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Abstract: The effect of dielectric barrier discharge (DBD) plasma treatment was studied on the surface
characteristics and coating performance of transparent epoxy resin on the surface of particleboard
(PB) and medium-density fiberboard (MDF). The plasma treatment was performed at three plasma
energies (10, 15, and 20 kW) and three distances from the nozzle (10, 20, and 30 mm). Analyzing the
samples by Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy
(XPS) indicated the changes of their chemical structure by means of the plasma treatment. The
contact angle study showed a significant increase in surface wettability after plasma treatment with a
pronounced effect observed by treatment parameters. The surface roughness was also significantly
increased by the plasma treatment. The strength of the coating adhesion to the surface of the PB
and MDF composite panels was also significantly improved by the plasma treatment, while no
obvious trend was observed by treatment parameters. The highest adhesion strength of 2.03 MPa and
3.63 MPa were obtained by the PB and MDEF samples, respectively, treated at a 10 mm nozzle distance
and 15 kW plasma energy. The scratch resistance of the epoxy coatings showed a similar trend as the
adhesion strength illustrating an inferior isolated surface of the coating after the plasma treatment.

Keywords: plasma treatment; wood-based composite; epoxy resin; particleboard; medium-density
fiberboard; surface wettability

1. Introduction

Wood is one of the most sustainable, diverse, durable, environmentally friendly,
and renewable raw materials in the world. In recent years, the increasing tendency to
use wood and wood-based products has led to an expansion of the capacity and variety
of its uses [1]. Wood-based composite panels are products that are created by joining
wood-derived materials, such as veneers, particles, fibers, etc., using thermosetting or
thermoplastic binders [2]. Thus, these products are more homogeneous and dimensionally
stable than solid wood [3]. The two widely used types of wood-based composite panels in
the construction and furniture industry are particleboard (PB) and fiberboard (FB), which
are produced from wood particles and wood fibers, respectively, and formed with thermoset
resins under heat and pressure [4]. Depending on the application, these products are mostly
subjected to physical and chemical fluctuations as well as possible surface deteriorations [5];
thus, they often need to be protected by suitable coatings to withstand different interior
or exterior degradation factors [6,7]. For interior uses, the stability of the coatings against
light irradiation, climatic variations, mechanical damage (e.g., scratching, abrasion, and
impacts), and chemical damage is critical [8]. The adhesion strength and durability of the
coatings on wood-based materials vary by the coating composition, material types, and
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surface wettability [9,10]. The latter property can be altered by surface pre-treatment, such
as sanding and machining [11]. Plasma treatment is a commonly used method to modify
the surface wettability of wood-based products and panel composites [12]. Unlike typical
finishing processes that generate dust and unclean surfaces, plasma treatment is clean.
Avramidis and colleagues stated that the surface hydrophilicity of wood was increased
by plasma treatment at atmospheric pressure using a dielectric barrier discharge [13].
Zigon et al. [8] improved the wettability and adhesion strength of waterborne acrylic
coating on MDF panels with non-thermal dielectric barrier discharge (DBD) plasma in a
floating electrode configuration (FE-DBD) at atmospheric pressure. Similar results were
reported by Wolkenhauer and colleagues, who treated the MDF panels with DBD plasma at
atmospheric pressure and coated them with waterborne coatings [14]. de Cademartori and
co-workers [15] reported that the surface wettability of MDF panels was increased by DBD
plasma under helium gas and also by increasing the plasma energy and duration; they also
showed in a later study that the adhesion strength of acrylic coatings on the MDF surface
was enhanced by the DBD plasma treatment with argon gas and the higher wettability of the
plasma-treated MDF [16]. The coating adhesive quality and the hydrophilic nature of the
wood surface were significantly improved by DBD plasma in the presence of helium [17].
The treatment of PB panels with FE-DBD plasma prior to application of the waterborne
coating considerably enhanced the surface wettability [6]; as stated by the authors, this
might be due to the higher abrasion resistance of plasma-treated PB panels. Similar
results were reported on the coating performances of PB panels after treatment with
DBD plasma [7]. Although many studies confirmed the effect of plasma treatment on the
surface activation of wood and wood-based products, and also on the improvement of
the coating performances (i.e., by increasing the adhesion strength), a major focus has
been to understand the influence of plasma on the coating properties of a specific type of
wood-based composite panel.

Therefore, the aim of this study was to explore and compare the effects of DBD plasma
treatment on the performance of transparent epoxy-coated particleboard and medium-
density fiberboard composite panels. The plasma treatment was carried out under an
argon environment, and the influence of various energy levels and nozzle distances on the
properties of the PB and MDF samples was analyzed by contact angle analysis, surface
resistance to scratch, and the peel force of the coating films.

2. Materials and Methods
2.1. Sample Preparation

Commercial three-layer PB and one-layer MDF with a mean density of 700 and
750 kg-cm 3, respectively, were kindly provided by Pouya Company (in Ahmad Kola,
Mazandaran Province-Iran). The PB was prepared with core layer wood chips of 3 to 5 mm
and a surface layer particle size of 0.2 to 0.5 mm and 9% melamine formaldehyde (MF)
adhesive; the MDF panels were manufactured by thermos-mechanical pulp fibers of 50 to
150 um and 11% MF resin. Both panels were cut to 150 x 100 x 16 mm? (L x W x T) and
conditioned at 20 °C and 65% humidity for 14 days prior to any further treatment.

2.2. Plasma Treatment

The plasma treatment was performed under an argon environment as the working gas
using a DBD plasma jet (RGB model—Plasma Idea Azma Eng Co., Tehran, Iran). In the first
stage, the plasma was placed between the electrode and the spray during a high-voltage
process to discharge the pressure in the nozzle by the gas stream. In the second stage, the
pulse repetition frequency was 50 kHz, the pulse duration was from 10 to 50 ps, and the
current intensity was 45 to 60 L per minute in the system. Finally, plasma heating was
performed at 75 °C. The plasma treatment was applied to the samples at three levels of
plasma energy (10, 15, and 20 kW) and various distances to the nozzle (10, 20, and 30 mm).
The schematic of the plasma treatment is shown in Figure 1.
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Figure 1. Schematic of plasma treatment.

2.3. Coating

The plasma-treated and untreated composite panels were coated with a transparent
epoxy resin coating (EPODEX, London, UK) according to Table 1. The panel surfaces were
coated with a 300 pm primary layer and then 100 & 1 um of topcoat using a film remover
(Model APF-3 MAXTECHNICS, China).

Table 1. Surface treatment of the PB and MDF composite panels. Sample codes refer to the coating
type and plasma condition (distance from the nozzle and plasma energy).

Plasma Condition

Treatment Code D(l:::;:e E(fll(';l\‘;‘%y Coating
Control 1 - _ i
Control 2 - _ Epoxy

E10D1 10 10 i
E10D2 20 10 i
E10D3 30 10 )
E15D1 10 15 i
E15D2 20 15 i
E15D3 30 15 )
E20D1 10 20 i
E20D2 20 20 i
E20D3 30 20 ]
CE10D1 10 10 Epoxy
CE10D2 20 10 Epoxy
CE10D3 30 10 Epoxy
CE15D1 10 15 Epoxy
CE15D2 20 15 Epoxy
CE15D3 30 15 Epoxy
CE20D1 10 20 Epoxy
CE20D2 20 20 Epoxy

CE20D3 30 20 Epoxy
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2.4. Fourier Transform Infrared (FTIR) Spectroscopy

The effect of the plasma treatment on the chemical structure of the wood composite
panels was analyzed by FTIR spectroscopy (Varian660-IR, Palo Alto, USA) in the PB and
MDF samples treated at 15 kW plasma energy and 10 mm distance from the nozzle (E15D1)
and compared with the untreated samples. The FTIR spectroscopy analysis was performed
in the wave number range 1500-1800 cm ! and 65 scans.

2.5. X-ray Photoelectron Spectroscopy (XPS)

XPS analyses of the untreated and plasma-treated wood samples with a dimension of
5x 5 x 2mm? (L x T x R) by three repetitions per treatment were carried out by K-Alpha
XPS (Thermo Fisher Scientific, West Palm Beach, FL, USA) using a monochromatic Al Ka
X-ray at 1486.6 eV (hv) and under vacuum of 5 x 10~7 Pa as described previously [18,19].

2.6. Surface Wettability

The wettability of the samples was evaluated after plasma treatment and coating
by contact angle analysis (OCA 15 Plus; Dataphysics Instruments GmbH, Filderstadt,
Germany) according to the ASTM D-5946 standard. A probe liquid of deionized water with
a volume of 4 pm was used. The apparent contact angle value was recorded 30 s after the
deposition of the water droplet by ten repetitions per treatment (1 = 10).

2.7. Surface Roughness

The roughness of the PB and MDF samples before and after plasma treatment was
measured according to DIN 4768 using a roughness measuring instrument (model SJ-201P,
Mitutoyo, Japan). The random points were measured by ten repetitions per treatment
(n=10).

2.8. Adhesion Strength

The adhesion of the coatings on the surface of the plasma-treated and coated samples
was evaluated by a tensile adhesion test using a pull-off device (Elcometer 510 Automatic,
Ontario, Canada) according to the ASTM D 4541 standard. To perform this test, small
dollies 20 mm in diameter were glued to the film surface with a two-component epoxy
adhesive. After 24 h, the area around the dolly was cut with a circular saw drill bit, and
then the test was performed on three sample types and four repetitions (n = 12).

2.9. Scratch Adhesion

The resistance of the coating film on the substrate was evaluated by a scratch adhesion
test using a cross-cut machine (KIT CC3000, Capelle, The Netherlands) according to the
ASTM D 3359 standard. The scratch adhesion grading scale is shown in Table 2.

Table 2. Scratch adhesion grading scale according to the ASTM D 3359 standard.

Grading Description Removed Area (%)

The square edges are perfectly smooth, and none of the

°B lattice squares are disconnected 0%

4B Small flakes of the coating are dislodged at intersections, <59
affecting less than 5% of the surface ’

Small flakes of coating are separated around the borders
3B . . 5%-15%
and at cut intersections
7B Along the margins an.cl on several of the squares, the 15%-35%
coating has flaked
1B The coating has peeled around the borders of the broad 35%-65%

ribbon cuts, and entire squares have separated

0B Across the coating, there is severe flaking and peeling >65%
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2.10. Statistical Analysis

The effect of plasma treatment on the adhesion properties of the PB and MDF sam-
ples was analyzed by one-way analysis of variance (ANOVA) using SPSS software with
Duncan’s multiple range test at a 95% confidence level.

3. Results and Discussion
3.1. Chemical Structure of Plasma-Treated Panels

The chemical changes of the PB and MDF composite panels that were plasma-treated
at 15 kW plasma energy and a 10 mm distance from the nozzle and the untreated composite
panels were studied by FTIR spectroscopy and XPS analyses. The FTIR spectroscopy spectra
showed obvious changes in the chemical structure of the panels that received plasma
treatment compared with the untreated panels (Figure 2). The increases in the absorption
peaks at 1734 and 1650 cm ™! were attributed to the C=0 and C-H, respectively [20,21].
The presence of carboxyl groups is confirmed by the strong peak around 1648 cm~!, which
corresponds to the antisymmetric deformation of COO groups as a result of the plasma
treatment [22]. The FTIR spectroscopy results confirmed that the formation of polar groups
(e.g., C-O, C=0) were higher than the non-polar ones (C-C, C-H) introduced on the surface
of the plasma-treated fiberboards [23].

Control 1 PB

1= ---Plasma treated PB
Control 1 MDF
Plasma treated MDF

Absorbance [a.u.]

c=C R

1510 —> ~«._

I b | L I X T 5 T ; 1 d T
1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm )

Figure 2. FTIR spectroscopy of untreated and plasma-treated PB and MDF composite panels.

The energy spectra level of untreated and plasma-treated PB and MDF composite
panels at 15 kW plasma energy and a 10 mm distance as well as their conforming surface
composition are illustrated in Figure 3 and Table 3, respectively. As can be seen, the signals
related to C=0, O-C-0O, and O=C-O increased after the plasma treatments in both PB and
MDF composite panels. The increases of the C2, C3, and C4 peaks might be related to the
higher interaction of carbon and oxygen molecules during the plasma discharge [24]. The
presence of carbonyl groups (C-O) was confirmed by the C2s spectra. The concentration
of carbon atoms was decreased by the plasma treatment, while the oxygen level was
increased (Table 3). As indicated in the FTIR spectroscopy results, these alterations in
the concentration of carbon and oxygen atoms could lead to the formation of more polar
groups after plasma treatment.
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Figure 3. High-resolution spectra of (a) Control 1 PB, (b) Control IMDE, (c) plasma-treated PB, and
(d) plasma-treated MDF.

Table 3. Relative surface composition of untreated and plasma-treated PB and MDFE.

Sample 0C ? Cl0 C20 C30 C40

(%) (%) (atm.%) (atm.%) (atm.%) (atm.%)
Control 1 PB 83.5 14.4 67.1 15.9 9.3 7.7
Plasma-treated PB 75.7 23.5 61.3 20.5 10.3 7.9
Control 1 MDF 87.1 10.3 68.5 15.1 8.8 7.6
Plasma-treated MDF 73.9 24.9 60.4 222 9.6 7.8

3.2. Surface Characteristics

The surface characteristics of the PB and MDF samples before and after plasma
treatment were evaluated by surface wettability and surface roughness. The surface
wettability was assessed by contact angle analysis (Figure 4a,b). Similar trends were
observed in the surface wettability of the PB and MDF samples due to plasma treatment at
various parameter variations with no significant differences between the two sample types.
The decreases in contact angle values after plasma treatment indicate the increase of surface
wettability in the PB and MDF samples. This might be due to the creation of more polar
groups [12,25] as indicated by the FTIR spectroscopy and XPS results. Plasma treatment
creates oxygen groups on the surface and the higher the concentration of oxygen, the
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higher the surface reactivity [26]. Moreover, high surface energy facilitates the spreading
of the liquid over the surface and, thus, the penetration of the liquid into the substrate
solid [27]. The contact angle values increased by increasing the distance between the plasma
nozzle and the sample surface from 10 mm to 30 mm in both PB and MDF. This might
be due to the alteration of the oxygen atom density on the surface of the materials by the
plasma treatment [28,29]. Furthermore, the results of variance analysis showed a significant
difference between the contact angle of the control samples and the samples treated with
plasma and coated. E15D1 treatment caused the most changes in the contact angle values
of the PB and MDF, showing a decrease of 81.86% and 84.71%, respectively, compared
to the control samples. The lowest changes in the contact angle values were observed
in the E20D3 treatment, showing a decrease of 57.96% and 38.46% in the PB and MDF
composites, respectively. This indicates that the surface wettability increased by increasing
the plasma energy from 10 kW to 15 kW but then decreased by increasing the energy from
15 kW to 20 kW. The plasma treatment at 15 kW may cause the formation of carboxyl at the
surface of the cellulose polymer and, by increasing the plasma intensity, further cleavage of
carbohydrate rings can occur, hence, reducing the degree of polymerization and changing
the amount of carboxyl and surface free energy [30-32]. As expected, the contact angle
values increased by coating, but no significant differences were observed between the
plasma-treated and untreated control samples.
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Figure 4. Contact angle value of Control 1, plasma-treated, and plasma-treated and coated PB (a)
and MDF (b). The statistical differences were tested with ANOVA and Duncan test, and the labelled
values with the same letter were statistically equal at an error probability of « = 0.05. Error bars
represent the standard deviations.

The surface roughness of the PB and MDF samples was considerably changed by the
plasma treatment (Figure 5). The roughness values were significantly increased after the
plasma treatment compared with the untreated control samples (ANOVA, o = 0.05). This
is in accordance with the previous reports [31,33]. Similar trends were observed between
the roughness values of the PB and MDF samples at various plasma parameters with
no obvious differences between the two composite panel types (i.e., the differences in
roughness values of PB and MDF were statistically insignificant). Except for the roughness
values of the PB and MDF samples treated at a 10 mm nozzle distance and 10- and 15-kW
plasma energy, which illustrated the highest roughness values, no significant differences
were detected among the plasma-treated samples at various treatment parameters.
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Figure 5. Surface roughness of untreated and plasma-treated PB and MDF composite panels. The
statistical differences were tested with ANOVA and Duncan test, and the labelled values with the
same letter were statistically equal at an error probability of o« = 0.05. Error bars represent the
standard deviations.

3.3. Coating Performance

The coating performance of the PB and MDF panels was evaluated by adhesion
strength and resistance-to-scratch tests. Figures 6 and 7 show the adhesion strength and
cross-cut of the coating on the PB and MDF samples. The findings showed that the
adhesion strengths of the coatings on the PB and MDF composite panels were increased
by the plasma treatment, and the values were significantly higher than the untreated
control samples. The adhesion strength in both the PB and MDF samples decreased by
increasing the distance to the nozzle; however, different trends were observed in terms
of the plasma energy. At similar distance levels, the samples treated with 15 kW plasma
energy showed higher adhesion strength than the samples treated with 10 and 20 kW
plasma energy. The differences in adhesion strength of the samples treated at 15 kW plasma
energy and those treated at 10 and 20 kW plasma energy were statistically significant
(0c = 0.05). For the samples treated at 10 and 20 kW plasma energy, a 10 mm nozzle
distance significantly increased the adhesion strength, while no meaningful differences
were observed at the nozzle distances of 20 and 30 mm. The highest adhesion strengths
in the PB and MDF composite panels were 2.03 and 3.63 MPa, respectively, which were
56.41% and 28.23% higher than their respective untreated control samples. The increases in
the adhesion strength of wood-based composite panels by means of the plasma treatment
could be explained by the effect of the treatment on the surface properties, such as surface
wettability and surface roughness [19].

Although the effects of variations in plasma treatment parameters on adhesion strength
and surface wettability were not the same, the surface wettability was increased by the
plasma treatment, which may lead to better spreading of the coatings on the surface. The
increased surface roughness by the plasma treatment might be an additional reason for the
improved adhesion strength. Alteration in the surface roughness of wood and wood-based
products was reported previously [19,33,34]. Higher surface roughness could possibly lead
to enhancement in the physical and/or mechanical interlocking of the epoxy coating films
on the surface of wood-based materials, thus, resulting in higher adhesion strength than
that in the untreated ones. The MDF composite panels showed higher adhesion strength
than that in the PB composite panels after plasma treatment, which could be related to
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the different geometry of materials in these products (i.e., wood fibers in MDF panels
have higher aspect ratios than the wood chips in PB panels and may lead to a higher
adhesion strength).
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Figure 6. Adhesion strength of epoxy coatings on untreated and plasma-treated PB (a) and MDF (b).
The statistical differences were tested with ANOVA and Duncan test, and the labelled values with
the same letter were statistically equal at an error probability of « = 0.05. Error bars represent the
standard deviations.

The adhesion strength and cross-cut are important parameters to show the resistance
of the coating to separation from the substrate and are influenced by the coating quality,
thickness of the layer, and surface characteristics prior to coating [35,36]. The quality of the
coating adhesion to the MDF and PB surfaces was assessed by the scratch resistance via the
cross-cutting test. According to ASTM D 3359 and as indicated in Table 2, the higher the
rate the more stable the coating to the surface with smoother edges and no disconnected
lattice squares. The scratch resistance of coatings on the untreated and plasma-treated
PB and MDF composite panels is shown in Table 4 and Figure 8. The results illustrated
that the coating residuals from the surface of the samples were decreased after the plasma
treatment. The scratch resistance of the untreated control PB and MDF specimens were
graded 2B (area separated by more than 15%) and 4B (isolated area of coverage of less than
5% of the surface), respectively (Figure 6a—d). However, after the plasma treatment, the
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MDF

separation of the coating on the PB and MDF samples was decreased, and this resulted
in resistance grading of 3B and 5B for the PB and MDF composite samples, respectively.
The MDF composite panels showed higher scratch resistance than the PB samples. The
cross-cut results are in line with the adhesion strength by the pull-off test. In both the PB
and MDF samples, small coating flakes of about 5%—-15% were separated along the edges
and cut the intersections with unconnected lattice squares. This could be due to the better
interaction of the coating to the surface by the plasma treatment [8]. The improvement in
the scratch resistance of epoxy coatings on the PB and MDF panels by plasma treatment
seems to be directly related to their higher adhesion strength in comparison to the untreated
samples. Similar results were reported previously on the scratch resistance of waterborne
acrylic coatings on MDF [8].

Energy (kW)
15

Figure 7. The adhesion strength of PB and MDF samples after adhesion strength tests.

Table 4. Cross-cutting rating of coated samples.

Grades
Sample Codes
PB MDF
Control 2 2B 4B
CE10D1 3B 5B
CE10D2 3B 5B
CE10D3 3B 5B
CE15D1 3B 5B
CE15D2 3B 5B
CE15D3 3B 5B
CE20D1 3B 5B
CE20D2 3B 5B

CE20D3 3B 5B
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Figure 8. Scratch-adhesion test of coatings on (a,b) untreated and (c,d) plasma-treated PB and MDF
samples at 10 mm nozzle distance and 15 kW plasma energy.

4. Conclusions

Treatment of the PB and MDF composite panels with DBD plasma changed their
chemical structure and considerably increased the surface wettability and surface roughness
of the samples compared with the untreated panels. Increasing the nozzle distance slightly
decreased the surface wettability. As noted by FTIR spectroscopy and XPS analyses, more
polar groups were formed on the wood surface after the plasma treatment. The adhesion
strength of the epoxy coatings on the composite panels was significantly improved by the
plasma treatment and was also affected by the treatment parameters; the highest adhesion
strength was obtained on the samples treated at a 10 mm nozzle distance and 15 kW plasma
energy (CE15D1). The resistance of the epoxy coating to scratch was improved after the
plasma treatment, while no pronounced effect was observed by variation of treatment
parameters. Overall, the plasma treatment highly improved the epoxy coating performance
in the PB and MDF composite panels. The compatibility and strength of the coating in the
MDF panels seemed to be higher than the PB panels after the plasma treatment; however, its
stability against irradiation and climatic variations need to be addressed in future studies.
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