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Abstract: This paper considers the effect of RF plasma on wood in improving the adhesion of binders
to wood by increasing its surface wettability. Our study reveals that radiofrequency (RF) plasma
treatment causes a greater than threefold decrease in the marginal wetting angle of wood. The
greatest effect is achieved in RF plasma treatment in argon, which is on average 5% greater than
that of RF plasma treatment in air or in propane/nitrogen mixture. In addition, the power of the
RF plasma torch has the greatest influence, and the main influence comes from the voltage applied
to the RF plasma torch; current does not have such a significant effect. To achieve a significant
effect, the duration of exposure should be at least 5 min, with a total power of 4.05 kW. Studies
have been conducted to determine the adhesive strength of wood. An increase in the strength of
laminated beams made from RF-treated bars in relation to control samples was found. The greatest
impact on the adhesion strength was revealed when using PVA-based glue, compared with the use
of polyurethane-based adhesives and urea-formaldehyde resin.

Keywords: wood; RF treatment; adhesion; wettability; adhesive joint

1. Introduction

Today, of all the existing materials, wood remains one of the most environmentally
friendly and widespread natural building materials. The most promising area of appli-
cation is large-span laminated wooden structures. Today, the range of manufactured
products includes beams, trusses, frames, and arch-type, large-span laminated wooden
structures. The maximum unsupported span of modern wooden structures is 150 m. As
a rule, buildings and structures erected using this technology are assembled quickly: the
entire necessary set of factory-prefabricated parts is supplied to the construction site. As
practice shows today, the use of large-span laminated wooden structures reduces the cost of
covering construction by almost one-third in comparison with more traditional structures
made of metal and reinforced concrete. Moreover, the erection of structures made of lami-
nated wood is much cheaper, since wooden structures are lightweight, which reduces the
requirements for both the load-carrying capacity of mounting devices and the load-bearing
capacity of building foundations and the substructure soil.

However, despite all of these existing positive aspects, wood itself, as a material,
has many disadvantages that limit its applicability to one degree or another, including
in the production of large-span laminated wooden structures. Among the significant
disadvantages of solid wood—especially its inexpensive types—are its low operational,
physical, and mechanical properties, as well as the ability of wood to change its geometric
dimensions due to changes in humidity. In addition, a number of wood species have
poor adhesion to some adhesives, which is also a significant disadvantage, since this
characteristic is important in the production of large-span laminated wooden structures,
where the quality of the adhesive layer plays an important role. As a result of all of the

Coatings 2021, 11, 918. https://doi.org/10.3390/coatings11080918 https://www.mdpi.com/journal/coatings

https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-0226-4232
https://orcid.org/0000-0003-4360-7112
https://orcid.org/0000-0002-1371-7583
https://doi.org/10.3390/coatings11080918
https://doi.org/10.3390/coatings11080918
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/coatings11080918
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings11080918?type=check_update&version=2


Coatings 2021, 11, 918 2 of 11

above, it can be concluded that increasing the physical and mechanical qualities of low-
grade wood and increasing its adhesive qualities should be considered among the main
issues to be addressed in the construction industry [1–4].

To date, the most common methods for improving the properties of wood are impreg-
nation with inorganic and organic chemical compositions. In this case, the main process
requirement is wood impregnation depth, the determining factor for which, with capillary
technologies, is the wettability of the material.

In this regard, methods of modifying the surface of wood materials in order to increase
wettability attract the attention of a large number of researchers [5–10]. Here electrophysical
methods come to the fore, among which radiofrequency plasma treatment stands out.

The first studies of plasma treatment were conducted back in the 1960s. However, in
recent years, “cold” plasma surface treatment has undergone major changes [11]. Especially
interesting in this regard are studies on the modification of the surfaces of polymer mate-
rials, which currently has many industrial applications (e.g., improving the adhesion of
paints and resins, improving the binding of filler with a polymer matrix in composites, etc.).

Modification with radiofrequency plasma is able to solve a wide range of problems:
removal of residual stresses, changing the surface roughness, removal of relief and fractured
layers, increasing corrosion resistance, activating the surface of the material for finishing,
increasing water absorption, etc. In a number of works [12–21], many authors have studied
the effects of plasma on polymers, finding that significant changes occur in the polymer
structure itself when exposed to low-temperature plasma.

The authors of [22] studied propylene plasma treatment to createa hydrophobic surface
of ramie to improve its binding to polypropylene (PP); plasma treatment with propane
was used in this study. It was found that the wetting angles of the plasma-treated ramie
increased from 66.3◦ to 106.1◦ and the shear strength at the interface with polypropylene
increased to 36.4%, which was probably due to an increase in the roughness of the fiber
surface. It was also found that propylene plasma treatment is very effective for increasing
the carbon content on the surface (from 68.3% to 82.4% in 0.5 min), and is more effective
than propane treatment, although both cases show significant effectiveness of fiber surface
modification. It was found that the duration of treatment affects the surface roughness
more than its chemical composition, and the optimal time of plasma treatment is within
1 min. It is expected that the modification method developed in this study can be used to
modify the fiber surface for various types of natural materials.

The authors of [23] considered wool treatment with low-temperature plasma discharge
in order to prevent its shrinkage. During the experiments, woolen fabric was treated with
pulsed atmospheric-pressure plasma using a dielectric barrier discharge device from the
German Institute of Textile and Fiber Research in Denkendorf by changing the power and
air flow. It was found that the studied sample’s resistance to shrinkage, coloring ability,
and water-absorbing properties increased with an increase in the processing time to 3 min.

In [12], the researchers treated pine and birch surfaces with plasma under low pressure
in a radiofrequency (RF) discharge of air, in order to study the wetting and activation of the
surface. The effects of plasma treatment on the morphology and wettability of the surfaces
were characterized by measurements of the static wetting angle, via infrared spectroscopy
with Fourier transform. In the course of the study, a clear increase in the surface energy of
wood was observed due to air plasma treatment. The surface hydrophilicity of the samples
increased significantly when wood was exposed to a plasma discharge for 5 sor more. As
a result, the wettability of the wooden surface increased. A slight decrease in the surface
energy of the treated wood after 12 days of aging showed that plasma-induced crosslinking
on the wood surface was not the dominant phenomenon.

In [24], an atmospheric plasma discharge was applied to increase the adhesion strength
of joints between common beech wood (Fagus sylvatica L.) and metal (steel and aluminum
alloy) using four different types of glue. In the course of the research, X-ray photoelectron
spectroscopy revealed surface oxidation of all of the materials after plasma treatment—that
is, the surface free energy of all of the materials also increased. The study also found that
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plasma treatment increased the shear strength and tensile strength of overlapping joints of
wooden elements, wood and steel, as well as wood and aluminum alloys.

In the study of Žigon et al. [25], the wood of spruce and common beech, as well as
their thermally modified variations, was plasma-treated. The effects of such treatment on
wood coating were studied by evaluating the dynamic wettability and water penetration
into the wood. Plasma treatment increased the free surface energy of all wood species, and
reduced the marginal wetting angles of the water-based coating, which together indicated
an increase in the wettability of the wood after treatment. Finally, it was found that plasma
treatment penetrates deeper into beech and unmodified wood than into spruce wood and
thermally modified wood.

The authors of [24–27] studied aspen fibers that were activated by plasma to improve
the bonds between particles and adhesive for wood composites. The materials were
subjected to environmentally friendly dry plasma treatment. After argon, oxygen, or
ammonia plasma treatment, aspen fibers were analyzed via X-ray photoelectron (ESCA)
and IR (FTIR) spectroscopies methods. The fibers were used to create fiberboard. The
properties of aspen wood-fiber-boards were evaluated via mechanical tests and water
regain tests. The results showed that the ammonia and oxygen plasma treatment of
primary and extracted aspen fiber samples was the most successful for modifying the
surface and increasing fiberboard strength.

The works of [24,25,27,28] are also relevant, in which the adhesive properties of
adhesives and paints on wood–plastic composites (WPCs) were studied after plasma
treatment at atmospheric pressure and ambient air. The surface energy was determined
by measuring the contact angle in accordance with the Owens–Wendt approach, and
by atomic force microscopy to detect changes in the surface topography. The studies
revealed an increase in the polar component of the surface energy and an increase in the
surface roughness after plasma treatment, which indicates increased bond strength. These
results were confirmed by adhesion strength tests. Tensile adhesion strength tests revealed
increased adhesion of water-, solvent- and oil-based paints to plasma-treated surfaces.

Other studies [25,27,28] were aimed at determining the adhesive properties of compos-
ites, in which WPCs and continuous fiberglass-reinforced plastic surfaces were treated with
forced atmospheric (air) plasma. The fiberglass-reinforced plastic consisted of oriented
continuous E-glass fibers in a polypropylene matrix, while the WPC was made using wood
flour, polypropylene, and additives. The studies showed that the acid–base component of
the surface energy for both WPC and fiberglass-reinforced plastic after plasma treatment
correlates with an increase in wettability. X-ray photoelectron spectroscopy was performed
on wooden and non-wooden sections of the WPC surfaces; the oxygen concentration
increased to a greater extent in non-wooden sections. Measurements of the shear bonding
strength showed an increase of 50% after forced air plasma treatment (FAPT) on WPC
surfaces (discharge length 2.5 inches, 1 pass), and up to 200% for hybrid WPC–FRP. Atomic
force microscopy measurements using a probe with a silicon tip showed an increase in
adhesive force interactions of up to 56% on WPC surfaces after FAPT.

In the work of Hazir [29], studies were carried out to improve the characteristics of
the coating of heat-treated wood using air plasma treatment. In the studies, two different
heat treatment processes were applied to wood samples: A (212 ◦C, 1 h); and B (212 ◦C,
2 h). According to the method of multicriteria optimization, it was found that the optimal
plasma treatment conditions for heat treatment A are a gas flow rate of 60 mm/s, working
distance of 7.69 mm, and pressure of 1 bar. The corresponding values for heat treatment
process B were 60 mm/s, 10 mm, and 2 bar.

Therefore, we can say that in recent years, research has been actively conducted in
the field of radiofrequency plasma treatment of various surfaces of materials, including
wood, for surface modification. However, to date, the possibility of using plasma treatment
in the production of glued wooden structures has been understudied. This study aims
at improving the adhesive properties of wood by increasing the wettability and adhesive
strength of wood during radiofrequency plasma treatment.
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2. Materials and Methods

The effect of RF treatment on wood surface was studied on pine samples, since this
species is one of the most common in carpentry in Russia. For the research, 230 × 25 mm2

wood lamellas with a thickness of 10 mm and a humidity of 6% ± 2% were prepared.
As already mentioned, one of our main goals was to increase the adhesive qualities

of wood. This property is of great importance in the production of large-span laminated
wooden structures. To solve this problem, studies were conducted on the modification of
wood using a radiofrequency induction plasma discharge unit (Figure 1). The samples
were treated via the jet method. When high-frequency voltage 1 is applied to the inductors
in discharge chamber 2, a plasma stream is formed due to heating of the plasma-forming
gas to the plasma state, which flows out of the plasma torch in the form of plasma jet 3.
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experimental RF plasma unit is shown in Figure 3. 

Figure 1. Schematic diagram of a high-frequency induction plasma torch: 1—inductor; 2—discharge
chamber; 3—plasma jet; 4—discharge area; 5—gas flow.

To study RF discharge treatment, radiofrequency generator 1 was used, tuned to an
induction load (Figure 2). The generator was assembled according to a single-circuit scheme
with a common cathode. The proposed scheme, equipped with devices for monitoring,
signaling, adjustment, and protection, allows the reduction of energy consumption for
plasma treatment, and makes it possible to control the treatment modes. RF generator 1
outputs an RF discharge at a frequency of 1.76 MHz. Appearance of the experimental RF
plasma unit is shown in Figure 3.
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temperature control systems of the most thermally loaded elements: the generator lamp, 
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Figure 2. Pilot RF plasma unit operation flowchart: 1—radiofrequency generator; 2—radiofrequency
plasma torch; 3—operation chamber; 4—diagnostic monitoring equipment; 5—plasma gas supply
control system; 6—a pumping system; 7—water supply systems; 8—metal cap; 9—plate; 10—viewing
window; 11—test material; 12—stationary device (carousels); 13—pressure gas cylinder; 14—reducer;
15—pressure gauge; 16—rotameter; 17—needle leak; 18—valve; 19—pump.
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RF plasma torch discharge chamber 2 is made of quartz, due to its good optical
transparency, sufficient heat resistance, and mechanical strength.

Plasma gas is supplied to operation chamber 3 through plasma torch 2. The operation
chamber is composed of metal cap 8 mounted on plate 9. Plate 9 has a number of holes of
various diameters for mounting the plasma torch, diagnostic tools, and auxiliary devices,
as well as for pumping the medium out of the operation chamber. Viewing window 10
is provided in metal cap 8 for visual process control. Test material 11 is fixed in a special
stationary device (carousel) 12 mounted on plate 9.
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Figure 3. Appearance of the experimental RF plasma unit.

Plasma gas supply system 5 consists of operation chamber 3 of a device for producing
gas mix, pressure gas cylinder 13, reducer 14, pressure gauge 15, rotameter 16 for metering
gas flow, needle leak 17 for flow control, valve 18, which connects the internal space
with the vacuum system, and pump 19. Preset thermal conditions of the unit’s parts
and assemblies are maintained by water supply system 7. Water is supplied through the
temperature control systems of the most thermally loaded elements: the generator lamp,
inductor, and discharge chamber.

Wood samples were treated in radiofrequency induction discharge plasma with the
following output parameters: generation frequency 1.76 MHz, duration of sample treat-
ment up to 15 min, flow rate of plasma gas G = 0.04 g/s, operating voltage at anode
Ua = 1.5–7.5 kV, and current at anode Ia = 0.3–0.8 A. Argon, air, and a mixture of propane
and nitrogen were used as the plasma gases.

For RF discharge treatment, the samples were placed in the vacuum chamber of the
unit and fixed in device 12. Then, the air was pre-pumped out of the vacuum chamber,
after which the working gas was supplied. Pressure was set by the valve connecting the
vacuum chamber to the vacuum unit.

After treatment, the samples were kept in room conditions for 4 h to equalize their
humidity.

To determine marginal wetting angle θ, the sessile drop method was used. In this
method, the angle between the solid surface and the liquid at the contact point of the three
phases is measured.

To determine the effect of RF plasma treatment on the effectiveness of capillary
impregnation, the penetration depth of protective compounds into wood was studied.
Water-based and oil-based antiseptics were used as impregnating agents. The liquids
were applied to the wood surface. After the impregnating agents dried up completely, the
samples were split along the fibers, and the depth of impregnation was measured using an
optical microscope.

In addition, the material samples were examined for adhesive interaction of glue and
wood using a Konstanta AC adhesion gauge, by fixing the control stop perpendicular
to the coating surface. Three types of glue were used as adhesives: PVA-based glue,
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polyurethane-based glue, and urea-formaldehyde resin. Upon curing of the adhesive, the
test device was attached to the stop and installed in such a way that the tensile load was
applied perpendicular to the surface being tested (Figure 4).
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Figure 4. Konstanta AC adhesion gauge: 1—upper handle; 2—scale; 3—spring; 4—grip; 5—
mushroom knob; 6—coating.

The effect of RF plasma treatment on adhesion processes was studied by determining
the bending strength of the laminated beam (Figure 5). For testing, the beams were made
by gluing together RF-plasma-treated lamellae. The reference beams were made from
ordinary wood.
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Figure 5. Bending tests: (a)—scheme of determining the bending strength of the laminated beam;
(b)—photo of determining the bending strength of the laminated beam.

The strength under static bending was determined by the formula:

σ =
1.5Pmaxl

bh2 (1)

where Pmax is the maximum breaking load (N); l is the distance between the supports (mm);
b and h are the width and height of the sample, respectively (mm).

Statistical processing of the study outcome was facilitated using the Statistica 8.0 soft-
ware package. The results are presented in the form of an average value and a confidence
interval. The relative error of the research results was determined by the mean squared
deviation and Student’s criterion ts (ts = 3.2) for a confidence probability of 0.95 and a
sample equal to 4.

3. Results

The results of the study of changes in the marginal wetting angle of wood depending
on the duration of reduced-pressure RF plasma treatment in three plasma gases (argon,



Coatings 2021, 11, 918 7 of 11

propane/nitrogen, and air) are shown in Figure 6. The experiments were carried out within
1 h after RF plasma treatment.
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G = 0.04 g/s; Ua = 4.5 kV; Ia = 0.9 A.

It was established that the exposure time affects the change in the marginal wetting
angle. The greatest effect was achieved in the first 5 min of treatment; a further increase
in treatment duration did not provide a significant effect. The greatest decrease in the
marginal wetting angle was provided by RF argon plasma treatment. Hence, argon was
used as a plasma gas for further research.

Furthermore, the effect of the plasma torch’s operational power on the marginal
wetting angle of the samples was determined for the same duration of RF plasma treatment,
i.e., 5 min. Figure 7 shows the effects of changes in individual parameters of the plasma
torch’s power—voltage and current—on the wettability of the treated samples. In Figure 7a,
a graphical dependence of the wetting angle on the change in current strength at a constant
mains voltage (Ua = 7.5 kV) is obtained. The graph of the influence of voltage changes on
the contact angle at a fixed current strength (Ia = 0.8 A) is shown in Figure 7b.

It was established that voltage has a greater effect on treatment efficiency than current.
A threefold increase in current provided an increase in the marginal wetting angle from 81◦

to 38◦, i.e., by 53.1%. A threefold increase in voltage provided an decrease in the marginal
wetting angle from 81◦ to 21◦, i.e., by 74.1%.

The combined effect of the two parameters is reflected in the curve in Figure 8. The
graph shows that an increase in the treatment power helps reduce the marginal wetting
angle to 17◦.

An increase in the wettability of wood provides an increase in the depth of liquid
penetration, which is confirmed by the results of experimental studies to determine the
impregnation depth, as shown in Table 1. The above data show that RF plasma treatment
of wood contributes to an increase in the penetration depth of the impregnating substance.
Moreover, taking into account the relative error of 5.9% with a confidence interval of 0.95,
it should be noted that for water-based antiseptics, the use of RF treatment allowed an
increase in the impregnation efficiency by 121.4%, and for oil-based antiseptics by 109.1%.
Therefore, the antiseptic impregnation depth after RF treatment more than doubled in
relation to the reference sample.
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Table 1. Determination of impregnation depth.

Impregnating Liquid
Depth of Impregnation, mm

∆σ Discrepancy, %
Reference Sample RF-Treated Sample

Water-based antiseptic 1.4 3.1 1.7 121.4
Oil-based antiseptic 1.1 2.3 1.2 109.1

The impregnation depth of the water-based antiseptic after RF treatment increased
by more than double in relation to the reference sample. For oil-based antiseptics, RF
treatment provided an increase in the impregnation efficiency by 109.1%.

Furthermore, the adhesive strength of the adhesive composition on the wood surface
was studied, as shown in Table 2. Three types of wood glue were used as adhesives: PVA-
based glue, polyurethane-based glue, and urea-formaldehyde resin. With a probability
of 0.95, RF plasma treatment improved the adhesion of glues to the wood surface by 18%
for polyurethane glue, and 31% for PVA-based adhesives. Urea-formaldehyde resin also
showed an increase in adhesive strength, by 26% compared to the reference sample. The
relative error of the studies is 6.4%. The results obtained are consistent with the studies [12].

Table 2. Comparative analysis of the adhesive strength of wood.

Adhesive
Adhesive Strength σ, MPa

∆σ Discrepancy, %
Reference Sample RF-Treated Sample

PVA-based glue 4.9 6.4 1.5 31
Polyurethane-based glue 6.7 7.9 1.2 18
Urea-formaldehyde resin 8.3 10.5 2.2 26

Figure 9 shows a diagram of the change in the strength of a laminated beam at static
bending, depending on the type of adhesive. The diagram shows that RF treatment causes
an increase in the bending strength of the laminated beam, which is explained both by
an increase in the adhesion efficiency and by partial effective impregnation of the glued
lamellae with the formation of composite wood. Taking into account measurement errors
with a probability of 0.95, it can be assumed that with the use of PVA-based glue, the
strength of laminated beams increases by 15% relative to the control sample, with the use
of polyurethane-based glue, by 8%, and with urea-formaldehyde resin, by 9%. The relative
error of the studies is 3.8%.
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The strength of laminated beams using a PVA-based glue increased by 15% compared
to the reference sample; using a PU-based glue, by 8%; and using urea-formaldehyde resin,
by 9%.

Therefore, the investigated process of RF plasma treatment of wood can be used in the
production of large-span laminated wooden structures, in order to increase their bearing
capacity while maintaining dimensional characteristics.

4. Conclusions

Our study revealed that RF plasma treatment increases the wettability of the wood
surface. The factors influencing the treatment efficiency are the power of the RF plasma
torch and the duration of treatment. The greatest effect is achieved in the first 5 min of
treatment, with a total power of 4.05 kW; a further increase in treatment duration does not
provide a significant effect.

It was found that RF plasma treatment in argon and its mixtures causes an increase in
the wettability of wood by an average of 5% compared with RF plasma treatment in air or
in a propane/nitrogen mixture.

It was found that RF plasma pretreatment of the wood surface affects the performance
of adhesion to the wood surface, increasing its surface energy values and the nature
of the adhesive interaction in the “glue–wood” system, thereby increasing the strength
characteristics of the glued products. At the same time, a significant effect on the strength
of glued products was observed when using PVA-based glue, compared to the use of
polyurethane-based adhesives and urea-formaldehyde resin.

Thus, in connection with the research results, an improved production process of
glued wooden structures is proposed, in which lamellae are treated with radiofrequency
plasma on both sides along the glued layers, which will ensure high adhesion strength.
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R.K.; validation, R.R.S. and N.G.; formal analysis, R.S.; investigation, R.R.S., R.K. and N.G.; resources,
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