylase),
has been investigated, revealing that heat causes the inter- and intra-molecular hydrogen
bonds between starch chains to break, which causes water-dissolved starch granules to
enlarge and subsequently disintegrate [124]. As gelatinization progresses, more starch
chains become available to the digestive enzymes. However, the partially gelatinized starch
samples revealed variations in enzymatic action, primarily in the early stages of digestion
but less at the full extent. Native and pre-gelatinized starch samples displayed maximum
hydrolysis values, comparable but somewhat (by 5%) less than those of gelatinized starch.
This suggests that similar levels of enzyme-resistant starch residues existed in native and
partially gelatinized samples.

By putting physical restrictions on the accessibility of the enzymes, the remaining
crystallites may potentially have an impact on the enzymatic digestibility. Additionally, the
crystalline morphology led to variations in the pattern of enzymatic hydrolysis. However,
the leftover crystallites” impacts may alter the enzymatic hydrolysis pattern (digestion),
particularly in the late and intermediate phases. The formation of the amorphous matrix,
which in these studies was exclusively made up of amylopectin, significantly influenced
the different digesting behaviors among the partially gelatinized and retrograded waxy
rice starch samples, as shown by the hydrolysis patterns [49,124].

The effect of enzymatic hydrolysis by debranching enzymes, such as pullulanase, on
the properties of cassava starch-based wood adhesive was investigated by Wang et al. [125].
In contrast to alpha-amylase, which hydrolyzes starch at «-1,4-glucosidic bonds, pullu-
lanase hydrolyzes «-1,6-glucosidic bonds to branch off the starch and produce linear chains
of amylose, maltose, or glucose. Markedly, the industrial significance of this debranching
enzyme is growing worldwide due to its potential for regulating the existing methods
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of starch processing [126,127]. The authors reported that moderate enzymatic hydrolysis
for 2 h of starch molecule improved the properties of the starch-based wood adhesive,
resulting in enhanced bonding strength in both dry and wet states and significantly de-
creased viscosity of the adhesive, allowing its better workability and penetration in the
wood substrate. The higher amylose content produced by this enzyme treatment results in
starch with better water resistance and is very useful for several applications, such as adhe-
sives. Starch with pullulanase enzyme pretreatment is more adhesive with lower viscosity
than without treatment, resulting in better contact with the substrate. This treatment also
provides more grafting sites on the starch, thereby increasing the adhesive formulation’s
performance and bonding strength. However, it also causes a higher tendency of starch
retrogradation [126,127].

In vivo plasma glucose and insulin responses are favorably associated with the degree
of gelatinization [124,128]. The amount of native or partially gelatinized starch in foods is
particularly significant from a nutritional standpoint because some processed products con-
tain starches that are not fully gelatinized. Because they have health-promoting properties,
native or minimally processed cereal products are increasingly being consumed in Korea
and other Asian nations in place of traditional meals [16,20]. Enzymatic digestion of starch
is substantially slowed down by incomplete gelatinization. The digesting rate decreased
as the melting enthalpy rose. The relative melting enthalpy of the retrograded or partially
gelatinized starch samples is strongly linked with the percentages of slowly soluble and
resistant starch.

5. Starch-Bonded Wood-Based Composites
5.1. Plywood

Wood composites, including plywood, make use of synthetic formaldehyde-based ad-
hesives, such as UF, melamine-formaldehyde (MF), melamine-urea-formaldehyde (MUF),
and phenol-formaldehyde (PF), as frequently used resins [129,130]. Environmental and
health issues have also prompted efforts to use more friendly adhesives, such as latex [131],
soy protein [132], lignin [133,134], and tannin [135,136]. Several studies have also modified
conventional adhesives using starch to reduce formaldehyde emissions in plywood prod-
ucts or using starch as a base. Substitution of 20% PF adhesive with cornstarch-quebracho
tannin-based adhesive in plywood production can reduce formaldehyde emissions by 26%
and improve the water-resistance of the panels [54,137]. The optimal replacement values
were 15% cornstarch and 5% quebracho tannin. Markedly, the plywood produced had
better mechanical properties and bond quality than 100% PF-bonded plywood. Another
study also reported a decrease in plywood formaldehyde emissions, which was propor-
tional to the addition of starch [138]. They reported that adding OS-based adhesives to UF
adhesives up to 10% based on resin’s solid content could reduce formaldehyde emissions
and significantly improve the mechanical properties of plywood.

The dry tensile shear strength (TSS) values of plywood bonded with OS-based adhe-
sives at different HyO, /starch mole ratios and different contents and types of cross-linkers
are presented in Table 3 [56]. As a control, pure OS without a cross-linker was used to
prepare plywood panels, but the TSS value was only approximately 0.61 MPa, which did
not meet the minimum plywood requirement of 0.70 MPa. After adding a cross-linker,
the plywood’s TSS increased with increasing cross-linker content and met the minimum
plywood requirement. This result showed that the addition of a cross-linker significantly
improved the OS adhesive’s performance by increasing the cross-linking density and form-
ing a bigger network than without the cross-linker. However, the results also showed that
TSS values decreased as the HyO, /starch mole ratio increased. The results suggested that
an H,O, /starch mole ratio of 0.5 was optimal for B-pMDI/OS, and an H,O,/starch mole
ratio of 1.0 was selected for CA/OS.
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Table 3. Tensile shear strength (MPa) of plywood bonded with OS adhesive at different HyO, /starch
mole ratios, contents, and cross-linkers [56].

H,0,/Starch B-pMDI Level (wt%) CA Level (wt%)
Mole Ratio 5 7.5 10 5 7.5 10
Control 0.61 (0.06) 0.61 (0.06)
0.5 0.95(0.08) 1.13(0.07) 1.35(0.10) 0.92(0.07) 096 (0.07)  0.98 (0.05
1.0 0.96 (0.05) 0.97(0.07) 0.99(0.06) 1.01(0.07) 1.05(0.08) 1.18(0.07

15 0.94(0.10)  0.96(0.04) 0.98(0.04) 1.00(0.08) 1.04(0.09) 1.08 (0.05
2.0 0.85(0.12) 092(0.12) 0.96(0.12) 090 (0.11) 092(0.10)  0.94(0.10

( )
( )
( )
( )

Furthermore, formaldehyde-free cornstarch-tannin (10:1) adhesive with hexamine as
a hardener could produce interior-grade plywood with mechanical properties comparable
to PF-bonded plywood [54,137]. This indicates that starch and tannin can be used as
interior plywood adhesives. Adding additives to starch-based wood adhesives could
improve the water resistance, while a small amount of isocyanate can significantly improve
plywood’s bonding strength and water resistance [13,59]. The reaction of isocyanates with
the hydroxyl groups of wood and starch is the key to this improvement. In addition,
esterified starch using blocked isocyanate could increase the strength of plywood. The
optimal ratios for plywood dry and wet strength from the adhesive system were 100:20
and 100:25, respectively [61]. The authors also suggested an optimum ratio of additives
to starch adhesives varying from 4 to 6%. In addition to isocyanate, dodecyl succinic
anhydride (DDSA) can also be used as a modifier of starch adhesive for plywood [76,78].
The crosslinking structure from the polar -NCO groups and the hydroxyl group in starch
can prevent water penetration into the adhesive layer, resulting in plywood with better
bonding strength and water resistance.

Plywood has also been prepared using OS-based adhesive, modified with pristine-
bentonite (P-BNT) and transition metal ion modified-bentonite (TMI-P-BNT) nanoclays
to produce a free formaldehyde emission panel [3]. They reported that the modification
using 5% TMI-P-BNT nanoclay increased the bonding strength with higher values than
the UF-bonded plywood. Recently, cassava starch grafted with glycidyl methacrylate
(GMA) and then crosslinked with sodium trimetaphosphate (STMP) has been utilized
for the manufacture of plywood [139,140]. As depicted in Figure 9, before the plywood
manufacturing process, polyarylpolymethylene isocyanate (PAPI) was mixed as a chain-
extending agent [140]. GMA grafting increased the hydrophobicity and shear strength of
starch adhesives. The wet shear strength of the grafted starch adhesive increased by 163%,
compared to the unmodified starch adhesive. GMA grafted starch particles become smaller,
making the resulting adhesive easier to penetrate the plywood bonding interface.

Hellmayr et al. investigated the feasibility of using an aqueous mixture of equal quan-
tities of corn starch and sodium lignosulfonate for bonding beech veneers [4]. The authors
reported that the developed adhesive mixture exhibited excellent bonding characteristics
comparable with industrial UF adhesives. The presence of sodium lignosulfonate in the
adhesive mixture was crucial for its plasticizing, dispersing, and water-retarding properties.

Xi et al. fabricated three-layer plywood panels bonded with chitosan-oxidized starch
wood adhesive [141]. They found that utilizing 10% sodium periodate on the weight of the
starch to oxidize it led to the best chitosan-oxidized starch adhesive, which was produced
by treating a mixture of 8% oxidized starch and chitosan at room temperature. Zhang
et al. developed a renewable starch-furanic adhesive with good water resistance using
crosslinkers derived from agricultural sources, such as furfural and furfuryl alcohol [142].
Compared to starch, starch-furfural, and phenol-formaldehyde adhesives, the water resis-
tance of the starch-furfural-furfuryl alcohol adhesive was further improved when it was
crosslinked with 9% epoxy resin.
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Figure 9. Starch-based adhesive synthesis and plywood preparation [140]. Reprinted /adapted with
permission from Ref. [140]. 2022, Elsevier, License Number 5400560927363.

5.2. Particleboard

Conventionally, formaldehyde-based adhesives are commonly used in particleboard
production. PF resin is usually used because it provides better water resistance and
mechanical properties to the panels [143], while UF adhesives are used for interior-grade
particleboards due to their poor resistance in a humid environment [144]. Various bio-
based, formaldehyde-free adhesives have also been developed for bonding particleboards,
particularly starch-based adhesives. The mechanical characteristics of rubberwood (Hevea
brasiliensis) particleboards bonded, utilizing oil palm starch, wheat starch, and UF resin
were found to meet the relevant Japanese industrial standards (JIS) [145]. Oil palm starch-
based particleboards had greater mechanical qualities but inferior dimensional stability
than panels bound with wheat starch. Both starch-based adhesive particleboards exhibited
lower dimensional stability than the UF-bonded particleboards due to the hydrophilic
nature of starch [146].

Sulaiman et al. reported that rubberwood particleboards fabricated using rice starch-
based wood adhesive had mechanical properties comparable with the applicable JIS [147].
Modifying rice starch using epichlorohydrin resulted in higher particleboard properties,
and further improvement was obtained by adding a small amount of UF resin. Similar
results were also reported by epichlorohydrin-modified oil palm starch adhesives [147].
However, a significant drawback of the developed composites was the deteriorated dimen-
sional stability. Selamat et al. made particleboards using carboxymethyl starch adhesive,
produced from modified oil palm starch using phosphoryl chloride [148]. The mechani-
cal properties of particleboards bonded using carboxymethyl starch met the JIS for type
8 particleboard except for the modulus of rupture (MOR) value. The addition of 2% UF
resin was required to fulfill the standard requirement. Lamaming et al. reported that
adding polyvinyl alcohol to carboxymethyl starch adhesive resulted in better mechanical
properties and dimensional stability of particleboards than the addition of 2% UF resin
reported in previous studies [149]. However, its dimensional stability still did not meet the
standard requirements. Furthermore, particleboards bonded with a mixture of oil palm
starch, PVA, and nano-silicon dioxide (70:30:3) have better dimensional stability, MOE, and
MOR than particleboard bonded with UF [150].

Islam et al. fabricated jute stick-based particleboards bonded with a bio-adhesive,
composed of natural rubber latex, combined with starch and formic acid at different
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blending proportions, i.e., 6:1:1, 2:1:1, and 2:3:3 [15]. The optimal results were obtained
using the formula 2:3:3 (natural rubber latex/starch/formic acid). The particleboard’s
physical and mechanical properties fulfilled the standard’s requirements. Markedly, the
laboratory-fabricated particleboard panels exhibited satisfactory thermal performance, with
thermal decomposition of samples occurring within the range of 265 to 399 °C.

Recently, the development of a fully bio-based wood adhesive for manufacturing
three-layer laboratory-scale particleboard panels composed of corn starch, Mimosa tannin,
citric acid, and sugar [93,151,152]. The composites were fabricated with the developed
bio-based adhesive composition with 20% and 25% resin solid by weight for the surface
layers and core layer, respectively. The panels bonded with the bio-based wood adhesive
exhibited good physical and mechanical properties, fulfilling the P2-type particleboards
(interior grade) requirements according to the EN 312 standard [153]. The same authors
developed a green binder formulation for wood-based panel manufacturing that includes
oxidized corn starch and urea. The adhesive structure was made stronger by the use of
titanium dioxide nanoparticles. The findings demonstrated that the proposed adhesive
could be employed in a hybrid adhesive system with MUF resin to produce particleboards
with little formaldehyde concentration [55,93].

The feasibility of using agro-forest residues as alternative raw materials for parti-
cleboard manufacturing using cassava starch and UF resin as adhesives was evaluated
by Mensah et al. [154]. Based on the results obtained for the physical and mechanical
properties of the fabricated composites, the authors concluded that the boards could be
used in indoor applications for general purposes. Another study investigated the feasibil-
ity of manufacturing particleboards from the combinations of insect rearing residue and
rice husks bonded with citric acid /tapioca starch-based bio-adhesive [155]. The authors
reported that only the laboratory board, composed of 50 wt% rice husk, 20 wt% insect
rearing residue, and 30 wt% bio-based adhesives, fulfilled JIS standard requirements for
type 8 particleboard.

Chotikhun et al. studied the mechanical characteristics and formaldehyde release of
particleboards made from Eastern red cedar (Juniperus virginiana) utilizing SiO, nanopar-
ticles mixed with modified starch as a bio-based adhesive [156]. The authors fabricated
nine different types of boards at three target densities of 600, 700, and 800kg/m?> and
nanoparticle contents of 0%, 1%, and 3%. The composites were characterized by a very low
formaldehyde content of 0.07 ppm.

5.3. Medium-Density Fiberboard (MDF)

The most commonly used synthetic formaldehyde-based resins for manufacturing
MDF are UF or PF resins, and these thermosetting wood adhesives have received most of
the research and industrial attention due to widespread use of the composites [157,158].
However, their use is associated with serious threats to the environment and human health,
related to the number of dust particles generated during processing and the emission of
free formaldehyde and other volatile organic compounds, particularly indoors [159,160].

Different bio-based wood adhesives, based on starch [114,161], modified condensed
and hydrolyzed tannins [162], soy protein [163], lignin [164], polysaccharides [165,166],
and mycelium [167] have been used to partially replace UF or PF resins in the manufacture
of MDF to create sustainable, ‘green’ solutions to formaldehyde-based adhesives. Other
alternative examples include binderless fiberboards, which must undergo rigorous chemical
and physical processes that result in large volumes of concentrated wastewater [168,169].
An alternative to the above approaches could be the application of thermoplastic starch
as a bio-based adhesive. Small polar organic chemicals, such as glycerol, water, urea,
formamide, and ethanolamine, can plasticize starch by breaking the internal hydrogen
bonds between the anhydro-glucose monomers. The crystalline sections are disrupted,
making the structure more amorphous [170]. A study attempted to fabricate MDF from
starch using extrusion, where a Prism TSE-24-TC co-rotating twin screw extruder (20 L/D)
was used for extrusion together with air swept face-cut pelletizing system and a Prism
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volumetric feeder [161]. The extruder has five temperature-controlled areas; the first was
kept at 80 °C, while the other four were kept at 120 °C.

Recent research reported the modification of starch using oxidation with H,O, and
reinforcing it with different levels of B-pMDI [56,58]. The preliminary results showed that
MDF could be fabricated with oxidized starch/B-pMD], and the panels were characterized
by a close-to-zero formaldehyde content (~0.025 mg/L) which probably originated from
wood fiber. However, the laboratory-fabricated MDF panels exhibited poor physical and
mechanical properties, vastly inferior to the UF-bonded panels. Therefore, further and
comprehensive study is needed to understand the modification of starch as an adhesive in
MDF manufacturing. Our group attempted to reinforce oxidized starch with 3% PVOH and
decrease the level of B-pMDI added to oxidized starch. The MDF bonded with this oxidized
starch is expected to overcome the low physical and mechanical properties and compete
with MDF bonded with UF resins. The main advantage of using starch as a bio-based wood
adhesive is the low formaldehyde release from the panels and their easier recyclability.
However, MDF panels bonded with oxidized starch-based adhesives were more susceptible
to surface-inhabiting molds than the control UF-bonded panels [57].

5.4. Laminated Veneer Lumber

A type of engineered wood known as laminated veneer lumber (LVL) is produced
by stacking multiple wooden layers along the grain direction of wood veneers [171].
Although the production of LVL has increased significantly in recent years, owing to
its versatility in many fields, the use of bio-based adhesive has not yet progressed to
widespread practical use. Literature reports on applying starch-based adhesive as a binder
for LVL manufacturing are scarce. One of the studies reported the application of natural
starch modified by sodium hypochlorite (NaOCl) and sulfuric acid (H,SOy) as a filler for
UF resin, aiming to reduce the formaldehyde emission of LVL [172]. The research indicates
that when the modified oxidized starch concentration in the UF resin grew, the strength of
the LVL also increased.

Aiming to enhance bio-based adhesive’s practicality and utilization rate, Xiong et al.
produced LVL, bonded with cornstarch-based adhesive [171]. Despite showing good
cohesive and film-forming properties, the cornstarch emulsion prepared by the authors
failed to meet the requirements for LVL's water endurance bonding strength and pre-
formability. To solve the problem, the authors incorporated a tackifier, reinforcing agent,
and filler into the cornstarch emulsion. Wheat flour was utilized as a filler, PVOH as
a tackifier, and pMDI pre-polymer as a reinforcing agent. Engineered wood flooring
bonded with the modified cornstarch adhesive displayed satisfactory properties, such as
high mechanical properties, good adhesion properties, and very low formaldehyde.

Laminates were produced from delignified Norway spruce (Picea abies) veneers,
bonded with modified corn starch adhesive [173]. The densified wood-starch laminates
displayed superior performances, i.e., a relatively low density of 1100 kg/m?, compared to
other matrix-containing composites with comparable mechanical properties. The wood-
starch laminates showed better specific tensile properties when compared with jute- or
paper-based materials and bio-based flax composites and were very close to that of glass
fiber-reinforced epoxy composites. The findings demonstrated a feasible process for pro-
ducing high-performance, all-bio-based composite laminates, using starch as an adhesive.

Besides plywood, particleboard, fiberboard, and LVL, starch-based adhesives have
also been used to produce other types of wood-based panels. Xiong et al. produced
a strawboard substrate veneer bonded with a cornstarch-based adhesive, combined with
a polyvinyl alcohol solution, flour, and poly-isocyanate pre-polymer [174]. The results
showed that the physical and mechanical properties of the mattress board veneer decorative
cover surpassed the Chinese national standard for decorative veneer (GB/T 15104-2006).
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6. Conclusions

Petrochemical resources have been in short supply since the turn of the century. Society
has vigorously advocated for sustainable development, and the global market of wood-
based composites has become increasingly strict with formaldehyde emission standards.
In this situation, it is vital to use environmentally safe, renewable, and biodegradable
resources, such as tannin, starch, lignin, and vegetable protein, to develop wood adhesives.
Bio-based adhesives represent a sustainable and eco-friendly alternative to the conventional
synthetic adhesive systems widely used in the wood-based panel industry. This review
demonstrated that starch, an abundant, renewable, and inexpensive natural raw material,
can be efficiently utilized in bio-based adhesives formulation to manufacturing eco-friendly
wood-based panels with acceptable properties. This can significantly lower the negative
environmental footprint of wood-based panels, stimulate the industry’s transition to a low-
carbon, circular bio-economy, and reduce its dependence on fossil-derived constituents.
However, it should be noted that most of the starch-based wood adhesives presented in this
work have only been tested at a laboratory scale and are not commonly adopted in industrial
practice. There are still major drawbacks to the wider commercial utilization of starch-
based wood adhesives, mainly due to their relatively low water resistance, low bonding
strength, and natural variations, which is a result of the growing conditions of starch
sources. Future research should be focused on starch modification and optimization of
production parameters to develop starch-based wood adhesives with optimal performance.
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