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Abstract
Inadequate adhesion performance has been observed in the heartwood with high extract content, leading
to poor wood durability. To address this issue, we employed a high voltage electric �eld (HVEF) treatment
that combines activation and polarization functions to enhance the bonding strength between wood and
the coating layer. The heartwood and sapwood samples were prepared from Chinese �r lumber. Two
types of coatings were applied urea formaldehyde (UF) and polydimethylsiloxane (PDMS). The results
revealed a higher absorptivity of UF and PDMS on the sapwood compared to the heartwood, attributed to
the larger diameter of tracheids and lower extract content, resulting in lower contact angles on the
sapwood. Following the HVEF treatment, a reduction in absorptivity was observed for UF on the
heartwood, while a decrease in absorptivity was observed for PDMS on the sapwood. This disparity can
be attributed to the differential activation and polarization effects of the HVEF treatment on the two types
of coatings. The changes in absorptivity were corroborated by the mass gain rate of UF- and PDMS-
coated wood samples, with a strong positive correlation observed between the mass gain rate and
absorptivity, yielding a correlation coe�cient ≥ 79%. The HVEF treatment signi�cantly enhanced the
bonding strength of UF-coated heartwood under N-P(-) condition and PDMS-coated sapwood under N-
P(+), resulting in the highest increments of 71% and 75%, respectively. Additionally, notable variations in
chemical bonds were detected in the FTIR spectrum of UF-coated heartwood under N-P(-), indicating an
increased cross-linking extent between the heartwood and UF chemical groups.

1 Introduction
Engineered wood composites possess signi�cant advantages such as renewability, high speci�c strength,
and carbon �xation capability (Piccardo and Hughes 2022). However, wood is susceptible to degradation,
deformation, and cracking due to its natural polymeric components and exposed hydroxyl groups, which
enable water absorption or desorption in the environment (Thybring et al. 2018; Zhan et al. 2021).
Therefore, enhancing the thermal/light stability and hydrophobicity of wood is crucial for its long-term
utilization in engineering and construction. Currently, various functional coatings, such as melamine-urea
formaldehyde (MUF) resin, epoxy resins, succinic anhydride, and organic silicon polymers with
nanoparticles, are widely applied to wood using immersion, brushing, or grafting methods to protect it
from moisture and �ame (Cai et al. 2007; Wang et al. 2021a; Wang et al. 2019; Wang et al. 2020; Xu et al.
2020; Zhang et al. 2022).

Nevertheless, �ssures and debonding can easily occur when exposed to natural climatic conditions at the
interface between the coating and the wood substrate. Consequently, this leads to a deterioration in the
bonding property between the coating and the wood, compromising the protective effectiveness of the
surface coating and reducing its durability (Feist 1990). Comprehensive investigations conducted by
George (2005) have demonstrated that the protective capacity of coatings on wood depends not only on
the inherent properties of the coatings but also on the cohesive synergy established at the interface
between the wood and the coating. Previous studies have explored various methods to enhance the
bonding strength between the wood surface and the coating layer, including increasing the wood surface
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roughness, employing silane coupling agents, and conducting plasma treatments. VitosytĖ et al. (2012)
reported that increasing the wood surface roughness effectively enhances the mechanical interlocking
area between the coating and the wood, thereby improving the bonding strength by 20–34%. Other
studies have shown that utilizing methods such as radio frequency oxygen or atmospheric pressure
dielectric barrier discharge (DBD) plasma treatment increases the presence of free radicals and polar
functional groups on poplar veneer surfaces, modi�es the surface morphology, and enhances the surface
roughness. Consequently, the bonding strength of plywood improved by 15% and 40%, respectively (Chen
et al. 2016; Tang et al. 2015). Denes and Young (1999) employed plasma treatment to enhance the
adhesion between PDMS coatings and substrates, and the results indicated that plasma-treated coating
samples exhibited lower mass loss and reduced degradation compared to untreated materials after two
weeks of weathering, effectively improving the weather resistance of wood. Liu et al. (2020) modi�ed the
surface of birch wood using silane coupling agents and investigated the bonding strength between the
modi�ed wood surface and the coating. The results demonstrated a signi�cant increase in the bonding
strength of samples treated with three different silane coupling agents, with improvements of 354.62%,
316.92%, and 44.62%, respectively (Chen et al. 2017; Duan et al. 2022; Konnerth et al. 2014; Kwon et al.
2014).

However, previous research has indicated that a high content of extracted substances negatively affects
the bonding strength between the wood and the coating (Acda et al. 2012). During the transition from
sapwood to heartwood, minimal changes occur in the composition of cell walls, but heartwood
accumulates more extractives within the cell walls, leading to a darker color (Cao et al. 2020; Li et al.
2019; Song et al. 2014; Yang et al. 2021). A study conducted by Kaygin and Tankut (2008) demonstrated
the correlation between adhesive bonding strength and the chemical composition of sapwood and
heartwood. Compared to sapwood, excessive extractives in heartwood alter the adhesive's pH value,
impeding its curing process and resulting in decreased bonding strength. Nussbaum and Sterley (2002)
investigated the in�uence of wood extractive content on adhesive bonding strength and found that as the
extractive content increases, the bonding strength of specimens exposed to boiling water signi�cantly
decreases. Additionally, sapwood exhibits greater pore volume and speci�c surface area compared to
heartwood (Cao et al. 2020; Yang et al. 2021). The total pore volumes of sapwood's earlywood and
latewood are 0.0046 cm3/g and 0.0030 cm3/g, respectively, while in heartwood, they are 0.0039 cm3/g
and 0.0024 cm3/g, respectively, representing a reduction of 15% and 20%. These pore structures also
in�uence the bonding strength between heartwood, sapwood, and the coating (Kaygin and Tankut 2008;
Li et al. 2021; Nussbaum and Sterley 2002; Yin et al. 2015). Furthermore, certain coating agents with
chemical inertness, non-polarity, and low surface energy, such as PDMS and modi�ed organic silicon,
have a more detrimental effect on the bonding property of heartwood (Jin et al. 2012).

Based on prior research, the activation effect of electric �elds enhances the surface activity of materials,
intensi�es crosslinking reactions, and improves the bonding strength of composites. Studies have
demonstrated that electric �elds can activate adhesives and adhered components, redistributing charges
in the functional groups of the adhesive composition. Simultaneously, the polarization effect of the
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electric �eld regulates diffusion and migration processes, promoting chemical reactions at the bonding
interphase. This leads to an increase in bonding strength by 15–90% (Akram Bhuiyan et al. 2020).
Galikhanov et al. employed a constant direct current electric �eld treatment method to prepare UF
plywood. Under the polarization effect, the surface free energy of the adhesive increased, and the
thickness expansion rate of the board signi�cantly decreased, resulting in elevated bonding strength
(Galikhanov et al. 2020; Galikhanov et al. 2018). Similarly, Popov et al. subjected wood-based composite
materials to the combined action of direct current electric �elds and ultrasound �elds. The �ndings
demonstrated a signi�cant decrease in the viscosity and wetting properties of urea-formaldehyde resin on
the wood surface under the in�uence of physical �elds, resulting in a remarkable 196% increase in the
bonding strength of the composite materials (Popov et al. 2020). Zamilova et al. (2017) conducted
research showing that electric �elds induce changes in the structure of the adhesive polymer matrix,
leading to the formation of new molecular bonds through macromolecular crosslinking, thereby
increasing plywood bonding strength by 135%. When subjected to high-voltage electric �elds (> 1 kV),
electron excitation in the excited state facilitates the aggregation of more active functional groups on the
material surface, thereby promoting an increase in surface free energy. Previous studies have revealed
that high-voltage electric �eld treatment signi�cantly enhances the reactivity of the wood surface and
adhesive components, resulting in a continuous, uniform, and dense distribution of adhesive at the
bonding interface of wood-based composite materials. Consequently, the density and bonding strength of
the bonding interface are greatly improved (He et al. 2019a; He et al. 2019b, 2019c; He et al. 2020). Thus,
the high-voltage electric �eld treatment method could be employed to enhance the reactivity and
crosslinking degree of coatings, thereby strengthening the bonding strength between the coating and
wood. However, there is a limited number of studies focusing on the bonding performance of heartwood
materials with high extractive content and different coatings, especially for low surface energy polymers,
under HVEF treatment.

In this study, Chinese �r sapwood and heartwood samples with two types of coatings, UF and PDMS,
were selected to investigate their bonding strength under HVEF treatment. The diameter distribution of
pores and chemical components in the heartwood and sapwood samples were measured. Additionally,
the characteristics of UF and PDMS under HVEF treatment were examined. The wetting behavior,
including contact angles and absorptivity, of the two coatings on Chinese �r heartwood and sapwood
were explored and compared. Furthermore, the mass gain rate and tensile bonding strength of the two
coatings with heartwood and sapwood were tested and compared. The chemical reactions of wood with
coating chemical bonds were investigated using FTIR measurements.

2 Materials and methods

2.1 Materials
Samples of heartwood and sapwood were selected from Chinese �r (Cunninghamia lanceolata) without
any visible defects, originating from the same lumber source. The samples were cut to dimensions of 30
mm (radial) × 30 mm (tangential) × 15 mm (longitudinal, thickness) and subjected to a 24-hour drying
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process under vacuum conditions at 103°C. Subsequently, the samples were sealed and stored in a room
with a temperature of 25°C and a relative humidity of 65% for two weeks, resulting in a moisture content
of 10 ± 2%.

To prepare the urea-formaldehyde (UF) adhesive, UF powder (99 wt%, Qingjun Co. Ltd., Hebei, P.R. China)
was mixed with distilled water at a ratio of 2:1. The curing agent, ammonium chloride, was added to the
UF powder at a mass dosage of 1%. The viscosity of the UF adhesive was measured as 164.53 MPa·s,
and the mole ratio was 1.2:1. Polydimethylsiloxane (PDMS, CAS: 63148–62–9, DowCorning, USA) was
used along with its curing agent (Octamethylcyclotetrasiloxane, CAS: 556–67–2) in a mass ratio of 10:1.
The viscosity of the PDMS was determined as 5500 MPa·s.

2.2 Distribution of pore size and chemical components
measurements
The heartwood and sapwood samples were carefully selected and cut into dimensions of 5 mm × 5 mm
× 5 mm for scanning electron microscope (SEM) analysis. Subsequently, the micrographs of the wood
cross-sections were processed using Image Pro Plus (IPP) software to determine the pore diameter of
wood tracheids and the double thickness of the cell wall. The distribution of pore diameter was analyzed
using OriginLab 9.0.

For further analysis, the heartwood and sapwood samples were milled, and the resulting powder was
subjected to extraction using a toluene/ethanol solvent mixture (2/1 by volume) for 6 h. The extracted
powder was then utilized to measure the lignin, cellulose, and hemicellulose contents following the
standardized TAPPI method T222 om-02 and NREL/TP-510–42618 ~ c42622.

2.3 Viscosity, pH and zeta potential measurements for test
liquids
The UF and PDMS samples, whether uncharged or charged with positive or negative charge (+/-), were
placed in a Te�on beaker and subjected to the high voltage electric �eld (HVEF) treatment using two plate
electrodes for a duration of 4 min under a voltage of 60 kV. Two HVEF treatment directions were
employed: P-N and N-P (where P plate was connected to the ground, and N plate was connected to the
negative high voltage generator). Therefore, a total of six HVEF conditions were studied: P-N, P-N(-), P-
N(+), N-P, N-P(-), and N-P(+). Following the HVEF treatment, the viscosity of UF and PDMS was measured
using a viscometer (NDJ-5S, Lichen, P.R. China). Their pH and zeta potential values were obtained using a
multi-parameter analysis device (DZS-706, INESA, P.R. China). The HVEF treatment method employed in
this study was similar to that described in a previous reference (He et al. 2023).

2.4 Wettability measurement and mass gain rate
A droplet of UF or PDMS was carefully dispensed onto the cross-section of sapwood and heartwood
using a syringe, with a controlled speed of 0.05 mL/1s. The contact angle of the test liquid, with or
without the HVEF treatment, was recorded using a high-speed microscope. Additionally, the absorptivity
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of the test liquid on the wood surface was measured according to the wetting model (Wang et al. 2015).
This wettability measurement was conducted following a similar approach as described in a previous
reference (He et al. 2023).

Twenty specimens, including ten heartwood and ten sapwood samples, with dimensions of 50 mm
(width) × 50 mm (length) × 5 mm (height), were submerged together in 500 g of PDMS mixed with the
curing agent (10/1, by volume) in one beaker. Another set of twenty specimens was submerged in 500 g
of UF resin in a separate beaker. Subsequently, both beakers were subjected to the HVEF treatment with a
voltage of 60 kV for a duration of 1 h at 23°C. After the HVEF treatment, the soaked specimens were
removed from the beakers. The PDMS-coated specimens were then cured at 23°C for 24 h, while the UF-
coated specimens were cured at 120°C for 30 min. The mass gain rate (%) was calculated using the
following formula:

where the mcured is the mass of cured specimens, the m0 is the mass of wood sample without any
treatment.

2.5 Tensile bonding strength
The two cross sections of the specimens coated with PDMS or UF layer were bonded to the surface of the
tensile �xture using hot melt adhesive (Fig. 1). The tensile bonding strength between PDMS (or UF) and
wood was measured using a universal mechanical testing machine (WDW-100, Changchun Machinery
Co., Ltd., China) at a loading speed of 1 mm/min.

2.6 Fourier transform infrared spectroscopy (FTIR)
measurement
In this study, a Fourier transform infrared spectroscopy device equipped with attenuated total re�ection
(ATR-FTIR, PerkinElmer Co. Ltd.) was used to record the spectra of the pristine wood, UF, PDMS, UF-
coated wood, and PDMS-coated wood samples. The scanning range for the spectra was from 400 to
4000 cm–1.

3 Results and discussion

3.1 Main characteristics of sapwood, heartwood and
coating
The wetting behavior of the coating on the wood substrate is signi�cantly in�uenced by the chemical
components and anatomical characteristics of the wood. Chinese �r, for instance, exhibits distinct
chemical components and microstructure differences between its heartwood and sapwood, which are
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prominent macro-characteristics of wood (Okuno et al. 2009). These chemical and anatomical properties
have a substantial impact on the coating's chemical reaction and wettability. As indicated in Table 1,
heartwood and sapwood display similar contents of cellulose, hemicellulose, and lignin, while heartwood
exhibits a higher extract content of 5.42%. Previous related references have also reported varying extract
contents depending on the extraction method. The presence of extracts is attributed to the formation of
phenolic compounds during tree growth, which are deposited in the cell wall matrix and pore structure,
giving Chinese �r heartwood its darker color (Cao et al. 2020; Yang et al. 2021).

Table 1
Chemical components for Chinese �r heartwood and sapwood

  Cellulose Lignin Hemi-

cellulose

Extract Reference

Heartwood 51.98% 32.65% 23.39% 4.14–5.26%

(benzene–ethanol)

[34]

45.5% 32.4% 25.7% 0.51%

(Lipophilic )

[35]

40.15% 33.96% 20.32% / [36]

43.22% 33.42% 24.53% 5.42% for this study

Sapwood 48.62% 33% 23.1% 1.42–1.71%

(benzene–ethanol)

[34]

47.1% 30.9% 24.3% 0.88%

(Lipophilic)

[35]

43.43% 34.16% 19.86% / [36]

44.56% 32.44% 23.45% 2.16% for this study

Furthermore, a comparison of pore sizes was conducted between the cross-sections of Chinese �r
heartwood and sapwood. As shown in Fig. 2, sapwood has larger pore sizes in the tracheid structure
compared to heartwood, as observed from the micrographs and the measured pore diameter distribution.
While the majority of pore diameters range from 0 to 10 µm, tracheids with diameters greater than 20 µm
still play a signi�cant role in liquid penetration into wood (Singh et al. 2015). In the case of heartwood
(Fig. 2a and 2b), the pore diameter is mainly distributed below 65 µm. Additionally, in the latewood region
of heartwood, a higher number of tracheids with diameters ranging from 20 to 45 µm are observed, while
a lower number falls within the range of 45 to 65 µm compared to the earlywood. In the sapwood (Fig. 2c
and 2d), larger tracheid diameters ranging from 70 to 100 µm are found in the earlywood region, while
diameters below 70 µm are observed in the latewood. Reference sources report that tracheid diameters in
Chinese �r typically range from 20 to 70 µm, varying based on tree growth (Duan et al. 2016).
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Furthermore, the cell wall thickness of Chinese �r measures between 5 and 8 µm, with thicker walls
observed in the latewood of the heartwood region (Wang et al. 2021b).

In contrast, the HVEF treatment can affect the characteristics of the coating, and thus the viscosity, zeta
potential, and pH of UF and PDMS were measured under different electric �eld conditions. Figure 3
illustrates that PDMS exhibits higher viscosity and zeta potential values compared to UF in the control
condition. After the HVEF treatment, PDMS displays increased viscosity under the N-P condition, while UF
shows higher viscosity when subjected to the opposite direction of the HVEF. Regarding zeta potential, UF
resin exhibits a negative value with a signi�cant decrease, particularly under the N-P(+) condition.
Conversely, PDMS shows an increased positive zeta potential under various HVEF conditions.
Additionally, UF samples do not exhibit signi�cant changes in pH, whereas PDMS samples experience
signi�cant decreases under different conditions except for the P-N(+) condition. These results can be
attributed to the activation of charges, functional groups, and electric dipole moments under the electric
�eld, leading to chemical bond recombination and changes in molecular alignment (Andrade and Dodd
1939; Okuno et al. 2009). The contrasting behavior between UF and PDMS arises from differences in the
activation and polarization extents of their chemical groups and variations in molecular structure during
the HVEF treatment (Deng et al. 2014; Zhu et al. 2013).

3.2 Wettability of different coatings on Chinese �r under the
HVEF treatment
The wetting behavior of HVEF-treated UF and PDMS coatings on Chinese �r can be signi�cantly
in�uenced by their varied viscosity, zeta potential, and pH values. Droplets of UF or PDMS were applied to
the cross-sections of Chinese �r sapwood and heartwood under the HVEF treatment. The contact angle of
UF and PDMS was recorded at different wetting durations, and �tting curves were established to depict
the wetting process over a duration of 200 s. Using the wetting model, the decrease rate (Kθ) was
calculated based on the �tting curve of contact angle with wetting duration (Fig. 4 and Fig. 5). The
absorptivity of the coatings on the heartwood and sapwood was determined from the �tting curve of
contact angle with wetting duration, and the increase rates (Ka) were obtained from the �tting curve of
absorptivity with wetting duration (Fig. 6 and Fig. 7).

Figures 4 to 7 demonstrate that, in the control condition, UF and PDMS coatings exhibited lower initial
contact angle (CAinitial) and equilibrium contact angle (CAequilibrium, CAs) and higher absorptivity on
sapwood compared to heartwood, with higher Kθ values. This result can be attributed to the larger
tracheid diameter and lower extract content in sapwood compared to heartwood. After the HVEF
treatment, Fig. 4a shows that for heartwood, UF coatings exhibited lower CAs under the P-N, P-N(-), P-N(+),
and N-P conditions, with increased Kθ values for P-N and P-N(-), while higher CAs were observed under N-
P(-) and N-P(+). Similarly, the wetting behavior of UF on sapwood varied under the HVEF treatment.
Compared to the control, lower CAs were observed for various conditions, with decreased Kθ values
except for P-N(+) and N-P(-) (Fig. 4b).
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Regarding the low surface energy and nonpolar nature of PDMS coatings, as shown in Fig. 5 and Fig. 7,
higher CAs with higher Kθ values and lower absorptivity of PDMS on Chinese �r were observed in the
control condition compared to UF samples. This can be attributed to the higher viscosity of PDMS, as
shown in Fig. 3. Additionally, lower CAequilibrium of PDMS was observed on sapwood compared to
heartwood, which aligns with the variations observed in UF CAs. After the HVEF treatment, no signi�cant
changes in CAs on heartwood were observed for different conditions, except for N-P(-), which showed a
signi�cant change in Kθ (Fig. 5a). Moreover, for sapwood, a decrease in CAinitial was observed, but no
signi�cant variation in CAequilibrium was found for each condition (Fig. 5b). Consistent with previous
studies, it is noted that the electric �eld does not greatly in�uence the wetting behavior of nonpolar
coatings unless speci�c voltage conditions of HVEF treatment are selected (Vancauwenberghe et al.
2013).

Moreover, as depicted in Fig. 6, the absorptivity of UF and PDMS coatings on heartwood and sapwood
was calculated and compared. In the control condition, UF exhibited higher absorptivity of 82% on
sapwood with higher Kθ values compared to heartwood, which was attributed to the lower CAs of UF on
sapwood. Compared to the control, decreased absorptivity of UF on heartwood was observed under the P-
N(+), N-P, N-P(-), and N-P(+) conditions, with decreased Ka values (Fig. 6a). This result can be attributed to
the higher CAs or lower Kθ values obtained after the HVEF treatment, as shown in Fig. 4(a). As for
sapwood (Fig. 6b), higher absorptivity of UF was found, especially under the P-N and P-N(+) conditions,
which can be attributed to the lower CAequilibrium observed in Fig. 4(b).

Furthermore, for PDMS (Fig. 7), higher absorptivity of 76% was observed on sapwood compared to
heartwood. These results were due to the higher CAequilibrium of PDMS on heartwood. Under the HVEF
treatment, no signi�cant changes in absorptivity were observed for PDMS on Chinese �r under various
HVEF treatments, except for N-P(+) on heartwood and N-P(+) and N-P(-) on sapwood. This can be
attributed to the absence of signi�cant variations in CAequilibrium observed under the aforementioned
conditions, as shown in Fig. 5. Notably, an increase in absorptivity of PDMS on heartwood was observed
under N-P(+), while decreases on sapwood were observed under N-P(+) and N-P(-). This could be
attributed to the elongation of PDMS droplets and their shape retention during the HVEF treatment, with
no signi�cant changes in CAs but changes in permeability into the wood (Miksis 1981).

This study also revealed distinct differences in wettability between UF and PDMS on Chinese �r, which
can be attributed to the different activation and polarization extents during the HVEF treatment, as
demonstrated in Fig. 3. However, no signi�cant relationships were observed between the wetting behavior
and physical characteristics of the coatings shown in Fig. 3. This could be due to the unstable
performance of liquid coatings after the HVEF treatment, which exhibits higher extents of activation and
polarization.

3.3 Mass gain rate and tensile bonding strength
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To validate the results of absorptivity, further investigation of the mass gain rate was conducted on wood
samples immersed in the coatings. As depicted in Fig. 8, the control condition showed higher mass gain
rates for sapwood samples compared to heartwood, attributed to the better wettability of sapwood with a
larger pore diameter distribution. For the HVEF-treated wood samples, lower mass gain rates of
approximately 22% were observed for heartwood. Notably, higher mass gain rates of 44% and 43% were
observed for sapwood samples, particularly under the P-N and P-N(+) conditions (Fig. 8a). Positive
relationships between mass gain rate and absorptivity were also established, with the correlation
coe�cent (R2) values of 86% and 81% for heartwood and sapwood, respectively (Fig. 8c). Similar trends
were observed for PDMS, with R2 values of 79% and 86% for heartwood and sapwood, respectively
(Fig. 8d). The highest increase in PDMS mass gain rate for heartwood was observed under the N-P(+)
condition, while decreases were observed for sapwood under N-P(-) and N-P(+) (Fig. 8b). These results
indicate a strong agreement between the mass gain rate of UF and the variations in absorptivity.

The bonding strength between the coating layer and the wood cross-section surface was also measured
for heartwood and sapwood samples. As shown in Fig. 9, UF-coated wood samples exhibited higher
bonding strength compared to PDMS-coated wood samples, attributed to the formation of more polar
chemical bonds and higher cross-linking extent. After the HVEF treatment, both UF- and PDMS-coated
wood samples showed increased bonding strength. Particularly, the highest increment of 71% was
observed for UF-coated heartwood samples under the N-P(-) condition. This enhancement in bonding
strength aligns with previous studies, attributed to the activation and triggering of chemical groups under
the HVEF treatment, providing more reaction sites for UF crosslinking with wood and resulting in lower
absorptivity of UF at the bonding interphase (He et al. 2019a). In the case of sapwood, the increment
ranged from 7–34% under the HVEF treatment (Fig. 9a). This can be attributed to the larger pore diameter
observed in sapwood, which negatively affects the crosslinking reaction between UF and wood under the
HVEF treatment, as demonstrated in previous studies (He et al. 2019c). Furthermore, the correlation
between absorptivity and bonding strength was established. As expected, a signi�cant R2 value of 81%
was obtained for heartwood, indicating a strong relationship between bonding strength and absorptivity
(Fig. 9c). However, no noticeable relationship was observed for sapwood samples. In the case of PDMS-
coated wood samples (Fig. 9b), the highest increment of 75% was found for PDMS-coated sapwood
samples under the N-P(+) conditions, while no signi�cant variation was observed for the heartwood
samples. This result can be attributed to the lower absorptivity of PDMS on sapwood and the higher
cross-linking extent between PDMS and sapwood. Moreover, a negative relationship with an R2 value of
90% was observed between bonding strength and absorptivity for sapwood (Fig. 9d), indicating that
higher absorptivity resulted in lower bonding strength.

Furthermore, FTIR spectroscopy was employed to investigate the chemical bonds formed between UF or
PDMS and wood functional groups under the HVEF treatment. The chemical structures of untreated
wood, UF-coated wood, and PDMS-coated wood were compared (Fig. 10). For untreated UF resin, the
peak at 3297 cm–1 was assigned to N-H stretching of primary aliphatic amines. Another strong
absorption band at 1633 cm–1 was attributed to the C = O stretching vibration involved in amide I and II.
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The overlapped bands at 1508–1548 cm–1 were attributed to C–H stretching vibrations. The small peak
at 1439 cm–1 may be attributed to C–H bending vibrations of –CH2 and –CH3 groups. The weak

absorption band around 1381 cm–1 may be ascribed to C–H stretching in CH2OH. The absorption band

at 1013 cm–1 was assigned to N–CH2-N asymmetric stretching vibrations (Samaržija-Jovanović et al.

2016). In untreated wood, the absorption band at 3341 cm–1 originated from O–H stretching vibrations.
The peak at 2893 cm–1 was attributed to –CH stretching vibrations. The bonds at 1731 cm–1 and 1656
cm–1 were assigned to C = O stretching and –OH bending vibrations. The smaller bonds in the region of
1017 cm–1 were attributed to C–O stretching vibrations, and the band at 1596 cm–1 was assigned to the
C = O stretching vibration of aromatic compounds resulting from accumulated extractives in the cell
walls. The band at 1261 cm–1 was attributed to C–O–C stretching vibration, and the band at 1424 cm–1

was ascribed to C-C benzene ring skeleton vibration and C–H stretching vibration (Samaržija-Jovanović
et al. 2016; Xiao et al. 2023).

Compared to the pristine wood, an increased absorption bond at 1633 cm–1 attributed to C = O
involvement in UF was observed, while decreased bonds at 1731, 3341, 2893, and 1017 cm–1 were found
for UF-coated heartwood, corresponding to wood chemical groups. These results indicate that a chemical
reaction occurred and bonds formed between UF and wood chemical components. Signi�cant variations
in the above bonds were observed after HVEF treatment in the spectrum of UF-coated heartwood,
suggesting a higher cross-linking extent between wood and UF chemical groups. Additionally, there was a
noticeable increase in the intensity of UF absorption bonds, which correlated with the decreased
absorptivity of UF on the wood substrate (Fig. 10a). In the spectrum of sapwood sample, lower intensity
at the band of 1596 cm–1 and higher intensity at the bands of 3341, 2893, and 1013 cm–1 were found
compared to heartwood, indicating lower extractive content in sapwood (Song et al. 2014) (Fig. 10b).
While a similar chemical structure was observed for UF-coated sapwood compared to UF-coated
heartwood, lower band intensity was observed after HVEF treatment. This could explain the higher
increment in bonding strength for UF-coated heartwood (71%) compared to sapwood (34%).

Moreover, the infrared spectrum of PDMS is shown in Fig. 10c and 10d. The asymmetric contraction peak
of the C–H band appeared at 2966 cm− 1. The absorption bands at 1411 cm–1 and 1257 cm–1 were
assigned to the Si–CH3 group. The typical bands at 866 cm–1 and 785 cm–1 corresponded to

symmetrical stretching vibrations. The band at 1005 cm–1 represented the asymmetric stretching
vibration of the Si-O-Si framework (Xiao et al. 2023). In the spectrum of PDMS-coated wood, the bands at
2966, 1411, 1257, and 1005 cm–1 associated with PDMS covered the bands of 2893, 1424, 1261, and
1017 cm–1 attributed to wood components, indicating the formation of effective combination bonds
between PDMS and wood functional groups. After HVEF treatment, higher intensity of the
aforementioned chemical bands was observed in PDMS-coated sapwood samples, while no signi�cant
variation in the bands was observed for PDMS-coated heartwood. This suggests a greater occurrence of
cross-linked reactions between PDMS and sapwood chemical groups, which aligns with the decreased
absorptivity of PDMS on the sapwood surface. The decreased absorptivity of UF and PDMS, along with
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their higher cross-linking extent with wood, contributes to the enhancement mechanism of bonding
strength under HVEF treatment.

4 Conclusions
The application of HVEF treatment has a positive impact on the bonding strength between the heartwood
and the UF coating layer under the N-P(-) condition. This can be attributed to the decreased absorptivity
of the coating on the heartwood and a higher degree of cross-linking between their chemical bonds.
Furthermore, a signi�cant correlation between the absorptivity of UF on heartwood and its bonding
strength was observed with an R2 value of 81%. However, the HVEF treatment did not have a signi�cant
effect on the bonding strength of PDMS-coated heartwood samples.

Regarding the wettability of coatings on Chinese �r, the higher absorptivity of both UF and PDMS was
found on sapwood compared to heartwood. This can be attributed to the larger diameter of tracheids and
lower extract content, resulting in lower CAs on the sapwood surface. After the HVEF treatment, the
absorptivity of UF decreased on the heartwood, while the absorptivity of PDMS decreased on the
sapwood. The differing results in wettability between UF and PDMS can be attributed to the different
degrees of activation and polarization during the HVEF treatment. This study contributes to the
understanding of improving wood bonding strength with different coatings and enhancing wood
durability.
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Figures

Figure 1

The diagram for the tensile bonding strength of coating layer with wood cross section surface.
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Figure 2

The pore diameter distribution of Chinese �r (a) heartwood latewood, (b) earlywood, (c) sapwood
latewood and (d) earlywood, respectively. LW: latewood, EW: earlywood.
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Figure 3

The characteristics of UF and PDMS coatings treated after the HVEF treatment and compared with the
control including (a) viscosity, (b) zeta potential and (c) pH.
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Figure 4

The contact angle of UF on Chinese �r (a) heartwood and (b) sapwood depending on the wetting duration
under the HVEF treatment compared with the control.
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Figure 5

The contact angle of PDMS on Chinese �r (a) heartwood and (b) sapwood depending on the wetting
duration under the HVEF treatment compared with the control.
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Figure 6

The absorptivity of UF on Chinese �r (a) heartwood and (b) sapwood depending on the wetting duration
under the HVEF treatment compared with the control.



Page 23/26

Figure 7

The absorptivity of PDMS on Chinese �r (a) heartwood and (b) sapwood depending on the wetting
duration under the HVEF treatment compared with the control.
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Figure 8

The mass gain rate of (a) UF- and (b) PDMS-coated wood samples, respectively under the HVEF
treatment with the comparison of the control and its relationship with the absorptivity of (c) UF and (d)
PDMS on Chinese �r, respectively.
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Figure 9

The bonding strength of (a) UF and (b) PDMS coating layer with Chinese �r, respectively under the HVEF
treatment with the comparison of the control and its relationship with the absorptivity of (c) UF and (d)
PDMS on Chinese �r, respectively.
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Figure 10

The FTIR spectra for (a) UF-coated heartwood, (b) UF-coated sapwood samples under N-P(-) condition
and the spectra for (c) PDMS-coated heartwood, (d) PDMS-coated sapwood samples under N-P(+)
condition compared with the untreated samples.


