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ABSTRACT

In this study, the effects of three different particle sizes of wood wastes (A = –8 + 12 mesh; B = –12 + 20 mesh;
C = –20 + 30 mesh) and factory shavings (D) on the properties of particleboard were investigated. According to
the test results, three-layer particleboard was designed. Particleboard face layers made with mixture of A, B, and
C. The core layer made with D. The ratio of core layer to face layers is 50:50. Three-layer particleboard were fab-
ricated with 12% urea-formaldehyde (UF) resins and three different high voltage electrostatic field intensities
(0 kv, 30 kv, 60 kv). The internal bond (IB) strength, modulus of rupture (MOR), modulus of elasticity
(MOE), thickness swelling (TS), and water absorption (WA) of particleboard were evaluated. The density distri-
bution of the three-layer particleboard were examined by vertical density profiles (VDP), and the bonding
mechanism and functional groups changes in the particles were analyzed by FTIR analysis. The results showed
that HVEF treatment intensity play a remarkable role in properties of particleboard. The particleboard with higher elec-
trostatic field intensities treatment has higher MOE, MOR, IB, and TS. Under HVEF treatment (60 kv), the MOR,
modulus of MOE, and IB of three-layer particleboard were 23.61 N/mm2, 2787.09 N/mm2, and 0.86 N/mm2, respec-
tively. FTIR indicated that the surface activity of wood particles was increased electric field treatment.
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1 Introduction

As the three basic building materials, Wood products are easy to be processed into different shapes and
sizes of materials, widely applied in furniture, decoration and construction industries. In recent years, timber
resources are increasingly scarce, and timber supply and demand are contradictory. The efficient use of wood
pellets can minimize production costs and reduce the adverse environmental impact of waste [1].

Particleboard manufactured from wood particles or other wood fiber material scraps and synthetic
adhesives can be extensively used in buildings, furniture and cabinets. It can convert relatively useless,
small-sized, or low-grade wood particles into useful large boards [2–3].

The mechanical, physical, and surface properties of particleboard are important indicators for evaluating
its quality [4]. The development of particleboard mechanical properties depends on the type and amount of
adhesive and additives, the temperature of hot pressing, the type of raw materials used, the geometry (size
and shape) of the wood particles, and process parameters.
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The geometry structure of wood particle has a significant effect on the properties of particleboard [5]. Long
and thin particles have a bigger surface, which provides a larger contact area for the connection between the
adhesives and the particles [6]. Small and thin particles with small volume can fill the voids in particleboard,
increase the connection between particles and affect the strength of particleboard [7]. The internal bond
strength of particleboard with larger sized particles in the core layer is higher than that of particleboard with
smaller sized particles in the core layer [8−10]. Thus, in the case of rational use of different particle sizes and
factory shavings, we need to redesign the structure of particleboard to meet the requirements of daily use. The
typical cross-section feature of particleboard is a layered structure, surface layer is composed of finer and
smaller micro particles, and the core layer is composed of coarser and larger particles.

Studies have shown that the high voltage electrostatic field (HVEF) has a positive impact on the surface
properties of many materials, and it is applied to the processing and preparation of materials [11−13]. Kilic
et al. [14] tested the surface potential of the fiber material under the electric field, and the results showed that
the surface free energy of the fiber material increased after the electric field treatment. Qian et al. [15−17]
tested the influence of electric field intensity on material bonding under low voltage electric field, and found
that the bonding strength increases with increased electric field intensity within a certain range. After electric
field treatment, with the increase of treatment degree, the wettability of wood increased, and the adhesive
property of the treated wood increased rapidly [18]. The wettability helps to establish a wide range of
molecular connections with the wood surface, which is essential for forming strong adhesion at the adhesive-
wood interface [19]. When the material is treated by the electric field, the ionization degree in the air
increases significantly, resulting in a large number of free charges on the surface of the material, which can
significantly improve the surface potential and conductivity of the material [20]. After HVEF treatment,
reactions between wood and resin were increased, and electrostatic effects enhanced the bond strength
between some water-based adhesives and wood [21]. With the increase of oxidizing groups on the wood
surface, the degree of polarization and oxidation on the wood surface increased significantly [22]. So far, the
effect of HVEF treatment is limited to the surface of solid wood, and the effect of wood particles is still unclear.

This paper was to study the effect of HVEF treatment on the properties of the particleboard. In the first
step, particleboard was manufactured by wood particles of different sizes (A, B, C) and shavings (D),
modulus of rupture (MOR), modulus of elasticity (MOE), internal bond (IB) values were tested. In the
second step, the MOE of particleboard with different mixture ratios was predicted by using obtained data.
In the third step, according to the predicted results, three-layer particleboard was designed. In the fourth
step, the effect of HVEF treatment intensities (0 kv, 30 kv, 60 kv) on the important physical properties
and mechanical properties of the particleboard was studied.

2 Materials and Method

2.1 Materials
The wood particles are sourced from the factory, and the particles obtained were classified using a

vibrating machine and sieves of 8 mesh (2.36 mm), 12 mesh (1.70 mm), 20 mesh (0.850 mm), 30 mesh
(0.60 mm). Classified into three sizes (A = –8 + 12 mesh; B = –12 + 20 mesh; C = –20 + 30 mesh).
Shavings (D = 3 mm−9 mm) come from a furniture factory. The shavings and particles were dried in a
blast drying oven at a drying temperature of 103°C to reduce the moisture content of the wood particles
to less than 5%. Urea-formaldehyde (UF) adhesive solid content was 50%, with a formaldehyde/urea
(F/U) ratio of 1.4, and viscosity of UF 0.37 Pa.s. Ammonium chloride (0.5%) was added to the resin as a
curing agent. No water-repellent chemicals are added to the particleboard.

2.2 High-Voltage Electric Field Treatment
The manufacturing steps of HVEF treated particleboard are shown in Fig. 1. Particleboard is placed

between two steel plates inside the hot-press machine. The upper steel plate is connected with the
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negative pole of the electric field generator, and the steel plate below the sample is connected with the ground
to form a high-voltage electric field between the two steel plates. Place the entire assembly in a hot-press
machine and maintain temperature of 160°C. The knob can adjust the voltage on the electrostatic
generator. The voltages of 0 kV (10 min), 30 kV (10 min), and 60 kV (10 min) were selected, and the
hot pressing and high-voltage electric field treatments were performed simultaneously. After the treatment
time was reached, the electric field treatment was stopped, and the entire hot press time was 8 min, and
each case was repeated 3 times.

2.3 Uniform Density Particleboard Preparation
The particleboard with dimensions of 400 mm × 400 mm × 10 mm (length × width × height). The

particles/shavings were placed in a blender and sprayed with the 12% resin adhesive. Particles with
adhesive was taken to a mold with 400 mm × 400 mm × 10 mm. The particles were pre-pressed before
hot pressing to consolidate the loose particle. Particleboard were pressed under 2.5 N/mm2 pressure, at
160°C, for 8 min, the target density of the particleboard design was 700 kg/m3.

Twelve types of particleboards, with a total of 36 particleboards, were fabricated (Tab. 1). The properties
of the composite panels were determined by methods specified in Section 2.5.

2.4 Design and Preparation of Three-Layer Particleboard
The composite modulus assumption for the particleboard specimens is only affected by the physical and

mechanical properties of the selected wood, resin, and air. The distribution of elastic constants and strength
index parameters along the main axis of the thickness direction depends on the properties of the wood, the
properties of the adhesive, and the penetration distribution of the adhesive at the interface form. The specific
factors include: 1) The elastic modulus of wood particles, 2) The elastic modulus of resin, 3) The geometry
shape of the particles 4) The shear modulus of wood particles. The effects of the vertical density gradient,
uniformity, and resin compatibility were not considered in the model. Adhesives are idealized non-void
matrix materials, and the stress-strain relationship can be calculated using a continuous function.

Figure 1: Schematic diagram of hot pressing of particleboard with high voltage electric field
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The relationship between the material stiffnessQij in the principal direction and the elastic constant is:

Qij
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The volume fraction of each component is of great significance to the application of the
micromechanical compound theory. The volume of the resin cannot be measured directly. The volume
fraction of the resin is calculated by dividing the volume of the resin by the target volume of each
manufactured panel. Assume that the resin does not penetrate into the wood chips.

m ¼ mb þ ma ¼ qbVb þ qaVa (2)

va ¼ Va

V
(3)

vb ¼ Vb

V
(4)

m is quality of particleboard, V is the volume of the particleboard, va is the volume fraction of the adhesive
and wood particles in the particleboard, qb, Vb are the density and volume of the wood particles in the
particleboard, qa, Va are the density and volume of the adhesive in the particleboard.

According to the laminated plate theory [23−25] and MALTAB calculation method, the stiffness
coefficient matrix Dij is obtained. Thus, the MOE of particleboard can be predicted.

Table 1: Uniform density particleboards experimental design

Particleboard types Particle size (mesh) Shavings Intensity (kv)

-8 + 12 -12 + 20 -20 + 30

A1 100% 0

B1 100% 0

C1 100% 0

D1 100% 0

A2 100% 30

B2 100% 30

C2 100% 30

D2 100% 30

A3 100% 60

B3 100% 60

C3 100% 60

D3 100% 60
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E ¼ 12Dij

t3
(6)

Dij is the bending stiffness matrix of the board; Qij is the shrinkage stiffness matrix of the particleboard; zk is
the coordinate of the wood particle along the z-axis direction at k; t is the thickness of the particleboards.

After analyzing the results of the uniform density particleboards and the prediction results of MOE,
three-layer boards were designed. The Ratio was chosen based on the estimation values of MOE, the
surface thickness to a core thickness of 50:50. The ratio of the mixture of A, B, C were 40:40:20. The
structural design of the three-layer particleboard is as follows (Fig. 2).

Three-layer particleboard manufacturing process, the mixture of A, B, C were placed on the face layers.
D were placed in the core layer. The other processes are the same as the uniform particleboard. Three types of
HVEF treatment intensities with a total of 9 particleboards were fabricated (Tab. 2).

2.5 Properties Testing of Composite Materials
All test specimens be conditioned to constant mass in a conditioning room with a relative humidity (RH)

of 65% and a temperature of 20°C. After reaching a constant weight, use a circular saw to trim the panel,
remove 10 mm from each side, select 5 samples per panel to determine the modulus of rupture (MOR),
modulus of elasticity (MOE), according to EN 310 [26]. Eight samples from each particleboard were
tested for internal bond (IB), according to EN319 [27]. Both tests were conducted using a computer-
controlled electronic universal testing machine with speed of 5 mm/min for bending strength test and
1.5 mm/min for IB test (HD500, Shenzhen Sansi Material Testing Instrument Co., Ltd., China).
According to EN 317 standard [28], 8 samples were selected from each board to evaluate the thickness
swelling (TS) after 2 h and 24 h, and relative water absorption was tested.

Figure 2: Schematic diagram of three-layer particleboard

Table 2: Three-layer particleboards experimental design

Particleboard types Resign content (%) Intensity (kv)

M1 12 0

M2 12 30

M3 12 60
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2.6 Density Profile of the Particleboard
Cross-sectional density profiles were measured by X densitometer (EWS, Germany) with scanning

speed of 0.5 mm·s-1.

2.7 Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) Spectroscopy
ATR-FTIR spectroscopic measurements of the particleboards treat with 0 kv, 30 kv and 60 kv were

performed using a Fourier transform infrared spectroscopy (FTIR, VERTEX 80V). The spectra were
measured on 5 different spots (16 scans per spot) of the coated samples, at a wavelength range from
500 cm−1 to 4000 cm−1 and a resolution of 2 cm−1.

3 Results and Discussion

3.1 Properties of Uniform Density Particleboard
As shown in Tab. 3, the density of each panel was lower than the preset apparent density (700 kg/m3),

which may be caused by the loss of adhesives and materials during the manufacturing process.

From Tab. 3, Figs. 3, and 4, the particle size has a significant impact on the mechanical and physical
properties of the panel, especially in mechanical properties. Group A displayed the maximum values of
MOR and MOE, followed by the values of Group B, Group C has the minimum value. With the increase
of the surface of wood particles, the value of IB was increased. The panel manufactured by particle D has
the highest IB value, while the panel manufactured by particle C has the lowest IB value. The larger
surface contact area leads to better bonding, which may be the reason for the better strength
characteristics of such panels. It was observed that the mean TS value (24 h) decreased with the increase
of the proportion of smaller-size particles in the panel. Compared with other groups, the dimensional
stabilities of panel manufactured by Group C is higher, and the thickness swelling within 24 h is lower.
The IB of panel made from larger/longer sized particles in the core layer was significantly higher than the
panel with smaller sized particles in core layer. Therefore, particles D were used as the core layer of
three-layer particleboard. A and B are used as the surface of three-layer particleboard because of the

Table 3: Mean values of density, MC, WA and TS of uniform particleboards

Particleboard types Density (kg/m3) MC (%) TS 24 h (%) WA 24 h (%)

A1 672(3) 9.69(0.36) 27.24(1.03) 65.14(2.41)

B1 679(5) 9.71(0.27) 24.15(0.88) 69.16(2.57)

C1 675(4) 9.73(0.46) 19.04(0.73) 71.32(2.76)

D1 680(3) 9.65(0.38) 20.68(0.79) 67.56(2.63)

A2 676(4) 9.74(0.47) 25.03(0.87) 58.39(2.04)

B2 669(3) 9.83(0.50) 20.94(0.76) 64.01(2.21)

C2 681(4) 9.68(0.34) 17.56(0.61) 64.90(2.45)

D2 677(3) 9.81(0.40) 18.01(0.68) 59.42(2.19)

A3 680(2) 9.84(0.43) 22.18(0.72) 53.62(1.79)

B3 682(3) 9.91(0.31) 19.11(0.61) 59.83(1.81)

C3 690(1) 9.74(0.55) 14.62(0.46) 60.58(1.92)

D3 688(2) 9.89(0.67) 15.03(0.53) 54.18(1.70)
Note: Numbers in the parenthesis are standard deviations. MC: Moisture Content, WA: Water Absorption, TS: Thickness
Swelling.
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higher MOR and MOE. In addition, due the small size of particles C, particles C are added to the production
panel to fill the void spaces in the panel, it can improve the surface characteristics of the panel, and make
panel surface smooth.

3.2 Particleboard Design and Model Verification
In research by Bodig and Jayne, wood composites are considered to be isotropic [29]. In the

particleboard model, the Poisson’s ratio uses a nominal constant value of 0.30 [30]. For isotropic
materials Ex ¼ Ey. The elastic constant of the urea-formaldehyde resin is obtained from the literature [31].
The spring constant of air is set to zero (no contribution to performance). The interlayer shear modulus is
compared with the previous research value [32].

The relationship between the surface thickness and MOE was calculated by using the laminate theory
and MATLAB calculation method. As shown in Fig. 5, when the face layer thickness was less than 2.5,
the MOE values increase rapidly, and when the surface thickness was greater than 2.5, the MOE values
increase little. Considering the physical properties and mechanical properties of particleboard, we choose
the ratio of surface thickness to a core thickness of 50% to 50%.

Figure 3: MOE and MOR of particleboards

Figure 4: IB of particleboards
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Under the HVEF treatment, the elastic constants of the face layer, core layer, and urea-formaldehyde
resin are shown in Tab. 4.

MOE values of particleboard were predicted according to MTALAB, the predicted value was compared
with the measured value, as shown in Tab. 5. The maximum relative errors of mechanical properties of
particleboard are all less than 20% (correlation coefficient R2 > 80%, at the level of 0.01) regardless of
whether the samples were treated by high voltage electric field or not.

Besides, the estimation values of MOE andMOR are lower than the measured values. This change is due
to not considering the particle board in the preparation of thermal stress and humidity. These factors can
affect particleboard interface performance and mechanical performance [33]. At the same time, the
uniformity of the bonding interface is not an ideal material. Under shear loading, particleboards interface
is easy to appear some concentrated stress, which affects the interface stiffness and strength distribution.

Figure 5: Relationship between the surface thickness of particleboards and the predicted value of MOE

Table 4: Basic engineering properties of structural particleboards

Ex Ey Gxy Vxy

Face layer 2.4 2.4 0.29 0.30

Core layer 1.8 1.8 0.45 0.30

UF 7.8 7.8 7.3 0.44

Table 5: Measured and predicted values

Particleboard types MOE value (N/mm2) Relative error

Experimental results Modeling results

M1 2315 2037 13.7%

M2 2542 2315 14.9%

M3 2787 2386 16.8%
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3.3 Properties of Three-Layer Particleboard
The thickness swelling and water absorption of the panels are listed in Tab. 6. TS was ranging from 15%

to 17.9%. The results show that the TS (24 h) and WA (24 h) of the particleboards decreased when the HVEF
treatment intensities increased. The average TS values of the boards decreased to 15.0% under HVEF
treatment (60 kv), indicating that increasing electrostatic intensity contributed to the improvement of
bonding performance of the particleboard. This result may be related to the polarization process of
adhesion bonds in HVEF and a better aggregation performance of adhesive on particles surface [34].

Tab. 6 illustrates MOE, MOR, and IB values of the panels manufactured with different HVEF
treatments, respectively. The improvement of mechanical properties was dependent on HVEF treatment
intensity. The MOE, MOR, and IB values of HVEF treatment (60 kv) samples were 2787 N/mm2,
23.61 N/mm2, and 0.86 N/mm2, respectively, which were 22.7%, 21.6%, and 26.5% higher than those of
the particleboard without HVEF treatment. The explanation for the increased mechanical properties of the
panels is associated with the more cross-linked UF resin. Through the HVEF treatment, the oxidation of
the highly hydrophobic surface layer of the neutral part of the wood extract reduced their hydrophobicity
[35]. The wettability of wood particles was improved significantly in the HVEF treatment, which led to
the increase of wood surface polarity and the wood particle adhesion to water-based adhesives. HVEF
treatment increases the surface energy, especially in polar component. With the increase of electric field
intensity, electrons collide with the chemical group of water and oxygen molecules in the air are excited,
to form many broken chemical bonds, such as -OH and -CHO [36]. More free chemical bonds and ions
act on the material surface. The fractured oxygen-containing group reacts with the group on the material
surface, significantly increasing the degree of polarization and oxidation on the material surface [37].

3.4 Density Profile of the Particleboards
Tab. 7 shows the density measurement results of particleboard, the face layer density of particleboard is

higher than that of the core layer (Fig. 6).

Table 6: The properties test of the three-layer particleboards

Particle-board
types

Density
(kg/m3)

MC (%) MOR
(N/mm2)

MOE
(N/mm2)

IB (N/mm2) TS 2hrs (%) TS 24hrs (%) WA 2hrs (%) WA 24hrs (%)

M1 683(3) 9.70 (0.41) 19.40 (0.40) 2265 (137) 0.68 (0.03) 14.7 (0.52) 17.9 (0.62) 61.4 (2.13) 65.5 (2.32)

M2 691(2) 9.87 (0.37) 21.72 (0.46) 2542 (132) 0.78 (0.04) 13.6 (0.48) 16.3 (0.58) 53.9 (1.79) 57.6 (2.06)

M3 693(4) 9.92 (0.42) 23.61 (0.43) 2787 (142) 0.86 (0.04) 12.5 (0.41) 15.0 (0.52) 47.7 (1.61) 51.2 (1.77)

Note: Numbers in the parenthesis are standard deviations.

Table 7: Density profile determination with results

Particleboard
types

Mean maximum density
(lower face layer) (kg/m3)

Mean minimal
density (kg/m3)

Mean maximum
density (upper face
layer) (kg/m3)

Mean panel
Density (kg/m3)

M1 737 639 741 683

M2 761 634 755 691

M3 782 628 769 693
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For three-layer particleboard, the surface layer of the particleboard bears most of the load in the bending
process, the higher the density of the surface layer, the better the mechanical properties, especially the
bending properties [38]. The increase in electric field intensity leads to increased surface density, with a
higher peak closer to the surface. The maximum density increment under different intensity is: 3.3%
(30 kV), 6.1% (60 kV). This may be attributed to the increase of HVEF treatment voltages, the
improvement of aggregation performance, and the surface layer is more compact, leading to a great
density difference between the surface and core layers.

3.5 ATR-FTIR Analysis
The effect of high voltage electric field on chemical groups on the surface of three-layer particleboard

was characterized by FTIR, and the results are shown in Fig. 7. The main functional groups on the material
surface were compared under different HVEF treatment, the peak value of 3334 cm-1 was due to the tensile
vibration of hydroxyl band, which significantly increased compared with the control group. The 1731 cm-1

presented a peak which is related to axial stretching of carbonyl groups (C=O) in carboxylic acid groups. The
bands of IR spectra at 1508 cm-1 were attributed to the aromatic ring vibrations of the guaiacyl present in
lignin [38]. The peak at 1250 cm-1, indicating stretching the C-O bond of -O-(C=O)-. Under HVEF
treatment, the increase of electrons on wood surface, the fracture and polarization of chemical bands lead
to the increase of these bands. In addition, the C-O band of 830 cm-1 is the tensile strength of
hydroxymethyl group, which shows an increasing trend under HVEF treatment. Steele [39] showed that
the increase of C-O functional groups in the glue solution was conducive to improving the cross-linking
reaction between the glue solution and wood chemical groups. Under HVEF treatment, the higher
intensities of these bands indicates that HVEF treatment can significantly increase the content of free
radicals and oxygen-containing groups on the surface of wood particles, increase the degree of
polarization, and provide more reaction sites for its reaction with other polymers [40]. Moreover, under
the condition of 60 kV treatment, the intensity of each characteristic peak is increased compared with that
of untreated [41].

Figure 6: Vertical density profiles of three-layer particleboards with different HVEF treatment intensities
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4 Conclusion

In this study, the elastic modulus was predicted by using MATLAB software. The accuracy of prediction
is more than 80%. According to the prediction results, three-layer particleboards are successfully
manufactured from wood particles and shavings by optimizing the technological parameters, which
proved to be a promising method. Properties of particleboard were evaluated. With the increase of electric
field intensity, the properties of particleboard were improved, especially, and IB increased most
significantly. The IB improvement was 25.6% under HVEF treatment (60 KV). This effect is attributed to
the increase of polarization and crosslinking degree of UF resin and the preferable wettability of wood
particles. Under HVEF treatment (60 kV), the MOR, MOE, and IB of three-layer particleboard were
23.61 N/mm2, 2787.09 N/mm2, and 0.86 N/mm2. With HVEF treatment intensities increased, the face
layers were more compacted. The properties of three-layer particleboard meet the requirements of MOE,
MOR, and IB in EN312 standard.
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