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Abstract

The aim of this study was to determine the effects of hygiene (H) and nano-color pigment
(NCP) modifications on hardness, glossiness, and adhesion strength of some surface coating
materials produced specifically for use in wooden toys. For this purpose, H- and NCP-
modified polyurethane (PU) and waterborne (WBV) varnishes were applied to specimens
prepared from Oriental beech (Fagus orientalis L.) and Oriental plane (Platanus orientalis L.)
woods; Oriental beech, birch (Betula pendula), and poplar (Populus deltoides) plywood; and
medium-density fiberboard (MDF). Then, hardness, glossiness, and adhesion values were
determined. Results indicated that the highest values were obtained for hardness in PU and
PU*NCP applied to MDF; for glossiness in WBV*H applied to birch plywood and MDF;
and for adhesion strength in WBV and PU*H applied to beech. H and NCP modifications
have significant effects on hardness, glossiness, and adhesion strength. As a result, it was
determined that hardness and glossiness increased with H modification and decreased with
NCP, especially glossiness. Furthermore, it was determined that H and NCP decreased the
adhesion strength. Future studies comparing natural antibacterial effects of different wood
species with various coating types will contribute to the development of products that are
safe for children and sustainable.

Keywords: hygiene-modified varnish; nano-color pigment; waterborne varnish; polyurethane
varnish; hardness; glossiness; adhesion strength

1. Introduction

Toys are more than just entertainment for children; they are among the fundamental el-
ements that directly contribute to their physical, cognitive, and psychological development.
The educational and developmental functions of toys, especially in the preschool period,
significantly impact children’s developmental milestones in later years. In this context,
toys and games play a crucial role in early childhood education and support children’s
holistic development. Developmental appropriateness and educational goals should be
considered when selecting and using toys [1]. Therefore, criteria such as affordability,
age-appropriateness, healthiness and safety of use, the type of materials used, and product
quality play a decisive role in families’ toy selection. The COVID-19 pandemic has brought
hygiene and microbial safety even more to the forefront of toy design and production. At
the same time, the physical durability of the protective layers (paint and varnish) used
on the surface of toys is also the subject of increased expectations regarding antimicrobial
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or hygienic properties. In this context, evaluating the performance of hygiene-added var-
nishes on toy surfaces stands out as an important area of research for protecting children’s
health. However, the success of these varnishes depends on their ability to remain on the
surface without deforming.

Children’s intense physical contact with toys, particularly in early childhood, and
frequent mouthing or biting of these objects pose serious health risks. Such interactions
facilitate the direct contact of pathogenic microorganisms with children’s bodies, increasing
the risk of infection. The potential for disease-causing agents to spread on the surfaces
of toys and similar items used in crowded environments such as schools, hospitals, and
playgrounds is higher [2—-4].

Today, wood is the most commonly used material in the production of toys that
meet toxicological requirements [5], although polymer-based composite materials are also
widely used. These materials are coated with various protective layers to extend their
lifespan and improve their esthetic surface quality [6]. Considering children’s health,
producing toys from natural wood and coating them with waterborne varnish systems is
preferred. Furthermore, regardless of the type of coating, compliance with the Toy Safety
Directives 2009/48/EC [7] and EU 2021 /903 [8], as well as the relevant standards [9,10], is
a fundamental requirement for the industry to ensure that children’s health is not at risk.

The antibacterial properties of wood can be characterized under two main headings:
passive and active. Passive antibacterial activity stems from wood’s inherent porous struc-
ture and hygroscopic characteristics, which can physically limit the growth of microorgan-
isms. In contrast, active antibacterial activity is associated with the biochemical inhibitory
effects of extractive substances naturally present in wood cells against microorganisms [11].
However, it has been observed that many commercially available wood species lack suit-
able extractives, resulting in low or no active antibacterial properties [12,13]. Accordingly,
giving antibacterial properties to varnishes and paints [14] has become a necessity.

A company operating in the chemical industry has conducted R&D studies in previous
years aimed at developing surface coatings with antimicrobial properties. Within the
scope of these studies, it has also been reported that some bacteria (Staphylococcus aureus,
Enterococcus faecalis, Bacillus cereus, Escherichia coli, Klebsiella pneumoniae, Shigella Flexneri,
Pseudomonas aeruginosa) and yeast species (Candida parapsilosis, Candida krusei) cannot
survive on the wet forms of these varnishes [2]. The antiviral activity of these varnishes
was tested at the Virology Research Services Laboratory [15], while their antibacterial
and antifungal activities were examined at the Kazlicesme R&D Center and Laboratory,
accredited by TURKAK [16]. The test results revealed that the examined material had no
cytotoxic effect and did not affect the susceptibility of cells to infection. Based on these
findings, it was determined that the product named Kubilay Antivirus Series ZA2 exhibited
virucidal activity against human coronavirus NL63. The antiviral efficacy of this product
was evaluated in accordance with the ISO 21702 standard [17], and a significant reduction
in viral load was observed after a 24 h contact period. The mean number of infectious
viruses (TCIDs(/cm?) was determined as 16.1 for the treated material, while this value was
measured as 199 for the control material. According to these results, the antiviral activity
value (R) was calculated as 1.09, and since it met the criterion of R > 1, the material was
confirmed to exhibit antiviral activity [15].

Some studies have reported that bacteria and viruses cannot survive on natural and
organic wood materials [18] and that this is due to the tree species [19-25] and the extracts
it contains [26-28]. There is a widespread belief among the public that microbial contami-
nation is lower on the surface of wooden spoons, and this reflects confidence in the natural
hygienic properties of wooden materials. This perception contributes to the preference for
wood-based toys over synthetic or composite-based alternatives. Accordingly, manufac-
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turers have developed antibacterial and antimicrobial coating systems that can reduce the
stabilization of pathogens on high-contact toy and wooden furniture surfaces [29-31].

Nowadays, the fungi that are frequently encountered and have been found to cause
disease include Candida krusei and Candida parapsilosis, while bacteria include Escherichia
coli, Klebsiella pneumonia, Staphylococcus aureus, Enterococcus feacalis, Bacillus cereus, Shigella
flexneri, and Pseudomonas aeruginosa. In some studies in the literature, Staphylococcus aureus
bacteria have been detected on toys used in children’s hospitals [3]. With the addition
of antimicrobial agents and nano-pigment, the growth of microorganisms is prevented
in waterborne and polyurethane varnishes [2]. Synthetic varnishes modified with some
nanomaterials confer higher hardness values compared to waterborne varnishes [14]. It
has been reported that nano-boron-modified synthetic varnishes have lower antimicrobial
activity than waterborne varnishes [32].

The protective layers used in wooden toys are exposed to various physical and me-
chanical effects. Therefore, the protective layers must have high surface hardness and
adhesion resistance [33]. Generally, hardness [34,35], adhesion, and glossiness [33] are
important indicators of varnish and paint performance. Hardness determines the resistance
of toy surfaces, particularly against scratches and impacts, while glossiness determines
the coating’s esthetic appeal and light reflectance. Adhesion is one of the critical param-
eters that expresses the bond strength of the coating to the wood surface. When these
three properties are evaluated together, it is possible to carry out a holistic assessment
of coating performance. However, the type of wood material, fiber direction, and sur-
face roughness [36-38], as well as the type of protective coating system and its chemical
composition [39], number of layers, and drying conditions [36], significantly affect the
results of hardness, gloss, and adhesion measurements [40,41]. The chemical composition
of protective coatings being fluid and transparent generally enables the formation of high-
gloss surfaces. Glossy surfaces are associated with high hardness, good adhesion, and
strong resistance to chemical effects. However, when binders and additives are present
in dispersion form, the surface gloss typically remains at a satin level [36]. In addition,
the inclusion of pigments causes the distribution of colored particles within the coating
layer, which reduces the mechanical strength of the coating; consequently, the hardness
and adhesion properties tend to weaken [36].

According to some studies in the literature related to this subject, the hardness values
of waterborne varnishes are generally low [39,42]. It has been revealed that boric acid
modification increases the hardness value in waterborne varnishes [43]; it has also been
stated that waterborne varnishes provide lower hardness values compared to solvent-based
systems [42]. Waterborne coatings with high contact angles provide better adhesion than
solvent-based coatings [44]; borax pentahydrate modification increases the hardness and
adhesion resistance of cellulose varnish [45]. Urea and antimony trioxide increases the
adhesion resistance of a polyurethane-based opaque coating applied to poplar wood modi-
fied with acetic acid [46]. Tensile strength decreases on thermally modified Eastern beech
surfaces when sepiolite mineral-modified waterborne paint is applied [47]. Waterborne
coatings applied to MDF surfaces provide higher adhesion and impact resistance than
solvent-based coatings [48]. It has also been reported that nanoparticle additives reduce sur-
face adhesion strength [49,50]. Additionally, various factors such as resin content, density,
and surface roughness may influence adhesion strength [34,39,51-54].

In some studies on gloss measurements, it has been observed that measurement angles
of 20°, 60°, and 85° are used together to determine surface gloss. However, although it
has been stated that the information obtained is limited [38], it has been reported that
the 60° measurement angle is commonly used [55] and that it is mostly preferred for
determining the surface gloss of wood materials [38,56]. The literature indicates that
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structural differences in varnishes and application methods influence gloss levels [57];
waterborne varnishes exhibit lower gloss values due to the surface roughness they cause on
wooden materials [53,58], whereas UV-cured varnishes have been reported to show higher
gloss values compared to waterborne varnishes [41].

The pandemic has once again highlighted the importance of microbial spread through
toys, particularly exposing children who cannot access new toys to health risks from ex-
isting ones. Consequently, determining which wood material can provide more effective
protection with which varnish or paint system, and especially the development and perfor-
mance measurement of new-generation systems with antimicrobial additives, has become
a critical task in the industry. Accordingly, the aim of this study is to determine certain
physical and mechanical properties of polyurethane (PU) and waterborne (WBV) protective
coatings commonly utilized on wooden toy surfaces, as well as their modified versions
with hygiene (H) and nano-color pigments (NCPs). In this context, it is hypothesized that
the incorporation of hygiene agents and nano-color pigments into polyurethane and water-
borne coating systems will preserve or improve key mechanical and surface properties such
as hardness, adhesion strength, and glossiness compared to unmodified control samples.

2. Materials and Methods
2.1. Wooden Materials

In the study, wooden materials commonly used in the furniture and toy industries,
including oriental beech (Fagus orientalis L.) and oriental plane (Platanus orientalis L.) solid
woods, oriental beech, birch (Betula pendula), and poplar (Populus deltoides) plywoods, and
medium-density fiberboard (MDF), were chosen as test materials. The selection of materials
was influenced by the natural distribution of these wood species in the Sinop region in
Tiirkiye, the continuous production of plywood in this area, and their use in local toy
workshops. The materials were randomly obtained from commercial suppliers. Particular
attention has been paid to the selection of materials to ensure they are of flawless and
first-class quality.

Some physical and mechanical properties of the wood and wood-based materials were
tested in accordance with the procedures described in TS ISO 13061-1 (2021) [59], TSE EN
322 (1999) [60], TS ISO 13061-2 (2021) [61], and TSE EN 323 (1999) [62]. Average moisture
content (MC) values were 7.87,7.91,7.99,7.22,7.87, and 5.63%, and density values were
0.66,0.57,0.68, 0.65,0.49, and 0.82 g/ cm? for solid beech, solid plane, beech plywood, birch
plywood, poplar plywood, and MDE, respectively.

2.2. Protective Coating Materials

Within the scope of the study, polyurethane and waterborne varnishes, widely used in
the furniture industry and toy production in Tiirkiye, were chosen as protective surface
coating materials. Red nano pigment was added to these varnishes to achieve the color.
Polyurethane and waterborne varnishes and nano pigment were supplied by commercial
companies. A commercial company produced the polyurethane and waterborne varnishes
modified with antibacterial (hygiene) agents in 4 groups (WBV, PU, WBV*H, PU*H) specifi-
cally for this study. Then, these 4 groups of varnishes were modified with 5 percent red
nano pigment by another commercial company specifically for this study as well. Thus,
the number of groups increased to 8 (WBV*NCP, PU*NCP, WBV*H-NCP, PU*H-NCP).
Due to the patented nature of the products supplied by the relevant companies, detailed
information regarding the exact composition of the additives and the properties of the nano
pigments used in the protective coatings has not been disclosed. However, it is known that
the protective coatings have an organic structure, that the polyurethane resins used in their
production are formulated to form dispersions in water, and that auxiliary substances such
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as matting and defoaming agents possess inorganic characteristics. The hygienic additives
have been reported to consist of a combination of organic and inorganic compounds and to
act as a commercial antimicrobial agent in aqueous dispersion form. The nano pigment,
used to enhance the color stability of the surface, was specifically developed by the manu-
facturer for water-based systems and was reported to be homogeneously distributed within
the resin matrices. Some technical specifications that were presented by the commercial
company for the protective layer materials used are given in Table 1.

Table 1. The properties of the protective surface coating materials used in this study.

Group Protective Coating Material Code Properties

1 Waterborne varnish WBV EN 71-3E, Density 1.03 + 0.05 g/cm?

2 Hygiene-modified waterborne varnish WBV*H

Prepared by modifying with silver metal ions
and some antibacterial agents

Nano-color pigment-modified

Prepared by modifying with

3 . WBV*NCP .

waterborne varnish nano-color pigment

Hveiene- and nano-color Prepared by modifying with silver metal ions,
4 ot i . WBV*H-NCP  some antibacterial agents, and

pigment-modified waterborne varnish .

nano-color pigment
. Solvent-based, two-component, density

5 Polyurethane varnish PU 1+ 0.05 g/cm’

Hygiene-modified Prepared by modifying with silver metal ions
6 . PU*H . .

polyurethane varnish and some antibacterial agents

Nano-color pigment-modified Prepared by modifying with nano-
7 . PU*NCP .

polyurethane varnish color pigment

Hygiene- and nano-color Prepared by modifying with silver metal ions,

8 pigment-modified

PU*H-NCP some antibacterial agents, and

polyurethane varnish nano-color pigment

2.3. Preparation of the Test Specimens

In this study, a total of 96 specimens (48 specimens with dimensions of 320 x 80 x
10 mm for hardness and glossiness tests, and 48 specimens also of 320 x 80 x 10 mm
for adhesion strength tests) were prepared, consisting of 6 different wooden materials
and 8 protective coatings. Hardness and glossiness tests were conducted on the same
specimen surfaces, while other specimens were used for adhesion tests. Ten measurements
were performed for each specimen. A total of 480 measurements were obtained for each
test. After cutting the specimens to exact dimensions, the surfaces were first sanded with
180-grit and 220-grit sandpaper, respectively, to prepare them for varnishing. Varnishing
was then carried out in accordance with the producer’s recommendations and TS EN ISO
28199-1 (2021) [63] principles. The varnish was applied in two coats at 70 g/m? using a
spray gun with a 1.1 mm nozzle at a pressure of 2 atm under room temperature conditions
(20 °C). Between the coats, the surfaces were sanded with 300-grit sandpaper to eliminate
surface roughness. The varnished specimens were allowed to dry for three weeks at
room temperature, parallel to the ground, away from direct sunlight. Afterwards, all test
specimens were kept in the climate cabinet at 20 £ 2 °C and 50 % 3% relative humidity
until they reached constant weight. Since the paints and varnishes are intended for use
on toys, the formation of thin coating layers was preferred. The coating thicknesses of the
specimens were measured using a micrometer.
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2.4. Hardness Measurements

Hardness measurements were carried out using an Onalkon BGD509 pendulum
hardness tester (Onalkon, Bursa, Ttirkiye) in accordance with TS EN ISO 1522 (2022) [64].
Varnish layer hardness was determined by the Kénig method using two metal balls with
a hardness of 63 £ 3.3 HRC and a diameter of 5 + 0.0005 mm on the test sample surface,
based on pendulum oscillations between 3 and 6°. The measurements were made from the
surfaces of the varnished specimens in the direction parallel to the grain, and the results
were recorded in terms of the number of pendulum damping time seconds. Accordingly, a
longer pendulum damping time indicates that the surface has a higher hardness.

2.5. Glossiness Measurements

Glossiness measurements were performed by using a gloss meter measuring at 60° in
accordance with the principles of TS EN ISO 2813 (2014) [65]. As specified in the standard,
while 20° or 85° measurement geometries are more suitable for high-gloss or matte coatings,
respectively, the 60° geometry can be used for all types of coatings. The measurements
were taken from the surfaces of the varnished specimens in the direction parallel to the
grain, and the results were recorded in gloss units (GU).

2.6. Adhesion Strength

For the adhesion strength test, 20 mm diameter steel test cylinders were bonded to
the surfaces of the specimens at room temperature (~20 °C), and the specimens were then
left to cure for 24 h. A two-component epoxy-based, non-solvent adhesive was utilized
and applied to the surfaces at 150 4+ 10 g/m?. The adhesion strength of the specimens was
determined using an adhesion tester according to TS EN ISO 4624 (2023) [66]. Adhesion
strength (A) was calculated in (MPa) using the following formula:

A = 4F/nid? (1)

where F = force at break (N); d = test cylinder diameter (mm). Adhesion strength values
were recorded for each test; the specimens were visually examined and evaluated according
to the type of fracture.

2.7. Design of the Experimental Models and Statistical Evaluation

A three-way multi-analysis of variance (MANOVA) general linear model procedure at
a 5% significance level was performed for individual hardness, glossiness, and adhesion
strength data one by one with the full models (Model 1, Model 2, and Model 3) to analyze
main effects (wooden material, coating type, and modification) and interaction factors for
the mean of the hardness, glossiness, and adhesion strength. The full linear models are
as follows:

Hijk = pl + Wi + Ci + Mi + (W*Q)ij + (W*M)ij + (CxM)ij + (W*C*M)ijk + eijkl  (2)
Gijk = p2 + Wi+ Ci + Mi + (W*Q)ij + (W*M)ij + (C*M)ij + (W*C*M)ijk + eijkl ~ (3)
Aijk = u3 + Wi + Ci + Mi + (W*C)ij + (W*M)jj + (C*M)ij + (W*C*M)ijk + eijkl  (4)
where Hijk = hardness (s); Gijk = glossiness (GU); Aijk = adhesion strength (MPa);
ul = population mean hardness for all wooden material coating type-modification com-
binations (s); u2 = population mean glossiness for all wooden material coating type—
modification combinations (GU); u3 = population mean adhesion strength for all wooden

material coating type-modification combinations (MPa); Wi = discrete variable represent-
ing the effect of the wooden material; Cj = discrete variable representing the effect of
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the coating type; Mi = discrete variable representing the effect of modification; (W*C)jj,
(W*M)jj, (C*M)ij = effect of interactions between the two variables; (W*C*M)ijk = effect
of interaction between the three variables; ¢ = random error term; i = index for wooden
material, 1...6; j = index for coating type, 1...2; k = index for modification, 1.. .4;1 = index
for the replications, 1...10. The least significant difference (LSD) multiple-comparison
procedure at a 5% significance level was performed to determine the mean differences
in hardness, glossiness, and adhesion strength values of the specimens considering the
significant main effects and the three-factor interactions in the MANOVA results. Minitab
(Version 17) statistical software was utilized for the statistical analyses (Minitab, LLC, State
College, PA, USA).

3. Results and Discussion
3.1. Solid Content and Coating Thickness of Surface Coating Materials

The solid content of the waterborne and polyurethane varnishes used in the study,
as well as varnishes with modified with hygiene agents and red nano pigments, was
determined according to the principles of TS EN ISO 3251, 2019 [67]. The coating thicknesses
of the samples were measured using a high-precision micrometer. Measurements were
taken from different areas of each sample surface, and the arithmetic mean of the obtained
values was calculated to determine the average coating thickness. The obtained results are
given in Table 2.

Table 2. Solid content (%) and coating thickness (um) of the protective coating materials.

Protective Coating Solid Content (%) Coating Thickness (um)
Material X SD N X SD N
WBV 29.56 0.09 3 19.40 0.52 10
WBV*H 29.35 0.06 3 22.10 0.74 10
WBV*NCP 29.41 0.07 3 21.20 1.14 10
WBV*H-NCP 29.81 0.09 3 22.40 1.35 10
PU 39.80 0.04 3 25.20 1.03 10

PU*H 41.60 0.07 3 26.50 1.08 10
PU*NCP 40.39 0.04 3 25.10 0.67 10
PU*H-NCP 41.92 0.08 3 26.40 1.26 10

X: mean value, SD: standard deviation, N: number of specimens.

According to Table 2, significant differences are observed between the solid content
of protective coating materials. In the WBV group, the solid content was 29.56%, but this
value decreased to 29.35% with the addition of H and to 29.41% with the addition of NCP.
In the WBV*H-NCP group, where both additives were used together, the solid content
increased to 29.81%, the highest among the WBV groups. In the case of the PU varnish
group, the solid content was significantly higher. The value for PU without modification
was 39.80%, while with the addition of H additives, this value increased to 41.60%. While
the NCP modification provided a limited increase of 40.39%, the PU*H-NCP group, where
H and NCP were used together, achieved the highest solid content at 41.92%. Generally,
PU varnishes contain higher solids than WBV; moreover, modification has an increasing
effect on the solid content, especially in PU systems.

As shown in Table 2, significant differences were observed among the coating thick-
nesses of the protective coating materials. In the WBV group, the coating thickness was
determined to be 19.40 um; however, this value increased with the addition of H, NCP,
and H-NCP additives. In the PU varnish group, the coating thickness was measured as
25.20 um, and the addition of H and H-NCP additives caused an increase in thickness,
while the addition of NCP alone did not result in a significant increase in coating thickness.
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3.2. Experimental Results for the Hardness Values
The MANOVA results for the hardness values of the specimens are given in Table 3.

Table 3. Results of the variance analysis for hardness values.

Source Degrees of Adjusted Sum Adjusted F-Value p-Value
Freedom of Squares Mean Squares (p < 0.05)
W 5 8930 1786 119.00 0.000
C 1 111,833 111,833 7451.27 0.000
M 3 2800 933 62.18 0.000
W+*C 5 2489 498 33.16 0.000
W*M 15 1471 98 6.53 0.000
M 3 9611 3204 213.45 0.000
W*C*M 15 1580 105 7.02 0.000
Error 432 6484 15
Total 479 145,198

W: wooden material, C: coating type, M: modification.

According to the results of MANOVA for hardness, the effects of the main factors
of wooden material, coating type, and modification and all two-way interactions on the
hardness values of the specimens were found to be statistically significant. The results
of the three-way interaction were also statistically significant at a 5% significance level.
According to these results, LSD comparison tests were performed for main factors, and a
three-way interaction was found to be significant in the MANOVA. When the F-values in
the MANOVA are analyzed, the effect of the protective coating type on the hardness of the
specimens is much more significant than that of the material type or modification.

A comparison of the means of the effects of the main factors of wooden material,
coating type, and modification, which were found to be statistically significant in the
MANOVA, on the hardness values of the specimens is given in Table 4.

Table 4. Comparison results for the main effects for mean hardness values.

Hardness . Hardness Hardness
prooden © pet © Modification ©
X HG N X HG N X HG N
Beech 56.46 B 80
Plane 53.60 C 80 WBV 41.07 B 240
BeechPLY  56.51 B 80 Control 5628 B 120
Birch PLY  56.73 B 80 With H 5814 A 120
Poplar PLY  50.20 D 80 PU 71.59 A 240 With NCP 52.41 C 120
MDF 64.48 A 80 WithHand NCP 5850 A 120

X: mean value, HG: homogenous group, N: number of specimens.

Comparing the mean hardness values by wooden material type, the highest hardness
value was measured in MDF (64.48 s). This was followed by birch PLY (56.73 s), beech PLY
(56.51 s), and solid beech (56.46 s). Plane exhibited a lower hardness (53.60 s), while the
lowest value was found in poplar PLY (50.20 s). These results demonstrate that wooden
material is an important factor in the hardness values of the specimens. In particular, the
high density and relatively homogeneous structure of MDF resulted in higher hardness
compared to other wooden materials. Various studies in the literature have revealed that
an increase in material density also leads to an increase in hardness values. This finding is
consistent with the results obtained in the present study. Indeed, research conducted in
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previous studies [36-39] reported that as the density increases, the hardness resistance of
the material also improves.

According to the results of a comparison of mean values by coating type, the specimens
with PU varnish applied to their surfaces reached the highest hardness values, at 71.59 s. In
contrast, the specimens with WBV applied to their surfaces had a hardness value of 41.07 s,
significantly lower than that of the PU group. These results indicate that the PU varnishes,
due to their structural properties, form a harder and more durable surface coating. Various
studies in the literature have reported that the hardness values obtained in solvent-based
systems are higher compared to those in waterborne systems [39,42]. This finding is also
consistent with the results obtained in the present study.

The results of tests comparing the means for the modification factor indicated that
regarding the effects of the modifications on hardness compared to the control group
(56.28 s), the value increased to 58.14 s when the H additive was applied; a 3.3% increase
was observed. Similarly, when H and NCP were used together, the hardness value was
measured as 58.50 s, a 3.9% increase compared to the control group. In contrast, when only
NCP was applied, the hardness values decreased to 52.41 s, a 6.9% decrease. Therefore,
the use of H additive alone or in combination with NCP increased the hardness, while
the use of NCP alone negatively affected the hardness of the wooden surface. Various
studies in the literature have reported that certain modification additives can increase the
hardness values in different varnish types [43,45] and the same is true for nanoparticle
modification [49]. This finding is also partially consistent with the results obtained in the
present study.

When the three main factors are assessed together, the parameter that most signif-
icantly influences the hardness is the coating type. PU varnishes provide significantly
higher hardness compared to WBV. Furthermore, the wooden material is also an important
determinant, with MDF and birch PLY notable for their high hardness values. Regarding
the modification factor, a positive effect of H additives and a negative effect of NCP were
observed. These results demonstrate that coating and modification choices directly affect
the mechanical performance of wooden surface coatings.

The three-way interaction results for hardness values obtained as a result of the tests
of specimens are given in Table 5, together with the coefficients of variation.

According to Table 5, the highest hardness value was measured at 87.37 s in the
MDF*PU*Control group, and the lowest hardness value was recorded at 27.53 s in the
Poplar PLY*WBV*NCP group. Compared to the control group, the surface hardness of the
polyurethane-coated MDF samples was approximately 217% higher than that of the WBV
coated Poplar PLY specimens. This demonstrates the mechanical strength-enhancing effect
of PU coatings and the critical role of the density of the MDF in hardness. On the other
hand, a significant decrease in hardness (about 19%—20%, compared to the control groups)
was observed in the Poplar PLY*WBV*NCP group. These findings demonstrate that the
coating type, wooden material, and modification choices are conclusive factors in surface
hardness, and they emphasize the importance of choosing high-density wooden materials
with PU coatings, especially in applications requiring high hardness.

In general, the highest hardness values were obtained from the specimens coated with
PU, whereas those coated with WBV exhibited lower hardness values. However, a direct
comparison between these two types of varnishes may not be entirely appropriate. The
most accurate approach is to evaluate each varnish within its own group. In this context, it
was determined that the addition of H and NCP reduced the hardness in MDEF, beech, plane,
poplar PLY, and birch PLY specimens coated with PU varnish. For beech PLY specimens
coated with PU, the addition of H decreased hardness, whereas NCP increased it. On the
other hand, in MDF, beech, beech PLY, poplar PLY, and birch PLY specimens coated with
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WBY, the addition of H and H-NCP increased the hardness. Similarly, in plane specimens
coated with WBYV, the addition of H, NCP, and H-NCP enhanced the hardness. Except for
plane wood, the use of NCP alone generally resulted in a decrease in hardness. According to
the literature, some modification agents have been reported to increase the hardness values
in different types of varnishes [43,45]. The reduction in hardness observed in PU varnishes
may be related to the chemical structure of the resin or the varnish preparation methods.
The decrease in hardness observed in PU varnishes may be related to the chemical structure
of the resin or the varnish preparation methods. Kurtoglu (2000) stated that modifying
agents can reduce the mechanical strength of solvent-based coating layers [36]. In contrast,
the increase in hardness observed in WBV can be attributed to the smaller molecular size of
waterborne varnishes, which allows for better compatibility with nano-color pigments [42].

Table 5. Comparison results for three-way interaction for mean hardness values.

No W*C*M X COV HG No W*C*M X Ccov HG
1 MDEF*PU*Control 87.37 397 A 25 Birch PLY*WBV*H 53.93 4.60 L
2 MDF*PU*NCP 86.49  5.13 A 26 MDFWBV*H 50.87 4.82 LM
3 MDFPU*H-NCP 8296  2.03 B 27 Beech PLY*WBV*H 50.50 291 M
4 Beech*PU*Control 79.64 717 BC 28 Beech*WBV*H 49.99 7.56 MN
5 Beech PLY*PU*H-NCP  76.90  4.37 CD 29 Birch PLY*WBV*H-NCP 4947 154 MNO
6 Beech PLY*PU*NCP 7627  6.44 CD 30 Beech*WBV*H-NCP 4796 875 MNOP
7 Birch PLY*PU*Control 76.17  0.48 D 31 Plane*WBV*H 4750 6.51 MNOP
8 MDF*PU*H 7596  4.55 D 32 MDF*WBV*H-NCP 46.72  2.56 NOP
9 Beech PLY*PU*Control 7493  3.85 DE 33 Plane*WBV*H-NCP 46.25 9.74 or
10 Beech*PU*H-NCP 7197  6.38 EF 34 MDF*WBV*Control 45.16  8.03 PQ
11 Birch PLY*PU*H-NCP 7093 854 FG 35 Poplar PLY*WBV*H 4278 5.82 QR
12 Beech*PU*NCP 70.00 3.85 FG 36 Beech PLY*WBV*H-NCP 4221 7.34 QR
13 Plane*PU*Control 69.90 7.13 FG 37 MDF*WBV*NCP 40.29 593 RS
14 Plane*PU*H 69.84 7.17 FG 38 Poplar PLY*WBV*H-NCP 3858 8.20 ST
15  Poplar PLY*PU*Control 6943 789 FGH 39  Birch PLY*WBV*Control 3858 7.35 ST
16  Poplar PLY*PU*H-NCP 6834 835 GHI 40 Plane*WBV*NCP 35.88 7.39 TU
17 Beech PLY*PU*H 68.13 478 GHI 41 Beech*WBV*Control 3526 4.84 TUV
18 Birch PLY*PU*NCP 66.37 155 HIJ 42 Plane*WBV*Control 34.74 7.39 uv
19 Plane*PU*NCP 65.02  6.01 IJ 43 Birch PLY*WBV*NCP 3391 14.00 UVW
20 Beech*PU*H 6456 5.21 J 44 Beech*WBV*NCP 3230  3.39 VW
21 Birch PLY*PU*H 6450 640 J 45  Beech PLY*WBV*Control  32.15 7.99 VW
22 Poplar PLY*PU*NCP 63.83 5.73 J 46  Poplar PLY*WBV*Control 31.04 8.92 VW
23 Plane*PU*H-NCP 59.68 12.38 K 47 Beech PLY*WBV*NCP 31.01 6.35 W
24 Poplar PLY*PU*H 59.06 17.40 K 48 Poplar PLY*WBV*NCP 2753  3.75 X

X: mean value (s), COV: coefficient of variation (%), HG: homogenous group.

3.3. Experimental Results: Glossiness Values

The multi-analysis of variance results regarding the glossiness values of the specimens
are given in Table 6.

According to the MANOVA results for glossiness values, the effects of the main factors
included in the experiments and their two-way and three-way interactions on glossiness
were found to be statistically significant with a 5% significance level, and the same was true
for the hardness values. When the F-values are examined here, it can be seen that, as with
the hardness values, the protective coating type is the most influential factor in glossiness.
The modification factor was also determined to have a secondary effect. LSD comparison
tests were performed for the main factors and their three-way interaction, and they were
found to be significant in the MANOVA.
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Table 6. Results of the variance analysis for glossiness values.
Degrees of Adjusted Sum Adjusted 2 p-Value
Source Freedom of Squares Mean Squares F-Value (p < 0.05)
\ 5 2005.0 401.0 73.07 0.000
C 1 22,275.9 22,2759 4059.40 0.000
M 3 25,916.6 8638.9 1574.29 0.000
W+C 5 817.9 163.6 29.81 0.000
W*M 15 2233.1 148.9 27.13 0.000
M 3 14,746.4 4915.5 895.76 0.000
W*C*M 15 1796.6 119.8 21.83 0.000
Error 432 2370.6 55
Total 479 72,162.0

W: wooden material, C: coating type, M: modification.

A comparison of the means of the effects of the main factors of wooden material,
coating type, and modification, which were found to be statistically significant in the
MANOVA in the glossiness values of the specimens, is given in Table 7.

Table 7. Comparison results of the main effects for mean glossiness values.

Wooden Glossiness (GU) Coating Glossiness (GU) o Glossiness (GU)
. Modification
Material X HG N Type X HG N X HG N
Beech 17.53 C 80
Plane 20.16 B 80 WBV 26.43 A 240
Beech PLY  19.83 B 80 Control 18.49 B 120
Birch PLY  20.17 B 80 With H 31.70 A 120
Poplar PLY  16.87 C 80 PU 12.80 B 240 With NCP 16.24 C 120
MDF 23.15 A 80 WithHand NCP 1204 D 120

X: mean value, HG: homogenous group, N: number of specimen.

The findings in Table 7 indicate that the glossiness values differ significantly across
different wood species, coating types, and modification treatments. According to the
results, MDF had the highest gloss (23.15 GU), followed by Birch PLY (20.17 GU) and Plane
(20.16 GU). Poplar PLY had the lowest gloss (16.87 GU), indicating that MDF’s natural
surface gloss was approximately 37% higher than Poplar PLY. When examining the effect
of coating types, significant differences can be observed between WBV and PU varnishes.
The glossiness value obtained with WBV varnish is 26.43 GU, while this value is measured
as 12.81 GU with PU varnish. These results show that the PU varnish application provides
approximately 52% lower glossiness compared to WBV. Therefore, it can be concluded that
the coating type used has a significant effect on surface glossiness, with the WBV coating
having a gloss-enhancing effect and the PU coating having a gloss-reducing effect. When
modification applications were evaluated individually, it was determined that each group
yielded different results compared to the control value. After hygiene (H) modification, the
glossiness value increased by approximately 57% compared to the control specimens. In
contrast, NCP modification reduced the glossiness value by approximately 4%. When H
and NCP were applied together, a decrease of approximately 48% in the glossiness value
was obtained. These findings prove that modification has different effects on glossiness; H
modification has a gloss-enhancing effect, while NCP has a gloss-reducing effect, especially
when applied in combination. Sonmez et al. (2011) reported that waterborne varnishes
negatively affect surface smoothness, thereby reducing the gloss of the coating layer;
however, this finding does not correspond with the results of the present study [58].
Nevertheless, it is also known that structural differences among varnishes can have a
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decisive influence on gloss [57]. The presence of NCP additives in dispersion form may
have influenced the gloss. Kurtoglu (2000) reported that when additives are in dispersion
form, the surface gloss generally remains at a silky (satin) level [36].

The three-way interaction results of glossiness values obtained as a result of the tests
of specimens are given in Table 8 together with the coefficients of variation.

Table 8. Comparison results for three-way interaction for mean glossiness values.

No W*C*M X cov HG No W*C*M X cov HG
1 Birch PLY*WBV*H 56.27 7.02 A 25 Beech*PU*H 1438 12.24 POR
2 MDF*WBV*H 56.01 527 A 26 MDF*PU*H-NCP 13.88 6.99 QRS
3 Plane*WBV*H 49.35 5.53 B 27 Beech*WBV*H-NCP 13.80  10.20 QRST
4 Beech PLY*WBV*H 48.48 9.89 B 28 Poplar PLY*PU*Control 13.17  10.33 RSTU
5 Beech*WBV*H 39.27 10.40 C 29 Beech PLY*PU*H-NCP 1298  10.89 RSTUV
6 Poplar PLY*WBV*H 32.41 16.33 D 30 Birch PLY*WBV*H-NCP  12.81 758  RSTUVW
7 MDFWBV*NCP 30.34 4.73 E 31 Birch PLY*PU*Control 12.74 1550 RSTUVW
8 MDF*WBV*Control 30.12 5.92 E 32 Plane*PU*H-NCP 12.72 953 RSTUVW
9 Poplar PLY*WBV*Control =~ 26.68 16.24 F 33 Birch PLY*PU*H-NCP 1252 1420 RSTUVW
10 Beech PLY*WBV*Control 25.28 17.52 FG 34 MDFWBV*H-NCP 12.41 8.06 RSTUVW
11 Plane*WBV*Control 24.73 3.60 FG 35 MDFPU*NCP 1217 12.05 STUVW
12 Beech PLY*WBV*NCP 23.92 16.36 GH 36 Beech PLY*PU*Control 12.08  12.10 STUVW
13 Birch PLY*WBV*Control 2221 11.37 HI 37 Beech*PU*Control 11.95 10.79 STUVW
14 Beech*WBV*NCP 21.25 12.31 I 38 Plane*PU*Control 11.87 1022 STUVWX
15 Plane*WBV*NCP 20.10 10.56 JK 39 MDF*PU*Control 11.77 1076 TUVWXY
16 Poplar PLY*WBV*NCP 19.81 15.02 JK 40 Beech PLY*PU*NCP 11.33 1638 UVWXYZ
17 Beech*WBV*Control 19.26 12.07 JKL 41 Poplar PLY*PU*H-NCP 11.02 591 VWXYZ
18 MDFPU*H 18.48 11.70 KLM 42 Beech*PU*H-NCP 10.81 13.84 WXYZ
19 Birch PLY*WBV*NCP 18.25 13.81 KLMN 43 Birch PLY*PU*NCP 9.88 6.25 XYZ
20 Plane*PU*H 17.44 15.97 LMN 44 Plane*PU*NCP 9.77 9.37 YZ
21 Birch PLY*PU*H 16.67 9.02 MNO 45 Beech*PU*NCP 9.46 9.28 Z
22 Beech PLY*PU*H 16.22 12.21 NOP 46 Poplar PLY*PU*NCP 8.59 9.61 zZ
23 Poplar PLY*PU*H 15.33 14.43 OPQ 47  Beech PLY*WBV*H-NCP 8.33 6.82 zZ
24 Plane*WBV*H-NCP 15.24 9.44 OPQ 48  Poplar PLY*WBV*H*NCP  7.93 16.54 zZ

X: mean value (GU), COV: coefficient of variation (%), HG: homogenous group.

Based on the data in Table 8, the highest glossiness values were obtained with the
combination of WBV coating and H modification. In particular, the Birch PLY*WBV*H,
MDFWBV*H, and Plane*WBV*H groups are the most successful in terms of surface
glossiness, with the values of 56.27 GU, 56.01 GU, and 49.35 GU, respectively. This finding
shows that the combined use of WBV coating and H modification is highly effective in
increasing glossiness. In contrast, the lowest glossiness values were observed in the PU
coating with NCP modification or the WBV*H-NCP combination. For example, the Poplar
PLY*WBV*H-NCP (7.93 GU), Beech PLY*WBV*H-NCP (8.33 GU), and Poplar PLY*PU*NCP
(8.59 GU) groups yielded the most unsatisfactory results in terms of glossiness. This
indicates that NCP modification has a strongly reducing effect on glossiness, especially
when used in combination. These findings emphasize that coating and modification choices
play a critical role in surface quality. The literature has reported that inorganic pigments
have a reducing effect on the gloss values of protective coatings [68]. Although the literature
indicates that nano-sized pigments provide high gloss in transparent coatings [69], the
opposite occurred in this study.
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3.4. Experimental Results: Adhesion Strength
The MANOVA results for the adhesion strength values are given in Table 9.
Table 9. Results of the variance analysis for adhesion strength values.
Degrees of Adjusted Sum Adjusted p-Value
Source Freedom of Squares Mean Squares F-Value (p < 0.05)
W 5 769.00 153.800 1188.88 0.000
C 1 14.99 14.995 11591 0.000
M 3 19.61 6.536 50.52 0.000
W*C 5 31.33 6.267 48.44 0.000
W*M 15 103.35 6.890 53.26 0.000
M 3 83.41 27.803 214.92 0.000
W*C*M 15 145.58 9.705 75.02 0.000
Error 432 55.89 0.129
Total 479 1223.16

W: wooden material, C: coating type, M: modification.

According to the MANOVA results for adhesion strength values, the effects of the main
factors contained within in the experiments and their two-way and three-way interactions
on adhesion strength were found to be statistically significant with a 5% significance level,
in the same way as the hardness and glossiness values. When the F-values in the MANOVA
are analyzed, this time effect of wooden material on adhesion strength of the specimens is
much more significant than the coating type and modification. LSD comparison tests were
performed for the main factors and their three-way interaction, which were found to be
significant in the MANOVA.

A comparison of the means of the effects of the main factors, which were found
statistically significant in the MANOVA on the adhesion strength values of the specimens,
is given in Table 10.

Table 10. Comparison results for the main effects for mean adhesion strength values.

Wooden Adhesion (MPa) Coating Adhesion (MPa) o Adhesion (MPa)
. Modification
Material X HG N Type X HG N X HG N
Beech 5.42 A 80
Plane 3.78 C 80 WBV 3.57 A 240
Beech PLY 3.32 D 80 Control 3.63 A 120
Birch PLY 411 B 80 With H 3.29 C 120
Poplar PLY  2.14 E 80 PU 3.21 B 240 With NCP 3.53 B 120
MDF 1.59 F 80 With H and NCP 3.12 D 120

X: mean value, HG: homogenous group, N: number of specimens.

Beech wood (5.42 MPa) exhibited the highest adhesion strength, approximately 241%
higher than MDF (1.59 MPa). Among the PLY types, birch PLY (24% lower), beech PLY
(39% lower), and poplar PLY (61% lower) achieved weaker results compared to beech wood.
This suggests that high-density solid woods offer more favorable surface properties for
creating a protective layer, while lower-density materials have disadvantages in terms of
adhesion. Comparing the coating types, WBV (3.57 MPa) provided approximately 11%
higher adhesion strength than PU varnish (3.21 MPa). This difference may be due to WBV's
better penetration into pores, facilitating chemical bond formation. Therefore, waterborne
systems can be said to have advantages over PU-based coatings in terms of adhesion
strength. Compared to the control group (3.63 MPa), only the H modification (9% decrease)
and the H-and-NCP combination (14% decrease) reduced the adhesion strength value. In
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contrast, the application of NCP alone maintained the coating adhesion strength, giving
results close to the control value (3% lower). The combined application of H and NCP, in
particular, had a negative effect, leading to weakened adhesion. A similar situation has
been reported, where inorganic pigments added to protective coatings cause a gradual
decrease in adhesion strength [70].

Opverall, the findings suggest that adhesion strength varies significantly depending on
the wood species, the protective coating type, and the modification applied. These results
demonstrate that both the material and coating selection, as well as the modification type,
play a significant role in adhesion strength.

The three-way interaction results for adhesion strength values obtained as a result of
the tests of specimens are given in Table 11, together with the coefficients of variation.

Table 11. Comparison results for three-way interaction for mean adhesion strength values.

No W*C*M X cov HG No W*C*M X cov HG
1 Beech*WBV*Control 8.27 8.41 A 25 Beech PLY*PU*H 3.43 5.86 JK
2 Beech*PU*H 7.40 11.15 B 26 Beech PLY*WBV*H-NCP 3.34 9.63 JK
3 Beech*WBV*NCP 6.10 1.43 C 27 Plane*PU*H-NCP 3.30 6.03 KL
4 Plane*WBV*Control 591 3.98 C 28 Plane*WBV*H 3.01 6.58 LM
5 Birch PLY*WBV*Control 5.51 6.59 D 29 Poplar PLY*PU*Control 2.85 1.19 MN
6 Beech*WBV*H 5.06 5.83 E 30 Poplar PLY*WBV*NCP 2.79 2.74 MNO
7 Plane*WBV*NCP 5.03 5.88 E 31 Plane*PU*NCP 2.73 14.98 MNO
8 Beech*PU*H-NCP 494 14.53 E 32 Plane*PU*H 2.61 8.94 NOP
9 Beech*PU*NCP 441 11.64 F 33 Beech PLY*WBV*H 2.50 4.79 or
10 Beech PLY*WBV*NCP 4.39 16.49 F 34 Poplar PLY*PU*NCP 242 6.84 P
11 Birch PLY*PU*H 4.33 14.34 F 35 Poplar PLY*WBV*H 2.32 7.30 PQ
12 Birch PLY*PU*H-NCP 4.30 3.97 F 36 Poplar PLY*WBV*H-NCP 2.09 15.11 QR
13 Birch PLY*WBV*NCP 4.27 7.59 F 37 Beech PLY*PU*Control 2.08 9.57 QR
14 Plane*PU*Control 3.89 13.01 G 38 Poplar PLY*PU*H 2.03 10.58 QR
15 Birch PLY*WBV*H-NCP 3.79 9.08 GH 39 MDF*PU*H-NCP 1.93 10.22 RS
16 Plane*WBV*H-NCP 3.69 7.03 GHI 40 MDF*PU*H 1.78 8.39 RST
17 Beech PLY*PU*NCP 3.64 3.67 GHIJ 41 MDF*PU*Control 1.62 14.40 STU
18 Birch PLY*PU*NCP 3.63 14.17 GHIJ 42 MDF*WBV*Control 1.62 11.41 STU
19 Beech*PU*Control 3.60 1497 GHIK 43 MDF*PU*NCP 1.55 16.58 TU

20 Beech PLY*WBV*Control 3.57 1754 GHIJK 44 Poplar PLY*PU*H-NCP 1.48 13.43 TU

21 Beech PLY*PU*H-NCP 3.55 9.06 HIJK 45 MDF*WBV*H 1.43 16.22 U

22 Birch PLY*PU*Control 3.54 9.56 HIJK 46 MDFWBV*H-NCP 1.40 13.16 U

23 Beech*WBV*H-NCP 3.52 7.76 HIJK 47 MDFWBV*NCP 1.33 9.53 uv

24 Birch PLY*WBV*H 3.50 6.85 HIJK 48  Poplar PLY*WBV*Control 1.08 10.76 A%

X: mean value (MPa), COV: coefficient of variation (%), HG: homogenous group.

Table 11 shows that the Beech*WBV*Control group exhibited the highest adhesion
strength value (8.27 MPa), while the Poplar PLY*WBV*Control specimens exhibited the
lowest (1.08 MPa). The high performance of the solid beech control group can be explained
by its density and uniform fiber structure, while the low values in the poplar plywood
control group can be attributed to its low density and heterogeneous surface properties.
These differences can be further explained by the influence of the additive type and surface
properties on coating performance.

When the effects of H and NCP additives on waterborne varnish and polyurethane var-
nish (PU) systems applied to different wood-based surfaces were examined, variations in
adhesion behavior were observed depending on the type of additive and surface character-
istics. It was determined that H and NCP additives decreased the surface adhesion strength
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of WBV applied to MDF, beech, plane, and birch plywood (PLY) specimens, whereas they
increased the adhesion strength in poplar plywood (PLY) specimens. On the other hand,
the same additives reduced the adhesion of PUV applied to poplar and plane specimens,
while generally increasing the adhesion of PUV applied to MDEF, beech, beech plywood,
and birch plywood specimens.

Overall, solid beech stands out as the material with the strongest adhesion strength,
while the MDF and poplar PLY specimens were the weakest. These findings once again
demonstrate that material selection is a critical factor in coating performance. In the
literature, it has been reported that nanoparticle additives cause variations in surface
adhesion strength values depending on the type of varnish [49]. Furthermore, it has been
stated that nanoparticle additives affect adhesion strength by reducing the initial bonding
of the varnish during film formation [44] and that inorganic pigments lead to a gradual
decrease in adhesion strength [70]. Nevertheless, several studies have demonstrated that
waterborne varnishes generally exhibit good adhesion performance [40,71,72]. These
findings are consistent with the results of the present study:.

In addition to adhesion strength data, the fracture types of coatings on different
substrates were also evaluated. The typical failure appearances obtained during pull-off
adhesion testing of coated specimens are summarized in Figure 1.

a. MDF*PU*Control b. MDF*WBV*Control ¢. MDF*PU*NCP d. MDF*WBV*NCP

e. Beech*PU*Control f. Beech*WBV*Control g. Beech*"PU*NCP h. Beech*WBV*NCP

Ar -

i. Birch PLY*PU*Control j- Birch PLY*WBV*Control | k. Birch PLY*PU*NCP L. Birch PLY*WBV*NCP

Figure 1. Photographs of some specimens tested for adhesion.

The adhesion test results revealed distinct failure characteristics depending on the
coating type and substrate. PU coated specimens generally exhibited substrate or cohesive
failures, indicating strong adhesion between the coating and the substrate, particularly
evident in MDF and birch plywood specimens. In contrast, WBV coatings predominantly
showed adhesive failures, suggesting weaker interfacial bonding.

In MDF specimens (Figure 1a—d), fracture typically occurred within the inner part of
the substrate in a hollow and complete manner. In beech specimens (Figure le-h), detach-
ment occurred from the coating surface in very small fragments, while in plane plywood
(PLY) specimens (Figure 1i-1), partial and strip-shaped separations were observed. In gen-
eral, residues of both adhesive and protective coating layers were detected on the surface of
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all detached steel pull-off studs. Particularly in MDF specimens, approximately 2 mm thick
wood fibers were observed on the stud surface. This indicates that the measured forces in
MDF specimens reflect substrate fracture strength rather than true adhesion strength.

4. Conclusions

This study was conducted to examine the effects of hygiene (H) and nano-color
pigment (NCP) modifications on the hardness, glossiness, and adhesion strength of
polyurethane (PU) and waterborne varnishes (WBVs) produced for use in wooden toys.
For this purpose, experiments were conducted on oriental beech and oriental plane wood,
as well as oriental beech, birch, and poplar plywood, and on medium-density fiberboard
specimens, which are the most commonly used materials in wooden toy production. The
findings revealed that surface properties varied depending on both the type of wood and
the coating material. It was determined that H and NCP modifications had significant
effects on the performance of PU and WBYV coatings, indicating that the selection of an ap-
propriate modification type should be carefully considered based on the desired properties
in toy applications.

It was determined that the hygiene additive (H) generally increased the hardness
resistance of PU and WBYV layers, while the H-NCP combination exhibited similar positive
effects. In contrast, the use of NCP alone caused a slight decrease in hardness values. These
results indicate that the use of H, NCP, and H-NCP additives may provide advantages for
manufacturers in wooden toy production.

No issues were identified regarding the use of any of the wood types employed in this
study for toy production. The wood materials used were found to have sufficient hardness
levels; however, it should be noted that poplar plywood specimens were softer compared
to the others. If hardness is a priority in selecting a protective coating, PU varnish (PU)
should be preferred; if health is the main concern, waterborne varnish (WBV) would be
more suitable. Indeed, paints and coatings used in toys must comply with the EN 71-3 (Toy
Safety—Chemical Properties) standard [9]. Therefore, to protect children’s health, it is highly
important for parents to support the use of protective surface coatings with antimicrobial
properties, especially waterborne systems.

In cases where glossiness is an important factor, all tested wood materials can be
used; however, WBV coatings would be the more appropriate choice. When adhesion is a
critical property, the intended purpose of the toy should be considered, and the protective
coating should be selected accordingly. Although additives do not have a strong effect on
adhesion, for toys exposed to higher mechanical stress, all wood types except MDF and
poplar plywood can be considered suitable.

In conclusion, this study serves as a guide for the selection of wood types and surface
coatings for use in toy production. Future research comparing the natural antibacterial
properties of different wood species with various coating types is expected to contribute to
the development of safe, child-friendly, and sustainable products.
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